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INTROCDUCTION

For many years, almost since the beginning of microscopy, the
ordinary microscope has been used for the observation of crystals too
small to be otherwise observed. Certain obvions similarities and
dissimilarities between different crystalline substances were early
noted and were used as confirmatory methods of identification. For
example, the cubes of sodium chloride were seen to be identical in
appearance with the cubes of potassium chloride, but both were
found to be utterly dissimilar to the monoclinic, frequently twinned,
erystals of gypsum. Here, then, were two substances which could
not be distinguished from each other by simple observation, no matter
how perfect the microscope might be as & magnifying instrament,
whereas either could be instantly distinguished from the third sub-
stance even with a very crude microscope. In process of time such

154470°—33——1
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cases multiplied, and the distinguishing characteristics of the various
crystals were studied with greafer attention to detail. These studies
brought to light a weslth of crystallographic information, some of
which extended the lists of definitely identifiable substances, but
much of which simply added new members to already large groups
of observationally indistinguishable crystals.

Such a result was inevitable. There are only six major cerystulline
systems, to some one of which each crystal must belong. The sub-
divisions of these six systems give a somewhat Jarger number of
eroups, but at best there is a very large number of erystals falling
m each group and therefore having the same general appearance,
although they may be completely unhke chemically. Matters are
further complicated by the fact that a given substance may, under
certain conditions, crystallize in one subdivision of a system, and
under other conditions in some other subdivision. For instance, both
sodium chloride and potassium alum crystallize in the somefric
system, but both may appear as cubes or us ocvtahedrons. 1t is thus
cvident that a given crystal not only does not necessarily show defi-
nitely Ju:gnostic characteristics on simple observation, but also that
it could not be expected to do so.

Common sense supplied s solution to the problem by the simple
elimination of all substances except those which could be reasonably
expected to crystallize from a given solufion. In cases where it was
known what could crystallize out of a given solution and where these
possible crystals weve sufficiently different, identification by appear-
ance could readily be made, if the crystais came down in sufficiently
perfect and characteristic form. But they did not always do this.
This method is only infrequently applicable, but when it is applicable
it 15 capable of giving very good results if used with judgment.

The methods of qualitative chemical analysis under the micro-
scope have abundantly proved their vulue but they have severe limi-
tations. {1} The substunce to be analyzed under the mierescope must
be fairly readily soluble without too much preliminary treatment.
'This practically eliminates most of the silieate minerals.  (2) Some
of the methods depend on the visnal recognition of crystals formed
by the substance under analysis and the reagents apphied to it.  All
that has been suid as to the ancertainty of crystal determinatior by
ordinary observation applies here with perhaps added force. (3)
Microchemical tests on mixed substances leave a degree of uncer-
tainty as regards the composition of any particular erystalline com-
ponent of the mixture. (4) Microchemical tests do not distinguish
between different allotropic forms of the sume substunce, between
different hydrates, or between salts which have qualitatively the same
but quantitatively different compositions.

Geologists were early confronted by the problem: of identifica-
tion of crystalline substances in rocks, a problem which combined
almost all the difficulties ontlined above. The mineral constituents
of a granite, for example, nsually show no external erystat form
whatever and can not therefore be 1dentified even tentatively by their
torms. Most microchemical tests are altogether inapplicable, Re-
sort was had, of necessity, tu methods based on physical properties
which were capable of showing interuul erystalline structure regavd-
less of whether or not this internal structure was maenifested by
external form.




DPETAOGHAPHIC METIIODS FOIL SOIL LABOTATONTES 3

As it happened, the optical preperties were particularly well
adapted for this purpose. Methods and apparatus were devised and
improved, and a vast literature on the micrescopic constitution and
structure of rocks was rupidly built up. This new feld was suffi-
cient to occupy the attention of geologists and mineralogists for
many years, and consequently very little attention was paid by them
to artficial crystals obtained in the laboratory. Gradually, how-
ever, there appenred o small amount of datw on the optics of artificial
crystals, and finally the exigencies of certain largely chemical prob-
lems, notably those of cement, demunded the accumnulation and
application of definite duta in the identification of specific artificial
compounds, It was fonnd that artificial crystals were just as sus-
ceptible, and perhaps more g0, on aceount of their purity, to optical
identification as were the natural erystalline minerals. Methods
predominantly suited to rock sections were modified to apply more
accurately and conveniently to lovse crystals. Thus optical crystal-
lography ceased to be merely u means for rock study and broadened
out into its rightful place of = physical method applicable, to some
extent at least; in most studies where crystalline ‘material is or may
he present.

Aside from the vast field of rock and mineral stuzdy, successful
applicativn has been made of optical crystallography in the identi-
fication of sugars, alkaleids (78),! cement constituents, fertilizer
muterials (5). mixed salts crystallizing from brines and from soil
extracts (7). dyes. solid pliages obtained in various phase-rule studies,
organic substances obtained from the brain, from soils, and from
plants (33, silicate melts, und vavious other miscellaneous materials
(8). There has even been some slight progress made i the applica-
tion of the methods to certain zo-called colloidal agareaates (4}.

But the success of the methods should nat blind one to the fact
that eptical crystallographical methods, in comimon with all other
metheds, have their Lmitations. Although there are real exceptions,
as in the delermination of the refraction indices of glasses, and
presumably appavent exceptions, as in the study of colloidal ag-
gregates, 1t may be suid in general that optical crystallography
applies only to the nonopuque erystals. The opaque crystals have
their own special technic, which can be found in any text on
metallography (75). Furthermove, the crystals to be identified
must be of a size greatev than submiervseopic and must have a real
crystalline structure and not inerely the incipient crystallinity of
the so-called *<keleton crystals.” These skeleton erystals have a
particularly attractive appearance when seen in clusters sticking to
the sides of u beaker or test tube. and for this reason have a fen-
dency to tempt one to much futile work which could be success-
fully and easily accomplished if the crystals were given sufficient
time for growth. Skeleton crystals are frequently mistaken for
completed forms by workers withont considerable erystallographic
experience.

The above limitations still leave a vast fisld of literally hundreds
of thousands of <omponnds open to the study of their optical erys-
tallography. The optics of the naturally occurring minerals have
been veasonably well worked out. and the data are rveadily avail-

1ltalic nmumnbiers e parentheses refor to Litgeatoee Cited, po D4,
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able. But the same can he said of only a comparatively small
aumber of the total possible artificial compounds. This lack of
data is a continually recurring source of embarrassment, but is be-
coming less so as more data are being gradually accumulated and
complled

It is the purpose of this publication to presen{ in very brief form
the crystallographic, optical, and manipulative principles absolutely
necessary for the petr.'Ogmphic iclentification of crystals. Only so
much is included as seems indispensable. All mathematical treat-
ment has been eliminated sc far as nossible without loss of elarity.
This has been dene in spite of the fact that fundamentally both
crystallography and optics are almost wholly mathematical sci-
ences. For information beyond the minimum given in this bulle-
tin the reader is referred to the standard texts (2, 4, 7, 13, 16, 20).

CRYSTAL FORM

The primary characteristic of a crystal is its actual or potential
geometrical form that determines to which of the six erystallo-
graphic systems it belongs. These six gystems arve based on purely
O'eometncal principles and in general. but not in detail, it may be
said that the optics of a trwen c1ysta.1 depend on the system to which
it belongs. A complete crystallographic deseription of the geo-
metrical properties of a given crystal would indicate to the expe-
rienced worker whether the crystal was isotropie or anisotropic and,
if the latter, whether it was optically uniaxial or biaxial, but it
would give no indication as to-the refractive indices, the valve of the
double refmctlon, the size of the optic axial nnrrle the dispersion,
or the optical character, On the other hand, a complete optical de-
scription of 2 crystal might fail to give any data which would defi-
nitely establish its system for example, it is usually impossible to
distinguish between a tetragonal and a hexagonal crystal by optics
alone. Furthermove, the optlc.ll data never furnish information as
to external form. Optically there is no difference hetween a 8-sided
cube, an 8-sided octahedron, and a 12-sided dodecahedron, but the
optics would establish the fact that each belonged to the Jsometric
system. Crystallography and optical cwstallo*rmphy are thus
mutually related and to a certain extent mutually dependent, but
neither is completely expressible in terms of the other. Both should
therefore be used to the greatest extent possible.

The six erystallographic systems are the isometric, the tetragonal,
the hexagonal, the orthorhombig, the monoclinie, and the tmclmlc,
and they are defined as follows:

The isometric svstem has three equal axes all at right angles to each
other. If each face of the crystal is parallel to two of the axes and
at right angles to the thivd. the form is that of u cube. If each face
cuts nll three axes at unit distance from the center, the form would
be that of ar octahedron. There are many other forms, all depend-
ing on the relationship between the faces and the axes,

The tetragonal system has two equal axes and u thivd either longer
or shorter than the first two, all at right angles to each other.

The hexagonal system has three equsll axes in one plane at 60°
from each ofher and a fourth axis. either longer or shorter and at
right angles to the plane of the first three.
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The orthorhombic system has three nnequal axes all at right angles
to each other. .

The monoelinic system has three unequal axes, any two of wkich
are at right angles to each other and the third inclined to the plane
of the other tsro.

The triclinic systern has three unequal axes 2l inclined to each
other,

In the isometric system, since all the axes are equal, it is a matter of
indifference how the axes are denominated. If a cube is set up so
that the observer looks squarely into one face, he can readily conceive
of three equal axes at right a.ng{es mtersecting each othey in the center
of the cube and each one passing through the centers of two opposite
faces. 'That axis peinting toward the observer may be labeled a or
a, depending on whether he is considering it as directed from the
center of the cube toward the front or from the center toward the
rear. Similarly, he can label the horizontal axis at right angles to
the first as b or b, depending on whether its direction is to the right
or to the left of the cube center. The vertical axis can be labeled ¢
or ¢, depending on whether its direction is considered as up or down
from the center. The front face intersects the a axis a$ unit distance
and 1s parallel to the other two axes, that is, does not intersect them
ab all. This face may therefore be labeled (100). The left side face
intersects the b at unit distance and is parallel to the other two axes.
This face may be labeled (010), and so on for all the other faces. An
octahedral fuce intersects all three axes at unit distance and therefore
has the symbol (111}, (111}, or some other, depending on the location
of the particular face. '

In the tetragonal system, the unequal axis is always the vertical,
that is, the ¢ axis. 'The unit distance on the ¢ axis is not the same
unit as that of the a and b axes, but, with this difference nnderstood,
the symbols for the different faces ave obtained as in the isometric
system, .

In the hexagonal system the unequal axis is the ¢ axis, as in the
tetragonal system. But since there are four axes altogether, there are
four numbers in each face symbol. For example, a basal plane is
parallel to all three horizontal axes, but intersects the vertical axis,
The symbol is therefore (0001} or (000L).

In the orthorhombic system the shorter diagonal axis is denomi-
nated 2, the longer axis b, and the vertical axis . The face symbols
are derived as in the other systems.

In the monoclinic system b is identified as that axis lying perpen-
dicular to the plane of symmetry of the crystal; a and ¢ lie in the
Plare of symmetry and ave inclined to each other. The face symbols
are derived as in the other systems.

In the triclinic system a is uswally the shorter diagonal axis and b
the longer diagonal axis. There are cases, however, in which this is
reversed. ¢, of course, is the third axis. The face symbols are de-
riv?d as in the other systems. The angle 8 is the angle hetween a
and c.

The preceding remarks on erystallography are intended purely as
a species of definition of terms. The reader is referred to any good
text on crystallography for further information (4, 13, 16).
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FUNDAMENTAL PROPERTIES OF LIGHT

For practical purposes light can be defined as radiant energy which
affects our organs of vision. We are ignorant of its fundamental
character, but its phenomena can be explained sufficiently by either of
two theories: (1) That it is a wave motion originating from some
lumineus source of energy and propagated in an all-pervading ether,
or (2) that it is a stream of actual quanta of luminous energy,
coming from the source te the observer. The preseut tendency is to
give preference to the second theory, but, so far as applied optical
crystallography is concerned, both serve equally well. The wave-
motion theory 1s the one most commonly taught and understood, and,
up to the present, all texts of optical crystallogruphy have been
*written in terms of this theory. Tor these reasons light will be here
considered as simply a transmission of radiant energy by wave motion
in an ether, and all questions of gquanta will be ignoved.

Regnrdless of theory, there are several fundamental facts con-
cerning the propagation of light which can he verified easily, even
hy the simplest sort ot observation:

(1) Light, in a homogeneons medium, travels in straight lines.
Observations on shadows or, better still, observations on images
formed by pinhole cameras, as explained in any textbook on physics
(17), will give an adequate concept of this fact.

(2) Light traveling in one medinm is at least partly reflected back
into this medium on striking another medium of optical density
different from the first. Mirrors give the best example of this fact.

(8) The path of light, passing from one medimm into another
medinm of different optical density, at any angle other than a right
angle, 1s bent or refracted.

(4) Ordinary so-called white light is made up of various colers
which can be separated into a spectrum with red at one extreme andl

“wviolet at the other. Any transparent prism will demonstrate this
fact.

{5) Light will pass through certain substances, which are spoken
of as transparent or translucent, and will not pass through certain
other substances which are spoken of as opaque.  Glass is an example
of transparent substances and sheet iron of opaque substances. Be-
tween these two extremes there ave all gradations. 1In other words,
different substances absorb transmitted light in different degrees;
and, usnally, with white lght, absorh certain colors more or less
than other colors.

(8) Under certain conditions light rays ean be made to interfere
so as to produce durkness.

If a light ray traveling through a homogencous medium along the
iine and in the direction ns {fig. 1) strikes a wedium ot diffevent op-
tical density at s at right angles, part of the light enters the second
medinm and is absorbed or transmitted, as the case may be, but part
is reflectecl hack along its original path but in the opposite direction;
that Is, along sn. Thus, when the angle of incidence, 4, is 07, the
path of incidence and the path of reflection are the same, although
the directions are opposite. It might be said that the path has been
turned through an angle of 180°.

If the ray travels along some line as, making angle # greater than
0° but less than 90°, then the ray, on striling the sacond medium, is
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reflected back into the first medium in such a manner that angle
¢=angle ¢. We therefore have the law that, in a homogeneous
medium, the angle of incidence is equal to the angle of reflection,

At a certain angle ¢, which varies with the nature of the two media
but which is constant for any two substances at a given temperature,
none of the light entfers the second medium, but the entire ray is
reflected back into the first medium. This angle is known as the
eritical angle for the two substances. For angles of incidence, there-
fore, between 0° and the critical angle, only part of the light is re-
flected, the other part entering
the second medinm. At angles 7
equal to or greater than the criti-
cal angle, but less thau 90°, all
the light.is reflected back into the
first mediwm, none of it entering
the second. The maxzimum of
light enters the second medium
at 0° incidence, and the amcuut sk
decreases  regularly watil i¢ :
reaches zero at the critical angle. |

The light, which enters the sec- i
ond medium, is, as has been i
stated, either absorbed, trans- 57

|
i
1

mitted, or partly absorbed and
partly transmitted. Assuming,

for the sake of simplicity, that

it has all been transmitted, or
that the second medium is per- . 1~—Refraction of light and refrac-
fectly transparvent, the follow- tive index relutionships

ing relations hold:

The ray as, on entering the second medium, is bent or refracted
from its original direction into some new direction ss’. If nn’ is
the normal to the surface of the second medinm - s, then the angle
of incidence, ¢, has some value other than the angle of refraction, ».

ma

Taking sp=ss

then sin i =27
§p

A S"' S’T

and sin r==5="—
s’ sp

sini_op 8p_op

sinr sp §r sr

Therefore

The value of g_?;- is specific for every known pair of media. Air i=

usually taken as the first medium ond therefore the wvalue g{?’.

becomes a constant for any individual substance teken as the
second medium,

We may therefore write o
s 2

ﬂ’_' -
|In 7

where the value n denotes vefractive index. Hence, in relationship
to air as a standard, every known substance has a particular refrac-
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tive index, », which serves to distinguish it from most other sub-
stances. Of course there are some substances of which the indices
of refraction are so nearly the same as to make their differentiation
impracticable by refractive-index measurements alone. Buf even in
such cases, the refractive index differentiates a small group ot sub-
stences from a vast number of other substances; and the members
of the small group can usually be differentiated from each other
by further optical tests. At worst, it is much better to be able to
determine that a particular substance is one of two or three, or even
a dozen, substances than to be totally ignorant of even what it
might be.

In the diagram (fig. 1) angle r is shown as less than angle <.
This is the condition that obtains when the refractive index of the
second medium is greater than the vefractive index of the first
medinum. Tf the direction of the light ray were reversed, the angle
of incidence, 4, and the angle of refraction, », would be interchanged.
The ray traveling in the second medinum from s to s wonld be re-
fracted on passing into the first medivm in a_dirvection se and the
angle of incidence would be less than the angle of refraction. All
this may be summed uwp in the statement that, on passing from a
medium of lesser into a medinm of greater index of refraction, the
ray is bent toward the normal; whereas, on passing from a medium
of preater into a medium of lesser refractive index. the ray is bent
away from the normal.

If the ray passes through the second medium and reenters the first
medium again at the point &', the phenomena are the same as at the
point s, except in a reverse direction. Therefore the path s'a” is
parallel to the path as. Thus. the agaregate effect is simply a lat-
eral displacement without any change of direction of the ray.

If one looks throuel a picce of clear. colorless glass, it is quite
possible that he will be unconscions of the existence of the glass so
long as his view does not include the edges. But the edges them-
celves stand out in marvked contrast to the surrounding air. As-
sume, for the sake of simplicity. that a bundle of parallel rays are
striking the glass at an angle less than the critical angle. Part of
the light is reflected back from the surface of the glass and never
reaches the observer. But the grester part passes through the glass
to the observer without any change of civection. At the edges,
however, some of the light 1s totally reflected back into the glass,
some is totally reflected back into the air, some is vetfracted at vary-
ing angles from the glass to the air, and some is vefracted at various
angles from the air to the glass. Away from the edges. the light
suffers no change readily perceptible to the ehserver. At the edges.
it ig roken up in a complicated heterogencous fashion quite per-
ceptible to the ohserver. Thus, the edges stand out in sharp reliet
both as compared with the glass and as comparved with the surround-
ing air. But soppose the glass had the same refractive index, the
same optical density, as the uir. There would be neither veflection nor
refraction at the cdges, and therefore the edges wonld be invisible.
That js. if the glass and the air were of the same degree of trans-
parency and colovlessness, the glass would not be visible at all.  This
fact is utilized under the microscope to determine the refractive in-
dex of substances, This 15 discussed on page 33,
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POLARIZED LIGHT

As previously mentioned, the phenomena of light are esplained
by means of the theory that light is simply = series of waves prop-
agated in the ether. An ordinary candle flame owes its Iuminosity
tg the myriads of incandescent carbon particles it contains, Hach ot
these particles sends out its own series of waves in all directions.
Some of the waves impinge on and are veflected or refracted by vari-
ous abjects in various divections. Thus each reflecting or refracting
ohject becomes & new source of light wuaves which may be again and
again reflected or refracted by other objects, and so on, ad infinitun.
In the heterogencouns complex of waves thus formed, certain waves
may combine and increase their intensity, and certain other waves
may neutralize each other. It is obvious that no satisfactory study
of the effect of any ray of light on any particular objeet can be made
under such conditions. An analogy with water waves may serve to
make this rlear. Think of a very large pond with the surface per-
fectly smooch. If a marble is dropped into the water a series of
waves will spread out, circalar fashion. from the place where the
marble strucis the water. This series of waves has certain definite

roperties which could be studied by their effects on various objects
ﬁoating on the water. But suppose that, instead of one marble being
dropped, a véry large number had been simultaneonsly dropped.
A series of waves wonld originate and spread ont from each
point where a marble had struck. Baot, before any particular wave
had proceeded very far, it would meet other waves and become meodi-
fied or even be destroyed. Objects floating on the water would show
the effect, not of any particular series of waves, but of the chance
combination of many series of waves, and consequently no study
could be made which would directly show the relationship between
the objects and a particnlar series of waves, Going back to the 1-
marble series, it is obvious that at some point sufficiently distant
from the point of origin the circumference of the circle formed by
the waves would become so great that any short arc would be sen-
sibly a straight line, a fact which would further simplify our study.
Here the waves could be considered as simuly a series of rises and
falls of the water surface in one plane, whereas the waves arising
from the many marbles would be rises and fails of the wafer sur-
faces in many lanes at chance angles to each other.

Ordinary light is analogous to the many-murble case. Parallel-
plane p{}larizea Yight is unalogous to the I-marble case. Hence, gar—
allel-plane polarized light can be defined as light whose wave vibra-
tions are aﬁ in one plane.

Ordinary light can be polarized in several different ways. Per-
haps one of the most universal methods is that of polarization by
reflection. Light reflected from almost all polished nonmetallic sur-
faces is somewhat polarized. But there is a particular angle of
incidence for eack substance at which the reflected Light is more com-
pletely polarized than it is at any other angle. This particular
angle of maximum polarvization is called the polarizing angle. In
weneral it may be said that the polarizing angle is that angle of
incidence at which the rveflected and the refracted rays are at right
angles to each other.
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Polarization by reflection, however, is unsatisfactory, because of its
mcompleteness. The method usually employed in ophical crystal-
lography is polarization by a calcite prism, usually known as &
Nicol prism. This brings us to the subject of double refraction, or

birefringence,
DOUBLE REFRACTION

If a cleavage piece of clear calcite is placed upon a dot on a piece
of paper, two dots will in general be seen on looking at the original
dot through the calcite. If the calcite is placed upon a very narrow
line on the paper, two lines will be seen at certain positions of the
calcite. In other words, if a single beam of light is sent through a
piece of calcite, two beams will emerge on the other side. Thus cal-
cite has the power to split a beam of light into two beams. This
property is possessed to greater or less extent by all crystalline sub-
stances W}li(il belong to some crystal system other than the isometric,
In certain substances it is barely detectable even with the best instrii-
mental equipment, and in other substances, such as calcite, it is easily
detectabie by the simplest method of observation. Between these
twe extremes are all gradations. As previously stated, a cleavage
piece of ealeite possesses the property of splitting a beam of light info
two component beams, Each of these beams is plane polarized, and
the plane of each is at right angles to that of the other. Consequently,
when the beamns emerge from the calcite we have plane-polarized
light, but we have it polarized in two plancs. By suitably cutting
the crystal and recementing it, we can get rid of one of the rays by
total mnternal reflection. Thus only one beam emerges and gives us
plane-polarized light wibrating in one plane only. A piece of
caleite thus cut is usually spoken of as a Nicol prism, or simply as a
Nicol.

If two Nicols are so arranged that the polarized beam of light
emerging from one, calied the polarizer, enters the second, called the
analyzer, the resultant phenomena depend on the angular relationship
between the polarization planes of the two Nicols.

I the polarization planes of the two Nicols are parailel, the polazr-
ized beam passes through the analyzer without double vefraction and
emerges without any appreciable loss of brightness and without any
change in the position of the plane of polarization. If, however, the
analyzer be rotated, double refraction takes place, and one of the
beams Is lost by total reflection in the analyzer. The light, therefore,
emerges from the analyzer with decreased brilliance. As the rotation
of the analyzer is carried farther and farther, the light Jost by in-
ternal total reflection becomes greater and greater, and eonsequently
the light emerging becomes less and less. When the two Nicols are
at an angle of 45° to each other, the lost light and the emerging light
are about equal. When the two Nicols are at an angle of 90° to each
other, all the light is lost, and none emerges. There are thus three
relative positions of the two Nicols, which have considerasble im-
portance in optieal crystallography: The parallel position, in which
practically all the light emerging from the polarizer is transmitted
through the analyzer, the 45° position, in which upproximately half
the light emerging from the polarizer is transmitted through the
analyzer, and the 80° position, usually spoken of as the crossed
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position, in which none of the light emerging from the polarizer is
transmitted through the analyzer.

Tt happens that calcite has a very large double refraction.  But all
crystalline substances, other than those belonging to the isometric
system, show double refraction to some extent, usually less than that
of caleite.

Suppoese a crystal of an isometric substance be placed between two
crossed Nicols. Since the crystal has no double refraction, the light
emerging from the polarizer is not altered and therefore enters the
analyzer just as it would if the crystal were not present. No matter
how the crystal is orientated, the effect, ov rather, lack of effect on
the light is the same. All of it is totally reflected internally by the
analyzer, and the observer sees no light st all emevging trom the
analyzer.

But suppose a doubly refracting crystal be placed between the
crossed Nicols. This crystal acts on the light emerging from the
polarizer just as the analyzer would. If the plane of vibration of the
polarizer and the crystal are parallel, the light emerges from the
crystal with practically no diminution in brightness and with its
plane of polarization the same as if the crystal were not present.
This light is then lost in the analyzer by total internal refleetion.
again as if the crystal were not present, and the observer sees no
Light emerging from the analyzer.

11 the crystal is rotated somewhat out of its position of parallelism,
the light benm coming frein the polarizer is doubly refracted anew
into two beams with planes of polurization at right angles to each
other. There is no arrangement in the crystal to absorb either of
these beams as there is in the Nicols. Consequently both beams enter
the unalyzer. That small part of the light which is vibrating parailel
to the plane of the analyzer is transinitted. and the observer sees the
crystal faintly. As the crystul is rotated more and more, more and
more light js transmitted until the 45° position ig reached. At this
position the crystal is the brightest. As the rotation becomes greater
and greater, less and less light is transmitted, and the crystal appears
less and less bright until the 80° position is reached, in which no light
is transmitted and the effect to the observer is the same as at the
beginning of the rotation.

%n the busis of the phenomena shown by crystals when rotated
between crossed Nicols, there are two great classes of substances, the
singly refracting and the doubly refracting, or, in terms of their
effects, those which remain dark during rotation and those which
alternately light up and grow dark during rotation. This test is
fundamentally one of the most important in optical crystallography.
Not only does it give a ready method for distinguishing twva major
groups of crystals, but it has a very definite bearing on the refractive
indices of a given crystal, as will be seen from the following.

It is a well-known fact that a ray of light, passing from a medium
of one optical density into a medium ot different optical density, is
refracted or bent to a definite extent. depending on the difference in
the densities of the two media. Suppose, however, that the second
mediim has different optical densivies in different directions,  Sup-
pose simply that in certain directions the molecules of the medium are
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more closely packed than they are in other directions. TIn short, sup-
pose the space lattice of the second mediumn to be parallelopipeds,
Then, for the same angle of incidence, the angle of refraction will
be different, depending on the direction in which the ray of light
enters the second mediam. Consequently, the ratio of the angle of
incidence to the angle of refraction will be different for different
directions in the second medium. Assuming that the first medium is
air, the refractive index of the second medium will then depend on
the direction in this medium in which the Hght travels.

The parallelepipedon space Iattice gives a crystal in which the
packing of molecules is a maximum in a direction cerresponding to
one dimension of the parallelepipedons, a minimum in a direction
corresponding to a second dimension, and intermediate between the
other fwo is a direction corresponding to the third dimension of the
parallelepipedons. The packing in any direction other than those
corresponding to the three dimensions would then vary, depending
on the relation between the dirvection chosen and the directions of
the three dimensions. Correspondingly there would be three definite
refractive indices, a maxhmum, a minimuun. and an intermediate.
Between the directions corresponding to these three indices there
would be a series of varying indices, depending on the direction. Al
crystals belonging to the orthorhombie, monoclinic, and triclinie
systems have these three major refractive indices.

Instead of the packing of molecules being dissimilar in three
irections, suppose that in two of these directions the packing be-
comes the same; say that the packing in the minimum and the inter-
mediate directions becomes identical. Then there are only two direc-
tions in the crystals in which the packing differs, a direction of maxi-
mum packing and a direction of minimum packing. Between these
directions there would then be a series of directions in which the
packing varied from the maximum to the minimum. Correspond-
ingly, there wonld be two major refractive indices, 2 maximum and
* minimun, with a series of varying indices depending on the direc-
tion of the light ray in the erystals. Substances belonging to the
tetragonal and hexagonal systems have these two major indices.

1i the molecular packing is further simplified so that the two
directions of the previous paragraph become identical, so that every
.direction in the crystal has the same packing, there would be only
one refructive index for the substance, and this index would be the
same regardless of what direction in the crystal the ray of light
took. Substances belonging to the isometric (cubic) system have
simply one refractive indes.

umming up in reverse order: Isometric crystals have one and
only one refractive index, usually denoted by n. Tetragonal and
hexagonal substances have two refractive indices each, usually de-
noted by ¢ and w. Orthorbombie, monoclinic, and triclinic sub-
stances have three refractive indices usually denoted by e, 8, and y.

For the complete study of the refractive indices of any given
crystalline substance, one and only one index would have to be de-
termined if the substance is isometric, two indices if the substance
is tetragonal o hexagonal, and three indices if the substance is
orthorhombic, monochinic, or triclinic.
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BECKE LINES

The critical angle may be further defined as that angle of inci-
dence, of which the sine is equal to the reciprocal of the refractive
index. If « denotes the critical angle and n the refractive index,
thus, '

sin L
o=
7

Obviously, the greater is » the smaller will sin « be, and therefore
the smaller will the angle « be. Suppose two substances of different
refractive indices to be in contuct along the line ¢'C’ (fig. 2) the
normal to which is nn’. Let ¢’ be the critical angle in the substance
of higher index and d the critical angle in the substance of lower
index. Then &’ will be less than . Then the angle ¢, the comple-
ment of &', will be greater than angle &, the complement of b. Sup-
pose a ray of light be
directed upward in the
figure, with its center
striking the contact of
the two substances at
¢’. 'Thenall thelight
withinthe angleseand
d will be totally re-
flected and will emerge
fromtheupper surface
of the tivo substances,
as shown in Figure 2.
Since angle cis larger,
it will contain a great-
eramountoflightthan
d; and consequently a
gl‘e‘dtel‘ amount will Frsrng 2.—DBecke line production and movement

be totally reflected and

will emerge to the right of the contact than will be the case on the
left of the contact. Light within the angle 4—¢’ will be partly
reflected and partly refracted, and &) light within the angles o’ and
d’ will be partly reflected and partly refracted. DBut the sum total
will be a preponderance of emerging light on the right side of the
figure; that is, on the side of the substance of higher index. There-
fore, the right side of contact will be brighter than the left side.

