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INTRODUCTION 

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 obvious 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 chloricle, but both were 
found to be utterly dissimilar to the monoclinic, frequently twinned, 
crystals 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 a magnifying instrument, 
whereas either could be instantly distinguished from the third sub
stance even with a very crude microscope. In process of time such 

150470°--33----1 
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eases multiplied, and the distinguishing chantcteristics of the variolls 
crystals were studied with greater attention to detail. These studies 
brought to ligU a weD.lth of crystallographic information, some of 
which extended the lists of definitely identifiable Substfdlces, 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 crystalline 
systems, to some one of which each crystal must belong. The sub
divisions of these six systems give a son:ewhat larger number of 
groups, but at best there is a very large number of crystals falling 
in each group and therefore having the same general appearance, 
although they may be completely unlike chemically. Matters are 
further complicate.d by the fact that a given substance may, under 
certain conditions, crystallize in onc Hubdivision of a system, and 
under other conditions in some other subdivision. For instance, both 
sodimll chloride and potassium alum crystnllize in the isometric 
system, but both may appeal' ns cubes or as octahedrons. It is thus 
evident that a given crystal not only does not necessarily show defi
nitely Jhit,,'1l0StiC characteristics on simple observation, but also that 
it could not be expected to do so. 

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

The methods of qualitative chemical analysis lUlcler the micro
scope have abundantly proyed their value but they hav(' severe limi
tations. (1) The substance to be analyzed under the microscope must 
be fairly readily soluble 'without too mllch prelimillary tn'ntment. 
This praetically eliminates most of the silicate mineralH. (2) SOllie 
of the methods depeml on the visual recognition of crystalH formec1. 
by the substance under analysis and the reagents applied to it. All 
that has been said as to the llncertainty of crystal cletel'millatior by 
ordinary observation applies here with perhaps added force. (3) 
Microchemical tests on mixecl substances leave a degree of Ullcer
tainty as regards the composition of any particular el'ystaUine com
ponent of the mixture. (4) :Microchemical tests do not distinguish 
between different allotropic fOl'l1ls of the same substance, between 
different hydrates, or between salts which have qualitatively the same 
but quantitatively different compositions. 

Geologists were eady confronted by the problem of identifica
tion of crystalline substances in rocks, a problem which eombillecl 
almost all the difficulties outlined above. The mineral constituents 
of 3, granite, for example, usually show no external crystal form 
'whatever and can not therefore be iclentified even tentatively by their 
forms. Most microchemieal tests are altogether inapplic:ible". Re
sort was had, of necessity, to methods based on physical properties 
which were ca.pable of showing illtel'1lal crystalline structure l'egard
less of whether or not this internal structure was manifestecl by 
external form. 
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As it happened, the optical properties were particularly well 
adapted for this purpose. Methods and apparatus were deviserl and 
improved, and a vast literature on the microscopic constitution and 
structure of rocks was rapidly built up. This new field was suffi
cient. to occupy the attention of geologists and mineralugists for 
many years, and consequently very little attention was paid by them 
to artlficial Cl'ysttlls obtained in the laboratory. Gradually, ho'w
ever, there a.ppeared lL small amount of dabL on t.he optics of artificial 
crystals: anel iinally the exigencies of certain largely chemical prob
lems, notably t1JOse of cement, demanded the. accumulation and 
applicntion of definite dutu, in the identification of specific artificial 
('()llljJuul1ds. It was foune! that artificial crystals wel'c just as SllS

('eptible, and pel'haps 11101'1' so: Oll n.('(,Ollllt of their purity, to optical 
identificatioll as were the natural crystalline minerals. Methods 
predominuntly suited to rock sections 'were modified to apply more 
accurately and conyeniently to loose crystals. Thus optical crystal
logrllphy ceased to be merely a. means for rock study and broadened 
out into its rightful place of t: physical method applicable, to some 
extent at lenst, in most studies where crystalline 'material is or may 
be present. 

Aside from the vast field of rock and mineral study, successful 
appliclttivn has been made of optical crystallography in the identi
fication of sllgars, alkaloids (18),1 cement constituents, fertilizer 
materials (5). mixed salts crystallizing from brines and from soil 
extracts (1) ~ dyes. solid phase,:; obtained in yarious phase-rule studies, 
organic substnnct's obtained from the brain, from soils, and from 
plants (3), silicate me]t:;, and val'ious·otller miscellaneous materials 
(8), Therl?' has even l)('en some slif!ht progress made. in the applica
tion of the nletho<ls to ('(>t't.ain so-called ('oUoi<lal aggregates (a). 

But the su('cess of the methods should not blind one to the fact 
i h.at optical (Ty:;tallographical methods, in common with all other 
methods, have their Emitations, Although there are real exceptions, 
as in the c1etel'minntioll of the refractIOn indices of glasses, anel 
presumably apparent exceptions, as in the study of colloidal ag
gref!ates, it may be said in general that optical crystallography 
applies only to the llOllopaque crystals, The opaque crystals have 
their own spe('illl technic, 'which can be found in any text on 
metallograpby (15). Furthermore, the crystals to be identified 
must be of a size grcater than submicroscopic and must have a real 
crystalline structure and not merely the incipient crystallinity of 
the so-called "skeleton ('rYstals," These skeleton crystals have a 
par6cnlarly attractive app"e.arance when seeu in clusters sticking to 
tlw sides of a. beaker or test tube. and for this reason have a ten
dellcy to tempt one 1() I11l1ch futile. work which could be success
fully Ilnd easily accomplished if the crystals were given sufficient 
time for growth, Skeletoll crystals are frequently mist..'lken for 
eompleted forms by workcrs without considerable crystallographic 
experience. ' 

'1'he above limitations still leave a vast field of literally hundreds 
of thollsands of (~ol11poul1cls open to the study of their optical crys
tallography, The optics of the naturally occnrring minerals have 
been rem;onably w(lll worked nut. an(l llw (luta are readily avail

1 Italic llUW!JPI'J; ilr pal,(,,,t1J!>!'!'l'; 1'.'fpl' to Ute"utul'" Cltpcl, p, OJ), 
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able. But the same can be said of only a comparatively small 
number 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 
compiled. . 

It is the purpose of this publication to present in very brief form 
the crystallographic, optical, and manipulative principles absolutely 
necessary for the petrographic identification of crystals. Only so 
much is included as seems indispensable. All mathematical treat
ment has been eliminated so far as possible without loss of clarity. 
This has been done in spite of the fact that fundamentally both 
crystallography and optics are almost whully mathem.atical sci
ences. For information beyond the minimum given in this buUe
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 crystallo
graphic systems it belongs. These six systems are based on purely 
geometrical principles and, in generaL but not in detail, it may be 
said that the optics of a given crystal depend on the system to which 
it belongs. A complete crystallographic description of the geo
metrical properties of a given crystal would indicate to the expe
rienced worker whether the crystal. was isotropic 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 value of the 
double refraction, the size of the optic axial angle, the dispersion, 
or the optical character. On the other hand, a complete optical de
scription of a 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 hexagonlll crystal by optics 
alone. Furthermore, the optical data never furnish information as 
to external form. Optically there is no difference between a 6-sided 
cube, an 8-sided octahedron, and a 12-sided dodecahedron, but the 
optics would establish the fact that each belonged to the isometric 
system. Crystallography and optical crystallography are thus 
mutually related and to a certain extent. mutually dependent, but 
neither is completely expl'essible in terms of the other. Both should 
therefore be used to the greatest extent possible. 

The six crystallogra.phic systems nre the isometric, the tetragonal) 
the hexagonal, the orthorhombic, the monoclinic, and the triclinic, 
and they are defined ns follows: 

The isometric system has three equal axes all nt right angles to each 
other. If each fnce of the crystal is parallel to two of the axes and 
at right angles to the third, the form is that of a c.nbe. If each fact' 
cuts all three axes at unit distance from the center, the form ,vould 
be that of all. octahedron. There are many otlll'r forl11s, all depend
ing on the rdationship between the faces and the axes. 

The tetragonal system hus two equal axes anel a third either longer 
or shorter than the first two, an at right nngles to each other. 

The hexagonal system has three equal axes in one plane at 60° 
from each other 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 l1nequalllxes all at right angles 
to each other. 

The monocli:lic system has three unequal axes, !tny two of -wLich 
are at right angles to each other and the third inclined to the plane 
of the other t\70. 

The triclil1ic system has three 11llequal axes all inclined to pach 
other. 

In the isometric system, since all the axes are equal, it is it matt"r of 
indifference how the axes are denominated. If a cube is set up so 
that the obsel'ver looks squarely into one face, he can readily cOllcci,re 
of three equal axes at right angles intersecting each other:in the eellter 
of the cube and each one passing through the centers of two opposite 
faces. That axis pointing toward the observer may be labeled a or 
il, depending on whether he is considering it as directed fronl the 
center of the cube tOWHl'd the front or from the center toward the 
real'. Similarly, he can label the horizontal axis at right angles to 
the. first as b or b, depending on whether its direction is to tl1(' right 
or to the left of the cube center. The ,-ertical axis can be labeled c 
or c, depending on whether its direction is considered as up or down 
from the center. The front face intersects the a axis at unit distance 
[md is parallel to the other two axes, that is, does not intersect them 
at all. This face may therefore be labeled (l00). 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. All 

octahedral face 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 c axis. The unit distance on the c axis is not the same 
unit as that of the [l. and b axes, but, -with this difference understood, 
the symbols for the different faces are obtained as in the isometric 
system. . 

In the hexagonal system the unequal axis is the c axis. as in the 
tetragonal system. But since there are fonr axes altogethel', 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 (0001). 

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

In the monoclinic system b is identified as that [I.xis lying perpen
dicular to the plane of symmetry of the crystal; a and c lie. in the 
plane of symmetry and al'l'. inclined to each other. The face symbols 
arE' derived as in the other systems. 

In the triclinic system a is usually the shorter diagonal axis and h 
the longer diagonal axis. There nre cases, however. in which this is 
reversed. c, of conrse, is the third axis. The face'symbols nre de
rived as in the othl'r systems. The nn~de f3 is the nl1g1e between n. 
and c. 

The preceding remarks on crystallogl'a.phy are intended pm'ely as 
a species qf definition of terms. The l'endei' is referrecl 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. 1Ye are ignorant of its fundamental 
character, but its phenomena can be explaincd sufficiently by either of 
two theories: (1) That :it is a wave motion originating front some 
luminous source of energy and propagated in an all-pervading ether? 
or (2) that it :is a stream of actnal qnanta of luminolls energy, 
coming from the source to the observer. The present tendency is to 
give preference to the second theory, but, so far as applied optical 
crystallography is concerned, both sene equally ,wll. The wave
motion theory is the one most commonly taught and understood, and, 
up to the present, all texts of optical crystallography have been 

. written in terms of this theOl·)'. For these reasons light will be here 
considered as simply a tL'ansmission of radiant energy by wave motion 
in an ether, and all questions of quanta will be ignored. 

Regardless of theory, theJ'e are several fundamental facts con
cerning the propagation of light ,,-hich can be yerified easily, eVen 
by the simplest sort of observation: 

(1) J.Jight, in a homogeneous medium, travels in straight lines. 
Observations on shadows or, better still, obselTations 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 medium 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. 

(3) The path of light, passing from one medium jnto another 
medium of different optical density, at any angle other than a right 
angle, is bent or refracted. . 

(4) Ordinary so-cnlled whitt' light is made lip of yarious colol's 
which can be separated jnto a spectrum with rl'<l at one extreme and 
violet at the other. Any transparent prism will demonstrate this 
fact. 

(5) Light will pass through certain substances, which n re 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 are all gradations. In other words, 
different substances absorb transmitted light in different degrees; 
and, usually, with white light. absorh certain colors 1110re or less 
than other colors. 

(6) Under certain conditionR light raYR can be made to interfere 
so as to produce darkness. 

If a light ray traveling through a homo~eneous medium along the 
line and ill the direction '118 (fig. 1) strikes'a lllPdinm of lliffel'ent op
tical density at 8 at right angles, part of the J.ight enters the Recond 
medium and is absorbed 01' traI1Rmitte(l, aR the case may be, but part 
is rpflected back along its original path but in the opposite dil'(~ction; 
that is, along 811. Thus, when the angle of incidence, i, is 0", the 
pnth of incidence and the path of reflection are the same, nlthough 
the directions are opposite. It might be said that the path has been 
turned through an angle of 1800 

, 

If the rlLY travels along some line (LB, makill/! angle'; greater thun 
0° but less than 90°, then the ray, on striking the second medium, is 

• 
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reflected back into the first mediulll in such a manner that angle 
i=angle e. 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 i, which varies with the natl~re of the two meditt 
but which is constant for any two substances at a given temperature, 
none of the light enters the second medium, but the entire ray is 
reflected back into the first medium. This angle is kno·wn as the 
critical angle for the twO substances. For angles of incidence, there
fore, between 0° and the critical angle, o:lly part of the light is re
flected, the other part entering 
the second medium. At angles 
equal to or greater than the criti
cal angle, but less than 90 0 

, all d 
the light is reflected back into the 
first medium, none of it enteriI1g 
the second. The maximum of 
light enters the second medium 
at 00 incidence, and the amount 
decreases regularly until it 
reaches zero at the critical angle. 

The light which enters the sec
ond medium, is, as has been 
stated, either absorbed, trans
mitted, or partly absorbed aml 
partly transmitted. Assuming, 
for the sake of simplicity, that 
it has all been transmitted, 01' (1" 

that the !,econd medium is per
li"IGUI!E l.-Refrnctioll of light and refrRcfectly transparent, the follow- tive index relationships 

ing relations hold: 
The ray as, on entering the second medium, is bent or refracted 

from its original direction into some llew direction 88'. H nn' is 
the normal to the sul'face of the secondmedium.t 8, then the angle 
of incidence: 'i, hus some value other than the angle of refraction, .1'. 

Taking 8P=8S' 

then sin i = op 
8]) 

. s'r s'rand SIll 1'=-=
ss' 8p

Therefore 

The value of or is specific for every known pair of media. Air ip
8 r op

usually taken as the first medium and therefore the value -,
81' 

becomes a constant for any individual substance taken as the 
second medium. 

We may therefore write 
sm '/,n=-.sm l' 

where the value 11, denotes refract.iYe index. Hence, in J'plationship 
to air as a standard~ every known substance has a, particular l'efl'ac
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tive index).. n. which serves to distinl,,'1lish it from most other sub
stances. vf 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. But even ill 
such cases. the refractive index differentiates a small group of sub
stances 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, sub~tances than to be totally ignorant of even what it 
might be. 

In the diagram (H/!. 1) angle I' is shown as less than angle i. 
TIllS is the concHtion that obtains "'hen the refractive index of the 
second mediulll is greater than the refrnctiYe inckx of the first 
medium. If the direction of the light ray were reversed, the angle 
of incidence, i, and the angle of refraction, 1', would be interchanged. 
The ray traveling in the second medinm from 8' to 8 would be re
fractecl Oil passing into the first medium in a direction sa. and the 
angle of incidence would be less than the angle of refraction. All 
this may be summed up in the statement that, on passing from a 
medium of lesser into a medium of greater index of refraction, the 
l'a~y is bent toward the normal; whereas, on passin/! from a medium 
of greater into a medium of lessE'l" rE'frnctiw index. the ray is bent 
awav from the normal. 

If the ray passes through the second medium and reenters the first 
medium again at the point 8'. thE' phenomena are the sallle as at the 
point 8, except in a reverse direction. Therefore the path s'a" is 
parallel to the path a8. Thus. the aggregate effect is simply a lat
eral displacement without any change 'Of direction of the ray. 

If one looks through a piE'ce of clear. colorless glass, it is quite 
possible that he wi1l be unconscious of the existence of the glass so 
long as his view does not include the edges. But the edges them
>,elves stand out in markerl contrast to the surrounding air. As
sume. for the sake of simplicity, that a bundle of parallel rays arE' 
striking the glass at fin 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 greater part passes through the glass 
to the observer without any chal1ge of direction. At the edges, 
however, some of the light is totally reflected back into the glass, 
some is totuU] l'E'flected buck into the air, some is refracted at vary
ing angles from the glnss to the air, and some is l'('fra('terl at various 
angles from the ail' to th(' glass. Away from tIl<.' ('dges. the light 
suifl'rs no change rea (lily pe1'('('ptibl(' to the ohserv('r. At the edges. 
it is broken 11p in a ('omplicutE'd heterogeneolls fashion quite per
ceptible to the observer. Thus. the edges stand out in sharp reli(,T 
both as comparE'cl with tll!' glnss and fiS ('omparecl with the !'mrrouncl
ing nil'. But SllPPOS(, tIll' g'lass hall tIlt' sam(' J'efrnctive index, the 
sam(' optical d(,l1sity, as the ail', '1'11('1'l' would be neitheJ' r('flection nOI: 
refraction at the edges, and rh('refol'e the edges would be invisible. 
Thnt is. if the glnss nnd the Hi r W(,l'P of the same degr('e of trans
pnl'PJ)ey H1Hll'olorlessness. the glass would not 1)(> \'isible at all. This 
j'act is lltilizNl lll1cll'1' the mieros('opr tn dd('I'llIine the refrHctive 111
d('x of substances. 'rhilS is discussed on pnge 33, 
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POLARIZED LIGHT 

As previously mentioned, the phenomena of light are explained 
by means of the theory that light is simply a series of waves prop
agated in the ether. An ordinary candle flame owes its luminosity 
to the myriads of incandescent ctUbOll particles it contains. Eaeli of 
these particles sends out its own series of waves in all directions. 
Some of the waves impinge on tUld are reflected or refmcted by vari
OilS objects in various directions. Thus each reflecting or refracting 
object becomes a new SOUl'ce of light ,,"aves which may be again and 
again reflected or refracted by other objects, and so OIl, ael infinitum. 
In the heterogeneous 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 object call be made 
under such conditions. An analogy with water waVes may serve to 
make this rIear. 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, circular fashion. from the place ·where the 
marble struck the water. This series of wayes has certain definite 
properties which could be studied by their effects on various objects 
floating on the water. But suppose thnt, instead of 011e marlJle being 
chopped, a yet'}' large number had been simultaneonsly ell·opped. 
A series of waYes wonld originate and spread out from each 
point where a marble had strnck. But, befOl'e any particular waye 
had proceeded very far, it would meet other waves and become modi
fied or eYen be destroyed. Objects LioHting on the water would show 
the effect, not of any particular series of waves, but of the chance 
combination of mUIly series of waves, and conseqlll'l1tly no study 
could be l11ade which would directly show the relationship between 
the objects and II particnlar series of waves. Going buck to the 1
marble series, it is obvious that at some point sntIiciently 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 simply It series of 1·ises ancI 
falls of the water surface in one plane, whereas the waves arising 
from the many marbles would be rises and falls of the water sur
faces in many planes at chance angles to each other. 

Ordinary, lig;h~ is analogous to the many-marble case. Parallel
plane polal'1ZeCL hght is analogous to the 1-marble case. Hence, par
allel-plane polarized light can be defined as light whose wave vibra
tions are all in one plane. 

Ordinary light call be polarized in several different ways. Per
haps one of the most universal methods is that of polarization by 
reflection. Light reflected frol11 almost all polished nonmetallic sur
faces is somewhat polarized. But there is a. particular a.ngle of 
incidence for each substance at which the reflected light is more com
pletely polarized than it is at any other angle. This particular 
angle of maximum polarization is called the polarizing angle. In 
general it may be said that the polarizing angle is that angle of 
incidence at which the reflected and the refracted rays are at right 
angles to each other. 
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Polarization by reflection, however, is unsatisfactory, because of its 
incompleteness. The metflOd usually emJ?loyed in optical crystal
lography is polarization by a calcite prIsm, usually known as a 
Nicol prism. This brings ns 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 wHl in general be seen on looking at the original 
dot through the calcite. If the calcite is placed up.on 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 ca.lcite, 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 which belong to some crystal system other than the isometric. 
In certain substances it is barely detectable even with the best instru
mental equipment, and in other substances, such as calcite, it is easily 
detedable by the simplest method of observntion. Between these 
two extremes are all gradations. As previol1sly stuted, a cleavuge 
pieeo of ealcite poss('sses tlH' property of splitting a beam of light into 
t,yO eomponent beams. Each of these beams is plane polurizeci, and 
the plane of each is at right angles to that of the other. Consequently, 
when the beams emerge from the calcite we have plane-polarized 
light, but we have it polarized in two planes. By suitably cutting 
the crystal and recementing it, 'iVe can get rid of one of the rays by 
total internal reflection. Thus only one beam emerges and gives us 
plane-polarized light ivibrating in one plane only. A piece of 
calcite 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, called the polarizer, enters the second, called the 
analyzer, the resultant phenomena depend on the angular relationship 
between the polarization plane~ of the two Nicols. 

If the polurization planes of the two Nicols are parallel, the polar~ 
ized beam passes through the analyzer without double refraction 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 brill1nllce. As the rotation 
of the analyzer is. carri('d farther and farther, the light lost by in
temal total reflectIOIl becomes greater and greater, and consequently 
the light emerging bl'eomes less and l('ss. '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, aU the light is lost, and none emerges. There nrc thus three 
relative positions of the two Nicols, which have considerable im
portance in optical crystallography: The parallel position, in which 
practically all the light emerging from the polarizer is transmitted 
through the analyzer, the 45° posi60n, in which approximately half 
the light emerging from the polnrizpr is transmitted through the 
analyzer, and the 90° position, nsually spoken of as the crossed 
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position, in which 110ne of the light emerging from the polarizer iti 
transmitted through the analyzer. 

It 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 calcite. 

Suppose 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, or 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 at all emerging from 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 ,,·ith it;.; 
plane of polarization the salUe as if the crystal were not present. 
This light is then l<JHt in the analyzer by total internal reflectioJl. 
again as if the crystal were not present, and the observer sees no 
light emerging from the analyzer. 
If the crystal is rotated somewhat out of its position of parallelism, 

the light beam coming from the polarizer is doubly refracted anew 
into two beams with planes of polarization at right angles to each 
other. There is no arrangeme11t in the crystal to absorb either of 
these beams as there is in the Nicols. Consequently both beams enter 
the analyzer. That small part of the light ,yhich is vibrating parallel 
to the plane of the analyzer is transmitted, and the obserVl'r sees tlw 
crystal faintly. As the crystal is rotated more ancl more, more and 
more light is transmitted until the 45° position is J'eached. 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 90° 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. 

On the basis of. the phenomena shown by crystals when rotated 
between crossed NIcols, there are two /!reat 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 llistinguishing two major 
groups of crystals, but it has a yery definite bearing on the refractive 
indices of a giyen 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 of different optical density, is 
refracted or bent to a definite extent, depending on the difference in 
the densities of the two media. Suppose, however, thnt the s(>conc1 
mecljulll has different optical dens:ties in (1iiferent (1irectiolls. 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. In short, sup
pose the space lattice of the second medium to be paraUelopipeck 
Then, for the same angle of incidence, the angle of refraction will 
be different, depending on the clirection ill which the ray of light 
enters the second medium. 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 light travels. 

The parallelepipedon space lattice gives a crystal in which the 
packing of molecules is a maximum in a. direction conesponding to 
one dimension of the parallelepipedons, a minimum in a direction 
corresponding to a second dimension, and intermediate between the 
other two is a direction cOI'l'esponding to the third dimension of the 
parallelepipeclons. The packiilg in any direction other than those 
eorresponcling to the three dimensions would then vary, depending 
on the relation between the direction chosen und the clirections of 
the three dinlensions. Correspondingly there would be three definite 
refractive indices. a. maximum, a minimum. llnd an intermediate. 
Between the directions corresponding to these three indices there 
would be a series of varying inclic~s, depending on the direction. All 
crystals belonging to the orthorhombic, monoclinic, and triclinic 
systems haye these three major refractive indices. 

Instead of the packing of molecules being dissimilar in three 
directions, suppose thnt in two of these directions the packing ue
comes the same; say that the packing in the minimum and the inter
mediate directions becomes ident.ical. Then there are only two direc
tions in the crystals in which the pacldng 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 maximnm to the minimum. Correspond
ingly, there would be two major refractive indices, a maximum and 
a minimum, with a· series of varying indices depending on the direc
tion of the light ray in th~ crystals. Substances belonging to the 
tetragonal and hexagonal systems have these two major indices. 
If 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 refractive 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 

simplv one refractive index. 

Sml1ming up jn reverse order: Isometric cryst,als 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. Orthorhombic: monoclinic, and tl'iclinic subf: 

stances have three refractive indices usually denoted by ct, (3, 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 01' hexagonal, :md three indices if the substance is 
orthorhombic, monoclinic, or triclinic. 
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BECKE LINES 

The critical angle may be further definecl as that angle of inci
dence, of which the sine is equai to the reciprocal of the refractive 
1ndex. 1£ ex. denotes the critical angle and n the refractive index, 
thus, 

. 1 
Slla=n 

Obviously, the greater 1S n the smaller will sin ex. be, and therefore 
the smaller will the angle ex. be. Suppose two substances or different 
refractive indices to be in contact along the line CC' (fig. 2) the 
110rmal to which is nn'. Let el' be the critical angle in the substanee 
of higher index and b the critical angle in the substance of lower 
index. Then el' will be less than b. Then the angle c, the comple
ment of el', will be greater than angle el, 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 
C'. Then all the light 
withinthe angles c and /J LOV. /J HIGH 

rl will be totally re
flected and will emerge n--------l'-,-r-:;, ----"J";---------------n' 

0'from theupper surface 'L 0.lV';~11 
o.~'111 
, I Iof the two substances, " I 

/~, ,fo.J.:
~ ,..Q,as shown in Figure 2: ,,/',' 7' ! 

I 

Since angle c is larger, 
it will contain a great 5 

eramountof lightthan 2 3 
4 

dJ; and consequently a 
greater amount will .FIGCIUl 2.-Becke llne production nml movement 
be totallyreflected and 
will emerge to the right of the contact than will be the case on the 
left of the contact. Light within the angle b- a' will be partly 
reflected" and partly refracted, and ~'tU light within the angles a' and 
el' will be partly reflected and partly refracted. But the sum total 
will be a preponderance of em.e:,·ging 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 brigl).ter than the left side. 
If a grain of high index is immersed in an oil of low index, the 

effect will be a line or light around the edges of the- grain. If the 
plane of observation 00' is 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 
011 raising the plane is as if the area 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 
(14), and is one of the most commonly used phenomena in refractive

'index determinations. 
To make the phenomena concrete, suppose a grain of a substance, 

such as sodium chloride, luwing a higher index of l'e.fraction, be 
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mounted 011 a microscope slide in an oil of a lower index of refra:dion, 
such as cedar oil, and suppose the microscope be focused on the 
contact between the grain and the oil. A bright band of light will 
be seen to surround the grain. Now suppose the focal plane of the 
microscope be some,,'hat 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 plane 
is raised the band of light moves outward from the grain into the oil, 
and if the focal plane is lowered the band moves inward toward the 
center of the grain. Put briefly, when the tube of the microscope is 
raised the band of light n1O"\~es toward the substance of higher 
refractive index, and when the tube is 10werec1 the banclmoves toward 
the substance o£ lower refractive index. 

If both grain and oil have the same index of refraction, there will 
be no band of light and consequently no movement either way when 
the microscope tube is raised or lowered. If, furthermore, the oil 
and the grain have the same color and the same shade of color, 01' 

if both are equally colorless and transparent, the boundary line be
tween the two is invisible, and one does not see the grain at all. 

As has been e::\.-plainecl previously, the l'dracti\"e index of a· given 
substance may vary with the direction of the light in the substance~ 
but it is always the same in a given direction in the substanC'e. 
Therefor~: it happens that for a given gr,uin 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. is of consequence. 

INTERFERENCE OF LIGHT 

If one drops a, marble III othennse perfectly still water and ob
serves the e1fect of the waves thus formed on some small body 
floating on the water, it will be noticed that the body has simply a'n 
up-and-down motion, without any horizontal displacement. If the 
water moved horizontally, the body would move horizontally with 
it, and the fact that 110 such horizontal movement takes place is 
evidence that the wave n,otion itself is simply a progressi\'e up-and
down niovement of the surfaee of the water, At the spot ·where the 
marble stI·jkes the surface there is at first a depression, and imme
diately afterwards there is lL l'ise. This verticnlmovement. up and 
down, is transmitted to neighboring particles which consequently 
move up and dowr, and, in so doing, transmit the movement to stiil 
other particles. Thus, the up-and-down movement is propagated 
farther and farther from the source of the disturbance and js, 
manifested as waves. 

If <fig. 3) mw' is the level of an undisturbed surface, and abcdefg 
is the surface itself during wave motion, then the highest points 
of the waves, such as '6 and f, are callecl crests. The lowest points, 

J 
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such as d, are called troaghs. .At the beginning of the wave, parti 
cles at the point a. arc just beginning to rise. Consc.cutivc points 
continue to rise until the crest v is reached. But, althongh a and c 
are on the s~nlle hwel, the direction of movement at {(, is llpward, 
'whereas that at c is dowrnval'd. The motion conthlUes downward 
from 0 lmtil the trough cl is reached. Here the direction of nl.Otion 
is reversed, and a rise takes place up to the point e. Points a. and e 
are both on the same level, and both have upward motions. From 
e the phenomena which started at a is I'epeated until the next simi
laI' POiJ1t is reached, and so on. The distance ae, or the distance 
bebyeen any two points ha "ing the same level and corresponding 
directions of motion, is called a wave len~h. 

A.s the motion of the wave progres;:;es from left to right, any par
ticle at a crest, such as v, will move vertically downward until it 
reaches a point v' the same distance below the level mal as b is above 
it. Trol1:'.d1. po ints 
such as rl will 1110ve 
vertically upward to 
some point d' , making 
the distance oa'=od. 
Intermediate points 
would have -corre

FIGl'lm :l.-'Vnw' length, :unplltudp, pbllS<', nnd intl'r spondingly interme ft'r(?uel' of ligllt wa \"(lH 


diate motions; al

though it should not be forgotten that every point is, at some time, 

a crest, and at some other time a trough. The distance ob, that is, 

half the vertical distance from a crest to a trough, is called the 

amplitude of vibration. 


The ,,,ave len!!th determines the color of the light. The longest 
waves 'which affect our eyes give us the sensation of red, the shortest 
violet. Other colors have intermediate waye 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 directly with the square of the amplitude. Any two 
points, snch as a and (3, V and f, or II, and i, which are at a correspond
ing positjoll relative to the plane xa;' and have a corresponding direc
tion of motion either up 01' 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 waye length will remain unchanged. But the 
forces acting vertically on any point will be increased, and the 
amplitucle of the new wave will be correspondingly increased. The 
intensity of the light will be increased. 

If two waves of the same length arc superimposed so that every 
point in one is in the phase opposite to that of the corresponding 
point in the other, the vertical forces will neutralize each other, and 
the amplitude of the new waye will be zero. In other words, there 
will be 111 wave at alL and darkness will be the result. Examples 
are extremely thin films such as soap bubbles when examined in 
monochromatic light. Here there will be observed a· series of alter
!late bright and dark rings, the latter resulting from the interference 
of the light. If white light is used in place of monochromatic light, 

http:Trol1:'.d1
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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 is highly colored. The consequence 
is, therefore, that instead of dark rings, as with monochromatic light, 
there is a series of highly colored rings. The same 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 fol' 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 ilnportance to the optical parts. Although of only 
secondary importance, pOOl' supports can render a microscope in
convenient and illy adapted to certain purposes, aild poor adjust
ments can actually make the instrument worthless in certain very 
necessary functions. 

The base, whjch is usually of a, modified horseshoe shape, should 
be large enough and heavy enough to prevent all tenuencies of the 
microscope to topple when the upper part of the instrument is 
tilted a reasonable amount from the normal yertical position. On the 
other hand, it should not be so large as to be in the way of the 
manipUlation or so heavy as to make the instnunent 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 are partil~'1Iarly annoying when, for example, the insertion 
of the finger between the substage and the mirror 01' 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 tilting 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, ~hat 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 screw should have vernier attachments to allow the 
reading of complete turns and fractions of turns of the screw, and 
these readings should be directly convertible into vertical movements, 
expressed in decimals of millimeters, of the tube of the microscope. 
The pitch of the screw is not always the same in different parts, and 
for this reason it is essential that the me~hanism be calibrated over 
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its whole length. This is especially true for instruments which ha.ve 
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 screw should be as 
Jowan:d 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 Jatter 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 lmown 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 diaphmgm and slots or other ar
rangements for the reception of an auxiliary lens, a Nicol prism, a 
Bertrand lens, and other optical accessories. The base of the tube 
consists of a centering deyice 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 
verniers for reading fractions of degrees. While not absolutely 
necessary, two rectilinear movements of the stage governed by screw,; 
at right angles to each other are extremely useful anc1 convenient. 
The stage should revolve easily and smootlily and should be prefer
ably provided with a set screw for holding it in any giyen 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 reyolnng in every direction, are available 
in many forms and are frequently extremely convenient, especially 
in connection with the measurement of extinction angles (p. 58). 

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 should be easily accomplished, without preliminary operations. 
Some means of readily removing and replacing the condenser lens, 
without disturbing the remainder of the substage, adds wonderfully 
to the satisfaction in using a good microscope. In addition to its 
optical equipment, the substage should carry an iris diaphragm and 
a swing-out frame for li~ht 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 dev.ice 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 

1504;0°-33-2 

• 



18 TECHXICAL nULLETIX 344, U. S. DEPT. OF "WnICl:;UrrnE 

arms attached 011e 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 read by vel'lliprs attnehed to the device 
and moving 011 the graclllatetl ('ire1e of the stage. Theoretically, it 
makes no difference ,,·hethel" the staga, and therefot"e objeets umler 
examination on it, revolves ill reference to the Xicols or\Yhetlwr the 
Nicols revolve simultaneollsly in reference to the stage. In e1tlw1' 
ease the final result is the same. There is also doubt as to ,,-hieh is 
relatively the easiest and more cOllvenipnt. Some ,rorkers prefer tlw 
simultaneous rotation of the Nicols, whereas others dislike it. Per
haps, especially in much-used microscopes, the simultaneous rotation 
of the Nicols gives a steadier movement than would be given by a 
"'orn stage on a "\Yorn and clogged frame. On the other hand, the 
upright is occasionally yery much in the way and mURt be detached. 
Since both pun be had on the same mieL)scope at the same timp: tIl!' 
preference is to have both and to use eitlH'r onp Ot" the' other, depend
i ng on the exigPllcies of the momellt or Oil pl'rSOllHl incl i nation. 

The foregoi ng hri('f d('seri ption of til(' Jl1l'eiwn ie-al pa rts 0 f a 1wtl"O
graphic lI1iel"oscope emphasiz(,s th(' fact tl1at, lip to a certain point. 
the parts are practieally the same fiR those on uny OI"clinaryfirRt-e-laRs 
compound 111 icrosC'ope. Beyond this point, ho",('\-e1", there nrc racl ica I 
cl ifferenees. 

(1) The mechanical parts must carry much more optical equip
ment than the ordinury microscope. The latter usually has only the 
minor, the condenser, the objective, and the ocular. The petro
graphic microscope must caITY all of these, and, in addition, provision 
must be made for bro Nicol prisms, alLxiliary leIH':es, the Bertrand 
lens, quartz wedges, gypsum plates, qllarter-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 rl'Yolving 
stage, together with theh" verniers. The framework, therefore, be
comes not only a. carril'r for tlw Ims and lighting systems but aho 
an accurately constructed measuring instnll1wnt as well. This point 
should be borne in mind \"h('n selecting nn instrume11t for any otlwr 
than :1 pllJ"(·ly qualitntiye purposp. " 

OPTICAL SYSTE1'I1 

Although the mechanjcal equipment of the petrographic microscopp 
has much more rigorou>; rpqnirernents than that of the ordinary 
microse-ope, the reverse, is trne so far as silllple magnification is COl;
cerned. The prime and oftpn the only requirement of the ordinary 
microscope is that it should magnify objf'cts to cleat" viRibility. This 
specialization of purpose h:18 led to the development of lenses and 
illumination fl'chnic whieh !!ive wry !!I'eat mn!!nifieations and \'PIT 
c}('ar images. "" ,~" , 

As a rule. however, the petrogrn pher and the optical C'rystitl
lographel" 11nv(' very littll;' intcrl'st in the appearanC'l' of the oLjpe(s 
IInder ('xamination.· Thl.'intel"pst: if' not ill whnt tlw objpct fool:>; 
like, but in th(' physical efi'pet, fl·p(]lwntly IlIP:Hmrnble', whieh tIll' 
object has on Ii!!ht. In fnct, th(' obj('c-t is not: lit all visibk during 
cpl"bin operatiolls of optical crystaJJ(igrHphy, for example, the l11PHS
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urement of axial angles. Furthermore, crystals are not (Tenernlly so 
small as to require exceedingly high magnification. TIle result is 
that petrographic micl'oscopes 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
ena which are not used at all in ordinary microscopy. 

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 any source directly up into the microscope. One face of 
the mirror is plane and the other CGncave. The light reflected from 
the plane mirror into the microscope :is pamllel, and that from the 
concave mirror is convergent. The plane mirror, therefore, gives a 
weaker illumination than the concave mirror and is used with low
power lenses where a comparatively small amount of Jight is ade- . 
quate. The concave mh'ror, on the other hand, is used with high
power lenses in ordeJ.· to increase the illumination by converging the 
rays of light. Tbis rule, plane mirror for low magnifications and 
conca.ve mirror for high 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 yery distn.nt SOUl'ce, 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 is 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 tlie 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 
som'ce of light the greater is the focal distance of the mirror. 

Tile condensing lens, as its name implies, is a lens for condensing 
and therel)y increasing the intensity of the light which passes 
tbroug-h 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-!:;ha ped bundle of rays meeting at the focal }Joint of the 
lens. The light is therefore concentrated and the illummation con
sequently incI·eased. 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 lea.ving the upper surface of the con
denser is increased and the focus of the condenser lowered. This 
lowering may very well bring the fOCliS considerably below the 
object nuder 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 focusecl on with a low-power 
objective. The image of some faidy distal1t object, such as the edges 
of the window) is then projeetec1 in<to the field of the microscope by 
tilting ,the plane mirror. The condenser lens is now moved up or 

http:distn.nt
http:conca.ve


20 TECH~ICAL B1:LLETIX 844, U. S. DEPT. OF AGlUOLJLTUl1E 

down until the image is quite sharp. The condenser is now in focus. 
The image can be removed from th(' fidd 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 need refocusing. Ordinarily 
this does not occur freql:cutly, but it may oceur 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 clamped onto the lower end 
of the microsl'ope tube directly above the object under examination. 
It is perhaps the most important single item. of the entire microscope 
equipJ\lent, since on it depend;; not only the magnification but also the 
clarity and sharpness of the image and consequently of all the other 
optical phenomena. 

Objectives are usually correctecl to some extent for spherical anel 
chromatic aberration. Achromatic objectjyes are corrected for aber
ration of onc eolor and for primary spherical aberration. Semi
apochromatic objectives are spherically corrected for two and apo
chromats correctetl for three colors. 

Oil-immersion objeetives are those which are used in contact ·with a 
drop of oil, usually cedilr oil, plaeed on the coyer glass of the mount. 
Certain objectiyes reqll i J"e abo a HIm of oil bebyeen the condenser 
lens and the slide. If the glass of the condenser lens, that of the slide, 
the CO\'e1' glass, the objectiye lens, the immersion oil, and the mount
ing medium all have the Sl1l11(' rdl'netiyc 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 systelil is called 
homogeneous immersion. The nearer the respective refractive indices 
arc together the less the lo:;s of light. V\rater in place of cedar oil, 
for example would lead to some light loss, and air in place of the 
water woulcl lead to a still greater loss. J;t is obvious that only 
objectives of very short fOCllS can be brought into contact with a drop 
of oil on a coyer glass. Immersion objectives are therefore of high 
power. Loss of light with low-power objectives is of no practical 
importance. Dry objeetiycs are those which have only air between 
the objective and the cover glass. The construction of dry and 
immersion lenses is different, and there is therefore no "advantage 
gained by using immerf'ion oil;; with dry objectives. In petrographic 
work, immersion objectives are practically never used. 

Objectives are further described as having such and such anO"ular 
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 TaYS 

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 i::; immersed in some oil of a dif
ferent refractive index, the focal point will change its position and 
consequently the angular aperture will have a new value. The axis 
of the lens always passes through the focal point and therefore 
always bisects the aperture angle, regardless of the position of the 
fOCHI point. 

Let 'b be the angle formed by the lens axis anel the extreme ray:.: 
passing into the objective, that is, let 'b be half the angular aperttm' 
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when the objective is immersed in air, and let l' be the correspond
ing angle when the objective is immersed in some oil. Let n be the 
ratio of the siJ}.c<; of tlJ.ese two angles., Then, 

sin i 
11,= siUT' 

or, sin i=n sin 1'. 

Instead of leaving the equation thus expressed in terws of the angle 
between the lens al.:is and the extreme rays entering the objective, 
we can let 2 'u=angular apertm'e =21'. 

Vlherefore 1'=U. 

Substituting, sin 't=n sin w. 
Pefining sin i as the numerical aperture of the objective, 

~. A.=11. sin '1(" 

where on is the refractive index of the medium in which the objec
tive ]<.:. immersed. If the objectivc is of the dry type, n=l, and the 
formula becomes N A - . . .-sm u. 

For dry objectives, therefore, the numerical aperture varies di
rectly as the sine of half the angular aperture. For immersion ob
jectives, the mlllerical aperture varies directly as the product of the 
refractive index of the immersion oil and the sine of half the angu
lar aperture in that oil. The numerical aperture thus increases with 
the angular aperture. The greater the numerical apetiure, the 
greater will be the amount of light entering the objective and there
fore, in general, the better will be the illumination. Most manufac
turers designate their objectives by numerical aperture, ancI 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. vVith 
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-power objectives this vertical range of distinct vision becomes 
considerably less, so that a change of focus becomes necessary in 
order to see objects in sliO'htly different planes. The depth of 
focus varies inversely as tIle numerical aperture. For ordinary 
observational work a ~reat depth or focus is very desirable, but for 
measurements of thi~lm~ss the objective of least depth of focus 
gives the most accurate results. 

Objectiyes mayor may not have flat fields, that is, all points in one 
horizontal plane mayor may not appear equally distinct at the same 
focus. Frequently, when the objective is focused on a point in the 
center of the field1 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 l all other things being equal, 
varies as the equure of the numerical aperture. 
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The resolving power of nn objective is its capacity to rendl'r dis
tinctly and sepamtely visible two points which might otherwise 
appear as one. In other words, it is the capacity to render vi.sible 
the liner details of objects. It depends on the correction for chro
matic and spherical aberration and on the numerical aperture. 
Usnally, the higher the magnifying power of an objective the greater 
is the resolving power, but this is 110t necessarily so. Examinatioll 
of certai.n diatoms for finer detnils of structure is perhaps ns good a 
test of resolving power as uny. 

The :l1agnifying power of an objective depends on the tUDe length 
of the microscope. The greater the tube length the greater the 
magnification. Actual measurement of the magnification by the 
objective alone has practically no value, since the objective is always 
llsed in conjunction with some ocular. Magnification by a micro
scope, therefore, means the magnification produced by the objectin~ 
and the ocular conjointly for a gi,'en tube length. Other things 
being equal, however, the magnification of a microscope depends 
directly and primarily on the mngnification of the objective. Some 
objedivps ]ul\"e thrir magnificntion marked directly on them; others 
an' label('d variouslv. 

In general, it maybe said that objectives of low magnifying power 
are sllort tlml hn,"e a wide expanse of leuse surface t1t thpir lower 
l'xtremity. On the other hand, objectives of high magnifying power 
a1'(, long and have very little lens surface at their lower extremity. 
Objectiv('s of intermediate magnifying powrr have intermediate 
appearances. The general subjt'ct of magnifieation will ngain be 
discussed in connection with oculars and methods. 

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 mOllnting of tIl(' objective decrease this distance: 

Dry high-power objecti,"es are corrected for use with cover glasses 
of certain thicknes.c;es. and a Yllriation of 0.05 11Ull in this thickness 
may lower the ('fficiellcy of the objecti,'c. Fsnally the correction is 
for cover glasses from 0.16 to 0.18 111m thick. "Tater-immersion 
high-power objectives allow greater varintion of cover-glass thil'k
111'85 than do the dry objectives. Low-power and homogeneous
imlller:-;ion high-power objectives allow any reasonable variation in 
cover-glass thicknesses. 

The~·oclllar, which lits iuto the upper end of the tube and from 
which the light directly enters the eye, has ror its fnnction tlw 
magnification of the image formed by the objective. It is compara
tively simple in constrnction: onl~T byo lenses being used ill most 
forms. There are three general types, the Hl.Iygens, or negative 
ocnlar, the Hamsdell. or positive oeulnr, and compensating oculars. 
The term" eyepiece" is freqlwntly llsed as a synonym for oClIlal·. 
In the Hl1ygens ocular there are two plano-convex lenses with their 
plane surfaces upward, or toward the eye. The Rnmsden ocular 
likewise consists of two plano-convex lenses, bnt the conyex sides 
are placed toward each other. Compensating oculars are constmctecl 
to partly eliminnte differellces jn foral plnTH's for different colors 
("a lIs('(l by the ob,kct iv{'s. 

In addition to these general types, there are ,'al·jolls special ocu
lars which arc more or lc:;s useful for vurious purposes. For ex
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ample, there :1re demonstration oculars, carrying pointers for indi
cating any part of the field; double-demonstration oculars, which 
enable two persons to view the same field at the same time; and 
goniometer eyepieces, which revolve horizontally on a graduated 
cil·ole. A. pnrticularly useful form of ocular is OIle carrying a slot 
through which yurious accessories, such as micrometers, may be in
seHed. Oculars fitted with special optical equipment for the pro
cluction of particular optical phenomena, such as the Bertrand 
ocular, will be described in connection with the phenowena. 

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 l)eculiarly 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 that the ordinary microscope uses orcli
nary light, whereas the light used :in a petrographic microscope is 
plane polarized. '1'he polarizer is loeated in the substage of tht' 
micl'oseopc and consists of l.l, calcite prism cut and then l'ecemented 
in a partieulur way. '1'11('l'e nl'e nUJl1I'I'OllS typc>s of Nicols, depending 
on their method of construction, bnt all accompliRh the same purpose 
in the same general way. 

H the calcite:is cut a~ld'then recemented at such an angle that one 
of the rays strikes the plalles of division at the critical angle or 
greater, whereas the other ray 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 seconclray, polarized in one 
plane, will pass through the cnlcite and can be used as a source of 
illumination for the microscope. The polarizer, therefore, causes R 

loss of about half the light coming from the mirror. This loss, 
however, is 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 nn~le of 90° in 
order to enable the worker to set it so that its plane ot vibration is 
p.ither parallel to OJ' at right angles to the plnne of vibration of the 
polarizer. This upper Nicol is usually spoken of as the analyzer, 
Ilnd the analyzer and polarizer al'(> said to be parallel or crossed. 
according to whether their planes of vibration are parallel or at right 
angles to each other. 

A.nalyzers should not have sloping ends, as they 110t 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 It slide with 
the analyzer out ancl 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" micro
scopes, place the 11llalyzer~ the so-cnlled cap Nicol, over the ocular 
instend of in the tube, as is done in the petrographic microscope. 
This cap Nicol has its nses even in the petrogmphic microscopl>. 
and in the nonpetrographic type of instrlUnent serves its purpose 
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"cry welL But for purely petl'ographic ,york the petl'ogI'al)hic 
microscope with an analyzer in the tube will prove best. 

Both Nicols should be quickly and conveniently remcvable for 
deaning. The upper slll'faces, especially of the analyzer, have a 
tendencv to collect dust which interferes with clear vision. If tlw 
Xicols ~re not cOlweniently l'emoYable, cleaning is usually put off 
far beyond the time when the need arises. In the choice of instru
ments, the writeI' would com:ideJ' the ease with which tho Nicoli; 
('ould he cleaned ItS one of the crucial points affecting his decision. 

The Bertrand lens, quartz wed.ge, gypsml1 plate, quarter-undula
tion plate, and micrometers are accessories to, rather than parts of, 
the petrographic microscope, but they are essential accessories and 
when used form an integral part of the optical system. "\Vithollt 
them certain essential functions of the petrogI'aphlc microscope could 
not be accoil1plished. They are, therefore, described in connection 
with the microscope, whereas other valuable but not indispensable 
accessories are described in connection with the particular optical 
phenomenon they are designed to produce or observe. 

The Bertrand lens is inserted in n slot in the tllbe of the microscope 
and, together with the ocular, seJ'ves as a microscope for the magni
fication '.If 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 hail'S of the ocular when the Bertrand lens 
is in place. 

The quartz wedge, as its name implies, is . .in its simplest form, a 
·wedge-shaped piece of quartz mounted iOI' protection between two 
plates of glass. This wedge is inserted into 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 
'"edge is gradually inserted thin end foremost, causes increasing 
retal'datjon of the light rays. Newton's whole range of colors is 
giyen, the colo!'s repeating themselYes 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 gi"ing colors' of 
the third and higher orders is very desirable. There are various 
improved forms of quartz wedges which are really improvements; 
for example, the "\Vright combination wedge. But fo!' ordinary 
petrographic work the ordinary wedge is usnally sufficient. 