If a grain of high index is immersed 1 an cil of low index, the
effect will be a lina of light around the edges of the grain, If the
plane of observation oo’ 1s raised, it can be seen from the figure that
the lines of light will apparently move farther to the right, If the
plane is lowered, they will appear to move to the left. The effect
on raising the plane is ag if the ares of the substance of higher index

contracted, and on lowering the plane as if it expanded. The band .~

of light is known as the Becke line, named after F. Becke by Salomon
(74), and is one of the most commonly used phenomena in refractive-
index deferminations.

To make the phenomena concrete, suppose a grain of a substance,
such as sodium chloride, having a higher index of reiraction, he
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mountecl on a microscope slide in an oil of a lower index of refrastion,
such as cedar oil, and suppose the microscope be focused on the
cortact between the grain and the oil. A Lright band of light will
be seen to surround the grain. Now suppose the focal plane of the
microscope be somewhat raised; that is, simply suppose that the
tube of the microscope is slightly raised. The band of light will
move into the grain. If the focal plane is lowered the band will
move outward from the grain, If, on the contrary, the immersion
oil had a higher index of refraction than the grain, as for example,
cinnamon oil, the phenomena would be reversed. If the focal planc
is raised the band of light moves outward from the grain info the oil,
and if the focal plane is Jowered the band mnoves inward toward the
center of the grain. Put briefly, when the tube of the microscope is
raised the band of light moves toward the substance of higher
refractive index, and when the tube is lowered the band moves toward
the substance of lower refractive index.

If both grain and oil have the same index of vefraction, there will
be no band of light and consequently ne movement either way when
the microscope tube is raised or lowered. If, turthermore, the oil
and the grain have the same color and the same shade of color, or
if both ave equally colorless and transparent, the houndavy line he-
tween the two is invisible, and one does not see the grain at all.

As lias been explained previously, the refractive index of a Fiven
substance may vary with the direction of the light in the substance,
but it is always the same in a given direction in the substance.
Therefore, it happens that for a given grain in a given oil, the
phenomena of the Becke lines will depend on the orientation, the
position of the grain in reference to the incoming light. Methods
for determining or altering this orientation will be given later.

If the substance belongs to the isometric system, the direction of
the light, and therefore the orientation, is of no consequence. If
the substance belongs to any of the other five systems, the direction
of the light. and therefore the orientation. iz of consequence.

INTERFERENCE OF LIGHT

If one drops a marble in otherwise perfectly still water and ob-
serves the effect of the waves thus flr}rmed on some smnall body
floating on the water, it will be noticed that the body has simply an
up-and-down motion, without any horizontal displucement. If the
water moved horizontally, the body would move horizontally with
it, and the fuct that no such horizontal movement takes place is
evidence that the wave motion itself is simply a progressive up-and-
down movement of the surface of the water, At the spot where the
niarble strikes the surface there is at first a depression, and imme-
diately afterwards there is a rise. This vertical movenent, up anl
down, is transmitted to neighboring particles which consequently
move up and dowr, and, in so doing, transmit the movement fo stiil
other particles. Thus, the up-snd-down movement is propagated
farther and farther from the source of the disturbance and is.
manifested as waves,

If (fig. 8) w2’ is the level of an undisturbed surface, and ebedefy
is the surfuce itself during wave motion, then the highest points
of the waves, such as b and /, are called crests. The Iowest points,
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such as 4, are called troughs. At the beginning of the wave, parti-
cles at the point @ ave just beginning to rise. Conseculive points
continue to rise until the crest & is reached. Buf, although @ and ¢
are on the same lovel, the direction of movoment st « 18 upward,
whereas that at ¢ is downward, The mofion continues downward
from ¢ until the trough  is reached. Here the direction of motion
ig reversed, and a rise takes place up to the point e. Points @ and ¢
are both on the same level, and both have upward motions. From
e the phenomena which started at @ is repeated until the next simi-
lar point is reached, and so on. The distance ae, or the distance
between any two points having the same level and corresponding
directions of motion, is called a wave length.

As the motion of the wave progresses trom left to right, any par-
ticle at a crest, such as b, will move vertically downward until it
reaches a point 3’ the same distance below the level a2 as b is above
it. ‘Trough points
sueh as « will move
vertically upward fo
some point cg', making
the distance od =od,
Intermediate points
would have corre-

Fers S—Wave leueth, nmplilude, phase, and inter-

spondingly  interme- forence of Tight waves

diate motions; al-

though it should not be forgotten that every point s, at some time,
a crest, and at some other time a trough. The distance ¢b, that is,
half the vertical distance from a crest to a trough, is called the

amplitude of vibration,

The wave length determines the color of the light. The longest
waves which affect our syes give us the sensation of red, the shortest
violet. Other colors have intermediate wave lengths. Ordinary
white light is a mixture of all wave lengths from that of violet to
that of red.

The amplitude determines the intensity of the light, The inten-
sity varies dirvectly with the square of the amplitude. Any two
points, such as ¢ and ¢, & and 7, or % and 4, which are at a correspond-
ing position relative to the plane wz’ and have a corresponding direc-
tion of motion either up or down, are said to be in the same phase.

If two waves of the same wave length are superimposed so that
every point in one is in the same phase as every corresponding point
in the other, the wave length will remain unchanged. But the
forees acting vertically on any point will be increased, and the
smplitude of tha new wave will be correspondingly increased. The
intensity of the light will be increased.

If two waves of the same length are superimposed so that every
point in one is in the phase opposite fo that of the corresponding
point in the other, the vertical forces will neutralize each other, and
the amplitude of the new wave will be zero. In other words, there
will be 1« wave at all, and darkness will be the result. Exumples
are extremely thin films such as soap bubbles when examined in
monochromatic light. Here there will be observed a series of alter-
nate bright and dark rings, the labter resulting from the interference
of the Tight. If white light is used in place of monochromatic light,
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only certain wave lengths interfere in given positions. These wave
lengths are thus removed from the original white light and the
residue of light reaching the eye i highly colored. The consequence
15, therefore, that instead of dark rings, as with menochromatic light,
there is a series of highly colored rings. The samc phenomena take
place when a cone of light is sent through a doubly refracting sub-
stance, as will be seen when interference figures are described {p. 39).

THE PETROGRAPHIC MICROSCOPE AND ACCESSORIES
MECHANICAL PARTS

The petrographic microscope and its optics have been repeatedly
described, and adequate accounts of both the mechanical and optical
features can be found in numerous texts of microscopy (7). The
following description is therefore intended merely as a schematic
representation, and for more detailed information the texts cited
should be referred to.

Essentially the mechanical parts of a microscope are supports
for, and means of adjustment of, the optical parts. They are there-
fore secondary in importance to the optical parts. Although of only
secondary importance, poor supports can render a microscope in-
convenient and illy adapted to certain purposes, ahd poor adjust-
ments can actually make the instrument worthless in certain very
necessary functions.

The base, which is usually of a_modified horseshoe shape, should
be large enough and heavy enough to prevent all tendencies of the
microscope to topple when the upper part of the instrument is
tilted a reasonable amount from the normal vertical position. On the
other hand, it should not he so large as to be in the way of the
manipulation or so heavy as to make the instrument unwieldy.

The pillar, in combination with the base should be high enough
to allow adequate and convenient working space, between the stage
and the base, for the substage equipment and the mirror. Short
pillars gre parti~larly annoying when, for example, the insertion
of the finger between the substage and the mirror or the tilting of
the mirror to obtain oblique illumination, is either impracticable or
necessitates other operations.

The joint between the pillar and arm should allow easy ftilting of
the upper part of the instrument through an angle of 90° and should
be provided with a clamp or other mechanism for maintaining any
set inclination.,

The arm is usually curved or is hollowed concave toward the stage
in_order to allow more working room on the stage. Other things
being equal, shat arm which is least in the way is perhaps best.

The fine-adjustment screw is the most important adjustment
mechanism of the microscope and is perhaps the most apt to be
faulty. This serew should have vernier attachments to allow the
reading of complete turns and fractions of turns of the screw, and
these readings shonld le directly convertible into vertical movements,
expressed in decimals of millimeters, of the tube of the microscope.
The Eitch of the screw is not always the same in different parts, and
for this reason it is essential that the mechanism be calibrated over
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its whole length. This is especially true for instruments which have
seen long service, The fine adjustment is not only a means of
raising and lowering the tube in order to get a sharp focus on an
object, but it is also a measuring device for the amount of raising
or lowering. For these reasons the pitch of the scres shonld be as
low and as uniform as practicable.

The coarse adjustment, usually a rack mechanism, should work
smoothly and easily but should be tight enough to obviate all sponta-
neous movement of the tube.

The tube of the microscope usually consists of an inner drawtube
and an outer body tube, the former fitting snugly into the latter and
movable vertically in reference to the latter, preferably by an in-
dependent rack mechanism. The length of the body tube (the dis-
tance between the upper ends of the body tube and the shoulder of
the objective screw) should be of known standard length, usually
160 mm. The drawtube should be conveniently ruled so that the
increase in total tube length can be read when the drawtube is raised.
In the tube there should be an iris diaphragm and slots or other ar-
rangements for the reception of an auxiliary lens, a Nicol prism, 2
Bertrand lens, and other optical accessories. The base of the tube
consists of a centering device and a clamp or nose piece for the at-
tachment of the objective lenses,

The stage of the microscope must be of the horizontal revolving
type, with the circle graduated in degrees and with appropriate
vermers for reading fractions of degrees. While not absclutely
necessary, two rectilinear movements of the stage governed by screws
at right angles to each other are extremely useful and convenient.
The stage should revolve easily and smoothly and should be prefer-
ably provided with a set serew for helding it in any given position.
The usual clamps for slides must be provided on the table of the
stage. These should be readily removable and replaceable. Uni-
versal stages, capable of revolving in every direction, are available
in many forms and are frequently extremely convenient, especially
In connection with the measurement of extinction angles {p. 38).

The substage mechanism must have a vertical movement, Con-
trolled by a rack, and also a swing-out movement. The rack should
work smoothly and easily but should not be so loose as to slip spon-
taneously or under the influence of slight jars. The swing-out move-
ment shotld be easily accomplished, without, preliminary operations.
Some means of readily removing and replacing the condenser lens,
withou$ disturbing the remainder of the substage, adds wonderfully
to the satisfaction in using a good microscope. In addition to ifs
optical equipment, the substage should carry an iris diaphragm and
a swing-out frame for light filters and other accessories.

The mirror arm and fork must allow the rotation and turning of
the mirror to any desired position without the removal of the sub-
stage or the lifting of the microscope from the worktable. The
mirror fork should slide vertically and be clampable on the mirror
arm.

Certain microscopes are equipped with a device for the simulta-
neous rotation of the two Nicol prisms, one in the tube and the other
in the substage. This device consists essentially of two horizontal

150470°—33—=2
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arms attached one to each Nicol, the arms themselves being connected
by an upright supported by the stage frame. The whole arrange-
ment, including the Nicols, is capable of rotating horizontally through
an angle of 90°, the angle being rend by verniers attached {o the deviee
and moving on the graduated circle of the stage. Theoretically, it
makes no difference whether the stago, and thevefore objects under
examination on jt, revolves in reference to the Nicols or whether the
Nicols revolve simultaneously in refevence to the stage. In cither
case the final result is the same. There is also doubt as to which is
relatively the easiest and more convenient.  Some worlers prefer the
simultaneous rotation of the Nicols, whereas others dislike it. Per-
haps, especially in much-used microscopes, the simultaneous ratation
of the Nicols gives a steadier movement than would be given by a
worn stage on a worn and clogged frame. On the other hand, the
upright is occasionally very mueh in the way and must he detached.
Since both can be Jad on the sune microseope at the same time, the
preference is to have both and to use either one ov the other, depend-
g on the exigencies of the moment or on personal inclination.

The foregoing hriet deseription of the mechanical parts of 2 petro-
eraphic microscope emphasizes the fact that, up to a certain point.
the parts are practically the same us those on any ordinary first-class
compound microscope.  Bevond this point, however, there are radical
differences.

(1) The mechanical parts must carry much more optical equip-
ment than the ordinary microscope. The latter usually has only the
mirror, the condenser, the objective, and the ocular. Fhe petro-
graphic microscope must carry all of these, and, in addition, provision
must be made for two Nicol prisms, anxiliary lenses, the Bertrand
lens, quartz wedges, gypsum plates, guarter-undulation plates. and
other accessories. (2) The mechanical equipment of the petro-
graphic microscope consists partly of accurate measuring devices; for
example, the fine adjustment screw and the graduated revolving
stage, together with their verniers. The framework, therefore, be-
comes not only o carrier for the lens and lighting systems but also
an accurately constructed mensuring instrument as well.  This point
should be borne in mind when selecting an instrament for any other
than a purely qualitative purpose,

OVTICAY, SYSTEM

Although the mechanieal equipment of the petrographic microscope
has much move rigorous requivements than that of the ordinary
microscope, the reverse is true so far as simple magnification is con-
cerned. The prime and often the only requirement of the ordinary
microscope is that it should magnify ebjects to clear visibility., This
specialization of purpose has led to the development of lenses and
illumination technic which give very great magnifications and very
clear images, _

As a rule. however, the petrographer and the optical crysial-
lographer have very littls interest in the appearance of the objects
nnder examination,- The interest is not in what the object looks
hise, but in the physical effect, frequently measurable, which the
object has on light, In fact, the object is not at all visible doring
certain operations of optical erystallography, for example, the mons-
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urement of axial angles. Furthermore, crystals are not cenerslly so
small as to require exceedingly high maguification. The result is
that petrographic microscopes are not equipped for anything more
than very moderate magnification but are equipped with a variety
of physical appliances for the production of various optical phenom-
eng which are not used af ali in ordinary microscapy.

‘The mirror is so pivoted on the mirror fork and the mirror arm
as to be rotatable any amount in any direction, thus enabling it to
be set at any angle and thereby to perform its function of reflecting
light from auy sonrce directly up into the microscope. One face of
the mirror is plane and the other concave. The light reflected from
the plane mirror inte the microscope is parallel, and that from the
concave mirror is convergent. The plane mirror, therefore, gives a
wenker illumination than the concave mirror and s used with low-
power lenses where a comparatively small amount of light is ade- -
quate. The concave mirror, on the other hand, is used with high-
power lenses in order to increase the illumination by converging the
rays of light. This rule, plane mirror for low magnifications and
concave mirror for higch magnifications, holds only when the con-
denser lens is not used. This subject will be discussed again in
relation to condensers.

It should be noted here that parallel rays of light coming to the
plane mirror from some very distant source, such as the sky, are
reflected into the microscope with a slight loss of intensity. On the
other hand, light from the same source is reflected into the microscope
from the concave mirror with increased intensity, due to the con-
vergence of the rays at the focal point of the mirror. If the light
source 1s brought nearer so that the rays from it to the mirror are
no longer parallel, the position of the focal point will change. Ad-
Justment can be made to suit the conditions by sliding the mirror
fork up or down the mirror arm, thus changing the distance of the
mirror from: the object under examination. In general, the nearer the
source of light the greater is the focal distance of the mivror.

Thie condensing lens, as its name implies, is a lens for condensing
and thereby increasing the intensity of the light which passes
through it.  Parallel rays of light passing into the lower surface of
the lens are converged on passing out of the upper surface and thus
form a cone-shaped bundle of rays mecting at the focal point of the
lens. The light is therefore concentrated and the illumination con-
sequently increased. If the light passing into the lower surface is
already convergent. as is the case when the concave mirror is used,
the convergency of the light leaving the npper surface of the con-
denser 35 increased and the focus of the condenser lowered. This
lowering may very well bring the fucus considerably below the
object under examination and lessen, instead of increase, the illu-
mination. For this reason it is generally best to use the plane mirror
instead of the concave mirror, in conjunction with the condenser lens,

It is obvious that the best illumination will be obtained when the
condenser lens is in focus, To bring it to focus any suitable object
is mounted on the stage as usual and focused on with a low-power
objective. The image of some fairly distant object, such as the edges
of the window, is then projected into the field of the micrascope hy
tilting -the planc mirror. The condenser lens is now moved up or
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down until the image is quite sharp. The condenser is now in focus.
The image can be removed from the ficld by a slight tilting of the
mirror. If the distance of the object from the condenser is changed
it is evident that the condenser may nced refocusing. Ordinarily
this does not occur frequently, but it may occur if microscope slides
of greatly different thicknesses are used.

The objective of the microscope is the lens, or usually the system
of lenses, which is either screwed into or elamped onto the lower end
of the microscope tube directly above the object under examination.
Tt is perhaps the most important single item of the entire microscope
equipment, since on it depends not only the magnification but also the
clarity and sharpness of the image and consequently of all the other
optical phenomena.

Objectives are usually corrected to some extent for spherical and
chromatic aberration. Achromatic objectives are corrected for aber-
ration of one color and for primary spherical aberration. Semi-
apochromatic objectives are spherieally corrected for two and apo-
chromats corrvected for three eolors.

Qil-immersion objectives ure those which are used in contact with a
drop of oil, vsually cedar ail, placed on the cover glass of the mount.
Certain objectives require alo a hilm of oil between the condenser
iens and the slide, If the glass of the condenser lens, that of the slide,
the cover glass, the objective lens, the immersion oil, and the mount-
ing medinm all have the saime relructive index, there is a minimum
loss of light since there is no refraction of the light when passing
from one part of the system to another. Such a system is ecalled
homogeneous immersion. The nearcr the respective refractive indices
are together the less the loss of licht. Water in place of cedar oil,
for example, would lead to some light loss, and air in place of the
water would lead to a still greater loss. It is obvious that only
objectives of very short focus cun be brought into contact with a drop
of 0il en a cover glass. Immersion objectives are therefore of high
power. Loss of light with low-power objectives is of no practical
unportance. Dry objectives are those which have only air between
the cbjective and the cover glass. The construction of diy and
immersion lenses is different, and there is therefore no advantage
gained by using immersion oils with dry objectives. In petrographie
work, immersinon objectives are practically never nsed,

Objectives ure further described as having such and such angular
apertures and numerical apertures, the latter usually being abbre-
viated to N. A. The angular aperture is the angle whose vertex
is the focal point of the objective and whose sides are the light rays
coming from the extreme edges of the lens. The greater this angu-
lar aperture is the greater will be the amount of light entering the
objective from any point of the object and the better will be illu-
mination. If the objective lens is immersed in some oil of 2 dif-
ferent refractive index, the focal point will change its position and
consequently the angular aperture will linve a new value. The axis
of the lens always passes through the focal point and therefore
always bisects the aperture angle, regnrdless of the position of the
focal point,

Let ¢ be the angle formed by the lens axis and the extreme rays
passing into the objective, that is, let £ be half the angular aperture
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when the objective is immersed in air, and let # be the corvespond-
ing angle when the objective is immersed in some oil. Let » be the
g % '
the sinzs of these two angles. Then,

ratio o

or, sin ¢=n sin »

Instead of leaving the equation thus expressed in terius of the angle
between the lens axis and the extreme rays entering the objective,
we can let 2 u=angular aperture =2 p,

Wherefore r==u,

Substituting, sin == sin .

Defining sin ¢ as the numerical aperture of the objective,

N. A=nsnw,

where 2 is the refractive index of the medium in which the objec-
tive is immersed. If the nbjective is of the dry type, n=1, and the
formula becomes .
N. A.=sin .

For dry objectives, thevefore, the numerical aperture varies di-
rectly as the sine of half the angular aperture. For immersion ob-
jectives, the numerical aperture varies dirvectly as the product of the
refractive index of the immersion oil and the sine of half the angu-
lar aperture in that oil. The numericsl aperture thus inereases with
the angular aperture. The greater the numerical aperture, the
greater will be the amount of Iight entering the objective and there-
fore, in general, the better will be the illumination. Most manufae-
turers designate their objectives by numerical aperture, and it is con-
sequently of importance to have some understanding of the meaning
of the term.

The penetration or depth of focus of an objective may be defined
as the vertical distance through which the image of an object may
be seen sharply when the objective is focused in one position. With
low-power obJectives, both the bottom and top of fairly large ob-
jects may be seen sharply without any change of focus, but with
high-gower objectives this vertical range of distinet vision becomes
considerably less, so that a change of focus becomes necessary in
order to see objects in sligfhtly different planes. The depth of
focus varies inversely as the numerical aperture. For ordinary
observational work a great depth of focus is very desirable, but for
measurements of thi.cjmess the objective of least depth of focus
gives the most accurate results.

Objectives may or may not have flat fields, that is, all points in one
horizontal plane may or may not appear equally distincet at the same
focus. Frequently, when the objective is focused on a point in the
center of the field, the edges of the field appear blurred and require
a new focus. This is especially apt to be noticed with high-power
objectives and is due to the curvature of the image. Objectives
showing this blurring within reason should not be considered as
defective, since it is practically impossible to correct entirely for it.

The illuminating power of objectives, 21l other things being equal,
varies as the square of the numerical aperture.
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The resolving power of an objective 1s its capacity (o vender dis-
tinctly and separately visible two points which might otherwise
appear as one. In other words, it is the capacity to render visible
the finer details of objecis. It depends on the correction for chro-
matic and spherical ‘aberration and on the numerical apertute.
Usnally, the higher the magnifying power of an objective the greater
is the :esolvnw power, but this js not necessarily so.  Ix: A nation
of certain diatoms for ﬁner detatls of structure is perhaps as good a
test of resolving power as any.

The magnifymg power of an objective depends on the tune length
of the microscope. The greater the tube length the greater the
magnification. Aectual measurement of the m.wmfuatmu hy the
olJ]ectwe alone has practically no value, since the objective is always
used in conjunction with some ocular. Magnification by a micro-
scape, therefore, means the magnification produced by the obJLctl\t=
and the oenlar conJomtly for a given tube lengtli,  Other things
being equal, however, the magnification of a microscope depen(lw
dnect]v and primarily on the nn(rmﬁc'it}on of the objective. Some
objectives have their ITldfT]llﬁC'ltIOll marked directly on them; others
ure libeled variously.

In general, it may be said that objectives of low magnifying power
are short and have a wide expanse of Jense surfuce at their lower
extremity.  On the other hand, objectives of high magnifying power
arve Jong and have very litte lens surface at their lower e tremity.
()bjectwes of intermediate magnifying power have intermediate
appearances. The genernl subject of llldffnl{](‘ltloﬂ will again be
discugsed in conneetion with oculars and methaods,

The working distance of an objective is the distance of an un-
covered object in focus from the front lens. Cover glasses and the
brass mounting of the objective decrease this distance,

Dry high-power objectives are corrected for use with cover glasses
of certain thicknesses, and a variation of (.05 mm in this thickness
may lower the cfficiency of the objective. TUsually the correction is
for cover glasses from 0.16 to .18 mmn thick. Water-immersion
high-power objectives allow greater variation of cover-glass thick-
ness than do the dry objectives. Low-power and hmnoweneous-
immersion high-power objectives allow any reasonable var fation in
cover-glass thicknesses.

The ocular, which fits iuto the upper end of the tube and from
which the lnrht divectly enters the eye, has for its function the
m.wmht(ltlon of the image formed by the objective. It is compura-
tl\ely simple in construction, only two lenses being used in most
forms. There are three general types, the Hm‘trcm or negative
ocular, the Ramsdew, or ])t}‘-xlt‘l\'l" ocular, and LOID[)L‘[}Sdtl]‘IW octlars.
The term ©eyepiece ™ is frequently used as a synonym for ocular.
In the Huygens ocular there are two plano-convex lenses with their
plane surfaces upward, or toward the eye. The Ramsden ocular
likewise consists of two plano-convex lenses, bat the convex sides
are pluced toward each other. Compensating aculars are constructed
to partly eliminate differences in foeat planes for different colors
itnsed hy the objectives,

In uddition to these generval bypes, there are various special ocu-
lars which are more or less uselul for various purposes. I'ov ex-
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ample, there arve demonstration oculars, carrying pointers for indi-
cating any part of the field; double-demonstration oculars, which
enable two persons to view the same field af the same time; and
goniometer eyepieces, which revolve horizentally on a graduated
circle. A particularly useful form of ocular is one carrying a slot
through which various accessories, such as micrometers, may be in-
sevted. QOcnlars fitted with special optical equipment for the pro-
duction of particular eptical phenomena, such as the Bertrand
ocular, will be described in conneetion with the phenomena.

Up to the present point the description of the optical parts of the
microscope has been in general applicable both to the ordinary and
to the petrographic microscope. Those appliances peculiarly char-
acteristic of the petrographic microscope will now be described.
Perhaps the most fundamental difference between the two types of
instrument lies in the fact thaf, the ordinary microscope uses ordi-
nary light, whereas the lght used in a petrographic microscope is
plane polarized. The polarizer iz located in the substage of the
micyoscope and consists of o caleite prism cut and then recemented
in a particular way. There are numerons types ot Nicols, depending
on their method of construction, but all accomplish the same purpose
in the same general way.

If the caleite is eut auid then recemented at such an angle that one
of the rays strikes the planes of division at the critical angle or
greater, whereas the other rvay strikes the plane at less than the
critical angle, the first ray will be totally reflected out of the side
of the calcite and can be absorbed. The second ray, polarized in one
plane, will pass through the caleite and can be used as a source of
illumination for the microscope. The polavizer, therefore, causes a
loss of about half the light coming from the mirror. This loss,
ho“c-'lever, 1s not serious as very high powers of magnification are not
used.

In the tube of the microscope, above the objective, is another Nicol
prism so arranged as to slide into and out of the path of light.
This Nicol is also capable of rotation through an angle of 909 in
order to enable the worker to set it so that its plane of vibration is
either parallel to or at right angles to the plane of vibration of the
polarizer. This upper ﬁcol is vsually spoken of as the analyzer,
and the analyzer and polarizer are said to be parailel or erossed.
according to whether their planes of vibration are parallel or at right
angles to each other.

Analyzers should not have sloping ends, as they not only cause
a slight additional loss of light by reflection (which is not so
serious) but displace the image of the object {which is very serious).
All analyzers should be tested as to this latter point. Simply
observe the positions of a number of small objects on a slide with
the analyzer out and then reobserve their positions when the analyzer
is inserted. The positions should not have changed to any very
noticeable extent, ‘

Certain types of microscopes, notably the “chemical” inicro-
scopes, place the analyzer, the so-called cap Nicol, over the ocular
instead of in the tube, as iz done in the petrographic microscope.
This cap Nicol has its uses even in the petrographic microscope.
and in the nonpetrographic type of instrument serves its purpose
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very well. Bat for purely petrographic work the petrographic
microscope with an analyzer in the tnbe will prove best.

Both Nicols should be quickly and conveniently remevable for
cleaning. The upper surfaces, especially of the analyzer, have a
tendency to colleet dust which interferes with clear vision. If the
Nicols are not conveniently removable, cleaning is usnally put off
far beyond the time wlhen the need arises. In the choice of instru-
ments, the writer would consider the ease with which the Nicols
could be cieaned us one of the crucial points affecting his decision.

The Bertrand lens, quartz wedze, gypsum plate, quarter-undula-
tion plate, and micrometers are accessories to, rather than parts of,
the petrographic microscope, but they are essentinl accessories and
when used form an integral part of the optical system. Without
them certain essential functions of the petrographic mieroscope could
not be accomplished. They arve, therefore, described in connection
with the microscope, whereas other valuable but not indispensable
accessorles are described in connection with the particular optieal
phenomenon they arve designed to produce or observe.

The Bertrand lens is inserted in a slot in the tube of the microscope
and, together with the ocular, serves as @ microscope for the magni-
fication «»t the interference figure. The axis of the microscope and
the center of the inserted lens should exactly coincide or should be
easily adjustable to coincidence. This can be tested by observing the
interference figure of a section of calcite cut at right angles to the
optic axis. The center of the interference cross should lie at the
intersection of the cross hairs of the ocnlar when the Bertrand lens
is in place.

The quartz wedge, as its name implics, is. in its simplest form, &
wedge-shaped piece of quartz mounted for protection between two
plates of glass. This wedge is inserted inlo the tube of the micro-
scope through a slot provided for the purpose. The increasing
thickness of the wedge through which the light must pass, as the
wedge 15 gradually inserted thin end foremost, causes increasing
retardation of the light rays. Newton’s whole range of colors 1s
civen, the colors repeating themnselves in successive order as the
wedge is inserted.  One quartz wedge giving colors of the first, sec-
ond, and third orders is essential, and another wedge giving colors of
the third and higher orders is very desirable. There are various
improved forms of quurtz wedges which ave really improvements;
for example, the Wright combination wedge. But for ordinary
petrographic work the ordinary wedge is usually sufficient.

The gypsum plate is variously spoken of as the selenite plate, violet
of the first-order plate, red of the first-order plate, sensitive plate,
and unit-retardation plate. It is insertable in the same slot as the
quartz wedge and should have the same elongation as the wedge in
order to avoid confusion. A method for testing this elongation will
be given under the quarter-undulation plate.