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

The quarter-undulation mica plate is a. sheet of muscovite of sucll 
thickness as to give a retardation of one-fourth A, mounted for protec. 
tion between glass plates. The quu.l'tz wedge, the gypsum plate, and 
the quarter-undulation plate have various uses whlch will be given 
in their places. 
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The vibration directions in the quarter-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 hyperbolre. 
The direction of intermediate ease of vibration Y (or b) 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 quadrants is the 
~ (or c) direction. The vibration directions of the quartz wedge 
can be ascertallled by using th~: wedge as an object and inserting 
a quarter-undulation plate whose directions a.re known. This will 
be explained more fully under the llS~ of the quarter-undulation 
~~& . 

At least two micrometers are absolutely essential. One of these 
should be a. standard-stage micrometer with a scale marked off in 
tenths and hundredths of a millimeter. This micrometer should be 
used solely for calibrating other micrometers. The other essential 
micrometer is an eyepiece micrometer anel lllay be of various types. 
Certain types are circula~· in shape anc1l.!re inserted into the ocular. 
Other and lllore convement 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 luid, the checkerwork type 
is the more useful. It is best, however, to have one of this und 
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 i.lluminator will 
be fOllnd invaluable. It is a device attachable to the lower encl of 
the microscope tube between the tube and the objective. A hori
zontal beam of light is admitted thl"l)ugh nn iris diaphragm in the 
side of the illtHl1inator, is then reflected vertically downward by a 
semicircular rotatahle mirror, passes through the objective onto the 
object, and thence is reflected back vertically upward through the 
objective and illuminator to the eye. 

CALIBRATION AND MEASUREMENTR 

'fO DE'fEln[lN~~ 'fHE VTBJIA'flOX Drn~:CTWXS IN NICOL FRIS~[S 

Prepare a section of biotite cut at right angles to its cleavage. 
Rotate this section, 'wlth analyzer ont, until it is in its darkest posi
tion. The cleavage direction is now parallel to the plane of vibra
tion of the polarizer. If a suitable section of biotite is not available, 
mount a minute crystal of tourlllaline, in 'which the elongation (the 
direction of the c axis) can be identified, so that the c axis is hori
zontal. Rotate the mount, with analyzer out, until the crystal is ill 
lts darkest position. The c axis will now be at right angles to the 
plane of vibration of the polarizer. Another less accurate, but 
nevertheless fairly satisfactory, methocl .is to detach the polarizer 
from the microscope! reflect light into the polnrizer by means of a 
preferably horizontal piece of plate glass or other pOlished surface, 
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and rotate the polarizer until the glai:is appears dark. The vibration 
plane of the Nicol will now be at Tight angles to the Teflecting 
surface. 

The vibration plane of the analyzer can be Teadily found by COlll
paTison with the polarizer. Set the polarizer in some definite posi
tion in the mbroscope and use a good light. Rotate the analyzer 
until the field is daTlL The Nicols are now crossed; that iR. their 
vibration planes a1.'e at right angles to each c,ther. The position of 
the vibration plane of the polarizer being known, that of the 
analyzer is known also, 

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

Jmn:R~[lNXI'ION 0]/ TIm ~[AGNn'YING l'OWlm 01' 1, I.ENS SYSTE~( 

The magnifying power of a lens or system of leuses is not the 
definite figure it is usuaUy thuught to be. The magnification is the 
number of times the diameter of the object 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. But the diameter of the image varies 
with its distance frolll the eye, and different eyes see most distinctly 
at different distances. The magnification is thus !1 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 
111111). This is usuaUy taken as a standard. It can be shown byele
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 distinct vision to the focal length of the lens. Taking 
250 nun as standard, the magnification, LV, is then 

where F is the focal length. This is simply a convention and differ
ent observers would actually see very differently. For example, a 
lens of 25 mill focal length would show an apparent magnification 
of ten times to a normal eye and only five times to an eye which saw 
most distinctly at a distance of 125 mm (5 inches). 

The magnifying power of a microscope may be directly measured 
by placing a stage micrometer directly on the stage. The microscope 
is carefully focused 011 this micrometer. Any suitable scale, for ex
ample an ordinary desk rule, but preferably one with nnits directly 
eonvertible into the stage micrometer units, is then placed horizon
tally beside the microscope at a tlistance of 250 nun fl'om 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 
horizontally until it coincides with the image of the micrometer. 
Direct eoniparison of the two can now be made. If, fol' instance, 
the image of a ]Ju-mm division 011 th(~ micrometer tallies PileI to 
end with tl :to-llllll division on the seale, the magnifying power of 
that particular lens combination is 100 diameters, 
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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 fr'om 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 -to-mm division, 
of the micrometer image} as seen on the paper through tho camera 
lucida.. Measure the distance between the two marks, and find the 
ratio between this measured diameter of image and the actual size 
of the micrometer division. If, for ill stance the micrometer division 
is io-nun and the distance between the marlrs is 25 mm, the magni
fying power is 250 diameters. 

It is not often that one absolutely needs to know the magnifying 
powal' 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 u~ually 
information or doubtful utility. 

" 
HORIZONTAL LINF..AR MEASUREMENTS UNDER. THE MICROSCOPE 

There are several methods for measuring lengths of microscopic 
objects. The simplest is to use a micrometer stage. This is an ar
rangement whereby two screws, with vernier attachments, working 
at right angles to each other, are cap&,ble of moving the stage and 
consequently any object on it. The screws should be calibr::tted by 
placing the stage micrometer on the micrometer stage (the distinc
tion should be not€d), aligning the screw a.xis 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 ancl the stage micrometer. This calibration should e:Ai:end 
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 directly 
by the screw divisions turned through. 

A more generally satisfactory 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 ocuiar 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 llucrometer 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 a unit gives the ac- ~ 
tual length of the object. The checkerwork or net-grating eyepiece 
micrometers are much more satisfactory than the linear-scale type, as 
lengths in two directions at right angles to each other can be read 
without moving the. object and diagonal lengths can be immediately 
calculated 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 hOl'lzontal dimension of an object can be directly 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 distinct vision. This is un
questionably a valid objectioll; 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 unit squares. 

There are several types of screw-micrometer oculars available. In 
l)rinciple these are screw-vell'nier 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. 

MEASUREMENT OF THICKNESS 

The most delicate method of measuring the thickness of a particle 
is by Hleans of its double l'°fraction. The procedure is exactly the 
reverse of that given for the determination of the double l'efraction 
(which see). This method of thickness measurement, however, is 
very limited in its application. (1) The substance whose thickness 
is 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 know 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 method 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 as the wedge is inserted, rotate the object an additional 
900 If they descend in the color scale leave thf', object as it is and• 

continue the insertion of the wedge until tIle object, at the point where 
the thickness is to be measured, becomes black. By removing the 
object or obser\'ing vacant spots in the field of the microscope anc1 
counting the number of recurrences of the color as the wedO'e is with
drawn, the color and its order are identified. Find the double re
fraction along the upper or right margin of the Michel-Levy chart. 
(Fig. 5.) From this point follow the diagonal line to the particular 
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color 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 
bpttom 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 vernier. This presupposes that the fine adjustment be accu
rately calibrated. Furthermore, the reading 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 perhaps true 
here, more so than in any other phase of microscopic work, that the 
eye of the ob"~rver is as much in need of checking as is the instru
ment. Fine-acijustment screws undoubtedly do come uncalibrated 
or occasionally badly calibrated, but it is manifestly unjust to con
demn a screw on the basis of results obtained by a person physiolog
ically incapable 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
olo~ically and psychologically, for microscopy as there are other in
divlcluals unfittecl for music or art. 

1\. 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-adjustment screw 
down as far as practicable, focus on 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 
uivided into the thickness of the cover glass gives the average value 
for one division of the fine adjustment for the particular screw range 
used. Leaving the fine adjustment in Hs 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 
slight interval between it and the first range of reading. Raise the 
tube of the microscope by means of the fine adjustment to a focus 
on the upper plane of the object. The difference of the readings 
divided into the cover-glass thickness \"jU give mi 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 screw is reached. Then 
begin again with the first focus of the fine adjustment adjusted at 
a different reading from that foullcl at the beginning. This process 
of calibration can be carried to any. desired degree of elaborateness. 
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If, a.fter a number of eomplete traverses of the screw Imve beell 
made, it is found that the averages are all approA-imateljT the same, 
the screw divisions can be cOllsic1erecl as calibrated at this average 
yalue. If two of the uverarres are markedly different. the data of the 
readings will indicate apPl:Oximately the position in the screw where 
the trouble is. and this position can be ayoidec1 when making future 
thickness measuremE'nts. This proC"ess of calibration can be im
mensely shortened by cOllfini ng j t to one or two com.plete turns of 
the screw near the centet· of the screw range; or, better still, by COB
fining it to the smallllumber of intervals plus a. few both above and 
below the range aetnally iIlyoh'e(J ill the measurement. This latter 
proc('tlllre has tlle. lHlnllltnge. of providing a ('beek Oil tbe :;(')'('W every 
time a S('ril':; of thi('kness measurements i" made, an :LeI-vantage 
"which becomes more and more important as the mi(,l"o;;eope bl'comes 
older. In making- thickness measurement.;, all focw.;ing with the fine 
adjustment should be made by movements all in the same direction. 
either up or down. in order to avoid errors due to lost motion. It 
should be bome in lllind that there are yery few fine adju:itments 
whieh give identical values for each interval over the entire screw 
length. A certain amount of tolernnce is therefore necessary, and 
occasional rechecking is all the more de,;:irable. An accurate cali
bration oyer a small lllunber of uniform intervals is much more 
satisfactOl'y than till a"erage calibration of the entire scre"w. 

If an object is lying 011 a. microscope slide, the upper surface of 
the slide can be taken as the plane of the. lower surfa(,e of the object. 
By focu>1ing on a snateh 0/' a dU:it speck on the .slide. J"<.'nding the 
fine adjnstmpnt. tlwn raising- tile tube by means of th(' finp adjust
ment \lntil tllp upper sl.lri'aee of the ohjPct is in 1'O(,lIs and again read
ing Ihe> fine adjustlllPnt. thl' diifPl'pncp of tlH' two rpalling:; gi\'PS a 
mealiUl'(' of the· thickne:is of the objt'ct. But this !llpa:illl'(' will be (lif
:fel'ent, depending on whether the focw,ing on the slide surface has 
been to one side of or tlU'ough the object. If the point of focus on 
the slide ancl that on the upper surface of tht' object are very close 
together horizontaUy, and if the focusing has been done slightly to 
one side of, and not through, the object, the difference of the fine
adjustment readings, conn~rted into its calibration units, gives di
l'ectly the thickness oi' the object. The object of ('ourse eall be placed 
at any desired .spot on the slide preliminary to the fo('u;;ing. If the 
object is flat and has edges sloping outwardly and down, the lower 
edge can be used as a point of focus instead of the scratch or dust 
speck. 

At times it is necessary to do the focusing through the object. 
Proceed exactly as abo\'e and then multiply the value so obtained 
by the refrnctiYe index of the object. This gi yes the true thidmess. 
A mOllnting medium act.s in this respect just as does any other ob
jed, a.nd therefore thicknesses meaSlIl'ed by focusing tlu'oll"h the 
mounting mecliwn must be multiplied by the l't'fl'nctive inc1exoof the 
medium in order to obtain the true thickness. If the lower focus is 
determined throuf!h air. 110 such multiplication is necessalT. since the 
refractive index of nil' is unity." .. 

i\feaslll'ements of slant distul1('ps can b(, made by ('oll1biniI1" the 
proper horizontal and vel'tieal !llenSll J'PIl1 ell ts. Tilt' slant di:t'allce 
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between allY two points is the square l'vot of the sum of the squareR 
of the "ertieal and horizontal di:;tanees. 

Very fair ideas of the shape of vertical sections of objects ,,,ith 
curved surfaces can be obtained by plotting vertical distances a:; 
ordinates and horizontal distances as abseissre and connecting the 
points by a smooth curve. 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 oyer und observe its shape directly or 
with the aid of the eyepiece micrometer when quantitative results 
are desired. But cases llllly a rise where the rolling is impracticable. 
The graph method may then selTe a good purpose. 

Perhaps the most cOJwellient and readily accessible I1wthod of 
measuring areas under the microscope is to nse a dO:idy lill('d dl\:ck
C'rboard microllJeter and to COllilt the number of mieroll1eter unit 
'"'quare.>; covering the image of the object. If tbe 1llierollleteL' ba:: been 
IH'e\ciously ealibrated against a stage micrometer: as described abo\'e, 
the area. of each unit square is known: and the area of the object is 
simply this unit area multiplied by the J1llll1ber of units. Since pro
portional areas rathel' than absolute tU'etlS a.re usually desired, it is 
perfectly pernilssible to state aJ'eas directly in terms of mierometer 
lllilts, regardless of "'hat the calibration of the micrometer may be. 
For very close work; parts of unit squares on l'dges of the object's 
image can be estimated and added to the tobu, Miel'()meters so lined 
as to be directly readable ill blocks of units, twenty~fives. and hun
dreds greatly facilitate the count and l'clien! eyestrain. .At the w'ry 
b(lst. a worker will. occasionally lose sight of the place untier count. 
Tlils may neeessitate <loil1/!: all the countillg again, with the possi.
bility of againlosill7, the place, unless SOIlIC systt'Jl1 is lIsed. A fairly 
satisfar'tOl'Y system is to first ('Qunt all cOlllplete bloc'k" of hundreds, 
then all cOllJplpte blo(']{s of t\\'enty-fiw::; not indudc'd ill the hundreds, 
then allllnitsllot inducled in eith('I' of the pr('eedill~. Hllli finally all 
fl'U('tio/l::i of units 011 edges of the image. In case of losing place,
it is then 11ecessary to repl'at the COllllt only partly instead of 
completely. 

Areal e::;timations can be Illade by photographing 01' drawillcr with 
a, camera.j uC'ida through the microscope, cutting out the areas desired 
and weighing them, the areal proportion being the same as the weight 
proportion OIl the assumption that the paper is perfectly uniform. 
The paper can be. backed witb tin, f,oil to give added \veigl~t and 
therefore more accurate results. 'I111S method can be used l1l the 
ausenee of a mic),ometer but is otherwise JlOt recoJlllllended. 

A statistica.l method consists ill making a number of linear meas
UJ'ell1eJlts at right angles to each other for numerous particles in a 
given mount. These measuremeuts, added lllld averaged, give a rec
tangle. the al'l'a of which can be compared with that of another rec
tangle'similarly obtained. Better l'l'Rults have bE'en obtained with 
this method lind its modifications than woulclnol'mally be e~l)ected; 
but, owing to the Inl'~e JlL1JnOeL' of measurements neCeSSHl'Y, the 
method is tedious and long. 

.. 
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As a preliminary to the measur('ment of all angle, the staIYe of the 
microscope should be very carefully centered. The slide sh~lld then 
be moved until the vertex of the angle is at the intersection of the 
cross hairs and one side is ,ery near and parallel to one or the other 
of the cross hairs. A reading is taken from the graeluations on 
the circumference of the stage. The stage is then rotated until the 
second side of the angle renches the initial position of the first side . 
.A second reaclin!! is taken. amI the difference bebyeen it and the first 
reading giws di'rectly the angle clesirec1. Instead of ,. side::; ,: to the 
angle one may have cleanl!!e directions or directions of extinction. 
but the tecllIlic is the sanle. These al1!!ular measurements shoulll 
be repeated, using first one side then the 'Other as the initial side and 
revolving the stage in opposite directions. Then the sta~e should be 
turned 1800 from its first position and the measurements repeated in 
this new position. 

A gonionwter eyepiece ma.\' be used in place of the rotating stagC'. 
The only essential difference between the two methods is that with 
the gonIometer e~'epiece the object stays still and the C'ross hairs 
rotate, whereas with the re,olving stage the object rotates and the 
cross hairs remain still. 

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

If the angle between two crystal faces is being measured, the meth
ods abo,e giye the true angle only when the planes of the faces are 
parallel to the a~is of the microscope, or (which is practically the 
same) when the intersection of the two faees is yertiC'al. Preliminary 
examination as to these points should be made before the angle is 
measured. It should be remembered also that the angle measured 
is the actual angle between the two fuel'S aIHI not its supplement as 
read from a reflecting goniometer. Angles between llOrizontal and 
Yerticaliy slanting faces C!ln sometimes be calculated from data de
rived from horizontal measurements with the eyepiece micrometer, 
together with vertical measurements with the fine adjustment. 
Tl1ere are various other angles which may be calculated by methods 
of plane anel solid trigonometry, but the need for them is compara
tively rare, anclrefel'eTlCe is therefore made to the standard text (;2). 
The beginner, "when dealing with the angular measurements of crys
tals, shotlld be particularly careful not to be misled by misshapell 
or nI1lumaIly oriented crystals. A cnbe of ('ommon ::alt. for exam
ple, shows t~ be:llltiful hexagonal outline wlH'n it is tiltec(with a cor
ner uppermost :tl1Ll i!'i exttminecl with an objecti\'e of considerablp 
depth of fOC'llS. ThenleaRllrements of these hexagonal angles would. 
be utterly meaningless, and a wry ('asual ('xamination with a lens 
of less depth of focus wculd J'P\'eal the true form of the crystal. 
This serves to illustrate one of the essclltinl tests which should never 
be omitted before making all angular meaSUL'ement. Both sides of 
the angle shouhl simultaneollsly ('omI' into foc·us o\'e[' their entin' 
length when examined with an (jbjecti\'e 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 least untjl one acquires 
the habit of thinking crystallographically. 

OPTICAL METHODS 

IMMERSION 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 to aid visibility and, secondarily, in conjunction 
with the cover glass, to protect both the object and the objective 
lens. The preparation of the mount may become a very COlupli
cnted matter or may be of the utmost simplicity, depending on the 
nature of the object ancI the purpose to be attained. Essentially, 
however, it consists in embedding an object 011 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 mOllnt, say, a broken fragment of glass in 
some oil of It ImoWli. refractive index different from that of the glass, 
the glass is easily visible. If by trial we mount the same glass ill 
oils of refractiYe 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 also know the refractive 
index of the glass. 

Ideally, immersion meclia. which are to be used for refrnctive
index determinations should have the same color and the same in
tensity of color as the substance to be examined. They should be 
stable in contact with air and under the influence of light; they 
should be practically nonvolatile in air, and especially they shoulcl 
110t be differentially volatile; and their refractive indices should not 
',ary perceptibly with ordinary changes of temperature. They 
should have 110, or only slight, dispersive effects on light, they should 
not dissolve the substances to be examined, anel they shouH all 00 
mutually miscible so as to enable the worker to form media. of re
frllctive indices intermediate between uny two given indices. Need
less to say, no such ideal set of media has ever yet been contrived. 
There are, however, several practicable sets. Larsen (10) gives the 
refractive indices shown in Table 1. 

TAli!.!> ].-.!?('{radir(' ill(ii!"IW of ill/./Ilelwio/l. met/in 
.__ ._..,--

71 at ~'O0 c. : 1/11 Dispersion RelDurks ______I_d_t___." 
Wnter••••.•_•••.____....... I.aa:! ....._,,,, .•• ' Slil(hl••• __ ... _. _.,., Dissoh'cs mnny of the miner

1I1~ with Inw indit'es. 
Al'etonC.............._..... 1.:157•••,."••_._••.••• ,.. SIi~hL__••• ,., 
EthYlnlcohol. .......__•• _•• 1.:302...__ ....._••• U. ()()(I-lO .....do•••__._.... ))0. 
jocthyl 1!1Ityrutc. ____•___..__ 1.3SJ ....._........,............ "dO.•..__.....1 
Methyl butyrnw••__••• __ •• 1.381L__...........I.._._. __ ,··_..dO•• ______ •• 

Ethyl vulcrnte......__..._. 1.393_...._._.........---...I-.--.dO--.-----.-
Am\'lnlcohol J. __"_'__'''''.' 1.400. "'.'__" ••'_.• UOIJ.I2 ••__ .do...__ - •••• , DlssolI·os IlIon>" minerals 

; I ' " with whioh It IS nsed. 

I Ordillnry fusel oilmuy he lIsed,.Il11t Ollmixillg wit:l kerosene it forms II milky elllulslon, whieh settles 
on stun(Jing, und theu the c1enr liqUId InUY be decunted olI. 

1~0470o--33----3 
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TABLE 1.-Retractive ,;'//4ice8 at illl-Illersion '/II.(?di(/--Contiuucd 

-~~71 .. --I ~;d~tl--I- - -----.lIt ~_O:C-

Kerosene___________________ . <m351.44L_~__________ Sli~~:~-e:~:~-J----l-{e-m--a-r-ks---
petrR~~T.tgi~~oline________ JAiL ____________ .0004 ,_____do___________1 

ARJericnn aboline_____ 1.4ii______________ .0004 i _____do___________ . 
Valvolene , _________________ 1.502______________ • OOO! l--~--do-----------: "~!Il nqt m!x with clo"e o!l. 
Clo,'e oil • __________________ 1.531._____________ .00050 Modernte. ______ ' "Ill miX with petroleum oil. 
Cinnamon oil , _____________ 1.585 to 1.fi()(L _____ .<m3 Strong __ •_______ , 
Cinnamon oil from ceY)0n.11.595______________ '. ooo:ooo:~ [_--__-_--_',11°0_-_--._-._-_-_-_-__-_-:..
Cinnamic a1dehyde ________ 1.614 to l.61i ______ ., 

aMonobro~nu.l'hthalenc ' __ . 1.6ii~-----.:-------- .00048 lI-Toderntc_______ : 

lIIethylene lodlde __________ 1.i3{ to 1.141._____ .000iO l{alher strong___ ' Rather expclI,l\·c. ])i5('010rs 
, 011 exposure to light, but a 

little copper or tin in theI
Methylene iodide satu

rated wilh sulphur_ ::::::::::::::: ::::::::::=:::::::=::=::1 ~~~~.,,'" """'"' '"" 
1IIethylcne iodide, snlphur 

1.68 to 2.10. ____________________ ._. __ •________ 
Sulphur and selenium ______ ~.~SXa.to_~.il6{.i __ ;________ : Ycry strong _____ : 
Fclenium and arsenic sele

ami iodides.. 
I'iperine and iodides _______ 

_.1 ... to 3.I,I.i. ______ _____________<10 ___________ 
nide. ____ .' _~J_ _------..:.1 

1 

_____ 
I Am- of the medicinal oils may he nsed, snch asXujol.
'Any good, clean lubricating oil, such as is nsed in automobiles, may be nsed . 
• U clove oil does 1I0t mL, ',ith petroleum oil mix it with rapeseed oil, 7I=1.4i1. 

, The only ad,'antage in using cinnamon oil is that it is less expensh'e than cinnamic aldehyde. 

• Mixtures of cloye oil and" monobromullphthalene gl\'c a set of liquids of lower dispersion thlln those 

with ('innamon oil. 
, 1'0 100 g; methylene iodide add 35 g iodoform, 10 !: sulphur, 31 g Snl., IG I! Ash, nnd 8 g Sbh, warm to 

hasten soilltion, allow to stand, and filter oIT undissolved solids. See MerwllI (12). 
S g is the abbreviation for gram or grams recently adopted by the style manual for United States Govem

ment printing, 

In making mi.~tures of two oils to obtain media of intermediate 
indices, the equation 

where '1\ is the volume of the oil of least index, V2 the volume of the 
oil of greater index, 11~ the gl'eateL' index, n the desired index, and 
n'l. the lesser index, will be found usefllL The refl'detive index of 
the mi.~ture prepared in the proportions given by the equatioll 
must, however, be measured, us 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 accurately by u- reversal of the process for measuring the refrac
tive index of crystals (which see). 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 sllbstr.llce whose orientation can be modi
fiecl or determined to suit 0111.' convenience, we have the following 
method fOl' determining' the refractive index by means of the Becke 
line. '< " 

~f()unt the substanc(' in any inullrn:sion medium of known re
'fractin~ ilHlex. Either the gridn and the immersion metlium lulve 
the sal1l(' l'ei'l'lleti,'(' illdict's 01' tlwv han' difl'el'l'llt l'C'tl'a('tiyc in
dices. It they ha ,-r, the sa 1I1e rdracti,'(' indices, the substa net' will 
be invisible and will ha\'e tbe sume index as that of tIl(' medium of 
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known index. The refractive index of the substance is tllercfore 
known. 