The quarter-undulation mica plate is a sheet of muscovite of such
thickness as to give a retardation of one-fourth A, mounted for protee-
tion between glass plates. The quartz wedge, the gypsum plate, and
the quarter-undulation plate have various uses which wil{ be given
in thehr places,
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The vibration directions in the quatter-undulation plate can be
ascertained or confirmed by using the plate as an object and observ-
ing the interference figure. The direction of least ease of vibration
Z {or ) is that of the line joining the foci of the two hyperboize.
The direction of intermediate ease of vibration Y (or 0) is at right
angles to Z. To ascertain the vibration directions of the gypsum
plate, use the plate as an object and observe the interference figure.
The direction of the line joining the two yellow quadraats is the
Z (or c¢) direction. The vibration directions of the quartz wedge
can be ascertained by using the wedge as an object and inserting
a quarter-undulation plate whose dirvections are known. This will
b(f explained more fully under the use of the quarter-undulation
plate. :

At least two micrometers are absolutely essential. One of these
should be a standard-stage micrometer with a scale marked off in
tenths und hundredths of a millimeter. This micrometer should be
used solely for calibrating other micrometers, The other essential
micromefer is an eyepiece micrometer and may be of various types.
Certain types are circular in shape and are inserted into the ocular.
Other and more convenient types are mounted on a rectangular
frame which slides into a. slot provided for the purpose in the ocular.
If only one eyepiece micrometer is to be had, the checkerwork type
is the more useful. It is besi, however, fo have one of this and
also one of the linear-scale type. Various screw-micrometer oculars
for great refinement of measurement can be had and should be used
when extremely accurate results are necessary. For ordinary petro-
graphic purposes the standard-stage micrometer and a suitable
checkerwork eyepiece micrometer will be adequate.

Where reflected light is to be used, the vertical illuminator will
be found invaluable. It is a device attachable to the lower end of
the microscope tube between the tube and the objective. A hori-
zontal beam of light is admitted through an iris diaphragm in the
side of the illuwiinator, is then reflected vertically downward by a
semicircular rotatable mirror, passes through the objective onto the
ohject, and thence is reflected back vertically upward through the
ohjective and illuminator to the eye.

CALIBRATION AND MEASUREMENTS

TO DETERMINE THE YVIRRATION DIRECTIONS IN NICOL TRISMS

Prepave a section of biotite cut at right angles to its cleavage.
Rotate this section, with analyzer out, unti} it is in its darkest posi-
tion. The cleavage divection is now paraliel to the plane of vibra-
tion of the polavizer. If a suitable section of biotite is not available,
mount a minute erystal of tourmaline, in which the elongation (the
direction of the ¢ axis) can be ildentified, so that the ¢ axis is hovi-
zontal. Rotate the mount, with analyzer vut, until the crystal is in
its darkest position. The ¢ axis will now be at right angles to the
plane of vibration of the polarizer. Anocther less accurate, but
nevertheless fairly satisfactory, method is to detach the polarizer
from the microscope, reflect light into the polarizer by means of a
preferably horizontal piece of plate glass or other polished surface,
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and rotate the polarizer until the glass appears dark.  The vibration
plane of the Nicol will now be at right angles to the reflecting
surface.

The vibration plane of the analyzer ean be readily found by com-
parison with the polarizer. Set the polarizer in some definite posi-
tion in the microscope and use a good light. Rotate the analyzer
until the feld is dark. The Nicols are now crossed; that is. their
vibration planes are at right angles to each cther. The position of
the vibration plane of the polarizer being known, that of the
unalkyzer is known also.

The Nicols should be so placed in the microscope that the cross
hairg of the ocular are parallel to the vibration planes when the
Nicols are crossed.

DETERMINATION OF THE MAGRIFYING POWER OF A LENS SYSTEM

The magnifying power of a lens or system of lenses Is not the
definite figure 1t is usuully thought to be. The wmagnification is the
number of times the dimnster of the cbject is contained in the diame-
ter of the image; that is, it is the ratio of the diameter of the image
to the diameter of the object. DBut the diameter of the image varies
with its distance from the eye, and different eyes see most distinctly
at different distances. The magnification is thus s constant, the
diameter of the object, divided into a variable, the diameter of the
image, this latter being large for far-sighted eyes, smaller for normal
eyes, and still smaller for short-sighted eyes. The distance of most
distinct vision for normal eyes is somewhere about 10 inches (250
mm). This is usually taken as a standard. Xt can be shown by ele-
mentary geometry that the ratio of the diameter of the image to the
diameter of the object is approximately the same as the ratio of the
distance of distinet vision to the focal length of the lens. Taking
250 mm as standard, the magnification, ¥, is then

260

v

where 7 1s the foeal length. This 1s simply a convention and differ-
ent observers would actually see very differently. TFor example, 2
lens of 25 mm foeal length would show an apparent magnification
of ten times to a normal eye and only five times to an eye which saw
most distinetly at a distance of 125 mm (5 inches).

The magnitying power of & microscope may be directly measured
by placing a stage micrometer directly on the stage. The microscope
is carefully focused on this micrometer. Any suitable scale, for ex-
ample an ordinary desk rule, but preferably one with units divectly
convertible into the stage micrometer units, is then placed horizon-
tally beside the micrescope at a distance of 250 mm trom the exit
pupil of the eye. The image of the stage micrometer is observed
with one eye and the scale with the other, The scale is moved about
horizontaily until it coincides with the image of the micrometer.
Birect comparison of the two can now be made. If, for instance,
the image of u Ymm division on the nicrometer tallies end to
end with a 10-mn division on the scale, the muagnifying power of
that particular lens combination is 100 diameters,

N=
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A better method, perhaps, is to use a camera lucida, if one is avail-
able. Place a piece of paper at such a distance from the eye that the
actual path of the ray through all its reflections in the camera
lucida from the paper to the eye is 250 mm. On the paper mark
off the extremities of some convenient division, say a J5-mm division,
of the micrometer image, as seen on the paper through the camera
lucida. Measure the distance betiveen the two marks, and find the
ratio between this measured diameter of image and the aclual size
of the micrometer division. If, for instance, the micrometer division
is g-mun and the distance between the marks is 25 mm, the magni-
Tying power is 250 diameters. .

It7is not often that one absolutely needs to know the magnifying
powar of a lens system except as it can be obtained comparatively
by simple inspection of the objectives and oculars, It is essential,
of course, to know that one objective or ocular will give a higher
magnification than another. But to know that one lens combination
gives a magnification of exactly 280 diameters, for instance, is usually
information of doubtful utility.

E-4

HORIZONTAL ELINEAR MEASUREMENTS UNNDER THE MICEOSCORE

There are several methods for measuring lengths of microscopic
objects. The simplest is to use o micrometer stage., This is an ar-
rangement whereby two screws, with vernier attachments, working
at 11ght angles to each other, are capable of moving the stage and
consequently any object on it. The screws should be calibrated by
placing the stage micrometer on the micrometer stage (the distine-
tion should be noted), aligning the screw axis with the stage
micrometer and comparing the divisions of the screw vernier with the
distances actually passed through by the stage as shown by the cross
hairs and the stage micrometer. Thiz calibration should extend
through the entire lengths of both screw movements. To measure
the length or diameter of any object under the microscope, align
the screw axis and the linear direction desired, place one end or side
on the cross hair, and turn the screw until the other end or side is
on the cross hair. The length or diameter is then given direcily
hy the screw divisions turned through.

A more generally satistfactory method involves the use of the eye-
piece micrometer. This micrometer should be calibrated once for
all by means of the stage micrometer and for every lens combination.
This can be readily done by simple comparison of the images of the
two micrometers as seen directly through the microscope. It wonld
seem unnecessary to remark that this comparison does not give di-
rectly the magnifying power of the microscope, but experience shows
that this is one of the commonest of mistakes. All that is actually
done is to compare an image of the stage micrometer magnified by
the entire lens combination with an image of the eyepiece micrometer
magnified by one or more of the lenses of the ocular only. All that
is directly known is that a unit division of the eyepiece micrometer
corresponds to so many millimeters, as read on the stage micrometer,
and this is all that one needs to know. If the stage micrometer is re-
placed by an object, the length can be read directly from the eyepiece
micrometer. This length expressed as numbers of eyepiece-microme-
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ter units multiplied by the value in millimeters of 2 unit gives the ac-
tual length of the object. The checkerwork or net-grating eyepiece
micrometers are much more satisfactory than the linear-scale fype, as
lengths in two directions at right angles to each other can be read
without moving the. object and diagonal lengths can be immediately
calenlated by application of the theorem that the square on the hy-
potenuse is equal to the sum of the squares on the other two sides.
Thus any horizontal dimension of an object can be direc%;r read or
calculated without altering the position of the object. The objec-
tion to the checkerwork micrometer is that the large number of lines
engraved on it sometimes interfere with distinet vision. This is un-
questionably a valid objection ; but the inconvenience of removing and
replacing the micrometer, especially if it is of the slide type, is almost
inconsequential as compared to the ease and range of measurement
available. Generally speaking, however, it is best to have both the
Linear and checkerwork types of micrometers and, of the latter, one
with very small and another with comparatively large 1nit squaves.

There are several types of screw-micrometer ocnlars available. In
principle these are screw-vernier arrangements for moving the mi-
crometer over the image of the object instead of vice versa, as with
the micrometer stage. The screw micrometer is capable of giving
results of a very high degree of accuracy.

MEASUEREMENT OF TEICHKNESS

The most delicate method of measuring the thickmess of a particle
is by neans of its double refraction. The procedure is exactly the
reverse of that ,given for the determination of the double refraction
(which. ses). This method of thickness measurement, however, is
very limited in its application. (1) The substance whose thickness
" 15 desired must be doubly refracting, and this requirement elimi-
nates the possibility of applying the method to isotropic substances,
including cover glasses and other very common objects. (2} It is
necessary to know not merely the maximum double refraction of the
substance as listed in the books or as usually determined, but it is
essential to lnow the double refraction of the substance in the par-
ticular orientation in which the thickness measurement is to be made.
This kind of information is very seldom available. In the rare cases
where it is available, however, the methed is to be highly recom-
mended both for its accuracy and speed. The procedure is as fol-
lows: Rotate the stage until the object is in a position of maximum
brilliance between crossed Nicols. Insert the quartz wedge into the
tube of the microscope. If the colors of the object mount in the
color scale us the wedge is inserted, rotate the object an additional
90°. 1If they descend in the color scale leave the object as it is and
continue the insertion of the wedge until the object, at the point where
the thickness is to be measured, becomes black. By removing the
object or observing vacant spots in the field of the microscope and
counting the number of recurrences of the color as the wedge is with-
drawn, the coler and its order are identified. Find the double re-
fraction along the upper or right margin of the Michel-Lévy chart.
(Fig. 5.) From this point foliow the caliagonal line to the particular
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celor of the particular order identified with the wedge. Then fol-
low the horizontal line to the left margin of the chart, where the
thickness will be found.

A method of thickness measurement practically universal in its
application consists, in principle, in focusing on the plane of the
bottom of the object, then refocusing on the plane of the top of the
object and reading the difference between the two focal positions, the
rise of the tube of the microscope, from the fine-adjustment screw
and verpier. This presupposes that the fine adjustment be accu-
rately calibrated. Furthermnore, the veading from the fine-adjust-
ment screw will not be the same when the focusing is done through
air, as when it is done through the object. There are therefore two
cases under this method. The calibration of the fine-adjustment
screw presents difficulties, especially to workers of limited experience
and equipment, and neither the calibration nor a thickness measure-
ment can be any more accurate than the worker’s ability to bring the
microscope to a sharp focus and to duplicate this focal reading after
raising or lowering the tube of the microscope. It is perhuaps true
here, more so than in any other phase of microscopic work, that the
eye of the observer is as much in need of checking as is the instru-
ment. Fine-aajustment screws undoubtedly do come uncalibrated
or occasionally badly calibrated, but it is manifestly unjust to con-
demn a serew on the basis of results obtrained by a person physiolog-
ically inca.pable of obtaining reliable results. There is no desire on
the writer’s part to stress this point unduly, but it is just as well to
face the fact that there are individuals just as much unfitted, physi-
ologically and psychologically, for microscopy as there are other in-
dividuals unfitted for music or art.

A fair method of calibrating the fine-adjustment screw is by the
use, as object, of a cover glass, the thickness of which has been de-
termined by micrometer calipers. Turn the fine-adjustinent screw
down as far as practicable, focus an the plane of the lower surface
as accurately as possible with the coarse adjustment, complete the
focusing with the fine adjustment and read the vernier. Turn the
fine adjustment until the focus is on the plane of the upper surface.
Again read the vernier. The difference between these two readings
divided into the thickness of the cover glass gives the average value
for one division of the fine adjustment for the particular screw range
nsed. Leaving the fne adjustment in its last position, lower the
tube of the microscope by means of the coarse adjustment to as ac-
curate a focus as possible on the lower plane of the object. Com-
plete the focus with the fine adjustment. This will give a new point
of departure which will probably overlap slightly with or leave a
sltght interval between it and the first range of reading. Raise the
tube of the mieroscope by means of the fine adjustment to a focus
on the upper plane of the object. The difference of the readings
divided info the cover-glass thickness will give an average value for
each division of the fine adjustment over this new screw range. Con-
tinue in this way until the upper limit of the serew is reached. Then
begin again with the first focus of the fine adjustment adjusted at
a different reading from that found at the beginning. This process
of calibration can be carried to any desired degree of claborateness.
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If, after a number of complete traverses of the screw have been
made, it is found that the averages are all approximately the sume,
the screw divisions can be considered as calibrated at this average
value. If two of the averages are markedly different, the data. of the
readings will indicate approximately the position in the screw where
the trouble is, and this position can he avoided when making future
thickness measurements.  This process of calibration cun be im-
mensely shortened by confining 1t to one or two complete turns of
the screw near the center of the screw range; or, better still, by econ-
fining it to the small number of intervals plus a few both above and
below the range actually involved in the measwrement. This latter
procedure has the advantage of providing a check on the serew every
thue a series of thickness measurements is made, un advantage
which becomes more and more important as the microscope becomes
older. In making thickness measurements, a1l focusing with the fine
adjustment should be made by movements ull in the sume direction.
either up or down. in order to avoid errors due to lost motion. It
should be borne in mind that there are very few fine adjustments
which give identical values for each inferval over the entire screw
length. A certain amount of tolerance is therefore necessary, and
occasional rechecking is all the more desiruble, An accurate cali-
bration over a small number of uniform intervals is much more
satisfactory than an average culibration of the entire screw.

If an object is lying on a microseope slide, the upper surface of
the slide can be taken as the plane of the lower surface of the object.
By focusing on a serateh or a dust speck on the slide. reading the
fine adjustment. then raising the tube by means of the fine wdjust-
went antil the upper surface of the olject is in focus and again read-
ing the fine adjustment. the difference of the two readings gives a
measure of the thickness of the object. But this measuve will be dif-
ferent, depending on whether the focusing on the slide surface has
heen to one side of or through the object. If the point of focus on
the slide and that on the upper surface of the object are very close
together horizentally, and if the focusing hus been done slichtly to
one side of, and nut through, the object, the difference of the fine-
adjustment readings, converted into its calibration units, gives di-
rectly the thickness of the object. The object of course can be placed
at any desired spot on the shide preliminary to the focusing. If the
object is flat and has edges sloping outwardly and down, the lower
edge cun be used as a point of focus instead of the scrateh or dust
speck.

At times 16 is necessary to do the focusing through the object.
Proceed exactly as above and then multiply the value so obtatned
by the refractive index of the object. This gives the true thickness.
A mounting medium acts in this respect just as does any other ob-
jeet, and therefore thicknesses measured by focusing through the
mounting medium must be multiplied by the vefractive index of the
medium in order to obtain the true thickness. If the lower focus is
determined through air, no such multiplication is necessary, since the
refractive index of air is unity.

Measurements of slunt distances can be made by combining the
proper horizontal and vertical measurements. The slani distance
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between any two points is the square root of the sum of the squaves
of the vertical and horizontal distances.

Very fair ideas of the shape of verticul sections of objects with
curved surfaces cun be obfamed by plotting vertical distances as
ordinates and horizontal distances as alscisse and connecting the
points by a smooth carve. This is not very often of use and 1s not
very accurate when applied to extremely small objects. A far easier
method is to roll the object over and observe its shape directly or
with the aid of the eyepiece micrometer when guantitative results
are desired. But cases may arise where the rolling is impracticable.
The graph method may then serve a good purpose.

MEASURKEMENT (7 ALEAS

Perhaps the most convenient and readily accessible method of
measuring areas under the microscope is to use a closely lned check-
erboard micrometer and to count the number of micrometer unit
squares covering the image of the object.  If the micrometer has been
previously cabibrated against a stage micrometer, as deseribed above,
the area of each unit square is known, and the area of the object is
simply this unit area multiplied by the number of units. Since pro-
portional areas rather than abselute areas are uswally desired, it is
perfectly permissible to state areas divectly in terms of micrometer
units, regardiess of what the calibration of the micrometer may be.
For very close work, parts of unit squares on edges of the object’s
image can be estimated and added to the total. Micrometers so lined
as to be directly readable in blocks of units, twenty-fives. and hun-
dreds greatly facilitate the count and relieve eyestrain. At the very
best, a worker will occasionally lose sight of the place under count.
This mnay necessitute doing all the counting again, with the possi-
bility of again losing the place, unless some system is used. A fairly
satisfurtory system is to first count all complete blocks of hundreds,
then all complete blovks of twenty-fives not included it the hundreds,
then all units not included in either of the preceding. and finally all
fracfions of units on edges of the image. Tn case of losing place,
it s then necessury to repeat the count only partly instead of
completely.

Avreal estimations can be made by photographing or druwing with
a canera lucida through the microscope, cutting out the areas desired
and weighing them, the areal proportion being the suine as the weight
sroportion on the assumption that the paper is perfectly uniform.
The paper can be backed with tin foil to give added weight and
therefore more accurste results. This metliod can be used in the
absence of a micrometer but is otherwise not recommended.

A statistical methoed consists in making a number of linear meas-
urements at right angles to each other for numerous particles in a
given mount. These measurements, added and averaged, give a ree-
tangie, the area of which can be compared with that of another rec-
tungle similarly obtained. Better results have been obtained with
this method and its modifications than would normally be expected ;
but, vwing to the large number of measurements necessary, the
method is tedious and long.
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MEASUREMEXNT QF ANGLES

As a preliminary to the measurement of an anegle, the stage of the
microscope should be very carefully centered. 'The slide should then
be moved until the vertex of the angle is at the intersection of the
eross hairs and one side is very near and parallel to one or the other
of the cross bairs. A reading is taken from the graduations en
the circumference of the stage. The stage is then rotated until the
secand side of the angle reaches the initial position of the first side.
A second reading is tuken, and the difference between it and the first
reading gives divectly the angle desived. Instead of **sides ™ to the
angle one may have cleavage directions or directions of extinction,
but the technic is the samé. These angular measurements should
be repeated, nsing first one side then the other as the initial side and
revolving the stage in opposite directions. Then the stage should be
turned 150° from 1its first position and the measurements repested in
this new position,

A goniometer eyeplece may be used in place of the rotating stage.
The only essenfial difference between the two methods is that with
the gomometer evepiece the object stays still and the cross hairs
rotate, whereas with the revolving stage the cbject rotates and the
cross hairs remain still.

Angles can be measured from camera-lucids drawings or from
photomicrographs by means of an ordinary protractor. An approxi-
mation to an angle can be obtained by use of the checkerwork-eye-
piece micrometer and a table of trigonometric functions.

It the angle between two crystal faces is being measured, the meth-
ods above give the true angle only when the planes of the faces are
parallel to the axis of the microscope, or (which is practically the
same) when the intersection of the two faces is vertical. Preliminary
examination as to these points should be made before the angle 18
measured. It should be remembered also that the angle measured
is the actual angle between the two faces and not its supplement us
read from a reflecting goniometer. Angles between horizontal and
vertically slanting fuces can sometimes be calculated from data de-
rived from horizental messurements with the eyepiece micrometer.
together with vertical measurements with the fine adjustment.
There are various other angles which may be calculated by methods
of plane and solid trigonometry, but the need for them is compara-
tively rare, and reference is therefore made to the standard text {2).
The beginner, when dealing with the angular measurements of cryvs-
tals, should be particularly caveful not to be misled by misshaped
or npusually oriented crystals. A cube of common salt, for exam-
ple, shows a beautiful hexagonal outline when it is tilted with a cor-
ner uppermost and is examined with an objective of considerable
depth of focus. The measnrements of these hexagonal angles would
be utterly meaningless, amd a very casual examination with a lens
of less depth of focus would reveal the true formm of the crystal.
This serves to illustrate one of the essential tests which should never
be omitted before making an angular measnrement. Both sides of
the angle should simultancously come into focus over their entire
length when examined with an objective of minimum depth of focus.
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There are apparent exceptions to this rule, but it is safer to follow
it than to read angles indiscriminately. at Jeast until one acquires
the habit of th.mkmg erystallographically.

OPTICAL METHODS
IMMERSIGN MEDIA

In all microscopic work immersion media of one kind or another
are used in making up the mounts for examination. Their pur-
pose, primarily, is fo aid visibility and, secondarily, in conjunction
with the cover glass, to profect both the object and the oljective
lens. The preparation of the mount may become a very compli-
cated matfer or may be of the utmost simplicity, depending on the
nature of the object and the purpose to be attained. Efssentmlly
however, it consists in embedding an object on a slide in the im-
mersion medium selected and then placing a cover glass over the
object. The choice of the immersion medium is a matter of the
utmost importance, especially in the determination of the refractive
indices of objects. If we mount, say, a brolken fragment of glass in
some oil of a known refractive index different from that of the glass,
the glass is easily visible. If by trial we mount the same 0’1‘133 i
oils of refractive index progressively nearer and nearer that of the
glass, the glass is invisible. Thus, knowing the refractive index of
the oil in which the glass is invisible, we 2lso know the refractive
index of the glass.

Ideally, immersion media which are to be used for refractive-
index determinations should have the same color and the same in-
tensity of color as the substance o be examined. They shoald be
stable in contact with air and under the influence of “Tight; they
should be practically nonvolatile in air, and especially they should
not be differentially volatile; and their refractive indices should not
vary pereeptibly with ordinary changes of temperature. They
should have no, or only slight. dispersive effects on light, they should
not dissolve the substances to be examined, and they shouldl all be
mutnally miscible so 1s to enable the worker to form media of re-
fractive indices intermediate between any two given indices. Need-
less to say, no such idezl set of medin has ever yet been contrived.
There are, however, several practicable sets, Larsen (I0) gives the
refractive indices shown in Table 1.
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TaBLE 1.—Refiactive indices of imunersion sedic—Continued
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In making mixtures of two oils to obtain media of intermedinte

indices, the equation
' : T =R — 1

Pa==0 —H,

where =, 15 the volume of the oil of least index, v, the volume of the
oil of greater index, n, the greater index, n the desived index, and
iy the lesser index, will be found useful. The refractive index of
the mixture prepared in the proportions given by the equation
must, however, be measured, as the formula is only approximately
correct. The measurement can be made on any refractometer hav-
ing a sufficiently wide range of readings or can be made somewhat
less nceurately by a reversal of the process for measuring the refrac-
tive index ot erystals {which sce). Sets of calibrated liquids are
on the market.

DETERMINATION OF REFRACTIVE INDEX BY BECKE LINE

Assuming that we are dealing with an isometric substance or with
a crystalline nonisometric substence whose orientation can be modi-
fied or determined fo suit our convenience. we have the following
method for determining the refractive index by means of the Becke
line.

Mount the substance in any immersion nwdium of known re-
Tractive imdex. Either the grain and the immersion medium have
the swme refraetive indices or they have different vefractive in-
dices. If they huve the sawme refractive indices, the substance will
be invigible and will have the same index ns that of the medium of
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known index. The refractive index of the substance is thercforc
known.

Almost never, however, would one be able to guess so well or hap-
pen to pick the right medium the first time. Practically always the
refractive indices of the medium and the substance would be differ-
ent. In this case focus the microscope on an edge of a grain of
the substance. Raise the microscope tube by means of the fne-
adjustment screw. If, when the tube is raised, the Becke line moves
into the grain, the grain has the higher index; if the Becke line
moves outward from the grain, the Immersion medium has the
higher index. We huve thus determined whether the given mediun
has a higher or lower index than the grain. If its index is lower
than that of the grain, obviously we necd a medium of higher index.
It its index is higher, obviously we need = mediam of lower index.
Choose another immersion medivm on the basis of what has been
said in the previous sentence and make another mount. Repeat
the observations on the Becke line. In the Arst mount we found,
say, that the index of the grain was the higher:

# (first medivm) < » {grain)

In the second mount we will find either that

# (first medivm) < » (second medinm) < a (grain)

7 (first medium) < 2 (grain) < n (second medium)

En the first case we have found a medinm which has 2 known index
nearer that of the grain. That ix, we are closer fo the true index
ot the grain than we were in the first mount. In the second case
we have cestablished limits between which the index of the srain
must lie, By repeating this trial and error method a sufficient num-
ber of times we will finally find & medium in which the grain is
invisible. The refractive index of the grain is then the same as
that of this medinm, and sinee the index of the medium is known
that of the grain is also known.

In the use of the Becke line for refractive-index determinations
severn! precautions must be taken as follows:

(1) The grains of the substance to be examined must be dry
before they are mounted in any immersion oil. Otherwise, the Becke
line is the result, not of the contact between the oil and the grains,
but of the contacts betsveen the oil and water and of the water and
the grains. The result nsually is a heterogeneous mixture of Becke
lines practically impossible of interpretation into terms of the
refractive indices of the grains and the immersics medinm.

(2) The substance urder examination shonld be insoluble, or prae-
tically so, in the immersion media nsed. If the substance ie appre-
ciably soluble in the media, the Becke line 1s the result not of the
contact of the substance and the media, but of the contact of the
substance and a solution of the substance of unknown concentration
and therefore of unknown refractive index.

(3} The surfaces and edges of the grains of the substance to be
examined should be clean and free from coutings and adhesions of
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foreign substances. If these coatings and adhesions are readily
visible, their presence can be recognized and search mude for edges
which are free from these impurities. But grains coated with thin
films of transparvent impurities are likely to cause errors. Such
coated grains are frequently encountered in substances which have
been dzied without first having had the coating of mother liquor
removed. If such grains are crushed, edges free from the coatings
can be readily found.

(4) The line of contact between the grain and the immersion oil
should be as nearly vertical as possible. With a transparent thin
grain, both the top and bottom edges zre visible. If the side con-
tact between the grain and the oil is very much inclined from the
vertical, Becke lines may be seen to move both from the bottom
and top edges, and confusion may result. Furthermore, the phenom-
enu are complicated by reflection and refraction from the inelined
surface. _

{5) One should make ‘sure that he is examining an individual
crystal and not an aggregate of smull crystals. In any given spot
m an aggregate, the light effect would be the chance composite of
the effects of all the small crystals through which the light had
passed and would have no determinable relation to the effects of
any given crystal. At different spots on the aggregate the lght
effects would vary, depending on the uniformity of sizes, orienta-
tion, distribution, and degree of packing of the smaller crystals.
Especially should one look cut for twinned crystals.

(6) One should make sure thut he is examining crystals and not
skeleton crystals, thut is, erystuls in an incipient stage of formation.

Although the writer has no datu on this subject, he is fairly sure that
he has noticed several times that skeleton crystals had optical prop-
erties quite different from those of the completed erystal.

DETERMINATION OF TWO INDICES OF REFRACTION

The simplest pracedure in determining both refractive indices, o
and ¢, of a uniaxial substance is to find a crystal with a recognizable
¢ axis in the horizontal position. Rotate to extinction [etween
crossed Nicols, with the ¢ axis parallel to the vertical cross hair.
Remove the analyzer and by means of Becke line determine whether
the crystal in this position has a higher or lower index than that
of the embedding oif.  Proceed then with tlie method already de-
seribed for isotropic substances, except that here all the observations
must be made on crystals in the initial orientation, or in that posi-
tion of extinction which has the ¢ axis parallel to the vertical cross
hair. Finally, an oil will be found in which the crystal, in the given
orientation, will be invisible, The refractive index of the oit being
known, that of the crystal in the given position is also known. Re-
peat the whole procedure as above except that the erystul is to be in
the position of extinction with the ¢ axis at right angles to the ver-
tical cross hair, that is, parallel to the horizontal cross hair. If
the given substance is optically positive, the greater of the two
indices measured as above is ¢ and the lesser one is . If the sub-
stance 3s optically negative, the greater is w and the lesser e

If the refractive index is determined as above on grains, so orien-
tated that the optiv axis is vertical, that is on grains which give us
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inferference figtire the unlaxial cross with the center in the center
of the field, the index is w.

If refractive indices are determined for two positions of extine-
tion for a number of grains in random orientation, it will be found
that one of the two values will be the same in all the grains. This
constant index is w. The ather value will vary from grain to grain
depending on the orientation., That value which is farthest from
o is nearest . Since uniaxial grains have a tendency to lie with the
¢ axis horizontal, this value will perhaps be « Stuatistically the
highest and lowest indices determined on a large number of grains
of the same substance in random orientations will be the maximum
and minimum indiees ¢f the substance and therefore will be © amd «
or e and w, depending on the optical eharacter of the substance. Bub
selection of wralns i proper orlentations when possible obviates
the necessity for statistical methods.

All the foregoing may be stmmed up as follows: Lhe refractive
index of uniaxial crystals varies with the orientation of the erystal,
but for a particular substance in a particular orientation, the index
is constunt. Therelore, to determine the refractive indices of a par-
ticular substance, proceed exactly as with isotropic crystals, except
that orientation can not be disregarded as in the case of isotropic
substances. Uniaxianl substances with the optic axis vertical give
no matter where the stage is rotated. Tniaxial substances with the
optic axis horizontal give o at one position of extinction and ¢ when
rotated 90° fo the next extinction. Uniaxial substances with the
optic axis neither vertical nor horizoutal give o at one position of
extinction and some value befween o and ¢ when rotated 90° to the

next position of extincetion, Every orientution therefore ullows the
measurement of o, but only one orientation allows the measturement
of . Crushed quartz, crystals of sodiwm nitrate, caleite, and apatite
serve very well for demonstrations of the foregoing.