Almost never, however, would olle be able to guess so well or hap
pen to pick the right medium the first time. Practically always the 
refmctive indices of the medium and the substance would be differ
ent. In this case focus the microscope on an edge of a gra in of 
the substance. Raise the microsc-ope tube by means of the fine
adjustment scn~w. If, when the tube is raised, the Becke Ene moves 
into the grain, the grain has the higher index ;if the Bee-ke line 
moves outward from the grain, theimmersioll melliulll has th(, 
higher index. 'Ve have tlms determined whether the given medium 
has a highel' or lower index than the grain. If its index is lower 
than that of the grain, obviously we nel'tl :I. medium of higher index. 
If its index is higher, obviously we l1<.'('d R medium of lowel' index. 
Choose unother im111ersion medium on the basis of what has been 
said in the pr<.'violls sentence and make another mount. Repeat 
the obselTatiolls on the Becke line. In tIie first monnt we found, 
say: that the index of the grain was the higher: 

n (first medium) < Ii (g('uin) 

In the secoll(l 1l10ullt~\'e will find eitlwl" that 

11 (first medium) <11, (secolld 1lH'<lilllll) <n (grain) 

or 

n. (first Ilwclium) < 11. (grnin) < n (~e('oJ1(l medium) 

In the first ("nse w<.' ha\'<.' found :1. medium which has a known inckx 
n<.'art't' thr.t of the grain. That is: \ye are C"lo;;er to the trll<.' ind('x 
or the grain thlln we were ill the first 1lI0llJ)t. In the s<.'collcl ('asp 
we han' established limits betm?en whieh tIl(' index of the grain 
lnust lie. By repeating this hial and el'mr Ilwthod lL sufficient nUlll

bel' of times we will .finally find a mec.liumin which the grain is 
invisible. Tlw refractive jndex of the gmin is then the snme as 
that of this medium. and sjllee the index of the medium is known 
that of the grain is also known. 

In the use of the Becke line for reiractive-ilHl<.'x determinations 
seveml precautions must be taken as follows: 

(1) The grains of the substanee to be examined must bt' dry 
before they are mounted in :Illy illllllPrsion oil. Otherwise, till' Bec-ke 
line is the result, not of the contact between the oil and the grains, 
but of the contads \)etwc<"1l the oil illicl water and of the wnter lIml 
the grains. The result usually is a heterogeneous mixtllre of Becke 
lines practically .impossible of interpretation jllto terms of the 
refmcti\'c indices of the grains and the immc\';iic;' medinm. 

(2) 'fhe substance unde't· examination sholllcl be insoluble, or prae
ticaUy so, in the immersion media used. If the substance i~' appre
ciablv soluble in the media, the Becke line is the l"('sult not of tlw 
conta'et of the substance :tnd the media, but of the contact of the 
substance and n solution of the substance of unknown concentration 
and thererot'e of unknown refmctive index. 

(3) The surfact's lind edgt's of the gnlins of the sllb~tance to be 
examined should be clean and free from coatings and adhesions of 
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foreign substances. 1£ these coatings and u(lhesioJls arc reuclily 
visible, their presence can be reco~nized and search made for edges 
which are free from these impuritIes. But grains coated with thin 
films of transparent impurities are likely to cause errors. Such 
coated grains are frequently encountered in substances which have 
been dried "without first lla.ving had the coating of mother liquor 
removed. If such grains are crnshed, edges free from the 'coatings 
can be l'('adily found. 

(4) The line of contact between the grain and the immersion oil 
should be as nearly vertical as possible. 'Vith a transparent thin 
grain, both the top and bottom edges are 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 C"onfusion may result. Furthermore, the phenom
ena are complicated by reflection and refraction from the inclined 
sm·face. 

(5) OJ)(' should make' sure that he is examining an inclividunl 
crystal and not an aggregate of small crystals. In any given spot 
in an aggregate, the light effect ,,"ould be the chance composi te of 
the effects of all the small crystals through which the light hacl 
passed :md would haye ])0 determinable relation to the effects of 
any given crystal. At different spots on the aggregate the light 
effects would vary, depending on the uniformity of si~es, orienta
tion. distribution, and degree of packing of the smaller crystals. 
Especially should one look out for twinned crystals. 

(6) One Sl10111<1 make sure that he is examining crystals and not 
skeleton crystals, thut is, cr'ystals in an incipient stage of formution. 
Although the writer has no data on this subject, he is fairly sure that 
he has 110ticecl several times that skeleton crystals had optical prop
erties quite different fl"om those of the completed crystal. 

DETERMINATION OF TWO INDICES OF REFRACTION 

The simplest procedure in detL'rmining both reimctiye indices, (I) 

and f:, of a uniaxial substance is to find a crystal with a recognizable 
c axis in the horizontal position. Rotate to extinction between 
crossed Nicols, with the c axis parallel to the vertical cross hair. 
l~emove 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 oil." Proceed then with the method already de
scribed for .isoh·opic substances, except that here all the observations 
must be made on crystals in the initial orientation, or in that posi
tiOll of extinction which has the c axis parallel to the vertical cross 
hair. Finally, an oil will be found in which the cr~'stal, in the given 
orientation, will be irl\'isible. The refrncti,'e index of the oil being 
known, that of the crystal in the given positioll is also known. Re
peat the whole procednr.·e as above except that the crystal is to be in 
the positioll of extinction with the c axis at right angles to the ver
tical cross hail', thnt is, paralll'l to the horizontal cross hair. If 
the gf'ven substance is optically positive, the greater of the two 
indices meal';ured al'; above is E and the lesser one is OJ. If the sub
stance is optically negative, the greater is OJ and the lesser E. 

If the refractive index is determined us above on gmins, so orien
tated that the optic axis is vertical, that is on grains which give :IS 
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interference figure the uniaxial cross with the center in the center 
of the field. the index is w. 
If refractive indices are det~rmined for two positions of extinc

tion for It 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 other value will vary frolll grain to grain 
depending on the odentation. That value 'which is farthest from 
(0 is nearest €. Since uniaxial grains haye n, tendency to lie with the 
c axis horizontal, this value will perhaps be €. Statistically the 
highest and lowest indices cletermined on n, large number of gL'ains 
of the same substance ia random orientations will be the maximnm 
and mininulllL indices of the subHtance and therefot'e will be wand, 
or € and w, depending on the optical character of the substance. But 
selection of p:raills ill proper orientations whell possible obviates 
the necessity for statistical methods. 

All the foregoing may be slIll1med up as follows: The refractive 
index of lIlliaxial crystals var.ies with the orientation of the crystal, 
but for a padicular substance in a particular orientation, the index 
is constant. Therefore, to determine the refractive indices of a par
ticular substance, proce<.>d exactly as with isotropic crystals, except 
that orientation can not be disregarded as in the case of isotropic 
substances. Uniaxial substances with the optic axis vertical give w 
110 matter where the stage is rotated. Uniaxial substances with the 
optic axis horizontal give w at one position of extinction and € 'when 
rotated 90° to the next extinction. Uniaxial substances with the 
optic axis neither vertical nor horizontal giye w at one position of 
extinction and some nllue between Hnd € when rotatpd 90° to theuJ 

next position of extinction. En'ry orientntion therefore allows the 
llIensurement of to, but ollI,\' one oriclltntiol1 allows the measnrement 
of t. Crushed quartz, {'rystals of sodiulll nitrate, calcite, and apatite 
serve very well for d<.>momtrations of the foregoing. 

DETERMINATION Ot' THREE ll'o'DlCES OF REFRACTION 

To determine three refractive iuuices, 0:, fl, and y, on biaxial sub
stances, mount material as usual. Finu a grain 'which gives an inter
ference figure with the acute bisectrix in the center of the field, 
Rotate the stage until the plane 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 of the 
grain and the embedding oil for this position of the grain. Then 
proceed exadly as with isotropic substances, except that the grains 
must aU have identical orientHtions, until an oil is found which has 
the Same index as the grain in this position. 'Vith an identical O1'il=n
tation but with the plane of the optic axes 90° from the first position, 
measure, as above, II second index. One of these two indices, thus 
measll!'ed, willl)e {3 and the other may be either IX or y, depending on 
whether the gl'llin is optically positi \'e or negative. If the rrmin is 
positive the lower of the two indices is 0: and the higher fl. t:> If the 
gmin is negntive the higher of the two illclices is y Ilnd the lowel' fl. 
In other words, the measurement made normal to the plane of the 
optjc axis is {3 and the other is either ex or y as above. Two of the 
indices are thus known, fl and IX Or y. 'Vorking as near as possible on 
grains lying parallel to the planes of the optic axes, as approximately 
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determined by Illtederence figures, proceed as above to determine two 
indices. One of these 'will be ex and the other y. The one already 
determined can be ignored, but the two determinations !::ierve as a 
check. .A grain lying normal to the obtuse bisectrix, as determined 
approximately by interference figures, gin~s {3 and either y or a. 
This orientation is sometimes more conyenient than that of grains 
lying parallel to the plane of the optic axes. 

If the grains do not show any special tendency to lie III any Olll' 
orientation, the statistical method can be used with some fair degrec 
of certainty. Measure tllf~ lowest index shown uy any grain in a 
given mount. This will be a. Then measure the highest shown by 
any grain. This 'will be y . 

.A variation of this statistical method is to measnre the highef3t and 
lowest, y and ex, indices of grains showing maximulll double refrac
tion. (See determinntion of amount of double refraction.) 

The indices determincd OIl the grains'sil<m-ing the emergence of the 
acute bisectrix in the center of the field nre accurate. Those made on 
grains lying parallel to the plane of the optic axes and those lying 
normal to the obtuse bisectrix are subject to error, on account of the 
indefiniteness of interference ligures ubcd in identifying the orienta
tion. Indices determined by the statistical method 01' its variation 
are aI-ways subject to the doubt af3 to ,,·hether the absolute highef3t and 
lowest indices ha.ve been fouml. There are cases, howeyer, where 
only the statisticalmethocl is applicable. Any of the methods usu
ally give results sufficiently accurate fOL· ordinary determinative 
,,,ork. In fact, sometimes simply the mean refraction index, not 
necessarily {3, is sufficient. But for work of high accuracy the meas
urements should be checked and rechecked, and the results tested by 
~lIbstitution in the formula 

a~(y2-{32)
tal1~Y 

y2(W-a2 ) 

when V is half the optic axial angle and (3, y, and ex are the measured 
indices. The calculation of V itself depends on the accurate meas
urement of {3 (see measurement of axial angle). but fortunately this 
measurement is of a comparatively high order' of accuracy alid the 
formula serves to ('heck either a or y of :\, much lower order of 
accuracy. 

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, {3, 
or y, as the case ma.y be, except of course in isotropic substances, 
where there is only one index. Indices measured without re!!ard to 
orientation are usually worthless. There are cases, however; where 
it is practically impossible to obtain the proper orientation for the 
measurement of specific indices, such as are presented occasionally 
by ra.re 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 a re still other cases where, 
for the purpose in hand, it is not essential that the particular worker 
should have the specific indices. In a.ll such cases, indices should be 
given with some reference to the orientation in which the m,easure
ment was actually made; for example, index parallel or normal to 
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elongation of crystal, index parallel to plane of optic axes with acuttl 
bisectrix so many degrees from center of field, index parallel to 
c 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, etc. Such data can scarcely be cOllsic1ered as 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, potassium nitrate, ammonium nitrate, and aragonite. 

Cases occur, especially with platy minerals, in which the grains 
persistently lie ill one orientation. Sometimes, as with the micas, 
the acute bisectrix emerges nearly normal to the plate, and approxi
mate values of f3 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 moye. If the plnte will 110t remnin 
edge up, it is possible by quick obsel'Yation to compare its index with 
that of oil as the plnte pas!-;('s throug:h the vertical position. 

Rod-shaped crystals present similar difficulties of orientation. The 
orientation can be altered by simply rolling the rods. Crushing 
frequently enables one to find ira!!J1lents end up. But changing 
the orientation of any particles which have decidedly different di
mensions is likely at any time to tax one's patience and ingenuity. 

The refractive indices as measureel lllust be consistent with the 
other optical properties. If a uniaxial substance is optically positive 
with the quurtz wedge, gypSlllll plate, or quarter-tllldulatlOll plate, 
€ must be greater than ';;,. If tbe substance is optically negative, 
(,) is the grcnter. If a biaxinl substance is optically positive, y- f3 
must be greater than f3-a. If the substance is negative. f3-a must 
be greatei·. Ii the substance shows strong double l:efracfion, 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 mllst be very close together and 
both quite different from the third index. 

I}-;TERFERENCE FIGURES 

COX\'EJlGE:s"T UGHT IX CHYST.\LS 

Convergent light when tmnsmitted through crystals under cer
tain conditions. which will be discussed below. is modified by inter
ference phenomena (p. 14) and as a result sho'ws very beautIful fig
ures, usually called interference figures. These figures are of funda
mental importance. Under suitable conditions they are produced by 
all cI·ystals other than those belonging to the isometric system. 
Their absence therefore is an indication thnt the given crystal be
longs to the isometric system. One type of figme j~ characteristic 
of the tetragonal and hexagonal systems, the tmiaxlal group, and 
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another type of fimure is characteristic of the remaining systems, the 
biaxial group. rllms, direct observation of the absence of, or of 
the type of figure enubles one to throw a 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 biaxial 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 determining 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 crystnl on the light depends on the crystal system to which 
the substance belonl1:s, in other words, it dep;:mds on the character 
of the molecular packing in the crYHhll. Since the packing in isomet
ric crystals is the same in eyery direction, substances belonging to 
this system show no special effect on the cone of light any more 
than that shown by a piece of glass or other amorphous substancp. 
Quite distinct effects are shown, however, by substances in which 
the packing varies with the direction. 

As previously explained, crystals may be divided into two groups, 
in addition to the isometric, according to the character of the space 
lattice. In the first group the packing is uniform in one direction, 
called the direction of the optic axis, alHl uniformly different from 
that <?f the optic axis in any direction at right angles to that axis. 
The optics of this group mny be visnalized roughly as a right cir
cular cylinder, or nceurntely ns an ellipsoid of revolution. In the 
ellipsoid of revolution the major axis represents the optic axis. All 
lines at right ungleH to this axis haye the same length and the same 
OptiCR. Substances belonging to the tetragonal and hexagonal sys
tems have this structure. In the second group there are three direc
tions in ·which the packing llitTers. The optics of this group may 
be visualized best by an oblate ellipsoid. Here there nre two majo"r 
axes and a third intermediate axis. Substnl1ces belonging to the 
orthorhombric, monoclinic, and triclinic systems have this structUl"l'. 

The first group having only one major axis is called the uniaxial 
group. The seconel group, having two major axes, is calleel the 
fiiaxial group. The distinction between these two groups is of 
fundamental importance. In practice, the distinction is mnde by 
observing the interferenee figurps shown by the given Hubstances. 
(Fig. 4.) . 
If It COlle of light .is pas~ed. through a uniaxial substance in a di

I·ection parallel to the optic axis of the Hubstance. the mys at the 
eenter of the (,OIW will strike the slIbstanC'c at right angles and will 
p~ss through with.out (louble reil'action. All o~her rays, ho.wever, 
w]l1 be tloubly refracted lllOre and more as then· angular (iIstancp 
from the axis of tIre cone 1S greater and greater. At nny given dis
tance from the axis the llifferenee of path clue to the dO·llble reft·nc
tion will be the snme, and the visible result, in the ielenl case, will be 
a series of concenh'ie C'il'eLcR showing' it succession of colors in the 
Newton rings. The crossed Nicols cut out all light vibrations 
p:mlllei. to their planes) and consequently the series of concentric 
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circles is broken by a black cross. (Fig. 4, A..) The center of the 
cross is coincident with the center of the rings and is on the optic 
axis. If the axis of the cone of light and the optic axis are parallel, 
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 becomee. greater and 
greater, the center of the cross is farther and farther from the center 
of the field and describes a great:>r and greater circle as the stage is 
rotated. When the mutual inclinat;ion 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 right an~des to each other as the stage is rotateel. 

The limiting case is that in which the optic axis of the substance 
is at right angles to the axis of the cone. (Fig. 4, D.) Not only t.he 
center of the cross but the bars also nre ])0 longer visible. The whole 
figure is rather indistinct. 
As the stag-e cnrrying the mineral i,; rotated, there are cerhlin 11(lSitions in 
which two h~'perbolre will flasil into the field from OPPOSite .quadrrtnts, arrange 
themselves cruciform, and then quickly disappear in adjacellt quadrants. As 
the rotation of the stage is continued, presently the phenomena of the hyper
bola are repented in the next quadrnnt. In a rotation of the stage through 
360·, these phenomenn occur foul' ti1l1e~, with a dUl'lltion in each qundrant 
amounting to about 10° rotatioft (11, p . .'JG). 

The optic axis is in the direetjoll of the ljne sepnrating the entering 
and departing hypel'bolre. 
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 crystal. The sec-ond is the direction of the obtuse 
bisectrix; that is, the direction of the line bisecting the obtuse angle 
formed by the two hyperbolre. 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 all optic angle (acute angle between 

the two optic axes) not too large to be included in the field of the 
microscope, and if a COlle of light be passeel through the crystal 
parallel to the acute bisectrix, the crystal being rotateel until its 
axial plane is parallel to the plane of vibration of one or other of 
the two Nicols, a clark cross will be seen, as in the case of a uniaxial 
crystal. But instead of the colored circular 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 opposite sides of the center of 
the cross. Toward the cross center these two sets of rings have u 
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 crystal, 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 hyperbolre, their foci being the 
two centers, "eyes," of the colored rings. These hyperbolre reach 
their maximum distance apart when the rotation has reached 45°. 
(Fig. 4, E.) As the rotation is continued they gradually upproach 
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 foci 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 sallle in principle as when the 
light is transmitted parallel to the acute bisectrix. But the obtuse 
angle is too great to allow the foci to enter the field. On rotation of 
the stage the two hyperbolre enter the field, form a cross, then open 
and depart from the field. The hyperbolre formed when the light is 
transmitted parallel to the obtuse bisectrix are vague and undefined 
in comparison 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 obtained is similar to that 
given by a uniaxittl crystal when the light is transmitted perpendicu
larly to the op6c axis. 
If the cune of light pa,;ses through the crystal parallel to an optic 

axis, the interfel'ence figure is the same as that which -would be 
obtained if the light were transmitted parallel ~o the acute bisectrix, 
except that one of the foci of the hyperboloo, instead of the center 
of the cross, is ill the center of the field of the microscope. (Fig. 4, 
F.) If the axial angle is sufficiently large) the other focus will be 
outside the field. The hyperbola whose focus is in the center of the 
field becollles 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 stage brings 
the hyperbola to its ll1a~ill1um curvature, and in this position its 
convex side is toward the acute bisectrix. The greater the optic 
axial angle, the less is the ClllTature of the hyperbola. Crystals are 
sometimes found in which 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 revolying around its center i!l a direction opposite to the (lirec
tion of rotation of the stage. Since no curvature can be detected, 
it is impossible to ascertain froill the figure the direction in which 
the acute bisectrix lies. 

Generally speaking, one does Hot often find crystals of either uni
axial or biaxial substance, ,,·hic11 lie on the microscope slide in ex
actly one of the positions described aboYe. 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 gi\'en by the two positions. It is 
well to conceive of the whole phenomena of interference· figures ao; 
sim_ply a gradual change of appearance as tll{~ observed erystal i::; 
tilted or rotated from one position to another, and it is absolutely 
indispensable to realize that the phenomena are three dimensional 
and not two dimensional. "'hen working with uniaxial crystals or 
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with biaxial crystals of yery sIllall axial allgle, it is well to consider 
the uniaxial figure as simply the limiting ease of a biaxial figure as 
the axial angle approaches zet·o. There are biaxial erysta\:;. for 
example, biotite, in which the axial angle is so small that the inter
ference figure is indistinguishable from the uniaxial cross. 

The colored cUI·ves of both the uniaxial and biaxial figUl"l~s clepentL 
both OIl the thickness of the cry'3tal examined and on its de~rt'e of 
double refraction. Very thin grains of only slightly doubly re
fracting crystals do not show the colored eUl"Yes. This laek, how
ever, is not usually particularly important~ sinee the black eross and 
the hyperbolre are the essential phenomena to be obserYed. 

To obtain an interferenee figure, use a high-power objective, 
about 4 mm, ceuter the objectiye carefully, move the lllicroscope 
slide until the crystal to be exam111ell is at the intersectioIl of the 
cross hairs, that is, in the center of the field, focus on the crystal, 
cross the:Nicols, raise the condenser as hig-h as possible, and remove 
the ocular. The figure should then be ''lsible. A pi11hole cap for 
the tube of the microscope aids visibility by cutting ont side light. 
Another method is to leave the ocular in and to insert a Bertrand 
lens in the tube of the microscope in the slot provided for it. The 
figure thus obtained is much Iar!!er than that obtained. wlwlI tilt' 
ocular is j'('lllOyed, but it is also blurred. ",Vhicb method to lI;;e is 
perhaps a question of personal preference, depending on whether 
one prefers to observe a clear :-lI1a11 figurc or It large hazy one. It 
is lL fact, however, that figures difficult to obUlin are more apt to be 
visible when the ocular is remored. 

There is usually no difficulty in interpreting an interference 
figure if the emergence of an optic axis (the foci of the hyperbolm 
or the center of the uniaxial cros~) or the emerg-ellee of the acute 
bisectrix is within the field of the microscope. If the interference 
figure is a cross which remains a cross with 110 separation into 
hyperbohe during a complete rotation of the stage, then the crystal 
is 111 all probability uniaxia1. It should be borne in l11ind~ howeyer, 
that there is a possibility that the crystal is biaxial ·with an imper
ceptible axial angle .. If the interference figure al!emately forms :l 
(·ross and breaks up 111tO hyperbola' as the stage u:; reyolyccl. theI·e 
is 110 <loubt that the crystal is biaxial. If two apparently straight 
bars CI"OSS the field aitemately and at right angles to eacb other, the 
crystal is probably uniaxial. but ma~r be biaxial with a very percep
tible axial !Ingle, as ('ould be seen if the emergence of the acute bi
sectrix were visible. If two dark ClUTes alternately cross the field 
11S the stage is rotated, the crystal is probably biaxial but may be 
uniaxial with the emergence of the optic axis tilted considerably ont 
of the field. 

Practically all these doubts may be settled by changing the posi
tion of the crystal on the slide. To do this requires considerable· 
skill and patience and presupposes a mount in which the inclh·iduaL 
erystals do not adhere to the slide, to the cowr gla;;s, or to cm'h 
other. Tapping and :iiO"gling the cover glass with the point of n 
pE'Ilcil are l~emarkahl'y {>1te.ctivc. In order to allow room for a. cr'ys
tal to turn ()Y('t\ it is sometimes helpful to mix {'rushecl glass with 
the substance to be examined. If the glass partieles are considernbl~~ 
larger than th(~ ('rJ'stals. the.,' snpport the c'over glass und n11o,," 
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aDlple 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 crystal lying in a more suitable position. 

This seaTch need not necessarily be a blind series 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 g-ive a practicable figure. Likewise, any ~iven particle which 
remams bright during a complete rotation ot 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 as the stage is rotated between crossecl Nichols 
will probably not give practicable figures, and, if necessary, should 
have their positions changed. 

Rounded grains of quartz furnish examples of almost aU forms 
of uniaxial figures and can be readily tilted or rolled from one 
<dentation to another. Mica is one of the most diflicult substililces 
~o tilt and should be used for practice. 

OPTICAL CHARACTER 

After having ascertained the uniaxiality 01.' biaxiaJity of a givell 
particle by observation of its jnterfercnce JihTUre, it is convenient 
to use the same figure for the determinatioll of the positive or negR
tive character of the crvstal. and thus subdivide each of the two 
major . groups ~nto two s~ubgl'oups.. . 

il, m umaxlal crystals, the extraordmary ray IS the faster rR)" 
thRt is, if E:<w, the crystal is defined as optically negative. If the 
ordinary ray is the faster, that is, jf E:>w, the crystal is defined as 
optically l)ositi ve. 

If, in biaxial crystals, the direction of vibration of the slow ray 
is the acute bisectrix, the crystal is defined as optically l)ositive. 
il the direction of vibration of the fast ray is the acute bisectrix, 
then the crystal is defined as optically l1egRtive. In general, it may 
be stated as a closp approximation tha~ the crystal is positive jf 
y-~>{3-a, and negative if y-{3<{3-a. This relationship of the 
refractive indices should be used merely as R check Rncl 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 anel 
negative with some other wave lengths. 

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

To use the quartel'-undulRtion mica plate, find or 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 nearly 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 clark spots appear in opposite quadrants.. With nega
tive interference figures the two dark spots lie along the direction 
of the slow ray of the quarter-undulation mica plate. 'Vith positive 
crystals the t,,"o dark spots lie Rlong the direction 

< 

of the fastest 
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ray of the mim plate. If c:oIOl'ed rings are present in the interfer
enc:e figure, they al'e disjoined into foul" quadrants, those in tll", 
two opposite quadrants appearing to be l"('l11o\-ed outward frOlll the 
center of the figure and those in the two other opposite quadrants ap
pearing to be remo\-ed toward the center, The pairs of opposite quad
rants in which both the ring phenomena and the dark spots appear 
may be reyersed 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 microscope, Each microscope 
and 111ic,1- plate should be calibrated once for all by observing the 
phenomena given by the partieular micl'os('ope with thp particular 
plate 011 an interference fig-m'e of a eloystal of kno,Yn optical char
acter. Musco"itei::; optic-a lly npgati ,'e, anti its acute bisectrix lies 
almost pprpendicular to the cleavage plane. Sinee 11 flake of this 
mineral lies Hat Oil its dea vage plane on the mierosc:ope slide, it 
gives a good interference fiQ1u'e with a minimum of manipUlation. 
It is not eYen 11('CeSS1U')' to l)l'epal'e a sliclp. The e1pln-age piece may 
be placed directly on thp stage of the microf;cope with pqual1y good 
I'eslllts. For these reasons a flake of muscovite serves as an excellent 
test piece for the calibration. 