DETERMINATION OF THREE INDICES OF REFRACTION

To determine three refractive indices, «, 8, and v, on biaxial sub-
stances, mount material as usual.  Find & grain which gives an inter-
ference figure with the acate bisectrix in the center of the field.
Rotate the stage until the plune of the optic axes, the line joining the
foci of the two hyperbolw, is parallel to one or other of the vibration
planes of the two Nicols, Test the relative refractive indices ot the
grain and the embedding oil for this position of the grain. Then
proceed exactly as with 1sofropic substances, except that the grains
must all have 1dentical orientations, until an oil is found which has
the sume index as the grain in this position.  With an identical orien-
tation but with the plane of the optic axes 90° from the first position,
measure, us tbove, a sceond index. One of these two indices, thus
measured, will be 8 and the other may be either « or y, depending on
whether the grain is optically positive or negative. If the grain is
positive the lower of the two indices is « and the higher 8. If the
grain is negative the higher of the two indices is y and the lower 8.
In other words, the measurement made normal to the plane of the
opfic axis i1s B and the other is either « or v as above. Two of the
indices are thus known, 8 and « or y. Working as near as possible on
grains lying puaratlel to the planes of the optic axes, us approximately
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determined by interference figures, proceed as above to determine two
indices, One of these will be « and the other y. The one already
determined can be ignored, but the two determinations serve as u
check. A grain lying normal to the obtuse bisectrix, as determined
approximately by interference figures, gives @ and either y or .
This orientation is sometimes more convenient than that of grains
lying parailel to the plane of the optic axes.

It t}le grains do not show any special tendency to lie 1 any one
orientation, the statisticul method can be used with some fair degrec
of certainty. Measure the lowest index shown by any grain in a
given mount. This will be «. Then measure the highest shown by
any grain.  This will be .

A variation of this statistical method is to measuare the highest and
lowest, y and «, indices of grains showing maximum double refrac-
tion. (See determination of amount of double refraction.)

The indices determined on the graing'showing the emergence of the
acute bisectrix in the center of the field are accurate. Those made on
grains Iying parallel to the plane of the optic axes and those lying
normal to the obtuse bisectrix ure subject to error, on account of the
indefiniteness of interference figures used in identifying the orienta-
tion. Indices determined by the statistical niethod or its variation
are always subject to the doubt as to whether the absolute highest and
lowest indices have been found. There are cases, however, where
only the statistical method is applicable. .Any of the methods usu-
ally give results sufliciently accurate for ordinury determinative
work, In fact, sometimes simply the mean refraction index, not
necessarily g, is suficient. But for work of high accuracy the meas-
urements should be checked and rechecked, and the results tested by
gnbstitntion in the formula

tan‘-’T’=M
A=)
when ¥ is half the optic axial angle and g8, v, and « are the measured
indices, The caleulation of ¥ itself depends on the acecurate meas-
urement of g (see measurement of axial angle), hut fortunately this
measurement is of a comparatively high order of accuracy and the
formula serves to checlk either « or y of a mueh lower order of
neeuracy.

Occasionally, as has been said, the mean index of refraction is
sufficient for ordinary determinative purposes. But, for purposes
of record, the measured indices should always be definitely ¢, w, a, 8,
or y, as the case may be, except of conrse in isotropic substances,
where there is only one index. Indices measured without regard to
orientation are usually worthless. There are cases, however, where
1t is practicully impossible to obtain the proper orientation for the
measurement of specific indices, such as are presented oceasionally
by rare substances fixed in one unsuitable orientation in a permanent
mount. There are other cases where the worker has not the time to
measure the specific indices, and there ave still other cases where,
for the purpose in hand, it is not essentizl that the particular worler
should have the specific indices. In all such cases, indices should be
given with gome reference to the corientation in which the measire-
ment was actually made; for example, index parallel or normal to
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elongation of crystal, index pavallel to plane of optic axes with scute
bisectrix so many degrees from center of field, index parallel to
¢ axis, index parallel to (111), index with optic axis (or acute bisec-
trix) emerging just out of field so many degrees to left of vertical
cross hair, ete.  Such data can scarcely be considered gs publishable
per se and are not always unambiguous, but they do have a value to
the worker himself especially when working with substances which
show a strong inclination to lie in particular positions.
Suitable substances for the demonstration of the foregoing are
muscovite, potassiwmn nitrate, ammonium nitrate, and aragonite.
Cases occur, especially with platy minerals, in which the graing
persistently lic in one orientation. Sometimes, as with the micas,
the acute bisectrix emerges nearly normal to the plate, and approxi-
mate values of 2 or y can be measured directly. But another orienta-
tion is necessary for the measurement of the third index. It is
possible, with patience and practice, to tilt even plates on their
edges by judicious movements of the cover glass. This is naturally
more easily done in viscous mounts. In order to give room for the
grain to turn over, crushed glass may be mixed with the prepara-
tion. The glass particles, if not too small, support the cover glass,
thus leaving the plates free to move. If the plate will not remain
edge up, it 1s possible by quick observation to compare its index with
that of oil us the plate passes through the vertical position.
Rod-shaped crystals present similar difficultics of orientation. The
orientation can be altered by simply rolling the rods. Crushing
frequently enables one to tind fragments end up. But changing
the orientation of any particles which have decidediy different di-
mensions 1s likely at any time to tux one’s patience and ingenuity.
The refractive indices as measured must be consistent with the
other optical properties. If a uniaxial substance is optically positive
with the quartz wedge, gypsum plate, or quarter-undulation plate,
e must be greater than o. If the substance is optically negative,
w is the greater. If a biaxial substance is optically positive, y—8
must be greater than 8—a. If the substance 1s negative, f—e must
be greater. If the substance shows strong double refraction, two at
least of the indices must be considerably different. Furthermore, in
all cases the double refraction. as actually measured, must check
with the numerical difference of the indices involved. If the optic
angle is small, two of the indices must be very close together and
both gquite different from the third index.

INTERFERENCE FIGURES

CONVERGENT LIGHT IN CHRYSTALS

Convergent light when transmitted through crystals under cer-
tain conditions, which will be discussed below, is modified by inter-
ference phenomena (p. 14) and as a resnlt shows very beautiful fig-
ures, usitally called interference figuves. These figures ave of funda-
mental importance. Under suitable conditions they are produced hy
all crystals other than those belonging to the isometric systen.
Their absence therefare is an indieation that the given crystal be-
longs to the isometric system. One type of figure is characteristic
of the tetragonal and hexagonal systems, the uniaxial group, and
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another type of figure is characteristic of the remaining systems, the
biaxial group. Thus, direct observation of the ubsence of, or of
the type of figure enables one to throw & given substance into one
of three major groups, thus eliminating all substances in the other
two groups. Determination of the optical character {p. 45) on the
interference figure divides the uniaxial and biaxial groups each into
two subgroups. Measurements on biaxiul figures give the optic
axial angles, and observations on the color distributions establish
the character of the dispersion. Furthermore, the interference fig-
ure is the best and sometimes the only means of deterinining the
orientation of a given crystal and therefore has a direct bearing on
the measurement of refractive indices.

If a cone of light is passed through any given crystal, the effect
of the crystal on the light depends on the crystal system to which
the substance belongs, in other words, it depends on the character
of the molecular packing in the crystal.  Since the packing in isomet-
ric crystals is the sume in every direction, substances belonging to
this system show no speeial effect on the cone of light any more
than that shown by a piece of glass or other amorphous substance.
Quite distinct effects are shown, however, by substances in which
the packing varies with the direction.

As previously explained, erystals may be divided into two groups,
in addition to the isometrie, according to the character of the space
lattice. In the first group the packing is uniform in one direction,
called the dirvection of the optic axis, and uniformly different from
that of the optie axis in any direction at right angles fo that axis.
The optics of this group may be visnalized roughly as a right cir-
cular eylinder, or accurately as an ellipsoid of revolution. In the
ellipsoid of revolution the major axis represents the optic axis. All
lines at right angles to this axis have the same length and the same
optics. Substances belonging fo the tefragoral and hexagonal sys-
tems have this structure. In the second group there are three direc-
tions in which the packing differs. The optics of this group may
be visualized best by an oblate ellipsoid. Here there are two major
axes and a third intermediate axis. Substances belonging to the
orthorhombrie, monoclinic, and triclinic systemns have this structure.

The first group having only one major axis is called the uniaxial
group. The second group, having two mujor axes, is called the
biaxial group. The distinction between these two groups is of
fundamental importance. In practice, the distinction is made by
observing the interference figures shown by the given substances.
(Fig. +.) -

If a cone of light is pussed through a uniaxial substance in = di-
rection parallel to the optic axis of the substance. the rays at the
center of the cone will strile the substance at right angles and will
pass through without double vefraction. All other rays, however,
will be doubly refracted more and more us their angular distance
from the axis of the cone is greater and greater. At any given dis-
tance from the axis the difference of path due to the double refrac-
tion will be the same, and he visible result, in the ideal ease, will be
a series of coneentric circles showing a suceession of colors in the
Newton rings. The crossed Nicols cut out all light vibrations
parailel to their planes, und consequently the series of concentric
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circles is broken by a black cross. (Fig. 4, A.) The center of the
eross is coineident with the center of the rings and is on the optic
axis. 1f the axis of the cone of light and the optic axis are paraliel,
the center of the cross is in the center of the field of the microscope.
As the stage of the microscope is revolved, no change whatever takes
place. If the optic axis and the axis of the cone are slightly inclined
to each other, the center of the cross will be slightly outside the cen-
ter of the microscope field (fig. 4, B and C) and will describe a circle
around the center of the field as the stage is rotated. As the mutual
inclination of the optic axis and the cone axis becomes greater and
greater, the center of the cross is farther and farther from the center
of the field and describes a greater and greater circle as the stage is
rotated. When the mutual inclinazion is sufficiently great, the center
of the cross is no longer within the field, and only the straight bars
of the cross are visible. These pass successively across the field of
the microscope at vight angles to each other as the stage is rotated,

The limiting case is that in which the optic axis of the substance
is at right angles to the axis of the cone. (IFig. 4, D} Not only the
center of the cross but the bars also are no Ionger visible. The whole
ligure is rather indistinct.

As the stage carrying the mineral is rotated, there arve certain positions in
which two hynerbele will flash into the field from opposite quadrants, arrange
themselves cruciform, and then guickly disappesr in adjacent quadrants. As
the rofation of the stage is continued, prescnily the phencmena of the brper-
bola are repeated in the next quuadrant. In a rotution of the stage through
360°, these phenomeni occur four times, with g duration in esch quuadrant
amounting to about 107 rotatiom (71, p. 36).

The optic axis is in the direction of the line separating the entering
and departing hyperbole,

If a cone of light is passed through a biaxial crystal, the phenom-
ena are much more complicated. There are four important direc-
tions in biaxial crystals which it is perhaps well to consider sepa-
rately. The first is the direction of the acute bisectrix, that is,
the direction of the line bisecting the acute angle formed by the two
optic axes of the crysial. The second is the direction of the obtuse
bisectrix; that is, the divection of the line bisecting the obtuse angle
formed by the two hyperbolee. The third direction is that of the
optic normal; that is, the direction of a line perpendicular to the
plane formed by the two optic axes. The fourth direction is that
of an optic axis.

If a given biaxial crystal has an optic angle (acute angle between
the two optic axes) not too large to be included in the field of the
microscope, and if a cone of light be passed through the crystal
parallel to the acute bisectrix, the crystal being rotated until its
axial plane is parallel to the plane of vibration of one or other of
the two Nicols, a dark cross will be seen, us in the case of a uniaxiai
crystal. But instead of the colored cireular rings around the center
of the cross, there will be two sets of roughly elliptical rings with
their centers on the same bar but on oppesite sides of the center ot
the cross. Toward the cross center these two sets of rings have a
tendency to merge and together form a shape suggestive of a dumb-
bell. If the crystal is so thin or so slightly doubly refracting that
the colored rings do not appear, the figure is the same as that of a
uniaxial erystal, so long as the position of the grain remains un-
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changed. But if the stuge is rotated the resemblance immediately
ceases. The cross breaks up into two hyperbole, their foci being the
two centers, “eyes,” of the colored rings. These hyperbele reach
their maximum distance apart when the rotation has reached 45°.
(Fig. 4, E.) As the rotation is continued they gradually approach
each other and again form a cross at 90° rotation. The distance of
the two foci from each other is a measure of the optic axial angle,
as will be explained later. Certain substances have such large axial
angles that both foel can not be seen in the field at the same time.

If the cone of light passes through the crystal parallel to the obtuse
bisectrix, the phenomena are much the sante in principle as when the
light is transmitted parallel fo the acufe bisectrix. But the obtuse
angle is too great to allow the foci to enter the field. On rotation of
the stage the two hyperbole enter the field, form a cross, then open
and depart from the field. The hyperbolee formed when the light is
transmitted parallel to the obtuse bisectrix are vague and undefined
in comparisen with those formed when the light is transmitted paral-
lel to the acute bisectrix,

If the cone of light passes through the crystal parallel to the
optic normal, the interference figure obtuninerd is similar to that
given by a uniaxial crystal when the light is transmitted perpendicu-
larly to the optic axis.

It the cone of light pusses through the erystal parallel to an optic
axis, the interference figure is the saume as that which would be
obtained if the light were transmitted parallel to the acute bisectrix,
except that one of the foci of the hyperbole, instead of the center
of the cross, is in the center of the field of the microscope. (Fig. 4,
F.) TIf the axial angle is sufficiently large, the other foeus will be
outside the field. The hyperbola whose focus is in the center of the
field becomes a straight line when the stage is rotated to a position in
which the axial plane of the crystal is parallel to the vibration plane
of one or the other of the Nicols. A 45° rotation of the stauge brings
the hyperboln to its maximum curvature, and in this position its
convex side 1s toward the acute bisectrix. The greater the optic
axlial angle, the less is the curvature of the hyperbola. Crystuls are
sometimes found in whick the axial angle is so great that the curva-
ture of the hyperbola is no longer perceptible in any position. So
far as can be detected by the eye, the hyperbola is simply a. straight
line revolving around its center in a direction opposite fo the direc-
tion of rotation of the stage. Since no curvature can be detected,
it is impossible to uscertain from the figure the direction in which
the acute bisectrix lles.

Generally speaking, one does not often find crystals of either uni-
axial or biaxal substance, which lie on the microscope slide in ex-
actly one of the positions described above. Usually the position of
the grain is somewhere intermediate between some pair of the posi-
tions described, and the interference figure shows itself naturally as
a combination of the phenomena given by the two positions. Tt is
well to conceive of the whole phencmena of interference figures as
stmply a gradual change of appearance as the observed crystal is
tilted or rotated from one position to another, and 3t is absolutely
indispensable to realize that the phenomena are three dimensional
and not two dimensional. When working with uniaxial crystals or
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with biaxial crystals of very small axial angle, it is well to consider
the uniaxial figure as simply the limiting case of a blaxial figure as
the axial angle aupproaches zero. There are biaxial erystals. for
exumple, biotite, in which the uxial angle is so small that the inter-
ference figure is indistinguishable from the uniaxial cross.

The colored curves of both the uniaxial and biaxial figures depend
both on the thickness of the c¢rystal examined and on its degree of
double refraction. Very thin grains of only slightly doubly re-
fracting crystals do not shew the colored curves. This lack, how-
ever, is not usually particularly important, since the black ecross and
the hyperbolie are the essential phenomena to be observed.

To obtain an interference figure, use a high-puwer objective,
about 4 mm, center the objective carefully, move the microscope
slide until the crystal to be examined is at the intersection of the
cross hairs, that s, in the center of the field, focus on the erystal,
cross the Nicols, raise the condenser as high as possible, and remove
the ocular. The figure should then be visible. A pinhole cap for
the tube of the wicroscope aids visibility by ceutting out side light.
Anothier method is to Jeave the ocular in and to insert a Bertrand
lens in the tabe of the microscope in the slot provided for it. The
figure thus obtained is much Jarger than that obtuined when the
ocular is removed, but it is alvo blurred. Which method 1o nse s
perhaps a question of personal preference, depending e¢n whether
one prefers to observe a clear small figure or a lurge hazy one. Tt
is a fact, however, that figures difficult to obtain are more apt to be
visible when the ocular is removed.

There is usuvally no difficulty in interpreting an interference
figure if the emergence of an optic axis {the foci of the hyperbole
or the center of the uniaxial cross} or the emergence of the acute
bisectrix is within the field of the microscope. If the interference
figore is a cross which remains a cross with no separstion into
hyperboke during a complete rotation of the stuge, then the erystal
is mn all probability uniaxial. It should be borne in mind. however.
that there is a possibility that the crystal is biaxial with an imper-
ceptible axiul angle. If the interference fgure ulternately forms a
¢ross and breaks up into byperboke as the stage is revolved, there
is no doubt that the crystal is biaxial. If two apparently straight
bars cross the field alternately amd at right angles to cach other, the
crystal is probably uniaxial. but may be biaxial with a very pereep-
tible axial angle, as could be seen it the emergence of the acute bi-
sectrix were visible. If two dark curves alternately cross the field
as the stage is rotated, the crystul is probably biaxial but may be
uniaxial with the emergence of the optic axis filted considerably ont
of the field.

Practically all these doubts may be settied by changing the posi-
tion of the crystal on the slide. To do this requires considerabk
skill and patience and presupposes 1 mount in which the individuul
erystals do not adbere to the slide, to the cover gluss. or to each
other. Tapping and jiggling the cover glass with the point of a
pencil are remarkably effective. In order to allow room for a crys-
tal to turn over, it is sometimes helpful to mix crushed glass with
the substance to be examined. If the glass particles are considerably
larger than the crystals. they support the cover glass and allow




PETROGRAPHIC METHODS FOR SOIL LABORATORIES 45

ample room for the tilting and turning of individual crystal par-
ticles. Most of the time, however, it is perhaps easier and quicker
to search for another erystal lying in a more suitable position,

This search need not necessurily be a blind scries of trials. If
the Nicols are crossed, any given particle which remains perfectly
dark during a complete rotation of the stage is either isotropic or
will give a practicable figure. Likewise, any given particle which
remains bright during a complete rotation 0% the stage between
crossed Nicols will probably give a practicable figure. On the other
hand, particles which alternately and distinctly change from perfect
darkness to brilliancy us the staze is votated between crossed Nichols
will probably not give practicable figures, and, if necessary, should
have their positions changed.

Rounded grains of quartz furnish examples of almost all forms
of uniaxial figures and can be readily tilted or rolled from one
ovientation to another. Mica is one of the most difficult substances
{0 tilt and should be used for practice.

OPFTICAL CHARACTER

After having ascerinined the uniaxiabity or biaxiality of a given
particle by observation of its interference figure, it is convenient
to use the same figure for the determination of the positive or nega-
tive character of the crystal, and thus subdivide each of the two
major groups into two subgroups. )

f, in uniaxial cerystals, the extraordinary ruy is the faster ray.
that is, if e<o, the crystal is defined as optically negative. If the

ordinary ray is the faster, that is, if e>w, the crystal is defined as
optically positive.

If, in biaxial erystals, the direction of vibration of the slow ray
is the acute bisecérix, the crystal is defined as optically positive.
If the direction of vibration of the fast ray is the acute bisectrix,
then the crystal is defined as optically negative. In general, it may
be stated as a close approximation that the crystal is positive if
y—R>B—a, and negative if y—p<f—e«. This relationship of the
refractive indices should be used merely as n check and not as an
actual determination except when no other means are readily avail-
able. It should be borne in mind that it is perfectly possible for
a given crystal to be positive with one wave length of light and
negative with some other wave lengths.

here are three convenient methods for the determination of
the optical character of a crystal; the quarter-undulation mica-plate
method, the quartz-wedge method, and the selenite-plate method.

To use the quarter-undulation mica plate, find ov place the crystal
in such a position that the optic axis emerges in the field somewhere
near the center. In other words, obtain an interference figure show-
ing the center of the cross neariy in the center of the field. Insert
the quarter-undulation mica plate in the tube of the microscope
in the slot provided for the purpose. The dark cross of the inter-
ference figure will disappear, and a dim white cross will take its
place. Two dark spots appear in opposite quadrants. With nega-
tive interference figures the two dark spots lie along the direetion
of the slow ray of the guarter-undulation mica plate. With positive
crystals the two dark spots lie along the dirvection of the fastest
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ray of the wmica plate. If colored rings are present in the interfer-
ence figure, they are disjoined into four quadrants, those in the
two epposite quadrants appearing to be removed outward from the
center of the fgure and those in the two other opposite quadrants up-
pearing to be removed toward the center, The pairsof opposite quad-
rants in which both the ring phenomena and the dark spots appear
may be reversed with different plates or in different microscopes, de-
pending on the way in which the mica plate is mounted and on the
direction of the slot in the tube of the microsecope. Each microscope
and mica plate should be calibrated once for all by observing the
phenomena given by the particular microscope with the particular
plate on an interference figure of a crystal of known aptical char-
acter. DMuscovite Js optically negative, and its acute isectrix lies
almost perpendicular to the cleavage plane. Since a flake of this
mineral lies flat on its clenvage plane on the microscope slide, it
gives a good interference figure with a minimum of manipulation.
It is not even necessary to prepare a slide. The cleavage piece may
be placed directly on the stage of the microscope with equally good
results. For these reasons n flake of muscovite serves as an excellent
tust piece for the calibration.

The quartz wedge (p. 24} ix especially useful on highly colored
interference fgures. Ideally, one should use the wedge on crystal
mounts which show the emergence of the optic axis of uniaxial crys-
tals or of the acute bisectrix of biaxial crystuls. Obtain the cross of
the uniaxial figure, or, if the erysial is biaxial, rotate the stage until
the hyperbole conlesce to form a cross. Insert the quartz wedwe,
thin end foremost, in the slot of the tube of the micrescope. As the
quartz wedpe advances, the colored curves in two opposite quadrants
of the figure will move in toward the center, and the curves in the
two other opposite quadrants will move ontward from the center,
The appearance is as if the colors were pouring into the center of
the figure from two opposite directions and were pouring out of the
center in two opposite directions at right angles to the lirst two di-
rections.  As the wedge s withdrawn the phenomena ure reversed.
Since the colors reach higher and higher ovders of Newton’s color
scale as thicker and thicker portions of the wedge puss over the fiekd.
it iz well to ingert the wedge always thin edge toremost and to con-
fine one’s attention to the color movements during the insertion.
Furthermore, one thus aveids the possibility of ervors due to misin-
terpretation of the color movements. With the same wedge and
the same microscope the colors will always move inward in the same
pair of opposite quadrants and outward in the other pair for posi-
tive cryvstals and the reverse for negative crystals. It is therefore
sufficient to note the color movements produced in a particular mi-
croscope by w particular wedge on an interference figure of known
optical character in order to have that combination of instruments
calibrated for all time. Here, again, a clesvage flake of muscovite
serves as an excellent test piece. The flake should be comparatively
thick. Otherwise, the colored rings will not show up very well.

The essence of the pheaomena produced by the gqnartz wedge on
an interference figure is that in any particnlar quadrant of the fimure
the color movement iz always the same for crvstals of given optieal
character. Therefore it is not necessary that the crystul be aceu-
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vately orientated. Uniaxial figures with the cenfer of the cross en-
tirely out of the field of the microscope still show by the direction of
bars the general position of the emergence of the optic axis. If this
position 1s conceived as the center of the figure, the positions of the
bars defermine whether one is observing the upper vight, upper left,
lower right, or tower left quadrant. If the quartz wedge is mserted
and the movement of the colors in the quadrant noted, the optical
chavacter is determined. The sawme holds for biaxial erystals, ex-
cept that the acute bisectrix, although perhaps entirely out of the
field, must be conceived of as the center of the figure. The hyper-
bolee are convex toward the acute bisectrix. This fact locates the
direction of the acute bisectrix and therefore determines the quad-
rant under observation,

Very thin particles and particles with very low double refraction
do not show interference figures with colored curves, and therefore
the quartz wedge is not usually satisfactory with this type of mate-
rial. The selenife plate, on the other hand, although not well
adapted to particles which show interference figures with colored
curves, is particularly suitable for interference figures without
colgred curves.

The selenite piate, sometimes called the sensitive-tint plate, the
red or violet of the first-order plate, or the unit-retardation plate, is
a plate of gypsum so cut as to give a red or violet interference color
of the first order. If such a plate is placed over an interference
figure showing the dark cross, two opposite quadrants of the figure
will become blue and the other pair.of opposite quadrants will be-
come yellow. This phenomenon is best scen in a uniaxial interfer-
ence figure, showing the emergence of the optic axis, or in a biaxial
figure, with the crystal rotated to the position where the hyperbol
form a cross and the acute bisectrix emerges in the field of view.
But, as in the case of the quartz wedge, it s not necessary that the
optic axis or the acute bisectrix emerge within' the field. The colora-
tion of the different quadrants is the essential part of the phenom-
enon. As has been previously explained, the quadrants can be iden-
tified in. the case of a uniaxial figure by the relative positions taken
by the dark bars as the stage is rotated and, in the case of biaxial
figures, by the direction of convexity of the hyperbole. Knowing
the particular quadrant under exammation, one has simply to note
the color given to this quadrant by the selenite plate. T}le opposite
quadrant, whether it is invisible or not, will be similarly colored,
and the other patr of quadrants will be colored differently from this
first pair.

To use the selenite plate, first obtain an interference figure, pref-
erably showing the emergence of an optic axis or of an acute bisec-
irix. If the gI‘ure is biaxial, rotate the stage until the hyperbolwe
form a cross. If it is not convenient to obfain figures showing the
emergence of the optic axis or of the acute bisectrix, identify the
quadrant under observation. Insert the selenite plate in the tube
of the microscope in the stot provided for the purpose, and note the
color given,

It is not absolute]iy necessury to rotate the biaxial figure until the
cross is formed. If, for example, the figure is in the 45° position,
in which the hyperbole are at their maximwm separafion, the con-
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cave sides of the hyperbole will become similarly colored and the
convex sides will show the other color. The quadrant prineiple,
however, still holds and is perhaps the easiest way to remember the
color relationships.

Whichk of the two colors, blue or yellow, will appear in a given pair
ef quadrants depends on the mounting of the plate and on the direc-
tion of the slot in which the plate is inserted. As is the case with
hoth the mica plate and the quartz wedge, it is necessary to calibrate
each selenite plate with cuch microscope. Here again a cleavage
flake of muscovite (optically negative) 1s almost an ideal test piece.
Since interference figures showing colored curves are not desired,
the flake should be comparatively thin.

Certain microscopes have a selenite plate attached to the substage
mechanism between the polarizer and the condenser. The offect is
the same as if the plate were inserted in the microscope tube in the
same direction. These microscopes also usually have a slot in-the
tube for the insertion of another selenite plate. One can choose
which he desires to use. It should be remembered, however, that if
the plates are mounted similarly, the color effects will be reversed
if the insertion directions are at right angles and that if the plates
are mounted dissimilarly the color effects will be the sume if the
msertion directions are at right angles: that similarly mounted
plates will give the same color effects when inserted in the same di-
vection; and that dissimilarly mounted plates will give opposite
color effects when inserted similarly, Tt is usually easier on the
menory and much more convenient practically to use one plate in
one direction exclusively. Any doubt that may arise as to the inter-
pretation of the colors can be iinmediately settied by test on aiy sub-
stance of known optical character, muscovite being about the most
convenient.

Onptical character can be studied on any crystal giving a good
interference figure. Those erystals suggested for interference figure
observations serve admirably for optical eharacter determinations.

OPTIC-AXIAL ANGLE

Optic-axial angles, although sometimes variable, frequently serve
as a ready means of distinguishing between two or more substances
of the same group or subgroup. This is cspecially true when the
nngles ure widely different. The optic-axial angle is the acute angle
formed by the two optic axes. The apparent angle when measured in
air is denoted by 2/7.  The true angle is denoted by 2F. When meas-
ured in oil or water the apparent angle is denoted by 2H.

The true axial angle, 217, can be calenlated from the values of the
three refractive indices, provided these latter are known with suffi.
cient accuracy,

If the crystal is optieally negative,

(an? 7= L6,
T'(ﬁ‘—crz)
T# the crystal is optically positive.
tun?} = ﬂ'(ﬂj._u)
l o' (y'— 8%
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It should be nofed that, since the acute optic angle is 2V, both the
formulas give angles which must be doubled in order to obtain the
true axial angle. Refractive indices are measured under the micro-
scope to only about the third decimal. For a large number (perhaps
most) of crystals this is not a sufficient degree of aceuracy to enable
the axial angle to be calculated other than approximately. The
formulas should therefore be used for the calculation of the axial
angle only as a check or when no other means of obtaining the angle
are avallable. As a matter of fact, the formulas are more likely to
be of use as a check on the index measurements than as a check on the
angle measurements.

The curvature of the hyperbole gives a rough indication of the
size of the optic-axial angle. If the interference figure shows the
focus of one of the hyper'f)olae nearly in the center of the field, and
if the hyperbola itself is apparently a straight line when the figure
1s turned to the 45° position, the axial angle is nearly 90°. As the
axial angle becomes smaller the curvature of the hyperbola becomes
greater. A relatively small amount of experience will enable one
to make a rongh estimate of the axial angle from the hyperbola
curvature, which in certain cases will be sufficiently accurate. For
example, certain minerals have very variable axial angles, and an ap-
proximation within the limits of variation is sufficient for ordinary
determinative purposes, provided the other optical constants can be
determined satisfactorily.

Perhaps the most generally used method for the actual measure-
ment of the optic-axial angle resolves itself simply into 2 measure-
ment of the distance between the two foci of the hyperbole. For
this purpese interference figures should be obtained which show
the emergence of the acute bisectrix at, or very nearly at, the center
of the field. If the emergence of the acute bisectrix is much out of
the center, the distance measnred between the two foci will not be the
true distance, and consequently the true axial angle will not be
obtained. Iurthermore, it is essential that both foci of the hyper-
bolw appear in the field. After a suitable figure has been obtained,
1t is rotated to the 43° Dosition, where the separation of the hyper-
bole is at a maximum, and the distance between the two foci is
measured with an ocular eross-grating micrometer.

If a series of such easurements are made on crystals of different
known optic-axial angies, a chart can be constructed by plotting dis-
tances against angles. By interpolation on this chart any distance
measured between the foci can be converted to terms of optic-axial
angles. There are many refinements of this method, but the essen-
tials are as given above. Tt should be borne in mind that the chart
so constructed holds only for the particular combination of lenses
and micrometers used in its construction. Furthermore, one should
not confuse 2 & and 2 H,

The relationship between 2 £ and 2 ¥ is given by the formula

sin =g sin v,

that is, the sine of the apparent optic-axial angle measured in air
is equal to the intermediate index of refraction multiplied into the

150470° —33——i
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sine of the true axial angle. It is perhaps more convenient {o state
the formula as

this is, the sine of the true optic-axial angle is equal to the sing of
the apparent axial angle divided by the intermediate index of refrac-
tion. Thus, it the upparent axial angle in air is measured and the 8
index is known, the trie axial angle can be caleunlated.

A very good method for measuring the apparent optic-axial angle
by measuring the distance between the two foci of the hyperbole
is symbolized by the formula:

. D
sin K= ?{-

in which D is half the distance between the points of emergence of
the optic axes and £ is a constant which must be determined once
for all for any lens combination. To determine this constant it is
best to use & number of crystals of known and differing axial angles
and to take the mean as the most nearly correet value For £, With
this constant once determined, one has only to divide it into a par-
ticular distance reading in order to obtain the sine of half the
apparent axial angle. This is one of the most satistactory methods
known.

The optic-axial angle varies for different wave lengths of light.
Consequently, for very accurnte measurements, light of known wave
length should be used. Most of the angles given in the Literature,
however, are for white light, and for ordinary purposes this is
sufficient. Even if the angles shonld be measured in monochromatic
light, their values for white light should be given alse, as in ordinary
determinative work it is not always convenient {o use monochromatic
light.

The micas, potassium nitrate, aragonite, and caleium nitrate are
suggested ns objects for axial angle measurements.

DISPERSION OF OPTIC AXES

Ordinarily, isotropic siubstances—a glass prism, for example—de-
flect light rays according to their wave length. The red, with the
greater wave length, will appear at one end of the spectruni, and
the blue, with the lesser wave length, will appear at the other end.
The red will be less deHlected from the orginal divection of the
light rays than will the blue. The actusl amount of deflection for
cither the red or the blue, or for any other color, will depend on the
relative refractive indices of the deflecting body and its surround-
ing medium. The greater the difference of the refractive indices
of the deflecting body and its surrounding medium the preater will
be the deflection. Since a beam of light consisting of different wave
lengths, each of which is differently deflected, can be spread over a
sereen as a gpectrum, we speak of the light having been dispersed,
From what has just been said above, it 15 chyvious that in isotropic
bodies which include isometric crystals, the dispersion will always
be less for the red than for the blue. The fact of dispersion is there-
fore of no special determinative importance in ovdinary work on
isometric crystals,
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With doubly refracting crystals the case is different. Any double-
refracting crystal is a dispersive body with a refractive index which
varies, often considerably, with different directions in the crystal.

In any given mounting medium the dispersion for any given wave
length of light will therefore vary with the direction in the crystal
m which the light is propagated. Consequently, it happens in cer-
tain uniaxial crystals, tetragonal or hexagonal, which have their
ordinary and extraordinary refractive indices very close together,
that the extraordinary-ray direction is the vibration direction of the
glow ray for light of one wave length and is the vibration direction
of the f?:st ray for light of another wave length, or vice versu. Thus
the crystal may be optically positive for light of one wave length and
optically negative for light of another wave length. Ordinarily,
the dispersion of uniaxial crystals is of no special determinative im-
portance, but it is essential to realize that the basically important
determination of positive or negative optical character may be re-
versed by a change in the color of the light used.

Biaxial crystals, that is, crystals belonging to the orthorhombic,
monoclinic, or triclinic systems, have dispersions which are charac-
teristically different for each of the three systems, Observation is
made on an interference figure which shows the emergences of the
optic axes and also the colored rings surrounding the points of
cmergence.  The distribution of the colors is spoken of as vesulting
from the dispersion of the optic axes. The relative positions of the
red and violet rays are to be noted, all other colors being neglected.
Sometimes the red is dispersed more and sometimes less than the
violet. This is customarily expressed as p > v or p < v, a8 the case
muy be; that is, the dispersion of red is greater or less than that of
the violet.

Interference figures given by crystals of the orthorhombic system
are symmetrical to two planes at right angles to each other.” QOne
of the planes is the plane of the optic axes which, of course, contains
hoth optic axes and the acufe bisectrix. The other plane passes
through the acute bisectrix and is at right angles to the first plane.
Put more simply, perhaps, the figures given by orthorhombic crys-
tals are symmetrical to the line joining the foci of the two hyperbolm
and also symmetrical to a line at right angles to this line and passing
through the acute bisectrix. The dispersion of any particalar erystal
is always least for that color which lies immediately adjacent to the
concave sides of the hyperbole, and greatest for that color which
borders the convex sides of the hyperbole. It is best to rotate the
figures to the 45° position when ohserving the positions of these
colors. In some few cases a change in the wave length of the light
used may change the position of the plane of the optic axes to a
new position at right angles to the first. This is called crossed axinl
plane dispersion. In such cases the crystal will be uniaxial with
Light of some intermediate wave length. Crystals showing crossed
axtal plane dispersion give very complicated figures with white light,
owing to the fact that the fioures are the resultants of all the super-
{)oziec figures formed by the various color components of the white

1erhif.

"Monoclinic crystals present interference figures which have only
one Dlane of symmetry, instead of two, as in the orthorhombic sys-
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tem. There are three possible cases: (1) Inclined dispersion of both
bisectrices; {2) horizontal dispersion of the acute bisectrix, and (3)
crossed clispersion of the obtuse bisectrix.

Inclined dispersion of both bisectrices simply means that the
Lisectrices of Dboth the acute and obtuse optical angles differ in
divection by some angle for different wave lengths of light. Tt is
always accornpanied by a dispersion of the optic axes. The inter-
ference figure is symmetrical to the planc of the optic axzes. That is,
it is symmetrical to a line joining the foci of the two hyperbole.
But it is not symmetrical to a plane at vight angles to the plane of
the optic axes, as is the case in the orthorhombic system. Crystals,
therefore, belonging to the orthorhombice system can be distingnrished
from crystals belonging to the monoclinic system and showing in-
clined dispersion of the bisectrices by simple inspection of the inter-
ference figures. The crystal is orthorhombic if the interference
figrire has two planes of symmetry and monoclinie if it has only one
plane of symmetry. In monoclinic-interference figures showing in-
clined dispersion of the bisertrices, the colored curves around the
foci of the hyperbole will diifer in size and somewhat in shape at the
two foei. There is a tendency for the curves to he more elongated
near one focus than near the other. Also, the colors avound one
focus will be more intense than these around the other, and in a
different sequence. Usnally the relntive dispersion of red and violet
is shown as with orthorhombic erystals, but if the disperston of the
bisectrices and the optic axes is very great, the relative positions of
the red and violet in relation to the hyperbole may be reversed at the
two foci. Red may lie on the concave side of one hyperbola at the
focus and violet on the concave side of the other hyperbola at its
focus. Ifortunately, the high dispersion which brings about this
condition is not common.

Horizontal dispersion of the acute bisectrix means that, with 2
change in the wave length of the light used. the position of the
interference figure will change inte a new position parallel to the
first. In other words, the plane of the optic axes will appear, in the
interference figure. to be shifted in a direction at right angles to
itsetf. Thus. the nse of the spectrum colors in orvder will shift the
interference farther and farther from its initial position. This
change in position can not. of conrse, be scen when white light is
used exclusively. Color sercens can be used in the substage of the
microscope. If white light is used, the stage should be rotated until
the principal sections of the interfevence figure are parallel to those
of the Nicols. or until the cross is formed. It will then be noticed
that the dark bar passing throngh the two foci. both at the top and at
the hottom. will be bordered by different colors. Here again there
is only one plane of symmetry.

Crossed dispersion of the obtuse bisectrix means that if successively
greater and greater or less and less wave lengths of light are used,
the interference figure will appear to rotate about its center. '

In white light the distribution of colors in the two melatopes (foci of the
Lyperbele) differs fvom right o Jeff nnd from top to bottom. The colors occur
in inverse order, so that ir the figure is rotated through 180° shout the aeate
bisectrix, eaeh welafope will aecupy the positlon previcusly held by the other,
and the volor diztributivn will he exactly ihe same as before, YWhen the inter-
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. ference figure is in parallel position so that its bars eoincide with the prineipal
planes of the Nicols, the biack cross is unsymmetrieally bordered by coloved
bands. That is, the upper left and lower right sides are horitered by one color,
ind the upper right and lower left by another (7).

Triclinic erystals give interference Hgures which are entirely un-
symmetrical. This can best be seen when the emergence of the acute
hisectrix is in the center of the field.

MEASUREMENT OF DOUBLE REFRACTION (BIREFRINGENCE)

Double refraction is, of course, confined to crystals which have
different degrees of ease of vibration (differenf refractive indices)
in different directions. Isometric crystals normally have no double
refraction, or it may be said that their double refraction is- zero.
Certain erystals have such low double refraction that it can barely
be detected. There are still other crystals which have extremely
high double refractions, so much so that the difference in refractive
indices in different directions in a given crystal is often much
greater than the difference between the refractive indices of some
chemically entirely distinct crystals. Between the bharely perceptible
and the extremely high double refractions there is a whole series of
intermediate double refractions. The measarement of double-re-
fraction values is, therefore, very useful as a means of identification
of erystalline substances.

The maximum double refraction of any given crystal is expressed
simply as the arithmetical difference between the highest and lowest
refractive index of the crystal. Thus the maximum double refrac-
tion of a uniaxial crystal is e-w 0v w—e, according to whether € or o
is the greafer. Likewise, the maximum double refraction of a bi-
axial crystal is y-«. Since biaxial crystals have three indices of re-
fraction, there is also the dounbie refraction denoted by y-8 and g-a,
both of which are always less than the maximum for a given crystal.
It follows, therefore, that if the refractive indices of a particular
crystal are known with sufficient aceuracy, the double refraction ean
be obtmned by simple subtraction. Xi is almost always best, how-
ever, to obtain the double refraction by direct measurement, as the
value so obtained serves as a mutual check on the refractive-index
determinations.

Crystals of the same substance lying in random relationship to
the direction of the light may show any degree of double refraction,
ranging from zere to the maximum for that substance. The first
essential, therefore, is to orientate the crystal so that it shows the
particular double refraction desired, either the maximum of the y—8
or of the B :

Uniaxial crystals show their maximum double refractions when
the crystals are so orientated that the optic axis lies parallel to the
plane of the microscope slide. Stated conversely, they show their
maximum double refraction when the optic axis is at right angles
to the direction of light propagation. This orientation can be recog-
nized as explained under umaxial-interference figuves, It is essential
to. search the mount for a particle already in this orientation or
else turn a particle into it. Because of the fact that the optic axis
of uniaxial crystals is usually parallel to the length of the crystal,
it bappens that a great many uniaxial substaneces show a natural
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tendency to lie in the proper orientation for double-refraction meas-
urements. So far as double refraction is concerned, this is a great
convenience which, nevertheless, does not prevent the orientation
from being the worst possible when interference figures showing
the emergence of an optic axis ave desired.

After a particle with the proper orientation has been found, it is
rotated to extinction between crossed Nicols. It is then further ro-
tated 45° gither clockwise or anticlockwise. This brings it to a state
of maximum illumination. A quartz wedge is then inserted, also in
a 45° direction. As the quartz wedge advances, either one of two
phenomena may take place. If the vibration directions of the fast
ray of both the particle and the wedge coincide, then, as the wedge
advances the interference colors will rise in the order in Newton’s
scale. Iach new color wiil start in the interior of the particle and
progress toward the edge. The reverse, of course, talkes place as the
wedge is withdrawn. On the other hand, if the fast-vibration direc-
tion of the gquartz wedge coincides with the slow-vibration direction
of the particle, or vice versa, the interference colors fall in the order
in Newtor's scale. ench new color progressing from the edge of the
particle toward its interior. If the first set of phenomena takes
place, the particle should be verotated back to extinction between
erossed Nicols and then further rotated to a new 45° position at right
angles to the first 45° position. It is not nbsolutely essential that the
rotation be just as stated. It is essential, however, that the two 45°
positions be approximately 90° apart. In this new 45° position the
second set of phenomena will be observed as the quartz wedge ad-
vances, If the particle is of uniform thickness, the colors will fall
in order until gray or black is reached. If the particle is not of uni-
form thickness the gray or black must be watc]hed for in some par-
tienlar predetermined spot of the particle, preferably its center.
When the gray or black color is reached, the advance of the wedge
shonld be stopped.  The interference color given by the qunrtz wedge
alone nt this point shonld be noted. If there are vacant spots in the
field, this interference color may be noted at these spots; otherwise
it 15 necessary to vemove the particle, possibly the whole slide. The
wedge is then slowly withdrawn. and the ovder of the interference
color noted by counting the number of times the color has appeared
during withdrawal. The color and the order of the color are then
known. The thickness of the particle is the only other essential. In
the case of nonuniform thickness it is necessary to know the thick-
ness at the point where the black appeared.

The interference color, the order of the color, and the thickness of
the particle being known, reference should he made to the chart of
double refraction of Michel-Lévy. (Fig. 5.} This churt is included
in most textbooks of petrographic methods. In it the ordinates vep-
resent thickness and the abscisse double refraction. To use 1t
simply follow the thickness line toward the right untii the observed
color of the ascertained order is reached. From this point follow the
diagonal line upward and to the rvight to the edge of the chart. Here
the dounble refraction will he found. It is of course obvious that the
chart can be used backwards to determine the thickness 1f the double
refraction is previously known.
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The deuble refraction of & particle of s biaxial crystal in any orien-
tation can be calculated from the formula:

v —e'={y—a) sin # sin &

in which y" —«’ is the double refraction for the particular orientation
i question, y is the maximum refractive index of the crystal, « the
minimim refractive index of the crystal, and 4 and ¢ are the angles,
respectively, between the two optic axes and the perpendicular to the
section of the crystal under examination. The values obtained by
the use of this formula will vary, however, from the maximum double
refraction of the crystal down to the minimum, depending on the
orientation.

Crystals lying on the slide so that the plane of the optic axzes is
parallel to the plane of the slide, or, in other words, lying so that
the light is trausmitted normally to the plane of the optic axes, give
the maximum double refraction of the crystal, y—«. This orienta-
tion can be identified by the interference figure as previously ex-
plained. After a properly orientated particle has been located, the
procedure for the determination of the double refraction by means
of the quartz wedge and the Michel-Lévry chart is exactly as already
deseribed for uninxial cerystals. Crystals so orientated as to show
the emergence of a bisectrix in the cventer of the fieid give, under the
same procedure, the double refraction corresponding to v—fg or f—a.
Incidentally, these last two determinations can be checked qualita-
tively if the optical character of the crystal has been already deter-
mined. If the crystal is positive y—j3>f—a«; and if negative,
vy—B< B« This test does not hold, however, when the true optical
angle, 2T, is near 90°.

It is not always convenient to place a crystal particle in exactly
the orientation desired, and consequently it is of interest to know
something about the probable error in measurements made on im-
perfectly orientated particles. The error of course, varies with the
degree of double refraction, and therefore differs for different sub-
stances. According to Wright (20), however:

It may be assumed in general that the birefringence of a plate inclined at nn
atgle of I to I0° with the true divection (oplic normal or Gisectrix) will be
in erver abouf 2 per cent of the true value for {y—«), {y—B), or (B—al};
an inclination of 10° to 15°, abeout 5 por cent, while for 15° to 2¢° inclina-
fion the error may be as much as 10 per cent of the correct value
desired. . . . The nctnal ervor of such & determination should not exceed 14
per cent of the corveet value of the hirefringence of the section. The prob-
ability of finding a section making an angle within 10° of g particular direc-
tion is alout 1 in 66; and a section within 20° ahout 1 in 16.

Whether the double refraction of a given crystal is high or low
can be ascertained immediately by crossing the Nicols and observing
the interference colors. The nigher the order of the colors in New-
ton’s scale the higher iz the double refraction, and we should accus-
tom ounr eyes to distinguish between, at least, high and low order
colors. The very low order colors are usually dull grays, perhaps
grading off intc other dull colors. The very high order colors, on
the other hand, a:« brilliant, sometimes so much so as to appear
almost white A microscopic slide made up of mixed quartz and
calcite brings ont the contrast between the high and low order colors
very well and illustrates the ease with which highly doubly refract-
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ing substances can be ¥ spotted,” even when oceurring as very minute
quantities admixed with substances of low double refraction. Un-
fortunately, the converse does not hold. Hunting for traces of a
substance with a low double refraction when it is admixed with
suhstances of high double refraction is apt to be a long and perhaps
a fairly hopeless quest. This is owing partly to the fact that the
brilliance of the high-order interference colors has a tendency to
blind one to the low-order colors, but the relative hardness and
solubility of the two substances also have their effects under certain
conditions. If, for example, quartz and calcite are ground together,
the caleite being the softer, has a tendency to adhere to and mask the .

nartz grains, Likewise, if sodium nitrate, NaNQ,, and gypsum,
%nSG;—BHQO, are crystallized together, there is a tendency for the
very soluble and highly doubly refracting sodium nitrate to coat
and thereby mask the less soluble and low doubly refracting gypsum.
Exceptions could undoubtedly be found, but it seems to be a general
rule that substances of high double refraction are more apt to mask
substances of low double refraction than vice versa.

Another method for judging the relative degree of double refrac-
tion of a substance depends on the change 1n relief, that is, the
change in visibility if any, of the particles as the stage is rotated.
If calcite, for example, is mounted in an oil which has a refructive
index very close to, but not exactly either the maximum or minimumn
index of the calcite, particles so orientated that they show the maxi-
mum double refraction (particles so orientated that the light is
transmitted perpendiculariy to the optic axis) will be barely visible
in one position and will be more and more distinetly visible as the
stage is rotated. Maximum relief will occur at 99° from the posi-
tion of minimum relief, after which the relief will become less and
less, as the stage is further rotated until another position of mini-
mum relief is reached at 180° from the first position. If the stage
is further rotated the relief will become greater up to 270°, and
irom thence will become less until the initial position is reached.
In the case of a highly doubly refracting substance like calcite,
mounted as stated, the change of relief on rotation of the stage is
very great. At the positions of maximum relief the particles ap-
pear to stand ouf of the oil and to have dark shadows on their sides.
The surfaces of the particles are distinctly visible, and most of the
inclusions in the interior of the particles are invisible. In the posi-
tion of minimum relief the exact opposite is true. The surfaces of
the particles are not visible at all, only the hovizontal outline being
seen, and the inclusions stand out prominently. Intermedizte posi-
tions between those of maximum and minimum relief give inter-
mediate phenomena.

It should he borne jin mind that particles so crientated that the
light -is transmitted paralle] to the optic axis will show no change
in relief as the stage is rotated, no matter how great the double re-
fraction may be. "As the particle is tilted out of this orientation
the change in relief becomes more and more proncunced until the
maximum is reached when the light is transmitted perpendicularly
to the optic axis. TIi quartz is mounted in a similar way and the
stage is rotated, it will be noticed that none of the particles shows
a very great change of relief. At the most, the outline of certain
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particles will be more distinct in certzin positions as the stage is
rotated. Thus, properly orientated particles of highly double re-
fracting substances show a very great change of relief on rotation,
and particles of substances with very low double refraction show
very little change of relief. The change of relief on rotation is,
therefore, u rough indication of the amount of double vefraction.
The phenomena will take place only in polarized light. The polar-
“izer should, therefore. be in, bubt the analvzer should be removed.

The orientetion of the particles can be ascertained by means of
interference figures, as previously explained. It is. of course. ob-
vious that if one is seeking for particles showing particular types of
interference figures, the change of relief on rotation would be a fair
guide. For example, in the case of calcite just described, those par-
ticles which showed great change of relief would not show an inter-
ference figure with the optic axis emerging in the center of the
field, whereas particles showing ne change of relief would probably
give such a figure.

Suitable substances for the study of double refraction are calcite,
quartz, sodium sulphate, and potassivm sulphate.

EXTINCTION ANGLES

It has been previously explained that if an isotropic {(amorphous
or isometric) substance is placed between crossed Nicols and the
stage rotated, the particles of the substanee remain dark duving
the complete rotation of the stage, no matter what relationship the
position of the particles may have in reference to the direction of
the transmitted light. Except abnormally. suclt particles never
light up between crossed Nicols. and therefore can not be said to
extinguish, It muy be said that every possible position of the par-
ticle 1s a position of extinction. For this rexson no particular posi-
tion has any cspecial significance. The fact thut a given substunce
remains dark, in any orientation. during a complete rotation of the
stage between crossed Nicols. simply indieates that the sabstance is
amarphous, or isotropic. and nothing more. It is essential to remem-
her. however, that crystals of some of the other systems in one orien-
tation, that in which the light is transmitted parallel to the optic
axis. behave us do isotropic substances. If this is suspected. the
orientation of the particle under examination should be changed.
If it still remains dark daring a complete rotation of the stage it is
certainly amorphous or isometric.

Except in {he one case just noted. crystals of all the other five
systems behave very differently when rotated Dbetween crossed
Nicols, During a complete rotation they light up and then become
dark (extinguish) four times. That is. during a complete rotation
of the stage. there arve four positions of maximum brightness and
four positions of maximum darkness. As the stage is rotated from
a position of maximum brightness. the brightness gradually fades
until in the position of maximum darkness there is usually no light
whatever visible through the crystal. These positions of maximum
darkness are called the positions of extinction and have a very
definite relationship to the structure of the erystal.

Tt will he recalled that in the tetragonal, hexagonal, and ortho-
rhombic systems all the principal vibration directions of light are
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parallel to the crystzllographic axes. In the monoclinic system only
one vibration (ﬁrection coincides with a crystallographic axis,
namely, the crystullographic axis b. The other two vibration direc-
tions may be anywhere in the plane determined by the crystallo-
graphic axes a and ¢. As a rule, neither of these two vibration direc-
tions is parallel to either of the two axes a or c. It is possible, how-
ever, for one of the vibration directions to be parallel to one of the
axes, but since the angle between a and ¢ is not a right angle in the
monoclinic system and the angle between the two vibration direc-
tions is a right angle, it is impossible for both vibration directions to
be respectively parallel to a and ¢ in the same crystal, Stated
briefly, in the monoclinic systeni, one of the vibration directions will
be parallel to a crystallographic axis, another vibration divection will
be inclined to the crystaliographic axes, and the third direction may
be either parallel or inclined, probably inclined, to the erystallo-
graphic axes. In the triclinic system it js possible for one and only
one vibration direction to be parallel to a crystallographic axis, but
usually all the vibration directions are inclined to all the axes.

The foregoing may be summed up in the statement that in the
tetragonal, hexagonal, and orthorhombic systems every vibration
direction is parallel to some crystallographic axis; in the monoclinic
system two vibration directions, but probably only one, may be
parallel to crystallographic axes, and in the triclinic system one
vibration direction. but probably none, may be parailel to a crys-
tallographic axis.

The vibration directions are shown by the positions of extinction
of the crystal between crossed Nicols. The directions of the crystal-
lographic axes may be determined by erystal edges when present or
by cleavage lines. The extinction angle is simply the angle between
the extinction direction and a crystallographic axis. Different orien-

tations of the crystal, however, may give different extinetion angles,
- and it is therefore necessary to find the orientation in which the angla
between a given vibration direction and a given crystallographic
axis is the maximum. Interference figures and double refraction
observations should here be used as well as all the crystallographic
information that can be obtained.

The procedure is comparatively simple. Be sure that the two
Nicols are accurately crossed, that the cross hairs are parallel to the
vibration directions of the Nicols, and that the objective of the mi-
croscope is accurately centered. Place the crystal so that a crystal
edge, or a cleavage hine, is parallel to one of the cross hairs. Read
this position on the stage vernier. Rotate the stage until the crystal
extinguishes. Then read the vernier again. The angle given by the
difference of the two readings is the extinction angle, It is well to
make a number of measurements in this way, then rotate the stage
180° and make a similar number of corresponding measurements.
The average of all these measurements should then be taken.

In the measurements of extinction angles, and, in fact, in any
work where a change in the orientation of a crystal is necessary or
desirable, a universal stage will be found a very convenient acces-
sory. It is not recommended; nevertheless, if a good universal stage
1s not available, a passable substitute may be contrived by grinding
down the round knob of a broken bell jar or of a desiceator to hem-
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ispherical shupe. If this is set on its round side in the ventral open-
ing of the ordinary microscope stage, and a erystal is stuck to its
Hat side by 2 drop of cedar oil, a considerable amount of tilting can
be done with fair convenience. There are, of course, no means of
reading angles except that furnished by the microscope stage for hor-
izontal angles, but the contrivance is capable of yielding a consider-
able amount of qualitative information.

Probably the greatest source of error in the measurement of ex-
tinction angles lies in the difficulty of accurately determining the
position of extinction. As has béen said before, this position is
simply the position of maximum darkness, and on both sides lie
series of positions of only slightly less darkness. This is especially
true in crystals of very low double retraction. In such crystals the
position of maximum brightness yields merely rrays of a very low
order, and these grays fade out gradually into darkness as the stage
is rotated toward a position of maximuin darkness. It trequently
happens in such cases that the stage may be rotuted several degrees
either way about the position of extinction without any easily per-
ceptible change of illumination being noted. Furthermore. human
eyes differ in their ability to detect slight differences in degree of
darkness. A given eye may be more sensitive to a color change than
to a change in degree of illumination.

If a colorless erystal, mounted in a colorless oil, is at the position
of extinction between crossed Nicols, and a selenite plate is mserted
in the tube of the microscope. both the crystal and the surrounding
empty field will have exactly the same shade of color and, so far as
color is concerned, will be indistinguishable. If now the microscope
stage is slightly rotated so as to move the crystal slightly out of the
position of extinction, the color of the erystal will change distinctly.
and the empty field will remain of the same coler as hefore the roti.
tion. The crystal and the field will then stand out in strong con-
trast. As the stage is further rotated the contrast will incroase until
the position of maximum brightness is reached, and will then decrease
until the colors of the crystal and the field again become identical
at the next position of extinetion, and so on, for a complete rotation.
The quartz wedge ean be used exactly in the saine manner instead of
the selenite plate and will give the same phenomena.  One should be
careful, however, in his choice of colors out of the whole series of
colors given by the quartz wedge, sinee all colors are not equally
sensitive. Violet, sometimes called the sensitive tint, or red of the
first order, is the best color to use. This color is given by the selenite
plate. Numerous adjuncts have been devisod to render more accu.
rate the determination of the position of extinetion. Perhaps the
best of these is the Wright biguartz wedee plate. ‘This plate is placed
in the focal plane of the ocular. Each half of the field is equaily
iHluminated when the erystal is in the position of extinction, A very
slight rotation of the ¢rvstal out of the position of extinction pro-
duces & marked difference in the illumination of the fwo halves of
the field.

No single best method for determining the position of extinction
can be preseribed. Natural eolor in a erystal. for example. may very
well render any of the color methods inapplicable and force one to
use some method involving degrecs of illumination. Personal pecit-
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liarities of vision may make one method more advisable for one indi-
vidual than for another. Such decisions, of course, must be made
by the individual worker.

The plagiociases, gypsum, hornblende, and ashestos serve very well
for a study of extinction angles,

SIGN OF ELONGATION

Tnder the same conditions and when free to grow unimpeded.
crystals of any given substance have an exceedingly strong tendency
to take on characteristic forms. Thus mica is flattened parallel to
a basal plane of the cyystal, and apatite is elongated parallel to the
prism edges, that is, parallel to the ¢ axis of the crystal. The rela-
tionship ‘between the direction of elongation of a crystal and the
vibration directions in the crystal is somefimes of determinativoe
value. This relationship is expressed as either positive or negative,
and the elongation of the crystal is spoken of as positive or negative.
If the elongation of the crysial i paraliel to the fast ray, the elonga-
tion is nemative. If the elongation ix parallel to the slow ray. the
elongation is positive. The direction of elongation can be obzerved
directly, either, on the crystal edges themselves or on cleavage lines,
The directions of the fast and slow rays can be deterinined by means
of the quartz wedge, as already explained, in reference to optical
character.

Uniaxial minerals are usually elongated parallel to the vertical
crystallographie axis ¢, and for this reuson the sign of the optieal
character is usnally the sane as the sign of the elongation. But there
arve exceptions: for example, some apovhyllites. In biaxial erystuls
the efongation direction may not be parallel to any axis of vibeation,
and the sign of elongation is determinad by the axis neavest the
direction of elongation.