The quartz ,,'edge (p. 2-1:) j::; esppcially useful 011 highly colol'ed 
interference figmes. Ideally, one should use the wedge on crystal 
mounts "which show the emel'genc:c of the optic axis of uniaxial crys
tals 01' of the acute bisectrix of biaxial crystals. Obtain the cross of 
the uniaxial figure, or, if the crystal is biaxial: rotate the stnge until 
the hyperbolm ('oa1es('e to fOl'm a, cross. Insert the quartz wedge, 
thin enel foremost, in tIl(' slot of the tube of the microscope, A.s the 
quartz wedge advances, the C'olored C'utTl'S in two oppositp quadrants 
of the figure will movp in tcnnu'd the ('enter. and the C'Ul'\'es in the 
two othe;: opposite quadrants will nlOn~ outward from the center. 
The appearance is as if the C'olors were pouring into the center of 
the figure from two opposite direC'tions and were pouring out of the 
center in two opposite directions at right anglt's to the fil'st two di
rections. As the wedgp is withdl'Uwn the phenomena are reversed. 
f:)inC'e the colors re:1('h higher and higher orders of Newton's color 
scale as thicker and thicker portions of tIlP wNlge pass o\-er the field. 
it is well to insert the "'edge always thin edge fOl'emo»t and to con
fine one's attention to the color llIOVempnhi during tlw insertion. 
Fllr~hermol'e, one thus ayoids the possibility of errors due to misin
terpretation of the color movements. ",Yith the same wedge and 
the same microscope Lhe eolol's will always move inward in the same 
pail' of opposite qlladrants and outward in the other pair for posi
tive erystals and thp l'evpl'se for np!!ati\'c crystals. It is thereforp 
sufticieilt to note the color mOYelllents ])J'o(luced in a Plll-ticllial.' mi
C'l'oscope by a. particular wed/!e on an intpderence Jigure of known 
optical eharacter in order to IUl\'e that combination of instrument» 
calibrated for all tirne. Here, a/!ain, a cleavage Hake of muscovite 
seryes as an excellent test piece. The flakp should be comparatively 
thick. Othel'wise, the ('olol'ed !'jn/!s will not show up very wpU. 

The PSSPI1('P of the phenol1w!Hl PI'OclUl'p(1 b~T the quartz wedge, 011 

an illtel'i'pn'II('p fi/!ul'p is that in any pal'ti('ldal' f(lIa<lmnt of the figul'(' 
the colol'lllo\-('lllent is alway» the sallle 1'01' ('I'ystals of gi \'ell optical 
('haraeter. Therefore it is not nec:esSlll'Y that the crystal be accu
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rately orientated. Uniaxial figures with the center of the cl'os~ en
tirely out of the field of the microscope still show by the direction of 
bars th~ general position of the emergence of the optic axis. If this 
position is conceived as the center of the figure, the positions of the 
bars determine whether one is observing tbe upper right, upper left, 
lower right, or lower left quadrant. If the quartz wedge is inserted 
and the movement of the colors in the quadrant noted, the optical 
character is determined. The same holds for biaxial crystals~ 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
bolre 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 CUl'ves, and therefore 
the quartz wedge is 110t usually satisfactory with this t.ype of mate
rial. The selenite plate, on the other hand, although not well 
udapted to [J:lt"ticles which show interferen(,t' fig-m'ps with coloJ'rd 
curves, is particularly suitable for interference figures without 
colored curves. 

The selenite plnte, sometimes called the sellsitive-tint plate, the 
red or violet of the first-order plate, or the unit-retnrdation 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, t.wo opposite quadrants of the figure 
will become blue and the other pair -of opposite quadrants will be
come yellow. This phenomenon is best seen 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 hyperbolro 
form a cross and the acute bisectrix emerges in the field of view. 
But, as in the case of the quartz wedge, it is 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 eA-plained, the qundrants can be iden
tiJied in the case of a unia:.\.;al figure by the relative positions taken 
by the dark bars as the stage is rotated nnd, in the case of biaxial 
figures, by the direction of convexity of the hyperbolre. Knowing 
the partiCUlar quadrant under examination, on~ has simply to note 
the color given to this quadrant by the selenite plate. The opposite 
quadrant, whether it is invisible or not, will be similarly colored, 
and the other pair of qunc1rants will be colored differently from this 
first pair. 

To use the selenite plate, first obtain an interference figure, pref
erably showing the emergence of :m optic axis or of an acute bisec
trix. If the fi~re is biaxial, rotate the stage until the hyperbolro 
form a cross. 1f it is not convenient to obtain 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 slot l)rovided for the purpose, and note the 
color given. 

It is not absolutely necessary to rotate the biaxial figure until the 
cross is formec1. If, fOl' example, the figure is in the 45° position, 
in which the hyperbolre are at their maximum separation, the con
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cave sides of the hyperbola' will become similarly colored and the 
convex sides will show the other color. The quadrant principle, 
however. still holds and is perhaps the easiest way to remember the 
color rel;ltionships. 

'Which of the two colors, blue or yellow, will appear in a given J)ail' 
of quudrnnts depends on the JIlolUlting of the plate and on the (hrec
tion of the slot in ,,,hich the plate is inserted. .A.s is the case with 
both the mica platt' and the quartz wedge, it is necessary to calibrate 
each selenite plate with each micros('ope. Herl' a~ajn a cleavage 
flake of muscovite (optically negative) is 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 effect 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 plate" 
nre mounted dissimilarly the color effects will be the same if the 
jnsertion directions are at right angles; that similarly mounted 
plates will give the same color effects when inserted in the same di
rection; and that dissimilarly mounted plates will give opposite 
color effects when inserted similarly. It is usually easier on the 
memory and much more convenient practically to use one plate in 
(me cl1rection exclusively. Any (loubt that may arise as to the inter
pretation of the colors can be immediately settled by test on any sub
~tance of known optical character, muscovite being about the most 
convenient. 

Optical character can be studiecl on any crystal giving a good 
interference figure. Thm;e crystals suggested for interference fignre 
observations serve. ndmirably for optical chnracter determinations. 

OPTIC-AX[AL ANGLE 

Optic-axial angles, althongh sOIl1l'times variable, frequently sel'Vl' 
ns n ready means of distinguishing between two or more substances 
of the same gronp 01' sllbgronp. This is especial1y true when the 
angles are widely different. The optic-axia1angle is the aeute ang-Ir 
formed by the two optic nxes. The apparent ang-It' when measnred in 
air is denoted by 2R. The true angle is denoted by 2V. 'When menH
urecl in oil or water the· apparent angle is denoted by 2il. 

The true axial angle, 2r, can be calculated from the values of the 
three refractive indices, provided these latter are known with suffi
('ient accuracy. 

If the crystal is optically llegati,'r, 


".,. aN"y2- (32)tnn-l = ·0-"--····.
'Y- ([3- - (2) 

If' the C'J'ystaJ is optic'nll)' pOHitin'. 

• • "/ ([32 - exC) 
tnn 2 j -= T( ..,' (.IZI· 

a -Y--fJJ 
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It should be noted 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 nre 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 accuracy to enable 
the axial angle to be calculated other than approximately. The 
forillulas should therefore be used for the calculation of the axial 
angle o~lly as a check or when no other means of obtaining tl~e angle 
are uY!lllable. As U matter of fact, the formulas are )11ore lIkely to 
be of use as a check on the index: measurements than as a check ori the 
angle measurements. 

The curvature of the hyperbolm gives a rough indication of the 
size of the optic-nxial anO'le. If the interference figure shows the 
focus of one of the hyperbolm neadv in the center of the field, and 
if the hyperbola itself is apparently· a straight line when the figure 
is 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 nmonnt of experience will enable one 
to make a rough estimate of the axial angle from the hyperbola 
curvature, which in certain cnses will be sufficiently accurate. For 
example, certain minerals have very variable axial angles, and an ap
proximation within the limits of vnriation is sufficient for ordinary 
determinative purposes, provided the other opticnl constnnts can be 
determined satisfnctorily. 

Perhnps the most ~enerally used method for the actual measure
ment of the optic-nxIal nngle resolves itself simply into a measure
ment of the clistnnce between the two foci of the hyperbolte. For 
this purpose interference fi~ures should be obtained which show 
the emergence of the acute bIsectrix at, or very nearly nt, the center 
of the field. If the emergence of the acute bisectrix: is much out of 
the center, the distnnce mensured between the two foci "will not be the 
true distnnce, and consequently the true axial angle will not be 
obtnined. Furthermore, it is essential thnt both foci of the hyper
bolm appenr in the field. After a suitable figure has been obtained, 
it is rotated to the 45° position, where the separation of the hyper
bolm is at a maximum, nnd the distance between the two foci is 
mensnrecl with an ocular cross-grating micrometer. 

If a series of such measnrements are made on crystals of different 
known optic-axinl angles, a chart cnn be constructed by plotting dis
tances against angles. By interpolntion on this chnrt nny distance 
mensurecl between the foci can be conyerted to terms of optic-nxinl 
angles. There are many refinements of this method, but the essen
tials nre as given above. It should be borne in mind that the chart 
so constructed holds only for the partiCUlar combinntion of lenses 
and micrometers used in its construction. Furthermore, one should 
Jlot confuse 2 E and 2 H. 

The relationship between 2 E and 2 V is given by the formula 

sin E=(3 sin 'I, 

that is, the sine of the apparent ophc-axial nllgle measured in air 
is equal to the intermediate index of refraction mn1tipliecl into the 

150470°--33----4 
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sille of the true axial angle. It is perhaps lllorc cOllYenient to state 
the formula as . E 

sin 17= Slll_ 
{3 

this is, the sine of the true optic-axial angle is equal to the sine of 
the apparent axial angle divided by the intermediate index of refrac
tion. Thus, if the apparent axial angle in air is nlcasllrNi and tlw f3 
index is known, the tell(' axial angle can be calculated. 

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

. E Dsm I=l{ 

in which D is half the distance between the points of emergence of 
the optic axes and I( is a constant which must be detel'lI1inl'll once 
for all for any lens cornbination. To determine this constant it is 
best to use a number of crystals of known and differing :lxi al ang-]ps 
and to take the mean as the most nearly (:OLTeet value for [(. \Vith 
this constnnt once determined, one has only to divide it into a par
ticular distance real1ing in order to obtain the sine of half the 
apparent axial angle. This is one of the most satisfactory methods 
known. 

The optic-axial angle varies for different wave lengths of light. 
Consequently, for very accurate 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 j£ the angles should be measured in monochromatic 
light, their values for white light should be given also, as in ordinary 
cIetermh1ative ·work it is not always convenient to use monochromatic 
light. .. 

The micas, potassium nitrate, aragonite, and calcium nitrate are 
suggested as objects for axial angle measurements. 

DISPERSION OF OPTIC AXES 

Ordinarily, isotropic substances-a glass prism, for example-de
flect light mys according to their wa"e length. The red, with the 
greater wave length. will appear at one end of the spectrlll1l, and 
the blue, with the lesser wave length, will appear at tIll' other end. 
The red will be less deflected from the original direction of the 
light rays than will the blue. The actual amount of deflection for 
either the reel or the blue, or for any other color, will depend on the 
relative refractive indices of the deflecting body and its sllL".·olmd
ing medium. The greater the difference of the refracti ve indices 
of the deflecting body and its surrounding medium the greater will 
be the defledion. Since a beam of light consisting of different wave 
lengths, each of which is differently (lefledecl, can be spread over a 
screen U!'i a spectrum, we speak of the light having bpen llispersecl. 
From what has just bE'en fluid above, it is obviolls that in isotropic 
bodies whiehinclucIe isomet.·ic- crystals, the (Jispersion will always 
be less fo.·the red than fo.· the bl1H'. The fact of dispersion is there
fore of no special determinative importance in ordinary work on 
isometI"ic crystals. 
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With doubly refmcting crystals the case is different. Any donble
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 v!Iry with the direction in the crystal 
in which the light is propagated. Consequently, it happens in cer
tain uniaxial crystals, tetragonal 01' hexagonal, which have their 
ordinary and extraordinary refractive indices very close together, 
that the extraordinary-ray direction is the vibration direction of the 
slow ray for light of one waye length and is the vibration direction 
of the fast ray for light of anot,her wave length, or vice versa. 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 e!';sential 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 fol' each or 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 
emergence. The distribution of the colors is spoken of as resulting 
from the dispersion of the optic axes. The relative positions of the 
red and violet rays nre to be lIoted, all other colors being neglected. 
Sometimes the reel is dispersed more and sometimes less than the 
violet. 'rhis is customarily expressed as p > v or p < v, as the case 
may be; that is, the dispersion of rea js 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. One 
of the planes is the plane of the optic axes which, of course, contains 
both optic axes allCI the. acute bisectrix. The other plane passes 
through the acute bisectrix and is at right angles to the first plane. 
Put more simply, perhaps, the figures giyen 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 Jine and passing 
through the acute bisectrix. The dispersion of any partiCUlar crystal 
is always least fol' that eolot· which lies immediately adjacent to the 
concave sides of the hyperbolre, and greatest for that color which 
borders the convex sides of the hyperbolre. It is best to rotate the 
figures to the 45° position when observing the positions of these 
colors. In some few cases a change in the wave length of the light 
used lllay change the position of the plane of the optic axes to a 
lIew position at rigllt angles to the fir·st. This is called crossed axial 
plane dispersion. In sueh cases the crystal will be uniaxial with 
light of some intermediate wave length. Crystals showing crossed 
axi~l plane dispersion give very complicated figures with white light, 
oWlllg to the fact that the figures nre the resultants of all the super
~osed figure!'; formed by the vaI"lolls eolo1" ('omponents of the white 
hght. 

Monoclinic crystals present interfel·ence fig;lIl'es which ha.ve only 
one plane of symmetry, instead of two, as in the orthorhombic sys
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(em. There are three po!;sible cases: (1) Inclined dispersion of both 
bisectrices; (2) horizontal dispersion of the acute bisectrix, and (3) 
crossed disper~ion of the obtuse bisectrix. 

Inclined dispersion of both bisedrices simply means that the 
hisectrices of both the acute and obtuse optical angles differ in 
direction by some angle for different wave lengths of light. It is 
always accompanied by a dispersion of the optic axes. The inter
ference figure is symmetrical to the plane of the optic axes. That is: 
it is symmetrical to a line joining the foci of the two hyperbolre. 
But it is 110t symmetrical to a plane at right angles to the plane oi' 
the optic axes, as is the case in the orthorhombic system. Crystals, 
therefore, belonging to the orthorhombic system can be distinguished 
b'om crystnls belonging to the monoclinic system and showing in
clined dispersion of the bisect rices by simple inspection of the inter
ference figures. The crystal is orthorhombic if the interference 
fi~ure has two planes of symmetry and monoclinic if it has only one 
plane of symmetry. III monoclinic-interference figures showing in
dined dispersion of the biseC'tricl's. the colored cnrves arol1nd the 
foci of the hyperbolre will differ in size. and somewhat in shape at the 
two foci. There is a tendency for the elll'yes to l){' Illore elongated 
near one focus than near the other. Also, the (;olors around one 
focus will be more intense than those around the other. and in a 
different sequence. USl1ally the relative dispersion of reel' and violet 
is ShOW11 as with orthorhombic crystals, but if the dispersion of the 
bisectrices and the optic axes is very great, the relative positions of 
the red and violet in relation to the hyperbolre may be reversed at the 
two foci. Red mfty lie. on the concave side of one hyperbola at the 
focus anel violet on the concave si(le of the other hyperbola at its 
focus. Fortunately, the high dispersion which brings about this 
condition is not common. 

Horizontal dispersion of the acute biRPctrix means that, with a 
(~hange in the wave length of the light uRec1. the position of the 
interference figure. will change into a new po!;ition parallel to the 
first. In other words, the plane of the optic axes will appear, in the 
intederenee figure, to be shifted in a direction at right angles to 
itself. Thus. the use of the spectrllm colors in order will shift the 
intel"ferellce farther and farther from ih:; initial position. This 
change in position can not, of cOlU'se, be seen when white light is 
used exclusively. Color screens can be llsed in the. substage of the 
microsC'ope. If white light is used, the stage. should be rotated until 
the principal sections of the interference figur'e arc parallel to those 
of the Nicols. or until the cross is formed. It will then be. noticed 
that the dark bar passing through the. two foci, both at the top and at 
the bottom, will bC' bordered by cliffel'ent colors. Here again then' 
is only one plane of symmetry. 

Crossed dispersion of the obtuse bisectrix means that jf successively 
greater and greater or less und less wave len~hs of light are used, 
the interference figure ,,·ill appear tn rotntC' about it::; center. 

In whitc light the distribution of ('olors in the two melfltopes (fOCi of the 
hyperbolre) dilIol'>: from I"i!!ht to left am] from top to bottom. 'l'hc colors OCCUI" 
in il1w'I"Se onlcl', >;0 thlll: if till' fi;.:U1·(· if; rfll11t'ecl nll'oug-h lAO· :lhout tIl(' Heute 
bisectrix, caell lUcIa to(1(' \1;11 {J('C'uJ)Y tht' po!;itiolJ Jlre\"i(lusl~' held b~' the othel". 
and the <:0101" di:;:trilmtiOII will 11(' l'xa("(ly the SHnH' as uefol"c. "'hCll the intel"
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. ference figure is in parallel position so thut its burs coincide with the principal 
planes of the Nicols, the black cross is unsymmetrically bordered by colored 
bands. That is, the uppe': left and lower right sides are bordered by one color, 
and the upper right and lower left by another (7'). 

'l'riclinic crystals give interference figures which are entirely un
symmetrical. This can best be seen when the emergence of the acute 
bisectrix: 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 or vibration (different refractive indices) 
in different directions. Isometric crystals normally have no double 
l'erraction, or it may be said that their double refraction is, zero. 
Certain crystals have such low double refrnction 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 barely perceptible 
and the extremely high double refractions there is a whole series of 
intermediate double refradions. The measurement of double-re
fraction values is, therefore, very useful as a mellllS of identification 
of crystalline substances. 

TIle 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 ma:Kimum double J'efrac
tion of a uniaxial crystal is €-w or (0-£, according to whether € or w 
is the greater. Likewise, the ma..~imum double rerraction of a bi
axial crystal is y-a. Since biaxial crystals have three indices of re
fraction, there is also the double refraction denoted by y-{i and {i-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 accuracy, the double refraction can 
be obtained by simple subtraction. It 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 refrnctive~index 
determinations. 

Crystals of the same substance lying in random relationship to 
the direction of the light may show any degree af double refraction, 
ranging from zero to the maximum for that substance. The first 
essential, therefore, is to orientate the crystal so that it shows the 
l)articular double refraction desired, either the maximum of the y-/3 
or of the {i-a. ' 

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 propaglltion. TIus orientatiun can be recog
nized as explained under uniaxial-interference figures. It is essential 
to\ search the mount for a particle nlready in this orientation or 
el~e 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 happens that It great many uniaxial substances show a natural 
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tendency to lie in the proper orientation Ior 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 are desired. 

After a particle with the propel' orientation has been found, it is 
rotated to extinction between crossed Nicols. It is then further ro
tated 45° either clockwise or anticlockwise. This brings it to a state 
of maximmn illumination. A quarb wedge is then inserted, also in 
a 45° direction. As the quartz wedge aclmnces, either one of two 
phenomena. may take place. If the vibration directions of the fast 
rav of both the particle and the wedge coincide, then, as the wedge 
ac1'~ances the interference colors will rise in the order in Newton's 
scale. Each new color will start in the interior of the particle and 
progress tuward the edge. The reverse, of course, takes place as the 
wedge is withdrawn. On the other hanel, if the fast-vibration direc
tion of the quartz wedge coincides with the slow-vibration direction 
of the particle, or vice versa, the interference colors fall in the order 
in Newton's scale, c:ach new color progressing from the edge of the 
particle to,\yanl its interior. If the. first set of phenomena takes 
place, the particle should be rerotatcd back to extinction between 
crossed Nicols amI then further rotated to a new 45° position at right. 
ungles to the first 45° position. It is not absolutely 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 partjcle is of uniform thickness, the colors will fall 
in order until gmy or black is reached. If the particle is not of uni
form thickness the gray or black must be watched for in some par
ticular predetermined spot of the particle, preferably its center. 
'Vhen the g.ray or black color is reached, the advance of the wedge 
should be stopped. The interference color given by the quartz wedge 
alone at this point should be 110tecl. If theJ'e are vacant spots in the 
field. this interference color may be 11Otec1 at these spots; otherwise 
it is necessary to remove the partjcle, possibly the whole slide. The 
wedge is then slowly "'ithdrawn, and the order of the interference 
color Iloted by counting the number of times the color has appeared 
dm·jng 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 nonnniform thickness it is necessary to know the thick
ness at the point where the black appeared. 

'The interference color, the ordE'r of the color, and the thickness of 
the particle being known, reference should be made to the chart of 
double refraction of Michel-Levy. (Fig. 5.) This chart is included 
ill most textbooks of petrographic methods. In it the ordinates rep
resent thickness and the abscissffi double refraction. To use it. 
simply follow the thickness line toward the right until the observed 
color of the ascertained order is teached. From this point follow the 
diagonal line upward and to the right to the edge of the chart. Here 
the clonble refraction will 1)(' fonnel. It is of course obviolls that the 
('hart can be lIsed backwards to determine the thickness if the double 
refraction is previously known. 
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The dcuble refraction of a particle of a biaxial crystal in any orien
tation can be calculated fl·on1. the formula: 

y'-a'= ('I-a) sin 0 sin 0' 

jn which y' -a' is the doub:!:' refraction for the particular orientation 
in question, y is the nUl~ill1um refractive index of the crystal, a the 
minimlUll refractive index of the crystal, and 0 and 0' are the angles, 
respectively, between the two optic axes and the perpendicular to the 
section of the crystal under examinution. The values obtained by 
the use of this formula will vary, however, from the muximum doubl!> 
refraction of the crystal down to the minimmn, depending on the 
orientation. 

Crystals lying on the slide so that the plane of the optic axes is 
parallel to the plane of the slide, or, in other words, lying so that 
the light is trallsmitted normally to the plane of the optic axes, give 
the maximum double refraction of the crystal, y-a. Tlus 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 refTUction by means 
of the quartz wedge and the Michel-Levy chart is exactly as already 
described for uniaxial crystals. Crystals so orientated as to show 
the emergence of a bisectrix in the center of the field give, lmder the 
same procedure, the double refraction corresponding to '1- {1 or {1-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-{1>{1-a; and if liegative, 
y-{3<{3-a. This test does not hold, however, when the true optical 
angle, 2V, 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 (120), however: 

It Illay be assumed in general that the birefl·illgp.llce of a plate inclined at an 
nngle of fio to JO° with the true direction (Ol1tk normal 01' bisert!'ix) will hI' 
in error about 2 per cent of the true value for (,),-a), (')'-(3) , or ({3-a); 
an inclination of 10° to 15°, about 5 per cent, while for 15° to 20° inclina
tion the error may be as much as 10 per cent of the correct value 
desired. . .. The :lctual enor of ,mch n determination slloull1 not exceed 10 
per cent of the correct value of the hirefringence 01' the section. The prob
ability of finding a section making an angle within 10° of a particular direc
tion is about 1 in 66; and a section within 20° about 1 in 16. 

"WhethC'[ the double refraction of a given crystal is high or low 
can be ascertained immediately by crossing the Nicols and observing 
the interference colors. Th~ higher the order of the colors in New
ton's scale the higher is the double refraction, and we should accus
tom our eyes to distinguish between, at least, high and low order 
colors. The very low order colors are usually dull grays, perhaps 
grading off into other dull colors. The very high order colors, on 
the other hand, U'i.' brilliant, sometimes so much so as to appear 
almost white: A microscopic slide made up of mixed qU;lrtz and 
calcite brings out the contrast between the high and low order colors 
very well and illustrates the ease with which highly doubly reTl'ad
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inU' substances can be " sPQtted," even when Qceul'l'ing as very minute 
qu~ntities admixed with substances Qf lQW dQuble refractiQn. Un
fQrtunately, .the converse dQes nQt h~ld. Hunt~g: fQr tr:aces Q~ a 
substance wIth a IDw dQuble refractIQn when It IS admIxed WIth 
substances Qf high dQuble refractiQn is apt to. be a IQng and perhaps 
a fairly hQpeless quest. This is Qwing partly to. the fact that the 
brilliance Qf the high-Qrder interference cQIQrs has a tendency to. 
blind Qne to. the lQw-Qrder cQIQrs, but the relative hardness an& 
SQlubility Qf the two. substances also. have their effects under certain 
cQnditions. If, fQr example, quartz and calcite are grQund tQgether, 
the calcite being the sQfter, has a, tendency to. acUlere to. and mask the 
quartz grains. Likewise,. if sQdium nitrate, ~aNO:i' and gypsum: 
CaSo'!'2H20, are crystalhzed tQgether, there IS a tendency fQr the 
very sQluble and highlv doubly refracting sQdium nitrate to. CQat 
and thereby mask the less sQluble and lQW dQubly refracting gypsulIl. 
ExceptiQns eQuId undQubtedly be fo.und, but it seems to be a general 
rule that substances Qf high dQuble refraction are mQre apt to. lllask 
substances Qf lQW dQuble refraction than vice versa. 