COLOR OF CRYSTALS

The color of small crystals or fragments, when observed nnder
the microscope in transmitted light, is alwavs much paler than the
color shown microscopically, in ordinary Hght. Very faintly colored
substances, such ag some anethysts, may appear absolutely colorless.
Substances opaque and black to the naked eye, such as some of the
ferromagnesian minerals, may be transparvent, although deeply col-
ored, when observed in their fragments under the microscope. In
transmitted light under the microscope all opaque substances appear
black, regardless of their color. It is consequently unsafe to draw -
too hiberal conciusions as to colors on the basis ¢f microscopic
appearance.

With due reservations it may he said that the color shown under
the microscope by substances known to be chemically pure is of
some determinative value, Dut substances deeply encugh tinted to
show color in transmitted light nnder the microscope are vompara-
tively searce. When such substances are examined, however, the
color shonld be noted.

In general, it may be said that the color of natural minerals is an
ambiguous and frequently undependable guide. But here again volor
should be noted when present and used determinatively when condi-
tions warrant such use. It is perhaps never safe, however, to take
color alone as a determinative characteristic.
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PLEQCHROISM

If white J'zht is transmitted through any substance it will be
found that somewhat less light emerges than entered. TIn other
words, it will be found that the substance absorbed part of the
light.  If the amount of light absorbed is very minute. the sub.
stance is said to be transparent. If all the light is absorbed, the
substance is opaque. Certain substances not only absorb some of
the light, but they absarb it differentially: that is, theyv absorb cer-
tain wave lengths of light {certain colors) to a greater extent than
other wave lengths. VWhite light transmitted through such a sub-
stance therefore emerges with a different proportion. or even constitu-
tion of color constituents, and the substance appears to be calored.
In isotropic substances the optical properties, including the absorp-
tion, are the same in every direction. Consequently. an isotropic
substance is colorless, opaque, or of the same shade of ‘the same color,
no matter in what direction the tight passes through it. On the
other hand, doubly refracting substances have different optical prop-
erties in different directions. This may inelude the absorption, and
it the absorption is sufficiently different in the different directions,
the substance may be differently colored, depending on the direction
in which the light is trunsmitted. Absorption of course depends
partly on the thickness of the absorbing substance. und this fact
should be taken into consideration when comparisons between colors
are made. The phenomenon of changed colors with changed diree-
tions of transmitted light is called pleochroisin. 0(-01195.011:11?_\* dichro-
ism, when two colors are manifested. and trichroism when three are
munifested. This property is possessed to u greater or lesser extent
by a large number of doubly refracting substances, and when present
has_considerable determinative value,

Neither uniuxial nor biaxial crystals show pleochroism when the
light is transmitted parallel to an optic axis and the microscope
stage is rotated. In uniaxial erystals the maximum pleochroism is
shown when the light is transmitted at right angles to the optic
axis. In biaxial erystals the maximum pleochroism may lie either
in the plane of the optic axes or at right angles to it. It is, there-
fore, necessary to know the orientarion of the erystal under examina-
tion, and this can be determined ss usnal by means of interference
figures.

The procedure is sinple, Fimd a properly orientated particle on
the microscope slide. Rotate the stage until the particle extinguishes
between crossed Nicols. Remove the analyzer and observe the color.
Rotate the stage 90° without replacing the analyzer and observe the
color 1n this new position. This procedure ix not. of course, obliga-
tory. ‘The essential elements are that the orientation be so chosen
as to give maximum pleochroism and that the absorption directions
e stated in relationship to the optical directions of the crystal.
Pleochroism in uniaxial substances may be expressed as absorption
E>0, as the case may be, O being the direction ot vibration of the
orcinary ray and £ that of the extraordinary ruy. Pleochroism in
biaxial crystals may be expressed as. for example, absorption
(Z=F)>X, or X violet red, ¥ wine yellow, Z yellowish rose; X.
¥, Z being the directions of greatest, intermediate, and least ease of
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vibration, respectively. The German letters o. & and ¢ may be sub-
stituted for X, ¥, and Z, respectively.

Great refinement is not usually necessary in observation on pleo-
chroism. Frequently the knowledge that the substance is pleochroic
is sufficient, together with other data, for all practical determinative
purposes. There are, however, special accessories for observing very
faint pleochroism if this should be considered desirable. For such,
reference should be made to the trade catalogues and to the detailed
texts of petrographic methods.

For the beginner, tourmaline is perhaps one of the best substances
for practice observations on plecchroic phenomena.

ORIENTATION

The term: * orientation ™ is a general expression which includes
all the relations between the optical and crystallographic directions
in crystals. In a more restricted sense it refers particularly to the
position of a crystal under the microscope in relation to the axis of
the microscope. Angles between the principal vibration directions
and the crystallographic axes are preeminently orientation data, ai-
though they also serve for extinction data, In fact, extinction angles
are themselves orientation data, in that they show the angular rela-
tionships between the plunc of the optic axes and some crystallo-
graphic axis or face. Complete orientation data should show the
angles between every vibration direction and every crystallographic
axis.

APPLICATION OF METHODS

No one of the methods previously described is in itself sufficient
to identify a given substance except in rare and special circumstances.
While different substances differ in individual properties, it is very
frequently possible to find two distinct substances which have some
particular one or more optical properties in common. For example,
1t can not be said that two substances having the same refractive
indices are identical. There are whole series of glagses from which
individual specimens can be selected having the same indices us
most of the common soil minerals. Sodium nitrate and calcite are
both uniaxial and negative and their interference Sgures closely re-
semble each other, but their refractive indices are markedly different.
Potassium chloride, sodinm chloride. and ammonium chloride ave
all isotropic, but they differ radically in their indices.

Different substances may thus have some particular properties in
common, but still differ widely from each other in their ensemble of
properties. Certain properties may be considered as general or
group properties and other properties may be considered as specific,
A classification is therefore possible. The following sketch of the
procedure for the identification of a puare substance will illustrate the
application of the methods when used in conjunction with the
classificatory system generally adopted.

PURE SUBSTANCES

Mount the substance in any mediwm which deoes not dissolve or
react with it and which has a lmown, preferably intermediate, index
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of refraction. If the grains stand ont very prominently under the
microseope, so as to show black borders, it is best Lo determine by
Becke lines whether the index of the grains is higher or lower than
that of the oil and then to miuke a new mount with some other oil,
with an index nearer that of the substance.

Cross the Nicols and rotate the stage of the microscope. Either
the crystal under observation will remain dark during a complete
rotation, or it will not. If it remains dark, raise the condenser,
remove the oeular, and observe whether or not an interference figure
is present. If no interference figure is visible the crystal is isometric,
and one should proceed at once to the determination of the refractive
index {p. 34}. In Table 2 isotropic substances will be found ar-
ranged according to increasing index ot refraction. TIf, on the other
hand, the cvystal alternately lights up and extinguishes during rota-
tion, between crossed Nicols, if 16 remains light during rotation,
or if it remains dark during rotation but gives an interference
figure, it is unisotropic and belongs to some crystal system other than
the isometric,

If it has not already been done, obfain an interference figure and
observe whether it is a uniaxial cross or a biaxial system of hyper-
bole. If the particular crystal grain under observation does not give
a suitable figure, tiit it to a new position, if practicable, or find an-
other grain which is already properly orientated. If the figure is
aniaxial, the crystal belongs to either the tetragonal or hexagonal
system. If it is biaxial, the crystal is orthorhombie, monoclinie, or
tricliniec. Whichever the figure may be, uniaxial or biaxial, de-
fermine the optical chnracter by means of the quartz wedgze or selenite
plate. This classifies the substance as uniaxial positive, uniaxiai
negative, biaxial positive, or biaxial negative. If the substance s
uniaxial determine the o index; if biaxial, determine the g8 index.
TUniaxial positive substances are listed in Table 3 according to in-
ereasing value of o Uniaxial negutive substances are Tisted in
Table 4, likewise according to increasing value of w.  Biaxial positive
substances are listed in Table § uccording to increasing value of g
Biaxial negative substances also are histed in Table 6, according to
incrensing value of 8. Refer to the appropriate table and find the o
or B index, s the case may be, which has been defermined on the given
substance. If the given substance 15 ineluded in the table, its name
und composition will be found in the same row with the refractive
index. Determine the other properties of the substance listed in the
table as a confirmution of the identification. If, as may very well
frappen, more than one substance has about the same » or g index in
a given table, the determination of the other constants serves to
Jdistinguish these substances from each other.

IDENTIFICATION OF MINERALS 1N SOILS

It is a truism. of course, that soils are the residne from the disiu-
tegration and decomposition of rocks plus organic matter. Ignoring
the orgunic matter, a soil can therefore be expected to consist essen-
tially of the common rock-forming minerals nad their decomposition
produets. The mineral particles vavy widely in size and ure [ye.
quently much diluted and sometimes masked by the colloidal and
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petrographicaily indeterminable decomposition products, A pre-
liminary removal of the colloids is therefore always advisable and
sometines necessary, For quantitative work (p. 71} it is almost
necessary to size the soil minerals. Both the removal of the colloids
and the sizing of the minerals can be accomplished by various
methods of mechanical analysis. Perhaps the simplest method is
ordinary sieving. Various other methods will readily suggest themn-
selves, for example, elutrintion and cenbrifuging. In soil laboru-
tories 1t is customary to use the equipment and methods of the
current system of mechanieal analysis,

Quurts is present in practically all soils and usnally constitutes
the major mass of the sand fractions. Its large quantity makes it
a diluent for the other soil minerals. It therefore tends to istract
the attention from, and increase the time of scarch for, other min-
erals occurring in comparatively small quantities, unless some means
¢ taken to remove it, at least partly. from the range of vision.
Preliminary mechanical separation of quartz from the sumple is not
always practicable and is seldom conveuient, but it happens, as o
very little experience will demonsteate, that the refractive imdex of
quartz is exeeptionaily well loeated for soil work., If the sample
is mounted in an oil with un index of refraction the same as that
of the ordinary ray of quarts, 1544, every one of the quartz oriing
will disappear in some one or other position of the stage, depending
on the orientation of the grains. No quartz grain, regardless of the
position of the stage, will stand out prominently. In this mount
all the quartz is either nvisible or only vagnely visible. whereas
most of the other soil components stand out with a consideruble
Jdegree of prominence and can theretore be readily found. Furthey-
more, one of the indices of refraction of the quartz has been deter-
mined by comparison with the oil.  Exumine some of these vaguely
seen or nvisible graing for interference figures and optical character.
Quartz is uninxial and positive.  Complete the quartz identification
either by u measurement of maximam double refraction. £.009,
which should be added to 1544 to give the value of the undefermined
idex of refraction, 1.558; or malke another mount in an oil of this
fatter index and determine the index of precisely similay particles
by direct compuarison. It is not necessary, but another maximumn
double refraction measurement on a grain of this second mount will
serve as u check and will add considerably to the beginner’s con-
fidence that he is observing the sume component in both the mounts
if he is unfamiliar with the microseopic appearance of the soil
minerals.

The first mount should now be very va refully exantined for grains
which bave # similar vague appeardnce but are otherwise different
from the quartz grains already determined. This examination should
inchide the search for grains with refractive indices slightly dif-
ferent trom those of quartz, grains which ive biaxial instead of
iniuxial interference figures, grains optically negative instead of
pusitive, and graing which are isotropic instead of doubly refracting.
In this examination & familiarity with the relief appearances of
different probable components and with the appearance of the dif-
ferent orders of volors in Newton’s scale. together with the lavish
use of Becke-line movements, will be found invaluabie.

15HTO—3o—5
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It in this mount a grain is foumd which does not practically dis-
appear in some position of the stage it is. burring the effects of sur-
face coutings. almost certainly not quartz. A biaxial grain may
rarely be quartz, but the chances ave overwhelmingly agninst it
An optically negative grain or an isotropic grain iz certainly not
quartz,

It is probable that one or wore vaguely visible compunents. if-
fering from quartz, as indicated in the preceding paragraph. will
be found. If so. determine every property which 1t is possible to
etermine in this mount. This will usually include all determinable
properties except refractive indices. Estimate these by reliet und
Beclie-line movements and determine them aecurately in other mounts
on grains having exactly the samwe composite of properties. Refer-
ence shonld then be nmmade to the tables of the optical properties of
minerals aud the component identified by finding that mineral there
listed whose properties agree with those determined.

When the region of refractive indices near-that of quartz has been
exhausted, find grains farther and farther removed from quartz in
refractive index and proceed on each one of them as above. Thixs
procedure will lead to the identification of all determinable com-
ponents found in the sumple. Every mount made should be eare-
fully scanned for components not hitherto noticed. As several
mounts will probably be made during the course of the work, each
one containing perhaps several hundred prains. the list of compo-
nents identifiedd can be considered as practieally complete,

As an ilustration of the identification of a mineral by the ubove
procedure combined with a rigorous application of the tables. sup-
pose that m_the first mount a minerat is found with the following
properties: Biaxial. optically negative, optic axinl angle about 403,
cleavage microscopic and very perfect in one direction and there-
fore giving rise to a platy, tabletlike appearance, colorless. per-
ceptible dispersion with p>w. the wcute bisectrix emerging practi-
catly normal to the cleavage plites. donble refeaction on plates
lving less Hat than that of quartz. about D.004, double refraction
on tilted edges muel greater, all indices of refraction higher than
those of quarts, but, judging by relief, not much, if any higher than
1.620. This gives a composite of several properties. each of whicl
varies from mineral to mineral. That there should be another
mineral with an identical composite is of course possible, but the
probability is almost vanishingly small.

Other mounts are made and two indices of refraction are measured
on flat-lying plates. A third index is measured on tilted plates.
Check examinations should be made of each plate on which an index
is mensured in order to assure one’s self that it has the same identieal
composite of properties as determined in the Brst mount.  Suppose
the three indices measured are = 1504, £ 1590, and £1561. The
second one,  LAYY is obviously £ both on asecount of its nnmerieal
relation to the other iwe and from the purticular orientation in
which it was measured.  Add =0.005 to this index to allow for evrors
of observation. This gives a minimum of 1385 and 1.595.

In the tables, for example, those of Lursen (/0). turn to the biaxial
negative group. In the g column mark off all minerals having a
£ index between 1.585 and 1.595. There are some 19 of these min-
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erals {10, p. 251-253). Six of these are immediately eliminated by
the possession of distinctive characteristic colors entirely foreign to
the colorlessness of the mineral under examination. One more is
eliminated by lack of cleavage. Two more are eliminated by the
possession of very large optic axial angles. Another is eliminated
by strong dispersion of a character contrary to that of the mineral
under identification. Six more are eliminated because of too low
a values, This leaves three. Two of these can be eliminated by
double refraction, by orientation when possible, and by the posses-
sion of two instead of one direction of cleavage. The properties of
the remaining mineral, muscovite, check with those determined on
the unknown, and the unknown is therefore identified.

The foregoing illustration presents an especially difficult example,
both as to fechnic and as to the complexity of the data to be inter-
preted, but there are still other complications which have not been
taken into consideration. One of these, and perhaps the most seri-
ous, is the natural variation of muscovite. Another is the variation
of properties due to weathering. But, except in extreme cises, it
1s doubtful if any petrographer would experience any difficulty what-
ever in the identification. This is due to the fuct that the propertics.
as written down, appear to have equal determinative value. They
do not have sueh equal values. The highly developed cleavage, the
biaxial negative character, and the emergence of the acute bisectrix
almost normal fo the cleavage plune are, when coupled with the
relief appearance of the plates, practically enough to convince any-
one familiar with minerals of the identity of this one. The obser-
vation and measurements of the other properties would be essentially
confirmatory rather than determinative,

As a simpler example, suppose a mineral found with the following
properties: Uniaxial, optically negative, cxtremely high double re-
fraction (0172}, w=1.658, and occurring as rhomblike forms. Add-
ing +0.005 as a safety factor to the known index gives 1,653 and
1.663. Reference to the uniaxial negative group of tables shows only
four minerals with an ordinary ray index between these limits,
Three of these- have double refractions entively too low. The re-
pmining one, calcite, has properties which check with those
determined.

After each identification the worker should, at least until he js
intimately familiar with the appearance of the common minerals,
male up a mount from a known sample and compare it in more or
lesz detail with the just identified *unknown.” It will be found
that most minerals have outstanding characteristics which materi-
ally reduce the labor and add to the certainty of identification.
Amony these characteristics are the twinning of the feldspars, the
bigh double refraction of the calcite-dolomite-siderite serles, the
cleavage of the micas, the high refraction of rutile, the low refrac-
tion of Huorite, and the color, within limits, of ferromagnesian sili-
cates such as augite and hornblende. Tt is true that the tables con-
tain all these facts, bat they do not, and probably can not, give them
proper emphasis without opening up possibilities of misinterpreta-
tion. To those familiar with the minerals there is no need of an
such emphasis, and no one unfamiliar with them should attempt
their identification in soils or rocks.
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The procedure for the identification of minerals in soils as writ-
ten above is in no sense obligatory. It is intended primarily as a
vuide, reliable though possibly cumbersome, for beginners. It there-
fore, yery probabiy goes into detuils altogether unnecessary for those
previously experienced in some other application of petrographic
methods. . For the encouragement of beginners it should be stated
that, with the development of manipulative skill and barring the
necessity for time-consuming search, any ordinary mineral should
be identified in a soil or elsewhere in 2 maximum of not more than
15 minutes, probably mach less. The beginner should be advised
against a too-rigorous application and slavish following of the tabies.
At the best the tables are guides, and in no sense are they systems
of ultimate pigeonholes, in which every substance fits snugly in its
ordered place without possibility of erratic arrangement. In the
main, minerals, in common with most other natural objects, are vari-
ables, and there is perhaps no substitute for an intimate first-hand
knowledge of them.

There are special problems of identification of soil minerals for
which no definite procedure can be outlined beforehand. The iden-
tification of weathered nnd decomposed minerals gives rise to per-
haps the lurger group of these problems. A decomposed mineral is.
from the very fact that it is decomposed, different from what it
was before decomposition.  The determination of its original nature
thevefore literally means the determination of what it was before it
was changed into what it is.  If decomposition has gone too far the
wwoblem is of conrse insoluble. For example, there are ne means
Imown at present by which the parent species of the clay nunerals
of soils can be determined.  One can conjecture, and in cortain cases
there might be a basis in fact and in reason for the conjectures. For
instance. if the parent rock is u mica schist consisting esseatially
of quartz amd micas, and if there is no probability of the clay having
been brought in from ontside sonrees, 1t is reasonabie to believe that
the clay minerals are the decomposition products of the micas. This
reasoning. however, is in no sense a determination. Sneh absurdly
extreme examples could be mualtiplied. . '

The usual type of cases is that in which the original mineral has
been partly but not wholly altered and has certain of its primal
characterictics remaining.  Biotite furnishes a fair example. Under
the infHuence of the weathering ngencies its iron Is oxidized, and there
is a tendeney toward the extraction of the bases. Optically the cclor
changes, the interference figure becomes blurred, and its refractive
indices may change slightly. On the other hand, 1ts highly charac-
teristic cleavage und optical character remain. In the early stages
ot decomposition the changes ure so slight as to be negligible, but
they become progressively greater and greater. Suppose they have
progressed to the point where the observable and measurable prop-
erties do not yield sufficient data for identification and where the
reneral appearance is decidedly that of decomposed muaterial. How
is one to know that this is decomposed biotite? Speaking in terms
of definitive, unquestionable knowledge, the answer 1s, of course, that
one can not know. But for practieal purposes and within the limi-
tations of reasoning implied by such purposes. the means of know-
ing are compuratively simple. It the first place, the substance has
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soine of the properties and characteristics of biotite. These are in-
dicative, Ifl, in the second place, the observer’s experience has
included the examination of biotites in various and numerous stages
of decomposition, he will recognize that the material under examina-
tion shows not only the residual properties of decomposed biotite but
also the very changes and alterations conunon to weathered biotite.
He will, therefore, be able to approxiniately classify his muterial at
some place in a known series. This is not absolute identifiention,
but it has a high degree of probubility.

In any work of thig kind the question is likely to arise as to
just how far a given mineral can be altered and still be called by
1{s original name. Since alteration is a fairly continuous process, at
least over a considerablie part of its range, any such line of demarea-
tion between, say, biotite and nonbiotite, would have to be arbitrary
and would present almost insuperable difficulties in its location, The
solution of the question in any given case must, for the time being,
be left to the common sense of the individual worker.

Another type of identification is that presented by inclusions of
one substance in grains of another. These inclusions may be gaseous,
liguid, or solid. Quartz and voleanic materials are especially apt to
curry them, although they may very well oceur in other soil minerais.
Gaseous and liquid inclusions can be readily distinguished from each
other and from solid inclusions by the comparative width of their
dark borders. These dark borders are total-reflection phenomena
depending on the relative refractive indices of the inclusion and the
including material.  As the refractive indices of gases and liquids
are usually quite different both from each other and from solids, the
dark borders are wide und prominent in the case of gases in solids,
present le some extent but not so pronousced in the case of ligaids
i solids, and absent ov imperceptible in the case of sollds in solids.
Occasionally liguid inclusions euvrrving w bubble of gus are found,

Generally speaking, vesidual material is much more apt to carry
inclusions than is distantly transported materinl, The veason foy
this is apparently that the inclusions cause strain in their carvriers
and, therefore, render them more subject to comminutive forces than
are the grains free from inclusions. The result, of course, is that,
in the main, distantly transported material i relatively frec of
inclusions.

The solid inelusions are commonly rutile, apatite, caleite, and
limonite. The difficulty in identifying the inclusions is sometimes
due mainly to their small size. But the more usval difficulty is due
to the impracticability of obtaining complete optical data. The
tnclnsions are in contact with their containing minerals and not with
the mounting medium.  Refractive indices must, therefore, be esti-
muted by relief and are consequently subject to all the errovs of this
method. The other optical properties are equally difficult to deter-
mine. On the other hand the inclusions, when crystalline, usnally
ocenr in well-developed characteristic forms. Rutile, for instance,
occurs as long slender needles which can scarcely be mistaken for
any other mineral. The procedure, then. is to mount the containing
minerals in an ot! in which they disappear. thus revealing the inclu-
sions. Obtain all the optical data possible on the inclusions, aud pay
partieular attention to the crystallographic form and habit. The
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combined opfical and crystallographic.data are frequently sufficient
to lead to a reasonable, though not always conclusive, identification.
Fortunately, the identification of inclusions becomes of importance
only in reference to very special problems,

ccasionally it is necessury or desirable to know something of the
origin of the soil quartz. Primary quartz, that is quartz which origi-
nated by crystallization from a magma, may. carry inclusions of those
minerals which themselves crvstallized from the magma. Rutile
needles are the commonest and perhaps the most characteristic of
this type of inclusion. On the otEer hand, secondary quartz, that is,
quartz which originated by crystallization from water solutions.
may carry inclusions of those minerals which are themselves of a
secondary character. Limonite and calcite are characteristic of this
type of inclusions. It is possible, of course, for secondary quartz to
carry inclusions of primary minerals, but it is scarcely thinkable
that primary quartz should carry inclusions of secondary minerals.
This, of course, is on the assumption that one has made careful obser-
vations to convince himself that the inclusions arve actually such and
are not infiltrations through cracks and crevices. Tt follows, of
course, that guartz containing secondary minerals as inclusions is
itself of secondary origin; quartz contalning no inclusions may be,
go far as we can tell, of either primary or secondary origin, and
quartz contalning primary minerals as 1nclusions is probably itself
of primary origin. In certain characteristic cases this probability
becomes perhaps more than a practical certainty. A quantitative
estimation of the percentage of quartz-carrying secondary inclusions
will give a minimum value fer the quantity of secondary quartz in
the snmple.

By way of summarization if may be =aid that with clean sand
fractions of such youthful soils as the Durhamm and such naturaily
sorted materials as some of the coastal-plain soils, the petrographic
identification of the constituent minerals attains a degree of cer-
tainty somewhat greater than that reaclied in the identification of
consituents of rock sections. The veason for this is that, with the
sands, as many mounts as needed may be made and the orientuation
of indivicdual grains may be altered, thus making possible the actual
measurenient of the optical properties, notably the refractive in-
dices, instead of approximately estimating them, as is frequently
necessiry with rock sections. The degree of certainty is perhaps
as great as 1s attainable by petrographic methods alone, and when
these methods are used in conjunction with chemieal analysis the
identifications can be considered as practically absolute. The identi-
fieation of minerals in the silt fractions of soils, although still com-
paring favorably with identifications of similar-sized materials in
rock sections, does not always give as clear-cut and comprehensive
restlts as are obtained on the Iarger-sized sand particles.  Ordinar-
ily there is no reason whatever for doubting an identification of a
silt particle. but the petrographer has a tendency to feel that he
conld get better and clearer vesults if the particles were larger.
Particles of the clay fractions of soils can not. of course, be identi-
fied at all petrographically, and recourse must be had to X-rav
methods. In the sands and silts the identity of decomposed min-

.

erals can be established with varying degrees of assurance ranging
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from practical cerfainty to no certainty at all, depending on the
extent of decomposition. The petrographer has to exercise his com-
mon sense 1n deciding just how far he can earry the identification.

PERGENTAGE ESTIMATION OF CONSTITUENTS IN A MIXTURE (MECHANICAL
ANALYSIS)

In addition fo determining the 1ninerals present in soils, it is fre-
quently of great importance to determine their relative quantities.
In such instances there are in general three types of preparation,
the constituents of which the microscopist may be called on to esti-
mate. In soils laboratories these mixtures muy be either firmly con-
solidated as rocks, or, on the other hand, may be in the form of
loose materials. Of these, the simplest to estimate is the rock-
section type of mount, in which all the particles can be assumed to
have the same thickness and are usually in contuct with each other
without vacant spaces over the whole field of the microscope. A
second, more difficult type of preparation, is that presented by ordi-
nary mounts of previcusly sized materials, such as separates from
mechanical soil analyses. Heve the thickness of the particles can
not always be assumed as uniform, and the amount of vacant space
 any given fleld of view is frequently large. The third type of
preparation and the most difficult of all is that in which there is no
preliminary sizing whatever and in which the amount of vacant
spaces 3g large. This type is presented by mounts of untreated soils,
crushed crystal mixtures, crystal mixtures obtained by direct evapo-
ration on the slide, and a multitude of similar materials from va-
rious sources. All the types are further slightly complicated by
occasional overlapping of partic.es and by the presence of inclu-
sions of one substance in another. The second and third types are
sometimes seriously complicated by coatings of one or more sub-
stances on grains. The third type is frequently complicated by ugr-
gregates, the character of which is indeterminate.

No matter which type of preparation one is working an, the
first task is fo identify, so far as possible, every substance oceurring
in the mixture. With coarse-grained rocks and clean sands this
identification is usually complete and easy, With other nmixtures,
the identification of certain of the constituents is frequently diffi-
cult, and, in the case of aggregates, deeply couted grains, substances
whose optics are unknown, substances with abnormal optics, and
extremely fine-grained substances, the identification may be impos-
sible or practically so. With such mixtures there are thus three
classes of constituents: (1) known constituents to be estimated indi-
vidually; (2) a class of doubtful substances to be subgrouped and
estimated as probably so-and-so, or as having such-and-such prop-
crties; and (3} a class of unknowns to be lumped together and
estimated as such. Aggregates can sometimes be broken up into
their constituents by simple crushing or by treatment with acids to
remove cementing matertal. Coated grains can frequently be cleaned
by treatment with hydrochlorie or oxalic acids, and extremely fine-
grained materials can often be improved by allowine the erystals
an_opportunity to grow.

By these and similar means which will readily suggest themselves
to u chemist, doubtful and unknown substances niny be rendered
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identifiable. The gualitative identification of the constituents of the
mixture, which are usually comparatively few, almost always brings
to the attention some characteristics of the different constituents
which serve to distinguish any one of them, practically ut a glance,
from all the other constituents present., IJor cxample, one of the
constituents may be colored, wherens the other constituents ave color-
Jess or differently colored, as is the case of hornblende sdnmixed with
quartz, orthoclase, or periiaps micas. One of the constituents may
have a very high double refraction, whereas all the other constituents
have comparatively low double refractions, as would be the case
of ealeite or dolomite in the mixture just cited. If this same mixture
were mounted in an oil with an index of refraction very near that
of quartz, the orthoclase and colorless mica could be immediately
distinguished from the quartz by their reliefs and from each other
by the opposite movements f the Becke hines on slightly ruising
the tube of the microscope. If a mixture of sodium and po{assmm
chloride is mounted in an oil with a refractive index Detween the
indices of the two substances, the movement of the Becke lines would
again immediately distinguish one from the other. If ammonium
chloride is added to the mixture its relief in the saume mount as
above would serve to identify it in this mixture.

Thus, knowing what substances ure present and having a means
for the mumedinte recognition of each ¢f them, the worker can pro-
ceed with his quantitative work unhampered and uninterrupted by
the necessity of a long process of qualitative identificution. Fur-
thermmore, the preliminary gualitative identification gives one o very
definite idea of the best mount for the guantitative work; for in-
stance, it shows the one best oil in which to mount the sodivm
and potassium chloride mixture mentioned above, that is, an oil with
a refractive iudex between those of the two constituents. It ocea-
siemally happens, rarely, however, that two constituents of @ mixture
luve properties so nearly alike that mnmedinte distinetion during
the quantitative provess s diflicult. What te do in sneh o case
depends not only on the characteristies of the two simitar substances
but also un the characteristics of the other substances in the nnxture.
It may even become necessary to determine the combined quantity
of the two substances in one type of mount and then determine
thelr mutual ratic in an entirvely different type of mount,

To determine the percentage composition of a rock section, cal-
vitlate the total avea of the micruscope field for the particular lens
combination used by means of the formula

A=m*

where A is the aren. = is 3.1416, and » s the radius of the fleld
expressed as linear checkerwork eyepicee micrometer divisions, I
any vacant places are present, determine their total nrea by nicrom-
oter count and subtract the result from the field arew just caleulated,
This gives the net area covered by the substances to be cstimated.
Determine by micrometer count the areas of each substance in the
field. As n check on the counting, the sum of the areas of the
substances plus the aress of the vacant spaces, it any. shoudd equal
or nearly equal, the total calenlated aren of the lield.  Any lavge
discrepancy indicates an error in counting, and the work should he
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repeated.  Some systematic procedure in counting, for instance, by
gquadrants and left to right by rows or columns on the micrometer,
is practically a necessity. It relicves eyestrain, lessens the tax on
thic uttention, and often avoids the total loss of count due to inter-
ruption,

Sinece the thickness of the rock section can be assiuned as uniforw,
the volumes of the constituents vary with their areas. The area of
any one substance, therefore, divided by the net area of the feld
and multiplied by 100 gives the percentage by volume of that sub-
stance; that is,

Per cent by vol _Area of substance
e cent Dy YOre = U aren of Hekl

> 100.

In this way the percentage by volume of cach constituent ean be
determined, and the total should, of course, equal nearly 100. But
it 15 not often that the percentage by volume is wanted, as prac-
tically nlways the percentage by weight is desired. This can be
obtained from the volume percentage by multiplylng the volume
percentage of cach constituent by the specific gravity of the con-
stituent, summing up the figures su obtained, and taking the ratio
Letween the figure for the individual constifuent and that of the
sum. A more direet method is to multiply the arca of each con-
stituent by the specific pravity of the constituent, sum up the figures
su obtained, use the figure for an individual constituent as the
numerator. the sum as the denominator, reduce this fraction fo a
decimal, and muitiply by 100. This gives the pereentage by weight
of the constituent considered.

The sources of error are varixtions in the thickness of the section,
inaccuracies from whatever cuuse in the counting, the presence of
unestinated or only approximately estimated inelnsions of other
substances, and naceuracies in the figures taken for the specific
vravities, These {atter vury considerably in certain winerals, wnd
ustially there is no practicable way of knowing precisely what fignre
to select,

In spite of these sources of error, however, the meothod is remark-
ably exact when applied to a single field of the microscope. But
to mulke it applicable te the entire work it is necessary to vesort to
statistical methods, A number of fields should be counted aud the
results averaged. If the rock is very wniform. a very few fields
are sufficient. Tf. on the other hand. the roel is very varinble, 1t
is necessary fo increase the number of fields. Right herve theve is
room for the exercise of a considerable amonnt of judgment. Theo-
retrenlty o number of fields shonld be taken so that the addition
of auy other probable field will not ceriously alter the average figures
already obtained.  Throughont all the work the arear themselves
need not be defermined by actual count. Any method, for instance
the statistical linear method given in the discussion of area nieasure-
ments may be used,

The procedure for the percentage determination of toose but
sized material may be substantinlly the same as that given for roci
sections, Usnally. lowever, the vaeant aren on the slide excoods
that of the constitnwents. For this reason it is better to ohtain the
total arex covered Ly the constituents. either by actual count or by
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summation of the counts of the individual constituents, rather than
by counting the arcas of the vacant spaces and subtracting the total
from the field area. The final resuits, however, are not of the same
order of accuracy as those obtained fur rock sections. All the
sources of error 1o rock sections ave still present and that one due
to variations in thickness is vastly increased. For example, roundedl
quartz grains and flat flakes of mica of the same minor diameter
would be held by the saine screen in the sizing operation. But their
thickness on the slide would be vastly different, and consequently
Lbe calculation of volumes or weights on the assumption of uniform
thickuess might be very seriously in crror.  Such error can be partly
climinated by measuring the thickness of exch grain and calculating
the volume by multiplying this thickness by the area of the grain.
This procedare does not entirely remove the inaccuracy, since the
grains are almost alwuys rounded instead of rectangular, but it
¥ields results sufficiently approximutive for most purposes. If none
of the constitnents shows a thickuess of uniformly extreme varia-
tion from the average thickness of all the particles present, it is
safe to assume that the volumes vary approximately the same as the
areas. The determination of both the area and thickness of each
individual particle is likely to be a long and tedious job. It can
frequently be shortened by multiplying the total avea of the thin
substance by a factor whose value can be determined from the rela-
tionship between the average thickness of the thin substance and
that of the other substances m the mixture. In most cases of care-
fully sized materials, such a factor can usnally be determined from
a comparatively few thickness measurements.

It is seldom that all the detailed work indicated in the preceding
paragraph. is justified by the requirements of the problem; 1o fact, it
15 very doubtful whether the additional degree of aceuracy obtained
15 ever sufficient to justify the time and lubor expended.  This ean be
realized readily when it is recalled that the percentage camposition
of a single field bears only a statistical relation to the true coniposi-
tion of the sample. The preceding paragraph has been written more
with the idea of bringing out the prineiples invelved than with any
idea as to the actual application of the details except in extremcly
rare and unusual circumstances,

The method ususlly employed for the analysis of carefully sized
materials is simply the direct count of the number of particles of ench
constituent. The composition by volume then is

Number of particles of voe constituent
Total number pacticles counted

Per cent by volume= > 100.

The percentage by weight can be readily culeulated as given in the
discussion of rock sections. This method is based on the assumption,
usually well foundled, that cach substance in the mixture has the same
average particle volume. Mica. is the most common exception. The
nuber of tnica or similar particles should be multiplied by a factor
which can be determined by a comparison of the volume figures
obtained by area and thickness measurements for 4 fow of the micea
and nonmicn particles.  If the number of mica particies is insignifi-
cant, as is the cuse in certain soils, it is searcely worth while to niake

this correction.  On the other hand, highly micaceous soils will yield
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vesults wide of the truth if the factor is not applicd. It should be
remembered that a_comparatively small quantity by weight of thin
mica flakes can make an altogether disproportionate showing when
scattered throughout a soil,

If the material is unsized and if the particle sizes vary widely,
results of even a fair degree of accuracy ave probably not attainable
by any method other than that involving the volume determination
of each individual particle by means of areal and thickness mensure-
ments. It colloidal material is present in quantity too great to be
neglected, as in most soils, the quantitative determination of the per-
centage composition is practically a microscopic impossibility unless
the colloids can be estimated by some other than microscopic neans
and allowed for in the caleulations of the noncolloidal constituents.
It may be said, in general, that the quantitative nmicroscopic analysis
of such materials as those under discussion should be nndertaken only
under the most exceptional circumstances.

Nevertheless, the microscopist is continually being calied on to give
some sort of estimate of the quantity of oneor more constituents jn
Just such_materials. Rough approximations can be srrived at as
follows: Determine the percentage of the constitnent by zapid areal
measurements. Determine by inspection, supplemented if necessary
by a few thickness measurements, whether the average particle thick-
ness of the constituent is near, less than, or grenter than the average
particle thickness of the mixture. If near, the percentage can be
reported as about so-and-so; if less than, it can be reported as not
greater than se-and-so; and if greater than, it can be reported as not
less than se-and-so. Qrdinarily, this rough sort of approximation is
sifficient for the purpose. It at least gives fairly reliable ides of
the maximum or minimum quantity probably present,

It scareely need be said that in all quantitative work on loose
materials the giains should be as froe as possible fron coatings aned
adhiesions of foreign substances, ns it is practically impossible to
make auy estimation of the totai volume of such substances, Cont.
ings of opaque materials, such as iron hydroxide, may lead to an
entirely wrong identifieation of the grain. Calcium earbonate is g
particularly bothersome coating. Tts high double refraction amil
relief in ordinary mounts, even when oceurring only as a thin veneer
on other substances. may lead to a very large overestimate of the
quantity present. Alkali salts have a strong tendency to oceur as
coatings on the other seil grains. Tn gencral it is best, where prac-
ticable, to determine the quantity of colloids, incinding organic mat-
ter, calcium carbonate, and watersoluble saits by chemical means
and to determine the other constituents mieroscopically in the
residues.

Mineralogical analyses of soils (/7)) show that the followiu
minerals may ordinarily be expected to veenr in svils, though not
atl of them in any one soil: Quartz and sther forms of silica such
as chaleedony as the major component; most of the feldspars as
orthoclase, microcline. albite, oligoclase, undesine. and lnbradorite;
mseovite and biotite; ehlorite: ghieonite: epidote ;s hornblende and
glaucoplane : pyraxene, ospecinlly wugite; nionetite, hematite, and
limunite s apatite; and ealeite aml dolomite, X nost any ofher min-
eral nuy veenr oceastomally wler speciad cirenmstaneys,
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DIFFERENTIATION OF SOIL COLLOIDS FROM S0iL CRYSTALLINE MATERIAL

It is well recognized that in addition to the definite crystalline
material in soils there are always present quantitics of material
varying from a small percentage up to sometimes as high as 80 per
cent of material which can nut be identified by petrographic methods.
This material is of two general types—inorganic material, presum-
ably formed by the decomposition of minerals, and organie matter,
which comprises, for the most part, the residnal prnﬁucts dervtved
from animals and plants, Most of this material is extremely finely
divided. Soil scientists ave accustomed to deseribe it in terms of
particle size after dispersion in water alone or in water with the
addition of dispersing agents. After dispersion this material con-
sists of very small particles ranging from Sp downward. Seil scien-
tists nsually designate this extremely fine material as clay, regavd-
less of its chemical composition. It follows, therefore, that the soil
clay is not necessarily chemically identical with the amorphous
mineral known as kaolin, Many soil scientists divide this portion
of the soil into two parts, one of which j& known as soil colloid
because it possesses, to a great degree, those properties which charae-
terize the group of substances of diverse origin which are so known
and which possess the properties of moisture absorption, swelling
with water or other liquids. und the ability to adsorb ions of va-
rious sorts. Where the dividing line should Le drawn between the
coarser nencrystalline material and the supposedly truly colloidal
part of the soil has not found general agreement. To soime scientists,
any material which, in the dispersed condition hag & maximum ap-
pavent diameter of 2u or less is colloidal; others wish to nake the
upper limit g, and some continue to regard as colloid only that
material having o maximum apparent diameter of 0.1u

Tt is not the present purpose to attempt a discussion of this prob-
Iem for the reasen that, to the soil petrographer, the only differen-
tintion that is possible is between those particles of the soil which
have definite mineralagical and petrographical characteristics and
those which have not these characteristics. To him, then, 11l which
is not definitely crystalline under the microscepe is more or less def-
initely colloidal in chavacter. This distinetion may be kept in mind
in spite of the fact that X-ray studies (6, 9} have shown that many
substances with marked collotdal properties gnve definite diffraction
patterns andl are therefore ceystulline, and in spite of the fact that
even the typieal eollotd from which the group name is derived, gela-
tine, in the dry condition, rives a perfectly defined interference figure
in polavized Hght. Glass also, which i generally considered as u
true colloid, often shows the phenomenon of double refraction. It
wouirll appear, therefore, to the student of petrography of soils that
hig province is limited to differentiating between identifiable muteri-
als on the one hand and those not definitely determinuable on the
other; and, further, to paining sneh information as may be useful
concerning the unidentifinble fraction. Tt may be remavked that
the Jack of agreoment above mentioned concerning even the size lim-
its of {hose particles which shall be called colloidal aceounts for the
divergenve between the quantities of colioid as aseertained hy micrn-
seopie examingtion and those oblained for the same soils by other
moethods, [t is suggested. thevefore. when studivs are mude of this
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unidentifiable or incompletely identifiable fraction of the soil that
the results should be ascribed to unknown substances having sach-
and-snch properties and characteristics, probubly {or possibly) so-
and-so. O, whon the data obtainable do not justify even w guess as
to their nature, simply as unknown substances having such-and-such
properties and characteristics,

'Thig muanuer of reporting results automatically Iimits the tens col-
loid to that portion of the sample consisting of particles of witknown
substunces which are within or near generally accepted coliotdal
dimensions. It will be seen thut in such cave the term will apply
equally to organic and inorganic materinl. Nevertheless, information
of considerable importance concerning this fine material present in
the soil may be obtained by the use of the petrographic microscope.

In dry soils, stch as are used for ordinary or petrographic study,
the colloids occur as aggregate masses, either free or as coatings on
other soil muterials. The one characteristic that all seem to have in
common is the aggregated structure, 'Fhis cun frequently be recog-
nized by ordinavy transimitted light. The masses are seen to be not
uniform continuous material bot conglomerations of multitadinoss
and extremely fine particles. This is particalasly noticeable around
the edges of the mass. The fracture is not along clexvage lines as
in certain minerals. To the naked eve it generally appears con-
choidal, but under the microscope the conchoidal surfaces are seen
to be totally lacking in the smoothness and mivverlike qualities of
the fracture surfaces of such moterials us glass or quartz. On the
contrary, the fractare surface of the colloid aggregate is usunally an
especially favorable place to observe the very fine pavticles. Exam-
ination in reflected hight shows the same thing and sometimes to bet-
fer advantuge in the case of subfransiucent to opaque aggregates.
Reflected light from a vertical illmminator {(pp. 25, 82} oveasionally
brings out an aggregate strueture which wonld not be easily visible
with ordimary refiected daylight. Best of all, examination with a
darle-field umination practically always rendors the structure dis-
tinct and anmistakable. During the comrse of the microscopic exam-
ingtion with ordinary light the color of the agpgregates, both in
transmitted and reflected light, should be noted as well ns their
degree of transparency or opacity.

Under the petrographic microscope, between crossed Nicols, the
aggregates of soll colloids muy or awy not be doubly refracting.
Those showing some degree of double refraction are perhaps more
common than those showing none. Absence of double refraction,
isotropy, seems usually associated with high iron content.

The appearance of the doubly refracting aggregates between
crossedd Nicols is variable. Sometimes it is that usually spoken of
as aggregute polarization—that is, the aggregate appears speekled
with small Itght and daric areas which alternately extinguish and
Huht up ag the stage is rotated. More often, however, the polariza-
tion is wavy—that is, the aggregate does not extinguish all over ut
the same time. but progressively from part {o part as the stage is
rotated, the bund of extinction being usnally vague as to borders,
comparatively narrow, and always followed by a band of light
Ocensionally the appesrance simuplates that of ordinary norom!
crystals.
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Tuterference fignres are nsually casily obtained from the doubly
refracting aggregates, but they are net universaily obtainable.
These figures at best are fairly clear and distinet, but never nearly
so good as those given by clean well-crystallized ealeite or quartz,
for example. At the worst, the figures are barely discernible. Usu-
ally they are considerably blurred and unsatisfactory. The optic
angle, ug estimated from the interference figures, varies from sensibly
zerc up to values where the foci of the hyperbola are outside the
field of the microscope. There are therefore agpregates which conld
be classed as uwiaxial or biaxiul, as the case may be. In any one
sample the optic angles of various aggregates may vary considerably.
The gypsum plate shows that certain aggregates are optically posi-
tive and others optically negative. No correlation between any of
these properties and chemical composition is known.

The refractive indices of aggregates of soil colloids usually vary
from about 1.56 to 1.62. There ave aggregates, however, especially in
lateritic soils, with very much higher indices. The refractive indices
seent to vary with the iron content.

The preceding description of aggregates of soil colloids brings out
the fact that they possess nunierous properties in cominon with crys-
tulline material. Their one outstanding and distinetive characteris-
tic is the aggregate structure. Fortunately, however, there is only
one conunon sotl constituent with which they may be confused. This
is highly decomposed mica, and there are real grounds for the tenta-
tive belief that highly decomposed mica should be classified as u
colloid. But, aside from this possibility of misidentification, a very
little experience should enable one fo readily differentinte soil col-
loidal aggregates fron any other substance lilely to be found in soiis.
The genemf problem of determining by microscopic means alone
whether any given sobstance is colloidal or crystalline is perhaps
insoluble with our present knowledge. X-ray methods ofler perhaps
the best solotion of the problem (4. 7).

S0IL ORGANIC MATTER AND RESIDUE OF ORGANISMS

The organic matter of soils consists predominantly of plant resi-
dues in various stages of decay, There is also present, of couvse.
organic matter from animal and other sources, but-the quantity is
comparatively small, and the identity of the material is seldom
determinable. Bacteria, nematodes, earthworms, fertilizer applien-
tions, cte., furnish their quotas. No matter what the source, how-
ever, soils nre devoid of crystulline organic matter, detectable micro-
scopieally, without a considerable amount of preliminary extraction
and purification. Petrographic methods arve, therefore, mapplicable
o the organic matter of untreated soils. But something can be done
by direct microscopic observation.  Cell structure is a characteristic
of practically all vegetable and animal tissues and is not Tound else-
where in nature except in such rave and unusnal substances as petri-
liecd wood. The exisfence in a soil, therefure. of material shawing
eoll stracture s practieally alwavs stdbicient evidenee of ifs organie
nature.  Detailed identifieations as to genus amd spectes are prohlems
for those specinlizing in the snbjects concerned, for instance bota-
nists and hactericlogists,
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Charcoal, bitwainous coul, and anthracite present slightly differ-
ent problems. All three are opaque and have no optical properties
of determinative value. Their streaks, obtained by rubbing the ma-
terials on white paper, are indicative but not conclusively so. Qcca-
sionally it is possible to observe cell structure in charcoal by reflected
light. "If particles sufficiently large can be isolated from the soil,
their combustibility can Dbe tested and their odor and behavior on
burning ascertained. Aside from the application of such miscella-
neous tests as these, there is no way of identifying any of these three
substances.

Investigations on the organic matter of soils, involving extensive
extraction and purification operations, frequently yield organic
products of a crystalline nature, There is usually a considerable
amount of chemical information available, and the petrographer is
called in largely in a confirmatery capacity, The procedure is sim-
ply a comparison of the optics and other characteristics of the given
substance with those of the substunce or substances which the chep-
ical information indicates as probable or possible. On account of
the meagerness of the published data on the optics of orgunic cow-
pounds, it 15 commonly necessury, and always safer and more satis-
fying, to make this comparison by a direct examination of zll the
substances involved.

There are certzin inorganic residues of organisms, which sorme-
times assume importance in soils. These may be generally com-
prised under the denominations of shell fragments, diatoms, and
sponge spicules. Shell fragments are important mainly because of
the caleinm carbonate of which they are composed and te a less ex-
tent because of the light their presence sometimes throws on the
previous history of the soil. They can be immediately identified by
their general appearance and can be readily located in mounts by
their extremely high double refraction between crossed Nicols. The
presence of dintoms throws light on a soil’s previous history. They
can be identified as diatoms by general appearance, but specific iden-
tification as species is beyond the field of petrography. Sponge
spicules not only give information as to the history of the soils in
which they occur but, in at least one case, huve assumed practical
importance on account of the irritating effect they had on the feet
of mules used in plowing the fields. They are readily identified by
their long, narrow, slightly curved, hollow, sometimes spined, and
sharply pointed forms. Specialists easily distinguish between #resh-
water and salt-water species and thus add to the known history of

the soil.
SHAPE OF PARTICLES

The examination of soil particles as to shape sometimes assumes
impoertance, especially in reference to the degree of rounding and
the conelusions as to weathering and transport which can be drawn
therefrom. Tn this sort of examination it is essential that the outside
and not the inside of the particles be clearly visible, For identifi-
cation purposes, as has been seeu, the better the monnt the nearer are
the refractive indices of the particle und the oil. This greatly ac-
centuates visibility of the interior and subordinates that of the
exterior of the particle. In the perfect case the outlines of the
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particle are invisible. Obviously, a directly conlrary clfect is desired
when the exterior characteristics are to be observed. This is readily
obtained by mounting the particles in a medium, the refractive
mndex of which 1s markedly different from those of the particles.
This type of mount subordinutes the interior aud accentuuates the
exterior characteristics of the particles. Tor soil particles, water
or air, preferably the forwer, is a fairly sutisfactory mounting
medium,  The water, however, when used alone, evaporates rather
rapidly and 1n so deing pulls the particles so clo-e together as to
hide many of the individual edges. The addition of wore water
does not necessarily correct this packing, und seriously alters the
positions of the grains. These inconveniences can be largely elimi-
nated by using a minimum amount of water and carefully forming
a rim of oil arvund and slightly under the edges of the cover gluss.
This type of mount is by no weans permanent, but if properly macde
will delay evaporation sufliciently to give ample time for the exam-
nation.  The eximination itzelf 1s snuply direct observation as to
whether the particles are in general smoothly rounded, sinoothly
elliptical, or sharply angular with rounded edges. A quantlitative
expression of the degree of rounding ean be obtained by statistival
calcwlations from a number of meusurements of maximum and
minimum horizontal diameters and, if desirable, vertical dinmeters.

A certain amount of judgment is necessary both in obtaining and
in interpreting the data,  IlExtrenmely resistant miveruls, such as
zircon, are apt to retain beautifully distinct (:I'_)‘Stzlﬂugl’alpillc forms

long after the other minerals of the soil have become round. In
fact, shnrplf angular erystals of zircon are commou components ot

certain beach sands. The outline form of mica plates is particularly
diflicult to interpret, owing to the unusual properties of this mineral,
its softness, capacity to bend, clasticity, cleavage, und ease of [lota-
tion, Fibrous and needle-shaped minerals often retain these forms
to some extent, at least, regardiess of the wnount of transport and
weathering. Ieldspars, on aceount of their cleavage and twining,
are Lable to show an angularity greater than would norwmally be
expected in certain distuntly transported soil. On the other hand,
they seem to show more rounding than would normally be expected
in highly weathered sedentary sotls.  This is probably explained by
their susceptibility to chemieal weathering and the abrence of break-
age in such soils. Quartz particles have no properties which would
throw serivus «doubts on the interpretation ol their angularity or
roundness, us the case may be, and are usually the most abundant
components shove silt size. For these rensons quartz is perhaps the
safest of all soil minerals on which to base conelusions.

As the preceding paragraph shows, the comparison of the two
soils as to particle s:f_i‘l:ape is susceptible to various complications which
can not always be easily solved,  But in spite of this, it is o fact
that there are soils in which the particles are in general distinetly
rounded, others in which they are just us distinetly angular, amd
still others in which they are of a shape intermediate between the two
extremes. These three groups are easily distinguishable from one
another. But close distinetions between members of the same group,
eepeeially of the group consisting of intermediately shaped particles,
are apt to be uncertain and unsatisfactory.
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RESIDUES FROM THE EVAPORATION OF SOIL SOLUTIONS

In the main, resicdues left on the evapuoration ot seil solutions are
fairly well crystallized. They consist essentially of the chlorides,
sulphates, carbonates, and sometimes nitrates of the alkalt and
alkaline-earth metals. Other substances may. of course, be present
and sometimes in important quantities. for instance. horax. SOHS
from humid areas yicld small total quantities of residues. wherens
soils from arid allali arens may yield excessively large total quan-
tities. In general, it may be said that gypsum and caleite are the
commaonest (antltueuts in restcdues from humid soils, and that these,
plus a whole assortment of the chlovides. sulphates. and carbonates.
are common in the residues from alkali soils (7).

There are only two sources of difficulty in the identification of
these salts, If the evaporation has been too rapid, the crystals are
apt to be extremely small and closely intersvoven or mufually en-
meshed. The result is a heterogeneous mass of small. closely aggre-
gated crystals, the individual cmnponentb of which are pructieally
Indeterminable. Evaporation at room femperature, although slow,
yields a much more manageable product than does more 1*11)1(!
evaporation at higher temperatures, and it probably saves time in
the long run. Cases have arisen in which partial rvesolution and
recrystallization were necessar v,

A second souree of dl{hcnltv in identification ariszes from the pres-

ence ot collotdal coatings, inovganic. organic. or both. on the ervstals,
Filtration of the original solution through Pasteur-Chamberland
filter tubes does much to prevent these r-m(mm: It the filtered
solution ix beiled to coagnlate the colloids, hat not sufficiently to
reduce the volume to the point where crystallization begins, and then
refiltered rthrough Pasteur- Chamberland filters, an ndditional quan-
tity of colloid 15 removed and the chances of costings still further
rednced.  This is usually sufficiently cfficacious so tar as morganic
eolloids are coneerned.  But sometimes the solution containg organie
materials which persist in spite of the treatment und which, if
not removed. form the most hothersome sort of coatings. Tvaporu-
tion. treatment with absolute aicohol or ether. vesolution, and recrys-
tallization will nsually remove the organic matter and yields salls
sufficiently clean for ideniification. It the volumes are small the
cleaning process outlined above is not onerous. hut large volumes
mean a long and tedious task.

The procedure Tor the petrographic identification of the salts, once
they are obtained in an identifiable condition. is exactly similar to
that fov the identification of soil minernls.  As with certuin ferti-
lizer materals, however, there is the possibility of the presence of
numerous double salts, and rare is necessary in order to avoid missing
sone of them.

Where complete data are not desived. far less elaborate procedures
enn be devised.  Abont the simplest procedhivre 1 to evaporate n fow
drops of the selation, concentrated somewlhat if necesury. divectly
on n owieroseope slide. and fo examine the crystals cither ag they
form or after drying.  Gypsum. on aceaunt of itz low solubility as
compared fo the alkall sults, s usunlly one of the fivst substances io
erystallize and appears in well-formed characteristically shaped erys-
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tads, which are readily rccognizable. Carbonates and nitrates can
be recognized by their high double refraction and can be further
identified by other optical determinations. Refractive-index mesas-
urements are necessary to distinguish between sodimrn and potas-
sium chlorides. Sulphates other than gypsum usually require fairly
complete data for certain identification.

YERTICAL ILLUMINATION

The vertical illuminator is almest universally ssed in the exami-
nation of metals and ore minerals (25). In a soils lakeratory it cun
be used to advantage in the examination of opaque mujerials and of
surfaces; in fact, whervever refiected light is normaliy nsed. It im-
proves the illumination, enables the worker to see into holes and
cavities where slanting side light would not vee:h. 5id, in conjunc-
tion with Nicol prisms, furnishes a means for determining the iso-
tropy or anisotropy of apaque substances, the latter being something
which can not be done at all with the ordinary petrographic equip-
ment.  For this purpose, a Nicol is placed in‘the path of the hori-
zontal beam of Light and the analyzer Nicol is inserted in the tube
of the microscope. The first Nicol is rotated unfil it is in the crossed
position with reference to the second Nieol. Under these conditions
an isotropic substance will remain dark during a complete rotation
of the stage, whereus an anisotropic substance will alternately davken
and lighten as the stage is revolved. Snbstances which remain dark
are either amorphous or isometric, and substances which alternately
lighten and darken are erystalline and belong to one of the systems
of crystallization other than the isometric, Tn determinative work
this information enables one to eliminate a large group of substances.

PARTICLE SURFACES

The mounting for the examination of the surfaces of soil particles
is the sume as that for the observation of particle shape. Highly
wenthered surfaces, especially of the feldspars, usually have a pitted
and corroded appearance. Fresh crystal faces and cleavage surfaces,
on the contrary, are smooth and sometimes mirrorlike. Fracture sur.
faces are jagged or conchoidal, according fo the nature of the sub-
stance. Fused surfaces can usnally he recognized by their smooth
globular form. Any surfuce may carry coatings or adhesions of
foreign materials, especially of colloids such as iron hydroxide, clay
materials, and orgunic matter.

Whether transmitted or reflected light should be used depends on
a number of circumstances, such as the nature and thickness of coat-
ings, size of particles, and their opacity or transparency. In general,
it is best to try both. It is even sometimes advisable to change en-
tirely the system of mounting and to search for impurities in the
same mounts that ave used for identification purposes, Whether
these impnritiex nre inclusions, surface adhesions, ov both ean then
be determined by examination of the surfaces themselves.

Ordinarily the detailed examination of the snrfaces of soil par-
tictes does not furnish any particularly inportant information whicl
could not be obtained as well and sometimes perhaps better otherwise.
Special oceasions arise, however, where a large purt of the interest
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centers in the surfaces. For example, in the study of methods for
the dispersion of colloids, it is essential to know something as to the
extent to which colloidal coatings have been removed from the so1l
particles. .

Mixed crystals obtained from various sources, the evaporation ol
soil and similar solutions, and phase-rule studies, frequently show
erystals of one substance cavrying purtial contings of crystuls of the
second substance. If an examination of the nulter.iafs ghows no
instance of & contrary relation between the two substances it is
veasonable to assume that the second substance crystallized subse-
quent to the first. An indication is thereby obtained as to the relative
solubilities of the two substances in the given solution.

S0IL STRUCTURE

Microscopic observations on the structure of soils is practically
impossible in the case of loose materials, such as sands, silts, and wet
clays. Something can be done, however, with partly consolidated
raaterials, such as dry clays, with their contained sand and silt, highly
decomposed but not entively disinfegrated rocks, soil cakes from
pressure, packing and heating experiments, concretions, and the like.
The technic varies radically with the degree of consolidation. Con-
cretions are frequently as bard and firmly consolidated as ave many
rocks and can be sectiened and mounted for microscopic study just
as ure rocks. It is otherwise, however, with the less consohidated
types of materials, which are too fragile to stand the grinding and
polishing operations incident to the making of sections unless they
are strengthened by some artificial means. The means usually em-
ployed is impregnation of the material by some cementing or binding
substance. Numerous substances have been used for this purpose,
such as Canada balsum, paraffin, copal gum, shellac, and various
commercial cements, None of them has proved perfectly satisfac-
tory, and apparently there is no way fo predict which will-be best
in a given case. Rxperience is the only guide. The writer’s general
preference is towevd paraffin, partly becwuse of its cheapness and
availability and partly because of the ease of working the purailin-
impregnated material.