Ano.ther methQd fQr judging the relative degree Qf double refrac
tiQn Qf a substance depends on the change in relief, that is, the 
.:hange in visibility if any, Qf the particles as the stage is rQtated. 
If calcite, fQr example, is mQunted in an Qil which has a· refractive 
index very clQse to., but nQt exactly either the maximum 0.1' minimum 
jndex Qf the calcite, particles so. o.rientated that they shQW the maxi
mum dQuble refractiQn (particles so. Qrientated that the light is 
transmitted 'perpendicularly to. the o.ptic axis) will be barely visible 
in Qne PQSitIOll and will be mQre and mQre distinctly visible as the 
stage is rotated. :Maximum relief will Qccur at 90° frQm the PQsi
tiQn Qf minimum relief, after which the relief will becQme less and 
less, as the stage is further rQtated until anQther positiQn o.f mini
mwn relief is reached at 180° frQm the first positiQn. If the stage 
is further rQtated the relief will becQme greater up to. 270°, and 
frQm thence will becQme less lmtil the initial PQsition is reached. 
In the case Qf a highly dQubly refracting substance like calcite, 
mQunted as stated, the change Qf relief o.n rQt.atiQn Qf thc stage :is 
very great. At the Po.sitiQns Qf maxinlWll relief the particles ap
pear to. stand Qut Qf the o.il and to. have dark shadQws Qn their sides. 
'rhe surfaces Qf the particles are distinctly visible, and mQst of the 
inclusiQns in the interiQr Qf the particles are invisible. In the PQsi
tiQn Qf minimWll relief the exact opPo.site is true. The surfaces Qf 
the particles are not visible at all, only the hQrizQntal Qutline being 
seen, and the inclusio.ns stand Qut promiIlently. Intermediate PQsi
tiQns between thQse Qf maximum and minimum relief give inter
mediate pheJ1Qmena.. 

It should be bQrne in mind that particles so. o.rientated that the 
light -is transmitted parallel to the o.ptic axis will shQW no change 
in'relief us the stage is rotated, no matterhQw great the dQuble re
fractio.n may be.. As the particle' i:; tilted Qut of this Qrientatio.n 
the change in relief becomes lll(Jrt' and mQre pronQuJlced until the 
ma}..;mulll is reached when the light is transmitted perpendicularly 
to the Qptic axis. If quartz is mounted ill It similar way and thc 
Rtage is rQtated, it will be nQticed that none o.f tIle particles RhQWS 
a very great change of relief. At the mQst, the Qutline of certain 

http:inclusio.ns
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pa.rticles will be more distinct in cert.ain positions as the stage is 
rotated. Thus, properly orientated particles o~ high~y double 0 re
fracting substances show a very gn'at change of rehef 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. a rough indication of the amount of double refraction 0 

The phellomena will take place only in polarized light. The polar
'izer should. therefore. be in. but the analyzer shoul(l be remo\~edo 

The orieIlt!>,tion of the partides can be ascertained by means of 
interference figures, as previously explained, It is, of course, ob
,,jOLlS that if one is seeking for partides 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 pHr
tides which showed great change of relief would not show an inter
ference figure ,yith the optic axis emeqrin lf in the center of the 
field, whereas particles showing 110 change of relief would probably 
give such a figure. 

Suitable substances for the study of double rt'fraction are calcite, 
quartz, sodium sulphate, and potassium sUlphate. 

EXTrNGTlOX ANGLES 

It has been predou~I'y explained that if an isotropic (amorpholll:; 
or isometric) substance is placed between crossed Nicols and the 
stage rotated. the partides of the substance remain dark durin~ 
the complete 'rotation of the sta::re, no matter what l'('lationship the 
position of the partideR may hnve ill reference to the direction of 
the transmitted light. Except abnormillly, such partie1es never 
light up between ("1"oss('(l Nieols, and therefore ("an llot be said t.o 
extinguish. It may be said that eyery possible position of the pal'
tide is a position of extinction, For thi" reason no particular posi
tion has :l11)r especial si~'1)ifical)CC. The fact that a !Ii "en subshlI1C'c 
remains dark, in any orientation. during' a complete rotation of the 
stag'c hetw('en cl'osse(l Kiroo]s. simpl)T in<licutf's that thr substance is 
amorpholls. Ol" jsotropic. and nothiul! more. It is essential to remem
ber, howe,-e1', that crystals of some of the other systeIlls in one O1'iel1
tation, that in which the light is transmitted parallel to the opti(' 
axis, behave as do isotropic substances. If this is sllspected, tht' 
orientation of the particle uncler examination should be chaug'ed. 
If it still remains clark c1lll"ing a complete rotation of the stage it is 
certainly amorphous or j!;onwtrie. 

Except in the one case just Jloted. crystals of nil the other frYe 
systems behave Yen~ difi'ere'nt1v when rotat('cl b(,tween crossed 
Nicols. During n. co'm pl('t(' rotation they light up n nd thf'J1 become 
dark (extinguish) fOlll' times. That is. dUloing a completp rotation 
of the stage. tlH're :uo(' fOIlI' positions of maximum brightness and 
foul' positions of maximum (ladmess. .As the stnge is rotated from 
a position of maximilm brightness. the brightnes!; g'I'adually fade'S 
until in the positioll of maximlllll dadmrss tlwl'e is mmally IlO light 
whatewr ,~jsihlr thI·oll.gh the crystal. TIH'se positions of maximum 
darkness are cnlIed the positions of extinction and have a very 
(lefinite relntiolJship to til(' stnl('tllre of the' crystal. 

It will 1)(' J"p('allecl thtlt in the t(>trn![ontll, hexagonal. and ortho
rhombic systems all the princi pal Yibl~ation' di rectlons 'of light are 

http:thI�oll.gh
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parallel to the crystallographic axes. In the monoclinic system only 
one vibration direction coincides with a crystallographic axis, 
namely, the crystallographic axis b. The other two vibration direc
tions may be anywhere in the plane determined by the crystallo
graphic axes a and c. Asa 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 c is not a right angle in tne 
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 c in the same crystal. Stated 
briefly, in the 1110noclillic system, one of the vibration directions will 
be parallel to a crystallographic axis, another vibration direction win 
be inclined to the crystallographic axes~ and the third direction may 
be either parallel or inclined, probably inclined, to the crystallo
graphic axes. In the triclinic system it is possible for one and only 
one vibration direction to be parallel to it crystallographic axis, but 
usually all the vibration directions are inclined to all the axes. 

Th(/ foregoing may be SUJIlmed up in the statement that in the 
tetragonal, hexagonal, and orthorhombic systems every vibration 
direction is pa mllel to some crystallographic axis; in the monoclinic 
system two vibration directions, but probablv only one, may be 
par-nUel to crystallographic axes, and in the triclinic system oneU 

vibration direction. but probably none, may be parallel 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
lograpliic axes may be determined by cryl-tal edges when present or 
by cleavage lines. r.rhe extinction angle is simply the a.ngle between 
the extinctioIi direction and n. crystallographic axis. Different Ol·ien
tations of the crystal, howe.el', may giTe different extinction angles, 
and it is therefore necessary to find the orientation in which the angIn 
be~w~en a give~ vibration direction and a given crystallographic 
aDS IS the maXlmum. 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 or the N:icols, and that the objective of the mi
croscope; is accurately centered. Place the crystal so that a crystal 
edge, or a cleavage line, 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 wny, then rotate the stage 
1800 and make a· similar number of corresponding measurements. 
The average of all these measurements should then be taken. 

In the measuremen~s of ext~nctio~angles, und, in fact, in any 
work where a change III 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 stacre 
is not a.vailable, a passable substitute may be contrived by grindi~g 
down the round knob of a broken bell jar or of a desiccator to hem



ispherical shape. If this is set on its round side in the central open
inO' of the ordinary microscope stage, and a. crystal is stuck to its 
flat side by a, clr<?p of ceday oil, a, considerable amount of tilting can 
be done with fa.ll' convemence. There are, of course, no means of 
reading angles except that furnished by the microscope stage, for hor
izontal angles, but the contrivanee is capable of yieJding a, consider
able amolU1t of qnalitative information. 

Probably the greatest source of error in the measurement of ex
tinction allgles lies in the difficulty of accurately determining the 
position of extinction. As has been said before, this position is 
simply the position of maximum darkness, and on both sides Ee 
series 0'£ positions of only sli:,rhtly less darkness. This is especially 
true in crystals of very low double refraction. In such crystals the 
position of mnxim,um brightness yields merely grays of tt very low 
order, and these grays fade out gradually into darkn('ss as the stage 
is rotated toward a position of maximum darkness. It frequently 
happens in such cases that the stage ma~' be rotated seYeral degrees 
either way about the position of extinction withont an~r easil." per
ceptible change of jJlumination being noted. Furthermore. human 
eyes differ in theiL' ability to detect. slight differences in degree of 
darkness. A ginm eye may be more sensitive to a color C'hange than 
to a, chan!!'e in de!!ree of illumination. 
If a. corcH'less cJ:ystal, mounted in a colorless oil, is at the position 

of extinction between crossed Nicols, and a, selenite plate is inserted 
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 rotilted so as to mOYt> the crystal slightly ont of tlw 
position of extinction, the color of the crystal will change distinctly. 
and the empt}T field willl'emain of the same color :lS before the rota
tion. The crystal amI the field will then stand out in strong con
trast. As the stage is further rotated the ('ontrast will iJ1('rease until 
the position of maximum brightness is renC'heeL and will then decrease 
until the colors of the cl'y::;tnl and the field again b(>('ome identical 
at the next position of extinction, and so Oil, fo/: a complete rotation. 
The quartz "'ellge can be used exactly in the same manllPr instead of 
the selenite plate and "ill gi"e the same phenomena. One should be 
careful, howe\'er, in his choice of ('olol's out of the whole series of 
colors given by the quartz wedge. since t1Il colors an' not equally 
sensitive. Violet. sometimes called the sensiti"e tint. or red of the 
first order, is the best color to use. This color is gi,'en' bv the selenite 
plate. Numerous adjullds have been c1eyi!:l(>d to rende~' more accu
rate the det(>rmination of the position of pxtinctioll. Perhaps the 
best of the!:le is the 1Yl'ight biquartz wedl!(> plntp. This plate is placed 
j n the foc-al pIa lle of the oculn r. Eu('h h:11£ of the fi(>ld .is equany 
illuminated ",11(>n the cl',Ystal i:,; in tl1l' position of extinetioll. A vel'.\' 
sli:,rht rotation of the (,I'."stul out of the po:,;ition of extinction pro
duces a, llHll'ked difference jn the illumination of the two halves of 
the field. 

X0 single best method for determining the position of extinction 
can be prpscribec1. Natural coloI' in fl crystnl. for example. may very 
,\\'p11 renclel' any of tIl(> colol' methods inapplicable anel force one to 
ll!<e some method illvolving degrees of illumination. Personal peell
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liar.ities of vision may make one method more atlvisable for one indi
vidual than for another. Such decisions, of course, must be made 
by the individual worker. 

The plagioclilses, gypsum, hornblende, and asbestos serve very well 
for a stud~r of extinction angles, 

SIGN OF ELONGATION 

rnder the same conditions and when free to groW" unimpeded. 
crystals of nny given substance have an exceedingly strong tcn<iclley 
to take on characteristic forms. Th us miCtl is flattened parallel to 
a basal plane of the cl'ystal, and apatite is elongated parallel to the 
prism ed~es, that is, p11rallel to the c aJ..-1s of the crystal. The rela
tionship between the direction of elongation of a. crystal and the 
vibration directions in the crystal is somctimes of determinative 
value. This relationshil)is expres;;ed as either positive or negative, 
and the elongation of the crystnl is spoken of as positive or negative. 
If the elongation of the crystal is parallel to the fast ray, the elonga
tion is negative. If the elongation i:: parallel to the slow ray, the 
elongation is positive. The direction of elongation can be obseryed 
directly, eithel: on the crystal (y]ges themselyes or 011 cleavage line::;. 
The directions of the fast ilnd sh)w rays can be determined by means 
of the quartz wedge, as already explained, in reference to optical 
character. 

rniaxial minerals are usually elongated parallel to the V'ertical 
crystallographi~ axis c, amI for thj~ reason the sign of the optical 
character is usually the same as the sign of the elongation. But there 
are exception::;: for example, some :rpo})hyllites. In biaxial crystals 
the elongation direction muy not bp pamllel to any axis of ,-ibrntion, 
and the si~n oi'elOlwatioll is c1('termiI\\'!d by the axis neure::;t the 
direction of elongation. . . 

COLOR OF CRYSTALS 

The color of small crystals or fra!!l11t'nts. when observed under 
the microscope in transniitted light, is alwny;,; much paler than the 
color shown microscopically, in ordillary light. Very faintly colored 
substances, such as some amethysts, may appear absolutely colorless. 
Substances opaque and black to the naked eye, ~,uch as some of the 
ferromagnesian minernls, n~ay be transparent, although deeply col
ored, when obsel'\'ed in theIr fragments uncler the microscope. In 
transmitted light under the microseope all opaque substances appear 
black. regardless of their color. It is consequently unsafe to draw· 
too liberal conclusions as to colors on the basis of microscopic 
ilppearnnce. 

'Vith due reservations it may be said that the color shown under 
the microRcope by Rllbstan('(>s 'known to be chemically pure is of 
some c1eterminatiyc V'nlue. Rut substanees deeply enough tinted to 
show color in transmitted light under the microscope are GOlllpara
tively Bearce. ,Vhen such Rubstances are examined, however, the 
color should be noted. 

In general, it may be said that the color of natural minerals is an 
ambiguous and frequently undependable guide. But here again color 
should be noted when preRent unci used detel'minl1tively when cOl1cli
tions warrant such use. It is perhaps ne,'('r safe, however, to take 
color alone as a determinative characteristic. 
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PLEOCHROIS:'I 

If white FJht is transmitted through any substance it will be 
found that somewhat less light emerges than entered. In other 
words, it will be found that the substance absorbed part of the 
light. If the amount of light absorbed is nry minute. tlH' sub
stance is said to be transparent. If all the light is absorbed! the 
~ubstance is opaqu(;'. Certain substanees not only absorb SOIl1E' of 
the light, but thE'Y absorb it c1ifl'E'l'cntially: that is, th(;'." absorb ('er
bin wave lengths of light ((,E'rtain ('olors) to a greater extE'l1t than 
otlwr wave lengths. 'Vhjte lilrht transmitte<l through such a sub
stance therefore E'merges with a~([iffe]'ent proportion. 01' ('n'n ('onstitu
tion of color ('ol1stitlll'nts, and the subsblll('C appears to be ('olorecl. 
In isotropic substances the optical propcrties, including thc absorp
tion, are the same in e"ery direction. Conseqllently. an isotropic 
substance is colorless, opaque, 01' of the S[lme shade of the same color, 
no matter in what direction the light passE'S throngh it. On the 
other hanel, douoly refracting substances ha '"e <liffercnt optical prop
erties in different directions. This Illay include the absorption, anel 
if the absorption is suflicientl.,r different in the different cl irections, 
the substance ma~r be differently co10re(1, <lepE'nc1ing on thE' direction 
in which the light is transmHte(l. ~\bs()rptiol1 of course depends 
partly on the thickness of the absorbing substance. and this fact 
should be taken into consideration w'hcn comparisons between colors 
nre made. The phenomenon of changed colors with ehanged direc
tions of transmitteellight is called pleochroism. oC'C'asionall.', dichro
ism. when two colors are manifesteel. and trichroism when three are 
IlHulifested. This propel·f." is POSSl'HS('(I to a greater or IE'ssE'r extent 
by n large llumber of doubly refrading substances, and wlwn pl'espnt 
has considerable determinatin' nil lie. 

Neither uniaxial nor biaxial crystals show pleochroi:nn when the 
light is transmitted p,lrallel to an optic nxis and the microseope 
Htage is rotated. In uniaxiitl C'rystals the maximum pleochroism is 
sho·wn when the light is transmitted at right angles to the optic 
axis. In biaxial crystals 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 orientation of the erystal under examina
tion. and this can be <1etermined as usual by means of interference 
r-iguI·es. . 

The procedure is simpl('. Filld a proped.,· 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 9()O without replacing the analyzer and observc the 
('olor .in this new position. This procecluJ'e is not. of course, obliga
tory. The essential l'IementH are that tIll' orientation be so ('hose II 

as to give maximum pleochroism and that the absorption directions 
he stated jn relationship to the optical directions of the crystal. 
Pleochroism in uniaxial Sll bstn nees may be expressed as ubsorption 
E> 0, as the case may be. 0 being the direction of vibration of the 
ordinary my and E that of the extraordinary ray. Pleochroism in 
biaxial" crysta Is may )l' expressed as, fOI: example. absorption 
(Z=Y) >X, or X violet reel, Y wine yellow. Z yellowish ros<.'; X. 
T, Z being the directions of greatest, intermediate, and least ease of 
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vibration, respectively. The German letters u. & Ilnd c may be sub
stituted for X, Y, al~d 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, 
reier1!nce should be made to the trade catalogues and to the detailed 
texts of petrographic methods. 

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

ORIEKTATIOK 

The term" orientation n is a general expression. which includes 
all the relations between the optical and crystallographic directions 
in crystals. In a more restri.cted sense it refers particularly to the 
llosition 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, al
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 plane of the optic axes and some crystallo
graphic axis or face. Complete orientation data should show the 
angles between eyery vibration direction and every crystallographic 
axis. 

APPLICATION OF METHODS 

No one of the methods preyiously described is in itself sufficient 
to identify a giyen substance except in rare and special circumstances. 
While different substances differ in individual properties, it is very 
frequently possible to find two distinct spbstances which lurve some 
particular one or more optical propedies in common. For example, 
it can not be said that two substances haying the same refractive 
indices are identical. There are whole series of glasses from which 
individual specimens can be selected haying the same indices as 
most of the common soil minerals. Sodium nitrate and calcite are 
both uniaxial and negative and their interference figures closely re
semble each other. but their refractive indices are markedly different. 
Potassium chloride, sodium chloride. and ammonium chloride are 
all isotropic, but they differ radically in. their indices. 

Different substances may thus have some particular properties in 
common, but still differ widely iTom 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 i8 therefore possible. The following sketch of the 
procedure for the identification of a pure 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 mediuIll which does not dissolve 01' 

react with it ancl which has n.lrnown, preferably intermediate, index 
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of refraction. If the grains stand out very prominently under tl1l' 
microscope, so as to show black borders, it is best to determine by 
Becke lilles whether the index of the grains is higher or lower thail 
that of the oil and then to make a· new mOlmt 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 ,yill not. If it remains dark, raise the condenser, 
remoye the ocular, and observe whether or not an interference figure 
is present. If 110 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
mngeel according to incrensing index of refraction. If, on the othel' 
Ita.ncl, the crystal altp.rnatp.ly lights up and extin~uishes d.uring rota
tion, between crossed Nicols, if it l"p.mains ligl1t during rotation, 
or if it remains dark during rotation but gin's an interference 
figure, it is anisotropic and belongs to some crystal system other than 
the isometric. 
If it has not already been done, obtain an interference figure and 

obscrve whether it is a, uniaxial cross or n, biaxial system of hyper
bolre. If the particular crystal grain under observation does not giye 
a suitable figure: tilt j t to a new position, it practicable, or finel"an
other grain which is already properly orientated. If the figure is 
uniaxial, the crystal belongs to either the tetragonal or hexagonal 
system. If it is biaxial, the crystal is orthorhombic, monoclinIC, 01: 

triclinic. 1Vhicheyer the figure may be, uniaxial or biaxial, de
termine the optical character by means of the quartz wedge or seleni te 
plate. This classifies the substU11ce as uniaxial positive, uniaxial 
negative, biaxial positive, or biaxial negative. If the substance is 
umaxial determine the w index; if bi axi a1. determi ne the f3 im}('x. 
Uniaxial positive substances are listed in Tabh' 3 according to in
('reasing value of w. Uniaxial negative snbstnnces are listed ill 
Table 4, likewise according to increasing value of w. Biaxial positive 
sllbstances are listecl in Table 5 according to increasing value of f3. 
Biaxial negative substunces ulso al'e listed in Table 6, ac('onling to 
increasing value of f3. Refer to the appropriate table and find the w 

or f3 index, as the case may be, which hns been determined on the given 
substance. If the giYen substance is included in the tn ble, its name 
and composition will be found in the same row with the refractivc 
index. Determine the other properties of the substance listed in thc 
table as tt confirmation of the iclentifiC'ation. If, as may very well 
happen, more than one sub?tan~e ha~ about the same w Ol' f3 index in 
H given table, the <1eterll1Jl1atIon of the other constnnts seryes to 
distinguish tlH'se substancrs from (':1<·h othrJ". 

1D.,NTIt'ICATION OF 1I11NERALS IN SOILS 

It is a truism. of cout":-;e. that ::;oil;; arc till' re5i(1l1e 1'1'0111 the disill
Ll'gration and dl'eompositi()J1 of rocks plm; orgallic matter. Ignoring 
the organic matter, a. !'loil can therefore be expectp.d to ('onsist essen ~ 
tinily of the common rock-forming minerals and their decomposition 
])L·oducts. The mineral particles VIlL")' widely in size and art' fre· 
quently much dilute~l nnd sometimes maskecl by the colloidal anel 

http:altp.rnatp.ly


PETHOGI1APHIC j\rE'rHOD!-i ]~(}I{ SOllj IJABOIUTOnIES 65 

petrographically indeterminable decomposition products. A pre
Eminary removal of the colloids is therefore always advisable and 
sOllletillle::-> nece:;:;ary. 1"or quantitatin> \\"ork (p. 71) it is almost 
necessary to size the soil minerals. Both the removal of the colloids 
a ncl the sizi ng of the minerals can be accomplishec1 by various 
methods of mechanical analysis. Perhaps the simplest method is 
onlinary sieving. Yarious other methods will readily suggest them
~elves. for exalllple~ elutriatioll and centrifuging. III soil labora
tories' it is customary to u:;e the equipment anel methods of the 
current system of mechanical analysis. 

Quartz is present in pmctically all soils and usually constitutes 
the major IllH:-;s of the sand fractions. Its large quantity makes it 
a diluent for the other soil. millernls. It therdore tenels to distract 
th(' attention i'l'Ol1l, and increH;;e the time of search for, other min
ends oC'cnrrillg in cOl1lparnti1'el~r SillaII quantities. unless some means 
is taken to r(,lllov(' it, at lea~t paltly. from the rallge of 1'iHioll. 
Prelimillary medranieal S<'pnr-ation of qllartz from the sa III pIe is not 
a I wa.v~ pructieable a lid is seldom con vCl1ient, but it happellH, as ,L 
very little experienee will delllonstl"ate: that the rt'fradivc index of 
qllartzis exceptionally well located for Hoil work. If the sample 
is lllol.lI1tecl in nn oil with an index of refraction the same as that 
of the ordinary ray of quartz, 1.544:: e\rery one of the quartz grains 
"will disappear ill some olle or other po::;ition of the stage) depending 
011 the orientation of the grains. No qua rtll grain. regardless of tIl!} 
position of the stage, wi II Htnnc1 Ollt promi!1(>ntl~'. In this mount 
all the quartz iH ('ither in \risible OL' only vagne1'y visible, whereas 
most of the other soil C'omponents sta nel Ollt \\Tith a consi<l{'I'able 
degree of promillenC'e and can tlWl'efol'e be readily found. Further
m()re~ one of the indices of refraction of the quartz has b('en deter
mined by comparison with th(' oi1. EXHmin(' SOIlll' of tl1(':;(' vaguely 
H'en or invisible graills for interference f"igm'cs and optical character. 
(,!lIartz is nniaxial and positive. Complete the quartz identificatioll 
(lither by a llleaStll'ement of IllUxillllllll (Iollblt> r('fra('tion, 0.009, 
wlr i('h ~ho\lld be added to 1.:344 to gi \"c the yalue of the undetcrmi ned 
i Ildex of refraction, 1.553; or lllnke another mOllnt in an oil of this 
lattcr index and determine the lm1ex of precisely similar particle,; 
by direct comparison. It is not nece~sary, but another maximulll 
double refraction measurement Oil a grain of this second mount will 
"erve as a check anel will ndd considerably to the beginner's con
fidence that he is observing the same C'omponent in both the mounts 
if he is unfamiliar with the microscopic appearance of the soil 
llIi nerals. 