The techuic of impregnating the material is sinple.  Drop a lamp
of the air-dvy hardened material into a dish of melted paraffin and
let it remain until no more gas bubbles are given off. This may
require upward of two hours or wore for a lump less than an inch
in diameter. Care should be talen to keep the temperature between
the melting and smoking points of the parafin. When no more
bubbles are given off the lump is removed and thoroughly cooled.
Tt is now ready for sectioning. ~ This can be done by carefully grind-
ing one side to a flat and fairly smooth surface, cementing this sur-
iace to n glide by means of Canada balsam, and then grinding the
opposite side until the desived thinness is reached. A cover glass
vemented over the section by Canada balsnm completes the operation.
Tn the absence of grinding apparatus the same results can be attained
by cutting and scraping with a pocket knife and rubbing on any
sufficiently hard and smooth surface. T Canada balsam s vsed in
place of the paraffin, greater hardness and solidity ure atfained.
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Sand graing admixed with the material are almost certuin to tear
or pull out during the grinding. If they are present in large quan-
tity they may seriously impair the quality of the section. Silts and
clays, on the other hand, usually yield very fair sections,

ections made as already described are not well adapted to the
- identification of the compenent minerals. They do, however, make
it possible to observe microscopic structural features which might
otherwise be unnoticed. In this respect they have the advantage
of allowing the use of both transmitted and reflected light.

If for any reason whatever it is found to be impracticable to male
thin, transparent sections, some information can usually be obtained
by direct examination of a surface of the material in reflected light.
Stratification, shrinkage cracks, pores, and the like are frequently
seen with great distinetness, provided the proper magnification is
used. Too high a magnification, by limiting the field of view and
aceentuating inconsequential details, just as frequently as not hides
more than it reveals. In examinations of this kind are found some
of the best illustrations of the wisdom of starting with the lowest
power lenses and working up to the higher ones as the need arises.

Visibility of fine structures in reflected light is sometimes very
greatly improved by varnishing the surface nnder examination. The
surface should be as smooth and flat as the nature of the materials
will allow. Ordinury shellac makes a very good varnish. The visi-
bility can sometimes be even further improved by cementing a cover
glass over the varnished surtace.

Soil materials do not lend themselves to the making of seetions and
polished surfaces nearly so well as do rocks. The sections and sur-
faces that can be prepared are usually of inferior quality. Although
their examination yields a certain amount of dafs in special cases,
their usefnlness is not sufficiently established to suggest any mevs than
incidental and occasional preparations. On the other hand, the
structure of soils offers a wide field for research, and if mefhods
could be devised for collecting soils and preparing thin sections of
them, comparable in quality fo those of rocks, without alteving or
destroying the field structure, the results might be of considerable
value, both from a theoretical nnd a practical standpoint.

ULTRAMICROSCOPES

Ultramicroscopes in general are various modifieations of the davk.
field illumination principle. The dark-field illuminator is simply 2
condenser with a blackened circle in the center of the field. This
circle cuts out all direct light. The light pussing the edges of ti.
circle is veflected slantwise from the sides of the condenser 7o the
objects. From thence it is again reflected to the eve. The effect is
that of a very luminuus object, a reflecting mi rror, for example, on
a dark background. Particles invisible in ovdinary transmitted or
reflected light are thus rendered brilliantly visible. For certain
purposes the dark-field illuminator is Jispensed with, a strong beam
of hight being passed through a colloidal solution in such a direction,
usually at right angles, 1s not to enter the objective. The microscope
is focused on a plane within the beuni.  Reflections from the sus.
pended particles may then enter the objective and thus render the
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particles visible. The effect is somewhat like that of dust motes seen
in » beam of sunlight in a darkened room. The visibility is usually
not quite 50 good as when the dark-field illeminator is used. The
difference is essentiaily, though not entirely, a difference in degree of
darkness of the background.

A certain amount of care is necessury in making mounnts for nitra-
micrascopic observations. If the suspension is too_concentrated,
there will be a large amount of light scattered in various directions
from the particles. Part of this light will be again and again re-
flected from the slide and from other particles and will reaeh the
observer as a general illumination of the whole fickl of view, thus
tending to nullify the advantages of the dark field. Dirty or
scratched stides and cover glasses have the same effect.  Colloid
particles with the same refractive index as that of the mounting
medium do not reflect lizht and are therefore invisible. Silica gel
water is an example approximative of this condition. Owing to the
increased number of particles within the field, thick mounts are
inclined to give the same effects as mounts of too concentrated ma-
terials, although thinner mounts might be perfectly satisfactory.

In one way or another, the wltramicroscope has an extremely wide
application.” In soils work it is used consistently for approximate
measurements of size of soil colloidal particles and for the deter-
mination of the rates of movements of these particles in cataphoresis

experiments.
FERTILIZER MATERIALS

The ntethods for the identification of fertilizer materials vary con-
ciderably, according to the character of the materjals. The crystal-
line components can best be identified by a procedure exactly like
that used for soil minerais. Organic components must be identified
by cell structare, just as with the ovganic mutter of soils. Amor-
phous and submicroscopically crystallive components, such as arve
frequently tound both i phosphate rock and superphosphate, arve
often microscepically unidentifiable, and resort must be had to
chemical methods. The greatest difficulty that is apt to arise in the
identification of the crystalline components, especially with mixed
fertilizers, is.the dirtiness of the crystal surfaces. Crushing the
materials has a tendency to expose new and cleaner surfaces, but too
much crushing tends to dirty the surfaces thus exposed. Another
difficulty avises from the large number of double satts thut may be
found in materials from such deposits as those of Stassfurt. The
identification of these may inordinately prolong the examination
without adding anything of vital importance to the information ob-
tained. Chemical analyses of the particular fertilizer under exam-
ination are nsually available to the microscopist, and he can save
time by using these ns general guides as to what he may reasonably
expect to find. Tt is futile, for instance, to spend time hunting for
salts of nitrie acid in a mixture where all the nitrogen is in the form
of ammonia. On the other hand, for example, it is sometimes desiy-
able tn know whether the potash of a given fertilizer is present as
the chlovide or the sulphate. T# hoth chlorides and suiphates are
present, chemistry ean not welt answer the question. and the petrogva-
pher is called on to identify the compounds of potash present.
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MISCELLANEQUS MATERIALS

An appreciable part of the work of o Petrographer in a general
laboratory is apt to be the examination of miscellancous samples
originating both in the laboratory itself and from outside sourees,
‘These samples are usually of a most diverse and heteroseneous char-
acter and are submitted in almost every conceivable cendition. Many
of them are important. The vast majority of them, whether im-
portant or not, represent a very real desire for information on the
part of the*sender. Some few, of course, are Inconsequentinl and
probably represent nothing more than puerile curiosity. In any
case, the petrographer’s task is to take the sample as it comes and
inake the most of it.

The miscellaneocus character of the materials precludes the possi-
bility of any fixed procedure. Soils, rocks, glass in foods, waste
products trom all sorts of manufactories, fertilizers, natural depos-
its unfamiliar to the sender, spots on plants, erystals developed in
sometimes unknown solutions, ushes of both wood and coul, electrice-
furnace products, crystals in plant tissue, oves and gems, boiler seale,
varlous cements, deep-sea deposits, fibers, both natural and artificial,
cerystalline material extracted from soils and plants, enamel from
teeth, scouring soaps, and an almost indefinife muwuber of other
substances comprise a list of materials to which no one set procedure
can be -applicable. ’

There are a few general prineiples, however. (1)} Get all the
information available concerning the sample. Usually this is apt
to be meager enough, but what there is of it is somefimes of very
great help. The mere knowledge of the State from which a matural
sample comes, for instance, may suggest that it be tested for phos-
phates. (2} TFind vut as nenr us may be what information the
sender wants, A vast wmount of Prrposeless work cun be done on
any suple, and it is manifestly best for all concerned for the
petrographer to confine his attention, within reason. to the subject
at hand.  {8) Do not hesitate to nge chemical, physical, biological,
rule of thumb, or any other methods which seen to offer a solution
of the problem. The methods of petrography have an extremely
wide application, but they sre not all sufficient, (4) Know experts
to whom the sample can be transferred when the preliminary infor-
mation or tests show conclusively that the problems involved are
essentially theirs. .

INSPECTION OF SAMYLES FOR PURITY

Precipitates, conunercial products, fractional-crystallization prod-
ucts, various laboratory preparations, and the lilke offer niunerous
accasions where an inspection, both rapid and economical of mate-
rinl, is desirable. Petrographic methods ure especially suitable for
such purposes. If a substance is mounted in an o0il of approximately
its own refractive index it becomes invisible, or nearly so, at least
in some of its orientations. Other substances which may be present
are not apt to have the same vefractive indices and, therefore, are
castly visible and readily detected, Tf it ha apens that the vefrae-
tive indices are not stufficiently different to afford a ready meany of
differentiation, some one or more of the other optical prapertios
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can be utilized. For exumple, suppose potassium chloride is to be
examined. If the sample 1s mounted in an oil of refractive index
1.490, the potassiam chioride can not be seen, whereas other sub-
stances, such as sodium chloride, will stand out prominently and
can be almost immediately found. Potagsiumn nitrate with small
quantities of sodium nitrate affords a more complicated example.
The maximum and minimum refractive indices of potassium nitrate
are 1.335 and 1.506. Those of sodiun: nitrate are 1.336 and 1.587.
If the sample is mounted in an oil of about 1.510, any particle in .
any orientation showing an index higher than this Is certainly not
potassium mitrate. Particles showing lower indices, however, may
or may not be potassium nitrate. Changing the orientation of the
particles and refesting the refractive index muy give the desived
differentiation. If not, the interference figures probably will.

Both inclustons of mother liguor and surface coatings stand out
just as prominently as crystals of other substances, as has been
previonsly explained. They can, therefore, be readily found and
some rough jdea formed as to their quantity.

It is believed that this application of petrographic methods for
inspection purposes has a muoch wider field of usefnlness than has
heen so far uccorded it, especially in the control of commercial
processes. Althongh the methods can not entirely repilace chemical
analysis, they frequently can matevially reduce the number and
claborateness of the analyses. This partial substitution of rapid and
inexpensive methods for slow and sometimes expensive ones is
deserving of more attention than it has received.

PHASE-RULE PROBLEMS

Mixed solid components obtained al various stuges in phase-rute
studies frequently present alimost insuperable difficulties in identi-
fication by purely chemieal means. If the components are crystal-
line, however, petrographic methods are usually capable of solving
the problem extremely rapidly and comparatively easily. In sunch
stuciies the total number of possible components 1s strietly limited,
their chemical character can be predicted, and the number possible
in the solid state is known. The problem therefore simplifies itsclf
into the question as to which components, ont of a small number ot
possibilitieg, actually occur in a given mixture. Obviously, other
things being equal, it is easier to answer such a guestion than it is to
answer the more common question as to what, ont of an unlimited
number of possibilities, is the composition of 4 given mixture. Asan
illustration, take an actual case. A saturated solution was made of
mixed NH, Q1 and ENO, and an excess of the salts added. These
salts would react reversibly until equilibrium was reached, as
represented in the following equation:

NH,] Cl + I{NO;;(_—)J.?H.INO;j -+ I{Ci

Tgnoring double salts, the identification of which was not essential
in the given problem, there were thus four possible compounds. One
of these would he in solution. and only three could exist simulta-
neously in the soli¢ phase. The gquestion then was simply which
three of the fonr were present in the sanple nnder examination.
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NHLCL and KCl are isotropic and KNQ, und NH,NQ, are both
strongly doubly rvefracting.  Any isotropic substance found in the
mixture was probably, therefore, either NH,Cl or KCL and any
doubly refracting substance was probuably either KNO. or NH,NO..
The refractive index of NH,(1 is comparatively high, about 1.64,
and that of KT is comparatively low, about 1.49. These two salts
could, therefore, be readily distinguished from the nitrates by their
isotropy and from each other by their refractive indices. The optic
axial angle of KNO, is extremely small, and that of NH,NQ, is
comparatively large. These two could, thevefore, he distinguished
from the chlovides by their double refraction and from each other
by their optic axial angles. The actual procedure was to mount the
muterial in an oil of refractive index about 1.54. Tsotropic sub-
stances having a lower index thau this were, therefore, tentatively
identified as IXCL, and those having a higher index were identified as
NH,CL  Doubly refracting substances with very small optic axial
angles were tentatively identified as KNOQ,, and those having con-
paratively lavge angles were likewise identified as NH,NO,,  Famil-
rarity with the propervties of these salts and of the possible double
salts made 1t feasible to observe variant properties, when present, and
thus to obtain data indicative of the presence or absence of the
double salts. Iinally, the identifications were estublished definitely
by such additional observations and measurements as were necessary.

The above case is comparatively simple and free from complica-
tions. The presence of donble saits increases the amount of detailed
work necessary before satisfactory identifications are reached, but
in no wise alters the general character of the procedure which is,
briefly, {0 make the minimum number of observations and measure-
ments necessary to distinguish between the components possibly
present.  The amount of work increases as does the number of comi-
ponents and also as the properties of two or more components tend
tovward identity.  Special care has to he exercised in the mounting
of strongly hygroseopic salfs in ovder to avoid the taking up of
water.  If the saturated solution of the salts is nsed as & mounting
medium. a rim of oil around the edges of the cover aluss nets ag an
effective guard against the dilution of the solution by inoisture from
the atmosplhere.




APPENDIX

Tables 2, 8, 4, 5, and 6 were compiled solely with the idea of giving an illustration of the optical classificution of crystals and of
affording a limited and uncomplicated collection of data for practice on the application of the methods, [For any except the very
simplest determinative work, the tables of Larson (10) and Winchell (79) are practically indispensable.

TaBie 2.—Isotropic substances'!

Formula,

Nineral name

System and habit

Cloavage

Color

8 Al( Iy
TAISONe 12820,
(NFL) AI( so;)» 1217

8104
M’g‘\] 204
CaaA]'-(SIO4)3
MgO

Alum_,

Crigtobalite
Ansleite.
Sylvite.
Leucite,

-] Langbe

Halite...

(’\[g, Fe) AlLOg.

FezAl(Si04)3
Pb(N Oy

Pyrope- gnr
Spinel..__
Grossular
Periclase.
Arsenolit
Pleonaste
Almandite-ga

€
(I\lIu Fe)aAla (81041

Spessartite-gnrﬁéf
ubes.

CaaFe'-(SLOd 3.

Andradite-garnet
Sphalerite....

Isomet  § (P PO

(21
le..lhedrul
wado-lmme

None.,

Cuiorless..-

(110, (211)..

"1 Tetrahedral.

Conelinidal
(110) perfee

. 705-1, 742
.13

1 Remain dark on rotation between erossed Nicols and do not give an interference figure.
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TarLe 3.—Uniaxial positive substances !

Composition

Mlinera! name

System and habit

Clenvige

an

NazP0..12H20

(Ca, I\z\g) Uz(ql()ah 610,
NaK3(SOQ2mmmcnnnsanninns
(K iN0) 280w simammiamnenmne

53.\11(&03)4

Fes(SODa.0H0 cmnimecnnaansn
K(A102H)3(S08) 20w c e
ZuaS8i0 e eean dawaeas e
CaWOieieeonn e wak——————
Zr8i0y... ... e wm———— .
ggé)ch ......

Coquimbilc-...,..
Alunite
Willemite e

Schee’lite--.,......

Zircon

rigonal. oo oorooiacl .
Pseudo-trigonal, eubic. .
5 Prigonal. oo

’J.‘ru,onnl tubulur, rhombic,

Psaudo-isometrie (211)

'l‘rii,()nnl hexagonal,
prisms and pyramids.

‘Prigonal ... .. Mo vm——— -

‘Prigonal * tabular * ((001),
or cubie, :

Prigonale ccoeoeenalonnn PN
Tetragonal, octahedril,
or tubular,

Tetragonal, short prisms
and nyrmmds
T'etragonal

Moissanite
Cinnabar....... e

Tetragonal

Hexagonal, short prlsms,
lamellar (0001),

Petragonal pnsmntnc.-.-.,

Hexngonnl plates (0001).. ...
Hexagonal

“(101i; distinet..

“(1010) rather distinet (0001)
imperfect.

(1010), (IOTI), oty im-
perfect
(()OOI) SNt peeeee. -

(()()()l) variable (1120) va-
rinble.

(111) distingte.. ... nm————
[CRT1)I0 11 (- T -
(10(1; Elug rather distinet.
(100), (111) imperfect......
(1120) easy, (0001) difficult.

(100), (110) distinet__......

Witite..
W llim

C‘()l(){lews ......... Cmmmmnitommsnon

White, yeliow, violet
‘White

White, green, red, brown, and
varinbie,
White, yellow, brown, gray

Colorless, yellow, brown,-gray,
pink, and variahloe,

CoOrIesS.amsmenrenn

Brown, black, gray, W

Variable._._.. .20 o .. .

Yellow, red,
able,

Green to blaek.ocnoooeaooiooe.

Cochinenl redd.ccoocrnen

brown, and varl-

L 948-2,015
2. 656

207
3. 201

1. 4458
1. 480
1. 4001
1. 401

I, 508
1. 644

1,672
1, 604
1018
1 924-1, 960
1,974
l W7
2, 350
Z 610

2054
2,854

! Give n uninxial cross ang are optically positive with the gypsum plate or quartz wedge,
2 Pleochroisin (p. 62) w=light blue, e=deep indigo blue.

JIADIUDY A0 '$('L£[G.'S ‘A %8P e NITATIOE IVOTNHDITL

06

ok




TasLe 4.—Uniaxial negative substances }

Composition

Mineral name

System and habit

Clevage

Color

(Na%.)Ca) Al (‘5101); hH«O..,-

NaeAL(SI08)s. 2H20 . _.oe .o
MegNas(SO2. 214 H20

NmAlz(SiO4
BEAL(SiO3)s.

NaNO;

X10. 4(\[’;:,
2(Al,Fe)als; 6810«  HH0.
Cag(POys. Ca(F,CDa2
Iron nch biotite. ...

CaC
Cn‘\[g((‘01

Gmelinite-zeolite-.

.| Chabazite.........

Cristobalite

Soda niter

W pistite.......... {

Apatite

| Lepidomelune. ..

QCaleite._.. .
Dolomite.

Na:0, (Fe,.\[g (JI‘\O,AI Os
SiOz.BzOs H:0,
C‘n(x\lg Pe)(CO1)z-... ———-

} Tourmaline 2.

Daolomite. ...

(Fe, ‘Mg) (‘ O3.
(Fe,Mn)COs.
FeCOi.

'l‘ngonnl

Trigonal cubic hahit

‘I'etragonal and pseudo-
isometrie, octagonal,

Pseado- lSODleIrl(: (211)

T'rigonal

Tetragonal

(1010} €a8Y mcmmicemmminann
(1011) distinct. .

Cubie, trace.._.
(0001) (]lSLlncL

Hexagonal prisms

Trigonn)
A[onochmc,
plates.
Hexagonal prisms..... .
Monoclinic seales..... .

hexagonal

;) Trigomat. ..

Trigonal tThombie.
Hexagonal prisins

-- - Trigonal rhombic.. .

Trigonal massive... -
"P'rigonal rhombie
‘Trigonal.._.

’l‘ngonal r!mmh\c
Trigonal.._

et
Tetragonal

.| Tetragonal tahular (O(Jl) _

(1010, (0001) imperfe
{00M) lmperrect

{(1011) perfect.

} {001) micrescopic

(0001) imperfeet_ ... . .
(001) microscopic. .
(1011) perfecti........
(1101) perfect

Colorles

green, blue, yellow,
- and variahle.
White.

Brown, black, and green.
(“olor]ees and v nrmhle.--.

(()001) perfect parting
(1011) perfect_.._._.
(1010) perfect.

(1011) perfect.

1), (111) perfe
(1m pgrﬁ,ct.,_.._,.“

I{ed hlue, and variable

: Cplorless and varinble..

..)GS—I 108
1587
1. 600
L fi34

L 826
1, b.l()

I, 549
1.855-1, 615
2.3

o, \.&5 Ly

0.001
002
003

.001
019
L0411
. 0236
. 0454

004
. 004-. 008

L2561
Strong,

T Give a unm\'ml eross and are optically negative with the gypsum plate or quartz wedge.
1 Pleochroist strong, w=green to bluish green, e=yellow.
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TABLE 5.—Biarial posilive substances !

Substanee

System

Color pleochroism

Dispersion

Orientation

NagAlFg (ervolite) . ovloaivorivsianas
NasHPOL T e i iaiiianviinninnas

KaMg(S504)2.6H20 (picromeriie)

(NH;)z;\rg(S'o;):.uuzo-.. -
N80y (thenardite)....ool fiiananns
FeS04.7TH:0 (melanterite)......

K:Fe(804g)2.6H20
KaSOqy (areanite) e cereeeaeunnte

NHMgPO4.6H0 (strevite) o cae e,

KASIO;): (leucite) . .
Caslt2(POs)2 (MONnELte) e eacsannanas.

CaS04.2Ha0 (Bypstm)oio.iocoecnnnan-
(NHD2S 01 (Inaseagnite) vveswmm v cvmion e
NaAlSiz0s (albite)

MeS04,H20 (kieserite)me. - vnuaeun -
Ca:Ha(POy)2.4H:0 (hrushite).

Na, Ca feldspar (andesine)......acaen.n
Ca205.J5:0 (whewellite)

Cii, Na feldspar (Jabradorite)

CaSQy (anhydrite)..con.na et nuvn

Fe. Mg, Al (silieate, hyJdrated, pro-
chlorite).

BaS Oy (harite)

Monoclinfe..... .

PR+ ) BRSO

Orthorhombice.

Monoclinie.

Arieinie. oen
Monoclinic.

Orthorhombie.
Triclinie

MonocliniCoaao.-

Trielinic. .. .uoqooi
Alonoclinie. co-..u.
Triclinie,
Orthiorhombie.

Monoclinie........

Orthorliombic.....

1464
1471

1,476
14
1. 495

1515
1:520

1521
1,525
1.523
1. 539
1, 530
L4t
1, 559
1571
L. 606

1. 436

4

EER T lﬁd

1
i
4631 LA4V0
1470
1. 485
1. 486

1,497
L 497
1, 504

1 ..l.2d

1,530
523 | 1533
a2

L5
. 535
545

. 553
1. 855
1.563
1,576

1.606. | 1.610

1637 | 1L.M8

White and varinble......

.

Green, Yellow.e, aacaiieunann.

Colorless angd variable. ...

White_.
Colorless and variable,

[27110) 3 11T e

Colarless and variable..... ...

(@) 153 o 1L VU,

(€7 0.75) | PSP

White.

W emuc e m e

|

!

l
e
{ Not pereeptible. ... ..
b

i

l

i

{

i

d

Uy wenkoi s
,

[T 1 S

L optee, moderate. cauo i
1

l P2y SLEONE e o v cnimmmam

v, perccpllhlo,_.,..-
Cp>u, feehlea. - ool
: p<y, weak... .

Ry, mogerate. .

'
' AU, WeAK e ev e nieenn
i

(27
(2

\\ml plnno h (010)
ZAe=103°
/,/\u-—l" 1()’

e

{

xinl pluneJ. (010).
Ac=43°5{" in ncule Za,
A\ml ManedLb (010).
=727 {n ncute L.

A'(ml plmu, h {010).
//\u— l”" 8'
} -'c.

A \ml plum, h (010)
Z/\a—-"" .{o
=),

.{;?nl'lergcs from (100).
Y=,
‘~/\c=37 1%,

()n (Ol()) XA =
On ((}()lL\/\(UlO):rJL»

\/\C—lb

()n (010) NAO0) =38

()n (OJO)Ag\(Ol())=2°

P -—i

ZNc==11°

()n (()l(); \/\g()()l)—"l”
On (001) XA (010)=9°

X=c.

Z=u.

Z near c.

N=¢.

Z=u.

L 26

4
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#

BuCL2EO.. . Monoglinie...... 1635 | L6960 160 [ sy e el plane (R0
ALSIOs Gsillimanite) Orthorhombile 638 ezl 1683 | Coloriess, gyl o P30, SUONG.n s eanneaen {5=d
(Mg, Fe)aSi0y (olivine).u_.... PR ( . 66 1680} L6099 | Green, brown, and variable. ... (%) 5 '

{ . i
Cu(Mg, Fe)a(Al, Feja(5104)s (augite)...f N lini 1,704 . Green and variable.. ... .

Y
7/\c 38° to 54°,
{Ce, La, Di)2(P04)2 (monazite).....c.o L 1. 788 . Red, brown, and variable i Py, WelKe e lcmnes )/\c—"".

S (SUIDAUT) o e oo e iCores 1930 | 2,043 | 2240 | Yollow..oo oo ieei e 60 PLVeeemammas |l
, /=c.

; Give hiyperbole as interference figure, and are optieally positive with gypsum plate or quariz wedge,
Small,

1 Large,

4 Very small,

TasLe 6.—Biazial negative substances

Substance System Color pleochroism 217 Dispersion Orientation
4,

N804 10H;0 (mirabilite) Monoclinie..... | 1304 | 1.306 | 1598 ] White..oooooienis S PECANOPRN |  u =
NASEPOWIZH0 coeoeommooooaeoem LA82 | L436 | L4837 |l aroeeman i tee i , 30 43| Distinet, inclined...[{ {1 P0e P O
Nn2003.10H20 {natron? L4053 1.425 | 1.440 | White_.. o>, perceptible.....| X=b.

MESNLTH20 (ensomite) .. cveeren o ain A ic. ' L33 1455 1461 52 p<lv, wenk !‘\“

............ b

%=,
NAHPOLLT0 - ees oo . L0 ] nael i {:‘ﬁ“' plane b (010).

NazBsO7. 10H20 (hOIAX) oo vt oo Monactinie..... | L4471 1,470 | 1.472 : #>v, strong UAC<3E
NAEEPOCHIC oo oeemonee e Orthorhombic...| 1430 | 1485 | Las =3 I A Blane'b (010,
KaMyg(S04)2.4H20 {leonite) Monoelinic_.....| - 1. ~l§3 L487| 1.490 | Colorless ..o comnn vcnnnn ..-,-} b 7 /=\c. =small.
NazMg(S05)2.4HzO- (hloedite) A0 arevmen. ) LASG ] 14881 1480 |.... (i T e : NAcmdLIe,
KNOs, (niter) Orthorhombic..! L334 | 1.505 | 1.506 : yop

Mg80+KCLIH:0 (kninite) Monoclinic......; L4007 1.505 [ 151 . 8 | au, small vl
N22CO3.H20 (thermonatrite) Orthorhombic.. ] 1.420: T.506 ] 1.524 i HI & polo, welko o onioiuel
K2Ca(S04)s.HaO (syngenite) Monoclinic......t L3500 1517 | 1,518 { . JUN <y, very strong. ... {;/‘\{2__,, 90,

SATTOLVIQAVT TIOS 40dL S(IOHCEEHN. ODIHJAVIDOHIUL

1.Give hyperbole as interference figure and are optically negative with gypsum plate or quartz wedge.
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.



http:YI\C=-2.30
http:l\c=-I1.10
http:Zl\c=56.IJ

Tasue 6.—Biavial negative substances—Continued

Substaice

System

QGolar pleochroism

Dispersion

Oriontation

KAISIZOs (orthoclnge).n.nuion dadeana SN

K AI8130s (microcline)

(Nu, K)AISizs0s (anorthoelnse) ... 2l oo e

Nu2Ca (8042 (glauberite)
CuS04.5H20 (chalennthite) .. i wivatneman

Na, Ca, leldspur (oligoclase), .o o ooeuds

(NH)2C204H20 (oxamusite) .o, oo ooonen
2CaS0LMgS0L KR O 2ML0 (palyhalite) <.
Mm8i207.2110 (sérpentine).

K, Mg, Fe, Al (silicate, hydrated, biotite). .
CnAlzSiaOg (anorthite). ... ... ...

KaAlLeSi5022.2Ha0 (MUScovite) oo yoneoaoo | D

Al, Fe, Mg, Cu, Na (siliciite, hornblende)
CaCOsz (aragonite) . veeeromeeenn -
41281 05 (cyanite)

Ca, Al, Fe (silicale; epidotes.,..... R,

" Orthorhombic...

- Prictinic. ;. o..o.

Monoclinic......

Trielinie...... .

Orthorhombic__..
Triclinie
Orthorhombie..,

Monoelinic.

Triclinie

Monoclinic.

1. &30

1. 531

1, 536
1, 546
1,547

1595
1 567
L5871

1, 504
1. 653
1. 686
1.728
1. 768

{Wl.lit'el. colorless pink, and vn-}_v

riable.

JRRNN ;[ N, PO ven]32

Colorless. ... PR O
Bl ¢ caciemcnnen s imain

Colorless,....o.oopeoeilniias,

Whiteoioenn. e e .

Tlesh red, yellow, and variable
Qreen. ... ocovviinien -
Binek and varlable.. oo oon .o
WHhite. o oe i ees
Colarless. o e vin winnliannn .
Crean, black, brown, und va-
rinhle.
COlOPIESS v oo mammccanan
Blue, coloriess, and variable...

Green. ... mamemnenaamaan. .

LN

: p>u, pereeptible

Wonke...o.. [PReERe .

plry, wenk

Yor Z=).
.\' =59,

4 {3 PR

!

prustrong. .. e
p<Zv, pereeptible..

§AsTY, WONK o amen cmant

P wimveem s mmrn]

p o, prercepiible. . ..

i

P M a srmnmamnnann
A St i
p>u, SUEN e e

>, rather strong._.

\LmLLion on (001)=1°-
I‘,xunct,luu on (010) =(1°-
/-h
AYAe= 14,20

HOn (O XA (001) ={i°,
10n ()()I)‘\/\(Ol(l)=1°

)
=

vtlnctiun on (001)=15°
tllnmiou on (()l())=5°

Y

X
{-,\
\/\c=-.$"

On 5010) XA(001) =2 —37°

()n bmn)‘\/\(ouna—m*’

/ AC= 159259,
.\'=r

.\ ulmosl L (100),
‘/\cq-—-d()

\/\c~~—'. 50,

? Large.
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