'rhl? fil'st mOlillt :-;hould 1I0W be ypry ('an-fully l'xalllined for gmins 
\\'.llich lln\'e a similar vague appcaranc'e but are otherwise different 
from the quartz gntins already (lrtC'nninec1. This examinatioll should 
include the seareh for gl'Hins\\"ith refractive indices slightly dif
fel'ent from those of quartz, grains which give biaxial fnstead of 
Illliaxial interference figlll'es, p:raills optiC'all~r negative instead of 
positive, and grains \\'hi('h al'(' isotropic instead of doubly refracting. 
In this examination a famHiurity with the relief appearances of 
different probable cOlnponents and with the appearance of the dif
ferent orclen.; of L"olol's in Newton's scale, together with the lavish 
lise of B('('ke-lilH' 1l10vemenb" will be found innllnable, 
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If .in thi:; 1Il0llllt a grain is found whieh doe::; not prm-til'aLly dis
appear in some position of the stage it is, barring- the effeC'ts of sur
face coatings, almost certainly not quartz, A biaxial g-rain may 
rarel~' be qnartz, but the chances are o,-erwhellllillg-l~' ag-Hinst it, 
An optically ne:,mti\<e grnin (H' nn isotl'opic ,!!l'ain is <'(,I'tainly not 
quartz, 

It is probable that one Or more "agudy ,'isiiJle ('omponenb, dif
fering from quartz, as indicated in the preceding paragra ph. will 
be f01.U1d, If so, determine e"ery propelty which it is possible to 
determine in this monnt, This will usually include aU detenninable 
properties except refmcti,-e intiice::;, Esti"mate tlwse by I'('lief and 
Becke-line Illo"ements and dl,tel'luine thelll a('curntelv in other mount", 
011 grains having exaetiy the same ('omposite of pt'operties, Refer
ellce should OWll be made to till' tables of tile optical pl'operties of 
minerals and the eomponent identified by fin(iin,!! tlwt mineral there 
listed whose propelties agree with those determined. 

'Yhen the region of refracti,'e indices near'that of quartz has becn 
cxhallst~d, .find :,!rains farther and farther removed from quart!: in 
refractive index and proceed ou each one of them as aboH'. This 
pl'o('edure will lead to the identifi('atiOll of all determinable (,Olll

ponellts found in the sample. Evet',Y mount made should be care
fully scanned for components not hitherto noticed. As severa I 
mounts will probably be made during the COllL'Be of the work, eaeh 
one containing perhaps :;everal hundred grains, the list of compo
nents identified cnn be C'ollsidl'red as pl'ae-tieally complete. 

As an illustration of the i(1elltifieation of a minel'nl bv thc' abo\'l~ 
procedure combined witJl it ri:,!orous application of the ~tables. sup
pose that in the fil'st mount a mineral is found with the followin~ 
properties: Biaxial, optically negati,'e, optic axial angle about 40°. 
dea\'llge microscopic and very perfect in one direction and then'
fore givilw rise to a platy, tabletlike a ppearane-l' colorless. pel'
('('ptibl(' di~persioJ1 with p>v. the ae-ute bisectrix e:lll'rging pra'di
cally normal to the eleuvagc plates•. dOllbll' I'pfra('tion on plah's 
Iyin:,! It'Ss tlat than that of qllartz, 11IJout n.OO·L dOllble l'dmdioll 
011 tilted t'dges Illl((:h :,!reater, all indice:; of J'dnwtiofl big-iI('I' tilall 
thos\' of qllartz, bllt, jll(ll!iug by relief, not 1II11<:h..if all,)' hil!hpl' thall 
1.620, This I!ives a composite of se\'eml properties. eac'h of which 
varies frolll l1Iineral to mineral. That tlwre should be anoti1('I' 
mineral ·with an identical composite is of course possible, but till' 
probability is almost vanishingly small. 

Other mOllnts are macle lind two indices of refraction lire measllr!'d 
on Hat-lying plates. A third index is measured 011 tiltl'd plate~. 
Check examinations should be nlade of (,Hch plate on whi('h Hn imlt'x 
is meaf;lIl'ecl ill order to aSSIII'(' OIl!!'S self that it hn:; the same icIl'ntic-al. 
('olllpositf' of PI'Opt'loties as det(,l'llIilwd in till' lil'l't lIlount. Hupposl' 
t.he threl' indiecs IIIP(I:;ul'l-d art' =1.51)4. +1.:3l)O. alld ± L1(j1. '1'11(
:-econd one. =1.51)0 is nbvlOw:;ly f3 both· Oil tleCf)Unt of its IllllllPl'ica I. 
relation to the other L\\'0 a11(\ from the pa l-ticlila I' oL'iputatioll in 
which it was measured. Add ±O,005 to this index to allow for <'ITOI'S 
of observation, This gives 11 minimulll of 1.585 allli 1.595. 

In the tables, for example, those of Larsen (10), turn to the biaxial 
negative group, In the f3 column mark off all minerals havin(Y tt 

fJ index between 1.585 and 1,595. There are some 19 of these n~iIl-
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erals (l0, p. £51-1253). Six of these are illlmediately eliminated by 
the possession of distinctive chancteristic colors entirely foreign to 
the colorlessness of the mineral under examination. One more is 
elimmate(l 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 tD 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, mllscovite, check with those determined on 
the unknown, and the unknown is therefore identified. 

The foregOing illustration presents an especially difficult example: 
both as to technic and as to the complexity of the data to be inter
preted, but there are still other complications which hllve not been 
taken into consideration. One of these, and perhaps the mo,;t seri
ous, is tlw natural variation of muscovite. Another is the variation 
of properties due to weathering. But, except in extreme cases, it 
is doubtful if any petrographer would. experience any difficulty what
ever in the identification. This is due to the fad that the properties, 
as written dOWJl, appear to have equal determinative value. They 
do not have such equal values. The highly developed cleavage, the 
biaxial negative character. and the emergence of the acute bisectrix 
almost normal to the cleayage plane are, when coupled with the 
relief appearnnce of the plates, practically enough to convince :111)'
one familiar with minerals of the identity of this one. The obser
vation and measurements of the other properties wonlel be essentially 
confirmatory rather than determinative. 

As a simpler example, suppose a mineral fOlUlCI with the following 
properties: l.'niaxial, optically negative, extremely hifrh double re
fraction (O.172L w= 1.658, and occurring as rhomblike forms. Add
hlfr ±O.005 as a safety factor to the Immnl index (rives 1.653 and 
1.663. Rdcrence to the uniaxial Jl('glltive frl"OUP of t:~)les shows only 
fOllrlllinerals with an ordinary ray index between these limits. 
Three. of these· have double ren·actions entirely too low. The re
maining" one, calcite, has properties which check with those 
determi neel. 

After each identification the worker should, at least until he is 
intimately famHiar with the appearance of the common minerals, 
make up a mount from a known sample and compare it in more or 
less detail with the just identified "unknown." It will be fotmd 
that most minerals haTe outstancling characteristics which materi
ally reduce the labor and add to the certainty of identification. 
Among" these characteristics are the twinning of the feldspars, the 
high double refraction of the calcite-dolomite-siderite series, the 
elea ,'age of the mi{"us, the high refraetion of rutile, the low refrac
tiOll of' fluorite, and the color, within limits, of ferromagnesian sili
cates such as augite and hornblende. It is true that the tables COll

tain all these facts, but 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 any 
such emphasis, and no one unfamiliar with them should attempt
their identification in soils 01' rocks, 
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The procedure for the identification of minerals in soils as writ
tenaboye is in no sense obligatory_ It is intended primarily as a 
guide, reliable though possibly cumbersome, for beginners_ It, there
fore, yery probably goes into details altogether u.nnece~sary for tho~e 
previously experienced in some other applicatIon of petrographIc 
methods_ For the encouragement of beginners it should be statell 
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 a maximum of not more than 
15 minutes, probably much les:::_ The beginner should be advised 
against a too-rigorous application and slavish following of the tables_ 
At the best the tables are guides, and in no sense are they systel1l~ 
of ultimate }Jigeonholes, in which eyery substance fits snugly in its 
ordered place without possibility of erratic arrangement. In the 
main, minerals: in common with most oth{'l' natnral objeC'ts, are vari
able:;, and there is perhaps no substitute for an intimate first-hand 
knowledge of them. 

Thcre are spl'eial problems of identification of soil minerals for 
·which 110 definite prol'c<iure can be outlined beforehand. The iden
tification of weatitcJ'c(t alld decomposed minerals gives rise to per
haps the larger group of these problems. A dC'composed mineral i:;. 
from the ,'el'Y fad that jt is decomposed, different from ,...-hat it 
,vas before dC'composition. The determination of its original nature 
therefore literalh~ means the determination of ,,"hat it was before it 
,,,as changed intO' what it is. If decomposition has gone too far the 
]lroblem is of ('ourse insoluble. For exam pIc, there are no means 
known at prC'sent by wh ich the parent spec-il's of the clay mineral;; 
of soils can be detC'l'mined. One can conjecture. and in cC'rtain cases 
there might be a basis in fact and in reason for the C'onjectures. For 
instanC'e. if the parent roek is a mica s('hist eonsi:;ting essentially 
ut qualtz alll!mieas, and if there is no probability of the clay hllvin; ... 
beC'n brought in from olltside somcc:;, it is rl'usonabl(' to beliHe that 
the day IllinC'nlls are till' (!l'('ompo;.;itioll prodl1ct::; of the mica::;_ Thi;.; 
l'l'a;.;oning. 110\\-('\"('1', is in 110 S!'IIS(' a determination_ Sl\eh ahsurdly 
extrclIle exanlples could be multiplied. . 

The m;ual t~-l)(' of casps is that in which the pl':ginal mineral has 
been partly but not wbolly altered and has certain of its primal 
('haraCtC'l'i:;til's r(,lllnining_ Biotite furnishes a fail' example. Under 
the infllH'll('e of the wcath('ring agencies its iron is oxidized, and thel'c 
is a tendcn('y toward the extraction of the bases. Optically the color 
eilanges, the interferencC' figure becomes blurred, anel its refractiye 
indices may ehange slightly. On the other hanel, its highly charac
teristic clea,'agc and optical charactl'l' remain. In the early stages 
of decomposition the changes are so slight as to be 11egli/!ible~ but 
they beeome progrcssi"cly greater and greater. Suppose they ha \"(' 
progressed to thC' point whel'e the obselTuble alHl lllC'll,ml'able prop
(ldiC'}; do not vield };Ilflicient data for idcntifi('ation and ,,-here the 
general lIppeai'an('e is decidedly that of deC'ompo::;ed matC'l'ial. How 
is one to know that tll is is decom pO!:ied biotite?: Speaking in terms 
of c1efiniti "e, unquestionable knowled/!e, the answer is, of course, that 
011(' ('an not know. But for practical purposes and within the limi
tations of reasoning implied by such purposes, the mea11S of know
ing are comparatively simple. In the first place, the slIbsblll(,(, has 
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some of the properties and characteristics of biotite. These are in
dicative. If, in the second place, the observer's experience has 
included the examination of biotites in various und numerous stages 
of decomposition, he will recognize that the matedal under exami1la
tion shows not only the t"('sidual properties of decomposed biotite bitt 
a.lso the n~ry Cball&eS unci i11teratiol1s eomnlOn to weathere<l biotite. 
He will, therefore, De aple to approximately clnssify his material at 
some place ill a known series. This is not absolute identification, 
but it has a bigh degree of probability. 

In any work of this kind the gnestion is likely to arise as to 
just how far a given mineral can be altered and still be culled by 
its originulname. Sillce alteration is a fairly continuous process, at 
least oYer a considerable part of its range, any such line of demarca
tion between, suy, biotite and nonbiotite, would have to be arbitrary 
and 'would presellt almost insuperable clifliculties in its location. The 
solution of the question in any giYen case must, for the time bring', 
be left to the common sense of the individual ,""orkrl". 

Another type of i<1entifieation is that preselltetL by inclusions of 
one substance in gnlins of anotlwr. These inclusions may be gaseous, 
liquid, or soEd. Quartz and volcanic materials are especially apt to 
carry them, although they may very well occur in otl1cr soil minerals. 
Gaseous an<1liquid inclusions call be readily distinguished from each 
other and from solid illclusiollS by the comparative width of their 
elm·k borders. These dark bOl"(lers are total-reflection phenomena 
depending on the relative refractive indic~s of the inclusion and the 
including material. As the refractive indices of gases and liquids 
are usually quite difl'erent both from each othrl" and from solids, the 
dark bonlers are ,vide Hlld prominent in the case of gaHl'S in solids: 
present to some. extent but not so l)J'onotlll('(>\l in the case of liqnids 
in HoI ids, and absent or illll)(>l'ceptibie in tIl(> ('ase of solids .ill solid~. 
OccasiOltally liquid inclnsions e:tl"l'ying a bubble oi: gas nrC' 'found. 

Genem1Jy spenking, r('si<iunl mntl"l'ial is lllUt"h more apt to ('an·)' 
inclusions than is distHntly tl'HlISpllrted IllHtC'rial. The l'('tlson Tor 
this is apparently that the incllisiollS eause struinin tit(·il.' carriers 
and, therefore, render them 1Il0re subject to ("olllminlltin~ forces than 
are the gra.ins free from inclnsions. The result, of course, is that, 
in the main, distantly transported material is relatively free of 
inclusions. 

The solid inclusions are eomm,only rlltile~ apatite, ctllcite, anel 
limonite. The difficulty in identifying- the. inclusl0ns is sometimes 
due mainly to their small size. Bilt the more usual difficulty is due 
to the impracticability of obtaining complete optical data. The 
inclnsions nre in contact with their containing minemls an<lnot with 
the mOllnting medill111, Refractiveindi("es inllst, therefore, br esti
mated by relief and HI·e consequently slIujeet to all the eITOrS of this 
method. The other optical properties arp equally difficult to deter
mine. On the other hand theinclnsions, whrn (T,Vstaliine, usually 
occur in wen-developed C'haraderistic forms. Rutile, for instance, 
occurs as long slender needles which can scarcely be mistaken for 
any other mineral. The procpc1nre, thrn, is to monnt the C'ontaildng 
minerals in an oil in which Owy (lisappear. thus revealing the inclu
siems. Obblin all the optical data possibh' on the inclusions, and pay 
pa,·ticular attelltion to the crystnllog-raphic for111 and habit. The 
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combined optical and crystallographic. data are frequently sufficient 
to lead to a reasonable, though not alwa.ys conclusive, identification. 
Fortunately, the identification of inclusions becomes of importance 
only in reference to very special problems. 

Occasionally it is nece!:isary 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 crystallized from the magma. Rutile 
needles are. the commonest and perhaps the most characteristic OT 
this type of inclusion. On the other hand, secondary quartz, that is, 
quartz which m:iginated by crystallization from water solutions. 
may carry inclusions of those minerals which are themselves of ~~ 
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 sho111d carry inclu..sions of secondary ~ninerals. 
This, of eonr£ie, is on the assumption that one has made careful obser
vations to convince. himself that the inclusions ure nctuallv sueh and 
are not infilh"ations through cracks and crevices. It follows, of 
course, that quartz containing secondary m,inerals as inclusions is 
itself of se{!onclary ori0.n; quartz containing no inclusions may be, 
so far as we can tell,~of either primary or secondary origin, and 
quartz containing primary minerals as inclusions 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 sample. 

By way of summarization it may be said that with clean sand 
fractions of sncil vouthfnl soils ns the Durham and such naturallv 
sorted materials as some of the coastal-plain soils, thepetrographlc 
identification or the eonstituent minerals attains n degree of cel'
htinty somewhat greater than thnt reached in the ic1entificntion of 
eonsitlwnts of rock sections. The rem,on for tlus is that, with the 
sands, as many mOllnts as needed mny be made and the orientation 
of individual grains may be altered, thus making possible the actual 
measu'rement of the optical properties, notably the refractive in
dices, instead of approximately estimating them, as is frequently 
necessary with rock section>'. The degree of certainty is perhaps 
as great ns is attainable by petrographic methods alone, and when 
these methods are used in conjunction ",yith chemical analysis the 
identifications can be considered as practicallv absolute. The identi
fication 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 comprehensiye 
results as are obtained on the larger-sized sand particles. Ordinar
ily there is no reason whatever for doubting an identification of a 
silt particle, but tIl(> petrogrnpher has a tendency to feel that he 
could get better nnd dearer results if the particles were larO'er. 
Particles of the clny fractions of soils can not. of course. be ide~ti
fied at all petrographicaIJy: and recourse must be hnd to X-rav 
methods. III the snIlds and silts the identity of decomposed mill
erals can be established with varying degrees of assurance ranging 
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from practical certainty to no certainty :It ail, depelluing on the 
extent of decomposition. The petrographer has to exerci~e hi~ com
mon sense in deciding just how far he can CllJ'l'Y the identlficatlO1l. 

PERCENTAGE ESTIMATION OF CONSTITUENTS IN A MIXTURE (MECHANICAL
ANALYSIS) 

In addition to determining the minerals 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 may be either firmly con
solidated as rocks, or, on the other hand, may be ill 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 amI are usuaUy in contact with each othel· 
'\vithout vacant spaces over the whole field of the microscope. A 
second, more difficult type ot preparation, is that presented by orui
llary mounts of previously sized materials, such as separates from 
mechanical soil analyses. Here the thickness of the particle!'; can 
not always be assumed as uniform, and the amount of vacant !';pace 
ill any given field 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 is 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 particLes and by the presence of inclu
sions of one substance in another. The second and third types are 
sometimes seriously complicated by coutings of one or more sub
stances on grains. 'l'he third type is frequently complicated by ng
gregilte~, the charllctel' of which i>; indeterminate. 

No matter which type of preparation one is working on, the 
first task is to identify, !';o far as possible, erery substance occurring 
in the mixture. 'Vith coarse-grained rocks and clean sands this 
identification is usually complete and easy. 'With other mixtures, 
the identification of certain of the constituents is frequently diffi
cult, and, in the case of aggregates, deeply coated grains, sub!';blllces 
whose optics a.re unknown, substances ~yith abnormal optics, and 
e~tremely ~ne~grained subs~ance::;, the identification may be impos
SIble or practIcally so. 'Vlth 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-anel-so, or as having such-and-such prop
erties; flud (3) lt dass of unknowns to be lumped together and 
estimated as such. Aggregates can sometime>; be broken up into 
their constituents by simple crushing or by treatment ,,-ith acids to 
remove cementing material. Coated grains· can frequently be cleaned 
by treatment with hydrochloric or oxalic aeids, and extremely fille
grained mat~rials can often be improved by allowing the el'ystab 
an opportul1lty to grow. 

By these and similar means which w111 readily suggest themselves 
to a chemist, doubtful and unknown substances lll-ay be rendered 
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identifiable. The qua.litati,~e identification of the constituents of the 
mixture, which are lIsually comparatively few, almost always brings 
to the attention sOllie characteristics of the different cOllstituents 
which serve to distinguish anyone of them, practically at a glance, 
from nIl the other constituents present. For example: one of the 
constituents may be colored, whereas the other constituents are color
less or differently colored, as is the case of hornblende admixed with 
quartz, odhocla::e, or perhaps micas. One of the constituents may 
have a yery high dOllble refl'aetioll: whereas all the other constituents 
have. comparatively low double refractions, as would be the case 
of calcite 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 amI colorleiis mica could be immediately 
clistillgllished from the quartz by their reliefs and from each othel' 
by the opposite movements ()f the Becke lines on slightly raising 
the tube of the microscope. If it mixture of, sodium Hlld potassiulIl 
chloride is mounted in an oil with a l'pfratti n' i ndt'x between till' 
indices of the two substances, the movement of the Becke lines would 
again immediately distinguish one from the other. If HI1l11I011iUlll 
ehlorida is added to the mixture its relid in the same mOllnt as 
above would serve to identify it in this mixture. 

Thus, knowing whnt sub!:itances are present ami having a means 
for the immediate recognition of eacb of them, the worker can pro
ceed with his quantitative work unhampered and uninterrupted by 
the necessit-y of a long process of qualitative identifieation. Fur
thermore, the preliminal'Y qualitati\Oe identification gi no's one a very 
definite idea of the best mount for the quantitatiye work; for in
stance, it shows the one best oil in which to mount the sodimll 
lind potassium chloride mixture mentioned above, that is, an oil with 
:t 1'ei'l'ucti \Oeilldex between tlrose oi' tile two constitucnts. It occa
siollally Ira.ppells, r:ll'ely, howl'H'r, that two c'onstitm'llbi oj' n lllixtllre 
lIa \'0 properties so Ill'llrly alike tlra t imnll'd iate di!:itinction d Ilring 
the ljllantitatin' PI'O('('S:-i i:i diflklllt. ,Ylwt to do ill sllth a eas(' 
depellcls 1l0t ollly on the clraraeteristics of the two similar slll)stances 
but also 011 the characteristics of the other substances ill the mixture, 
It may even become necessary to det('rnrine the combined quantity 
of the two substances ill one type of mount and then clet('rmine 
their mutual ratio in an entirely diffcrellt type of Illount. 

To determine the percentage C'ompositiOJI of a rock Sl'ction, C'al
l'ulate the total area of the llIicl'os('ope field for the pa l'ticular lens 
('ombination used by means of thl' forllluia 

A=rrp2 

,,,hert"' A is the area. rr is 3,141G, and J' is the I'ad i liS of the fi('ld 
\,xPl'l'ss(,d as Ii nea I' ch('cker\\'ol'k <'j't'pieee 111 ie 1.'01 1I(·tl' I' II i\' j"iolls, If 
any vacant plllC'tlS are present, dptel'lllille their total area by IlIicl'OIll
etcl' count and subtract the result. fl'Om the field area j list calculated, 
This gives the llet area covered by th(' substances to be estimated, 
Detpl'mine bv micl'ometPl' count the al'(las of eaeh sllb:·tancp in tlw 
fielel, As a."check on the counting: tlw SlIIl1 of the areas of the 
substances plus the areaS of th(' vacant spal't's, jf Ully. sholll<l (,qual. 
or neariy ('qual, tilt' total calenlatl·t/ al'l~H oi' titt' field, Any large 
discrepancy indieat('f; an e1'ror in ('Ollllting, alHl the \\'01'1. should be 
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repeated. Somc systematic procedure in counting, for instance, by 
quadrants aud lcft to right by rows 01' C01UUlllS on the micrometer, 
is practically a necessity. It relieves eyestrain, lessens the tltX on 
tile attelltion, and often avoids the total loss of count due to iuter
l'uption. 

Since the thickness of the rock section can be assumed as uniform, 
the volumes of the constituents vary with their areas. The area of 
auy one substance, therefore, divided by the net area of the field 
and multiplied by 100 gives the pereentage uy volume of that sub
stance; that is, 

Area of substalll:e 
Pel' cent bv yolume N t i' fi 11 X 100. 

J .r e an'R o' e t 

In this way the percentage by volume of each constituent can be 
determined, and the total should, of cour::;e, eqwll Ilearly 100. But 
it is JlOt often that the perceutage by volUlue is wanted, m; prac
tically alway>; the percentage by weight is desired. This can bp 
obtai Ilcd from the volume pcrcentage by multiplyi IIg the volume 
percentage of each constituellt by the specific gravity of the COI1
stituent, !;ulHming up the figure!; l;O obtained, uml tnking the ratio 
between the figure for the individual COllBtituent and that of the 
~um. A more dircct method is to multiply the arl'1L of each con
::,tituent by the specific gravity of the constituent, snm up the figure;; 
So obtained, lise the figure for an individual constituent as the 
llUllll'rator. the Stllll as till' denominator. l'edute this fraction to a 
decimal, and llluitiply by 100. This gi\'es the percentage by weight 
of the cOllstituent cOllsidel'ed. 

The SOllrces of error are variation!; in the tltidmess of the section. 
inaccuracies from whatever ClLUS€, in the counting, the presence of 
IInestilllated 01' only approximately c::;tinmtetL inclm;iolls of other 
substances, and inaccuracies in the figures taken for the specific 
!!l'lIyjtips, Thcse latter vary ('(JI)sidcrallly ill certain min<.'!'als, alld 
I/sually there is 110 practicable way of knowing precisely what figlll'c 
to select. 

In spite 01' these sources of errOr, howcver, the lllp.thod is remark
ably exact whell applicd to H single field of the microscope. But 
to make it applicable to the entire work it is necessary to resort to 
statistical methods. A tlUlulwr of fields should be counted and the 
re;;ults ave,'aged, If tIll' rode is ,·ery uniform, a vel',\' fl'\\, fields 
are !:mflkil'nt. H. Oil till' oUll'1' hal1lL til{' I'ock is wry vnriable, it 
is neeessal'y to illcrease the [lumber of fields. Right here there is 
room for the exercist' of a considl','ablp amollnt of jlldgment. Theo
retically :l nlllllbcr of fh'lds sholJld be tnken so that the addition 
of ally other p/'ObabJe fipl({ wiIJ not <,el'iously alter the :n"erage figures 
already obtaIned. ThrolJghout all the work the area;: th('mselves 
need not be determined by actual count. Any method, for instance 
the statistienllinenr method given in the disC"ussion of area meaGtll'C
lJlt'nti-; mnv be used, 

The ])I;oce(lure for the percentage determi nation of loose but 
sized mate"ial may b(' slJbstantially the snnw as that givpn fOl' rock 
fiC'dioIlS. 1 ';'IlHlly. !towel't"', tlH' ,'a(~allt area 011 the slide ('xcl'cdfi 
that of tilt' con::;titnellts. For this ,'cason it is bl'ttl'" to obtain the 
total area covet'eel by the constituellts. either by actunl COUllt or.· by 
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Sllnlll1ation of the counts of the individual constituents, rather than 
by counting the arcas of the nlcant spaces and subtracting- the total 
from the field area. The final results, however, are not of the same 
order of accuracy as those obtained for rock sections. AU the 
sources of error in rock sections are still present and that one due 
to variations in thickness is vastly increased. For example, rouuded 
quartz grains and flat flakes of mica of the sallle minor diameter 
would be held by the SHme screen in the sizing operatlon. But their 
thiclmess on the slide would be VHStly diffel·ent, and comiequently 
the calculation of volumes or weig-hts on the assumption of uniform 
thickness might be very seriously in erl"01". Such error can be partly 
eliminated by measuring the thickness of each grain and calculating 
the volume by multiplying this thickness by the area or the grain. 
This procedure does not entirely remove the illaccuracy, since the 
grains are almost always rounded instead of rectangular, but it 
yields results sufficiently approximative ror most purpost's. If none 
of the constituents shows. a thickness of ullifol'lI1ly extl'eme val·ia
tioll from the lLverage thickness of all the partieles present, it is 
:Ollfe to assullle that the yolnmes vnry approxilllately the same as the 
areas. The dpterrnination ot both the urea, and thickness of each 
indjvidual particle is likely to be a long and tedious job. It can 
frequently be shortened by multiplying the total area or the thin 
substance by it factor whose value can be dete11nined from the rela
tionship between the average thickness of the thin substance and 
that of the other· substances in the mixture. In most cases or care
fully sized materials, such a factor can usunlly be determined from 
It comparatively few thicknesf; measurements.. 

It is seldom that all the detailed work indicated in the preced ing 
paragraph is justified by the rl'quirements of the problem; ill fad, it 
is Tery doubtflll whether the additional degl'c(' of aeeul'aey obblinccL 
is e'"er sufficient to justify the time and labol" expclHINI. This ean be 
realized readily when it is reeallell that the pel'ecllbll.!l' ("olllpositioll 
of a single field bears only a statistic-al relation to tllt' trllc ('olllposi
tion or the salllple. The preceding pal'ag-raph has heen written lIIore 
with the idea ot bringing out the principles invol\'(~d than ·with any 
idea as to the actual application of the details except in extremely 
rare and unusual circumstances. .. 

The method usually employed for the analysis ot carefully sized 
materials is simply the direct count of the number of partides of each 
constituent. The composition by yolml1c then is 

Per cent by rolullH' NUlllber of partides of olle eonstitu('nt X 100 
Total number particles counted . 

The percentage by weight can be readily calculated as given in the 
discussion of rock se('tiolls. This method is based on the assnmption, 
usually well founded, that each substan('e in the mixture has the same 
average particle volume. ~fica. is the most ("oml1lon exception. The 
number of mica or similar particles should be multiplied by a factor 
which can be determined by 11, comparison ot the vohul1<' figures 
obtained by area, and thie-kness meaSUl'ements for a f('w of tlw mi("a 
!Ind. nonmjca. padidefi. If the 11111111)(·1' or mi(·a paJ"tiell'H iH illsignifi
cant, as is the caSt' in e('rtain soils, it- is sCHree\" woJ"th ",bile to IIIHk(, 
this correctioll, On the othl'r ha rid, highly IIllellC('ollS soi Is will .y ield 
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results wide of the truth if the factor is not applied. It should be 
remembered that :l comparatively small quantity by weight of thin 
mica flakes can make :Ul altogether disproportionate showing when 
scattered throughout a soil. 

If the material is unsized and if the particle sizes vary widely, 
L·CSUltS of even a fair degree of accuracy are probably not attainable 
by any method other than that im·olYing the volume determination 
of each individual partide by means of areal and thickness measure
ments. If colloidal rnateria! is present in quantity too great to be 
neglected, as in most soils, the quantitative detcrmination of the per
centage composition is practically a· microscopic impossibility unless 
the colloids can be estimnted by some other than microscopic means 
and allowed for in the calculations of the noncolloidal constituents. 
It may be said. in general, that the quantitative microscopic analysis 
of such materi;lls as those uncleI' discussion should be undertaken only
under the nlOst ext'cptional circumstances. .. 

Nc\'crtheless, the llIic"I'os('opist is ("ontinunlly being called on to giye 
::;OIl1e, sort of estillJatp of the quantity of Olle or more constituents in 
just such materials. Hough approximations can be an·ived at as 
follows: Determine the percentage of the constituent by rapid areal 
measurements. Determine by inspection, supplemented if necessary 
by a few thickness metlsurements, whether the average particle thick
ness of the constituent is near, less than, or greater 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 so-and-so; and if greater than, it can be. reported as not 
less than so-and-so. Ol'dinarily~ this rough sort of approximation is 
slIfficient for the purpose. It at Jeast gi ,·es a. fai dy reliable idea. of 
the maxilllllm OJ· 11linimll1l1 qllantity proJmbl,V present. 

It se:tl"cely need lw said that in nll (]n:lntitati\'(· work 011 loose 
IlJaterials th~' g£'uills sboldd be as free as l)Ossible fmlll coatillgs all,l 
:tcllwsiollS or forei,!.!n substalltes, as it is pra('ticaLly impossible t~J 
mukt· illlV cstimRLion of the totai volume of sH("h substances. Coat
ings of opaque materials, sueh as iron hydroxide, U1Ry lead to an 
entirely wrong l(lentificution of the grain. Calcium carbonate is a 
particularly bothersome coating. Its high double refraction awl 
relief in orclinary mounts. even whell occurring only as a thin veneer 
on other substances. ma,)~ lead to a wry large o,'erestimate of the 
quantity present. Alkali salts have a. strong tendency to occur as 
('oatings on the other soil grainR. In general it is best, where prac
ticable, to determine the quantity of colloicls, inclnding organic mat
ter, catcium car-bonRte, and wah'I·-soluble salts by chemical means 
and to cletermine the other constituents mirroscopieally in the 
resilluf's. 

:Miueralogi('al analyst's. of soils (if) ~how that thl' followillg' 
Illilll'rals l1Iay ordina.rily bl' ('xpe('tec/ to occur ill soils, ('hough not 
11 n of them i II allY olle soil: Quartz and other forms of silica, such 
as chalcedony as'the major ('omponellt; most of the feldspars as 
orthoclase. microcline, ulbite, 01 igoclase, andesine. and labmrlol'ite; 
IllIlSI·O,·itp II 11«1 biotih'; ("II lOl'itp: gla Iwon ite; <,pi dote; hOI"l1 blench' lllHl 
glulIl'oplwue; p~'I'OX(·II(·, l'~I)('(·iHII.v allgite; lllag'l)ptih'. 1ll'llmtih', and 
lilllOnite; apatih'; alld ('nkitp aile! dolomitt'. Ahll()st lilly othl'J" I1lin
PI·al llIay (}lTIIJ" o('t:tsiollally L1n.jp,. spl'eiaJ ('il'('lInlstall('ps. 
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DIFFERENTIATION OF SOIL COLLOIDS FROM SOll, CRYSTALLINE MATERIAL 

It is well recognized that ill additiun to the, definite C"rystullinc 
material in soils there are always present quantiti('s of material 
nU'yillg from a small percentage up to sometimes as high as 80 per 
cent of material ,,"hich can not be. identified by petrographic methods. 
This material is of two general types-inorganic material, presum
ably formed by the <1eeomposition of minerals, and organic matter, 
wl11ch comprises, for the most part, the residual products derived 
from animals amI plants. Most of this lIlaterial is extn'mely finely 
lhvided. Soil scientists nrc accustomed to describe it in terms of 
particle size after dispersion in water alone or ill ·water with the 
addition of dispersing agents. After llispersion thil:i material con
sists of very small partieies ranging from 5p. downward. Soil scien
tists usnally tlesignate this extremely fine material as clay, regard
less of its chemical composition. It follows, therefore, that the "oil 
day is not Jleeesslu'ily chemically identical 'Ivith the, amorphous 
llIill('ral known as kaolin. :Uany soil scientists di\'ic1e this portion 
of the soil into two parts, olle"of which is known as soil colloid 
because it possesses, to a great degree, those properties which chamc
terize the group of substanees of diverse orif,rin which are so know'l 
and which posse>'s the properties of moisture absorption, swelling 
with water or other liquids. and the ability to adsorb ions of va
l'ioliS sorts. ",Yhere the cliyi(ling line should be drawn between the, 
coarser noncrystalline material and the supposedly tnlly colloidal 
part of the soil has not found general agreement. To some scientists, 
any material whicJL in the dispersed condition has fL maximum ap
parent diameter of 2p. or less is colloidal; otlH'rs wish to make the 
upper limit Ip., ancl some continue to rc!!arcl as colloid only that 
material luwing a maximum apparent diameter of O.1p.. 
It is not the present 1)lIII)(lse to attempt a dis("ussion of this prob

Ipm :fol' tlIp J"('ason that, to the soil pc'trogl":lplwr, the ollly differpn
tiation that is po>'sible is bpt\\"(,l'n those particles of tlIe soil which 
havc definite milleI"alogieal and petrographieal charactPl"istics anrl 
thosc which have Ilot these characteristics. To him, then, all whieh 
is not definitely crystalline uncleI' the microseoreis more or lesH c1d
initcly eolloidal in character. This distinction may be kept in mincl 
in spite of the fact that X-ray studies (6, 9) ha \"e shown that many 
substanc'es with marke(l colloidal propertil's gUYC definite diffraction 
pattl'I'ns an<1 arc thl'rd'OI"l? cry~tallinp, and in spite of the fact that 
even the typical eolloid il'om ·which the group Ilame is <1eri,'('(l, gela
tine, in tIl(> dry ("olldition, gi,"es a pedpctly defined inh'derenC"e figure 
in polarjzpd light. Glass also, whjch is genemlly consi<1l'red as a 
true colloid, often ~hows the phenomenon of double refraction. It 
would appear, therefore, to the student of petrography of soils that 
his province is limitl'd to (lifl'el'entiatin:r bptween illentifiablt' materi
als on the one hand and those not definitely determinable on the 
other; and, flllther, to gaining snch infonmition as may btl usei'ul 
concerninJ!; the unidentifiable fraction. It may be 1"Pl11arke<1 that 
the lack of a:rr{,pmpnt: aboyp mentiOll<'rl COIl('PI'fling ('\'PI1 tIl(' ~izl' lim
its or tlIos(' pill-ti('I('~ \\'lIi("h ~lIall Ill' ("a]]l'd l'olloitl:d :ll'C'()llllt:-: rOI' the 
din'l'gl'IH't' IJl'i\\'ePIl nl(' qll:llili(il'~ of l'olillid as as('I'I·t:lilll'd hy IIlicj·o
>'("opic' C'xHlllinatioll and tllo~(' oi>{aiIlPd rOI' (Il(' SHII1(' soil .. by otllt'r 
1l1(>tho!ll:i. It i~ slIgw'sted, Hlen,fon'. WIt('11 slUll it's aI"(' madt' oi! this 
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llllidelltifiable uri Ilt'ompletely idelltifiablefradion of the. ,l:luil that 
the results should be ascribed to unknown substances havlI1g such
and-such properties and characteristics, probably (01' possibly) so
lwd-so, Or, when the data obtainable. do 110t justify e\'ell a guess as 
to their nature, simply ns unknm\'Jl sub~b11lces ha\ying such-and-such 
properties and characteristiC's, 

This manner of l'epol'ti ng results lUltolllatieally limits the term col
loid to that portion cif the sample cOllsisting of partidl's of ullkllOWll 
f'ubstances W11ich arc witllin 01' neal' generally accepted colloidal 
dimensions, It will be seen that in suell etl!:'c the term will apply 
equally to organic and inorganic material. Nen>rtheless, information 
of considerable importance' concerlling this fine material present in 
the soil may be obtained by the use of the peb'ographic microscope, 

In dry soils, sllch as a re used for ol'dinat'Y 01' petrographic stucly, 
the colloicls 0('('111' as aggregate masses, either free or as coatings on 
other soil Illilterials, The one chal'actPt'istic that n11 sel'lll to have in 
(,OIJlIllOn :is the aggregated stl'llctUl'e, This can frequently be recog
nized by ordillal'Y tl'llllsllIitte(llight. The masses are SPPIl to be ]lot 
unjforlll continuous lllat('l'ial but conglomerations of multitndinous 
a1l(1 extremely fine partjcles, This is particularly noticeable arounlL 
tbe edges of the mass, The fracture :is 110t nlong denvage lines as 
in certain minerals, To the naked eye it gpnerally appears C011

(,hoidal, but under the microscope the con('hoi(/al surfaces al'e seen 
to be totally lacking in the smoothness nntl mil'l'orlike fjnalities of 
the fracture surfaces of such materials as glass or quartz, On the 
contrary, the fracture surface of the colloid aggregate is usually an 
especially favorable place to observe the vel'y fine partjcles, Exam
ination in reflected light shows the same thing and sometimes to bet
ter advantage in the case of subtnmslucent to opaque aggregates, 
Reflectecllight from :1, vertical :illuminator (pp, 25, 82) o('casionaHy 
brings out an aggregate structure 'which would not be easily visible 
with ordinary reflected daylight, Best of all, eXllmination with n. 
dnrk-field illumination practicall,v always renders the structure dis
tinct and unmistakable, During the course of the microscopic exam
ination with ordinary light the color of the aggregates, both in 
tl'llllsmitted and reflected light, shollld he noted as well as their 
degree of transpal'ency or opacity, 

Under the petl'ogrnpbi.c microscope, between crosse<l Sico1s, the 
aggregates of soil ('olloi(1r:; llIlIy or Illay not be doubly l'cfra('ting, 
Those showi ng some llcgl'ce of dOllble l'Pi'l'action are perhaps more 
eOllunon tlulll thost' showing none, Absell('e of double refraction, 
isotropy, Seems usually associated with high it'on content. 

The appearance of the doubly rei'l'aeting aO'O'reO'ates between 
crossed Nicols is y(triable, Sometimes it is that t>l~SU1flly spokell of 
as aggrl'gRte pohu'ization-thRt is, the aggregate appeat's speckle<l 
with Slllllll light and dark arcas ",11i('h altel'Ilatt'ly extinguish amI 
Ii (rht lip as the stag(> 'is rotated, ~Iol'e oftell, howcH'r, the polariza
tiZn is wa\Ty-tllat is, th(>. aggregate dot's Hot ('xtinguish all. Over [~t 
the Sllllle tillle. but Pl'ogl'('ssi\Tl'ly frolll part to part as tIlL' stage JS 
rotated, the band of exti n(:tion bei ng lIsna II,\' yagll(' as to bC)J'deJ's, 
('olllparatively narl'OW, and nlways follo\\'('(l by a blind of light, 
Occasionally' th(~ appeat'f!llCe silllulates that of ordinary llOl.'Illal 
crystals, 
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Interference figures arc usually easily obtained from the doubly 
refracting aggregates, but they are not universally obtainable. 
These figures at best are fairly clear and distinct, but neyer nearly 
so good as those givell by clean wen-crystallized calcite or quartz, 
for example. At the worst, the figures are barely discernible. Usu
ally they are consi([erabl~T blurred and ullsatisfactory. The optic 
:lngle, as estimated from till' intl'ri'el"enee figures, varies from sensibly 
zero up to values "where the foci of the hyperbola', arc outside the 
field of the microscope. There are therefore aggregates which couhl 
be classed as uniaxial or biaxial, as the case lllay be. In anyone 
sample the optic angles of various aggregates may vary considerably. 
The gypsum plate shows that certain aggregates arc 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 ftbout 1.56 to l.(j2. Thel'e are aggregates, however, especially in 
lateritic soils, with very much higher indices. The refractive indices 
seem to valT with the Iron content. 

The preceding description of aggregates of soil colloids brings Ollt 
the fact that they possess 11UlllerOllS properties ill C0ll1nlOll with crys
talline material. Theil" one outstanding and distinctive characteris
tic is the aggregate strueture. Fortunately, however, there is only 
one common soil 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 11Iica should be classified as a 
colloid. But, aside from this possibility of misidentification, a very 
little experience shoulll enable one to readily differentiate soil col
loidal aggregates "from any other substance likely to be found in soils. 
The general problem of determining by microscopic means alone 
whether uny given substance is colloidal or crystalline is perhaps 
insoluble with our present lmowledge. X-ray 111E'thods ofrer perhaps 
the brst solution of the pl'ob!E'l11 (O.l}). 

SOIL ORGANIC :IIlATTER AND RESIDUE OF ORGANISl\IS 

The organic matter of soils consists predominantly of plant resi
dues in various stages of decay. There is also present, of course, 
organic matter from animal and other sourcE'S, but~the quantity is 
comparatively small, and the identity of the material is seldom 
determinable. Bacteria. nematodes, earthworms, fertilizer applica
tions, etc., furnish tlwil.: quotas. No matter what the source, how
ever, soils are devoid of crystalline organic matter, detectable micro
scopically, without It considerable amount of preliminary extraction 
:wd purification. Petrographic methods are, therefore, inapplicable 
to the organic matter of untreated soils. But something can lJe done 
by direct micros('opic observation. Cdl structure is a charnctE'risti(: 
of practically all Y('l!etable and animal tisslles and is not foulHl ph;r
wlwre in naturE' cx('rpt in flllch ran' and ullllslInl slIbstul1l'es as petl'i
fi('(l wood. The pxhi(rllcr .ill 11 lioil, t h('J.'efo 1'('. of mait1rial "howilw 
('ell sh'uctul'e is pl'aC'tienlly alwll\,s sllllkirlli t'vitlpIl('(' of' its ill'lrani';": 
Ilature. D(·tailpd id('lliific'ations illl to g('I1I1:-; :tlld :-;PPl'iPll :tl'(' p)'t)G'It'Ill~ 
fot' those spN·iali;.o;illg in the slIbje('ts ('olH'('rll('d, fOl'ill!"talll'P bota
nists II lid bacteriologists. 
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Charcoal, bitlllnilloliS coal, llllel anthracite present slightly diffcr
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. Occa
sionally it is possible to observe cell structure in charcoal by refiecte(l 
light. If padicles !:iufliciently large Cilll be i!:iolated from the soil, 
their combustibility can he tested ana their odor and behavior on 
burning ascertained. Aside from the application of such miscella
neous tests as these, there is no WHy of identifying any of these three 
substances. 

Investigations 011 the organic matter of soils, involving extensive 
extraction and purification opemtions, frequently yield organic 
product!:i of a crystalline llature. 'rhere.is usually a considerable 
amount of chemical information available, and the petrographer is 
called in largely in a confirmatory capacity. The procedure is sim
ply u. comparison of the optics ancl other characteristics of the given 
substance with tho!:ie of the substance or substances whieh the chclU
ical inforlltation indicates as probable or possible. On ac('ouut of 
the meagerness of the published data on the optie!:i of organic COlli
l)ounds, it is ("OllllllOuly necessary, aud ahnlY!:i !:iafcr alltllllore. satis
fying, to n,mke this comparison by a direct examination of n11 the 
substances IIIvolveel. 

There are certain inorganic l'esidlles of organisms, which some
times aSSllme importance in soils. These may be gencrally com
prised under the denominations of shell fragments, diatoms, and 
sponge spicules. Shell fragments are important mainly because of 
the calcium cnrbonate of which they are composed and to 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 appeamnce and can be readily located in mounts by 
their extremely high double refraction between crossed Nicols. The 
presence of (liatol11s throws light on a soil's previous history. They 
can be illentified as diatoms by general appearance, but specific iden
tification as species is beyond the field of petrography. Spon~e 
:;picules not only give information as to the history of the soils 111 

which they OCClll' but, in at least one case, have assumed prnctical 
importance on a('count of the irritating effect they had on the feet 
of mules used in plowing tbe fields. They are readily idcntified by 
their long, narrow, slightly curved, hollow, sometimes spined and 
sharply pointed 10rms. Specialists easily distinguish betwecn. fresh
water and salt-water species amI thus add to the known history of 
the soil. 

SHAPE OF PARTICLES 

The exnmination of soil particles as to shape sometimes aSSumes 
impOI't:Ulce, espeeially in refel'l'llee to the degree of rOllnding and 
the ('()nd\lsion~ ns to ,wathC'l'ing and tmllspOlt whieh eall be drawn 
thel'eTI'om, In this sort of examination it is esscntial thnt the outside 
nne! not the insiclC' of the pnrti('les be eleady visible. For identifi
('atioll pl! l'posPS, ns has b(>('11 seeIl, the' better the mount t11C nearer nre 
the 1'C'fractive indic(>s of the particle and the oil. This greatly fie
centlw1i's \'isibilitv of the intel'ior ane! subordinates thnt of the 
exterior of the pill,ticle. In the perfect case the outlines of the 
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particle are invisible. Ob,-iuusly, II diredly cOllLrary efl'ect I:; de:;ired 
when the exteriur characteristics are to. be ubsened. This is readily 
ubtained by mo.unting the particles in II medi UJl1, the refractive 
inde.x uf which is markedly different frum thuse o.f the particles. 
This type uf muunt suburdinates the interio.r and accentuates the 
exteriur chal'llcteristics uf the particles. 1<'01' suil partides, water 
ur air, preferably the fOl'lller, is a fairly sati,,;factory llltlunting 
mediulll. The water, l1owe"er, when used alone, enlpurate:; rather 
rapidly and ill sO duing pulls the partieies so. du"e together as to. 
hide lUauy uf the illlLi,-idual etlges. The addition of l\l01"~ ,,-atl'r 
do.es 110t necessarily COlTed this packing, a utl seriou::;Ly aJ tel'S the 
positions uf the grains. These inCOm"elliences can be largely elimi
nated by using a miuimulll UUIOUllt o.f "water and carefllUy forming 
a rim uf uil aruund aud slightly under the edges o.f the co,-er gla::;s. 
This tvpe o.f 11Io.Unt is by 110 llleam; permanent, but if properly made 
will delay e,-apuration :;uflicielltly to. gin~ alllp1to tilll(~ for the exalll
ination. The exatuination itself is simply (lirect ob:;ernlLion a,; to 
whether tILe particles arc in gell('ral SillOOtltly rOlluded, ::;llloothly 
elliptical, or sharply angular with rounc.lec.l edges. A quantitative 
expre~sion of the degree of rounding call be obtained by statistical 
calculations from il number of measurements uf maximulU aud 
minimulll horizontal diameters and, if desirable, vertical diameters . 

.A. certain allwunt uf judglllent is neel'ssary both in obtaiuing and 
in interpreting the data. Extremely resistant Illiueral,,;, such t\:; 
zirt.:on, are apt to retain beautifully distinct erystallographic fOl'IIIS 
lung after the other minera Is o.f the soil ha\"c become round. In 
fact, sharply angular crystals of zircon are COllllllon components of 
certain beach sauds. The uutline form of mica plates is particularly 
diflicult to interpret, O"wing to the unusual properties uf this mineral, 
its suftness, capacity to belltL, elasticity, cleanlge, and ease o.f Ilota
tion. Fibrous and needle-shaped miJlernis uiten retain these forms 
to. sQme.extent~ at least, regllrdless of .the ~unount o.f transpor.t ~llld 
weathermg. l!eldspars, ou account of theIr cleanlge and tWlllUW, 

nre liable to. show an angularity greater than would nurmally be 
expected iu certaiu distantly transported So.il. On the uther hand, 
they seem to. show lIlOre rounding than would normally be expected 
in hi'Thly weathered sedentary suils. This is probably explailled or 
their~usceptibility to chemical weatherillg and the ab~:i!nt'c of breal~
age in such soil:;. (-lllllrt;" partjeies Ita '-e no. properties which ,youltl 
throw serious doubts OIl the interpn-tation of their ilngularity 0.1' 

rou1ldness, as the cnse may be) and are WoillllUy the must abllndant 
co.mponents abore silt sjze. Fo.r these reason:; quart;" is perhaps the 
safest of ull soil minerals Oil "which to base cunclusions. 

1\."s the preeedilto" pamgraph shows, the comparison 0"£ the two 
f;oils as to purt icle slta pI.' is sm.;ceptible to r111'iollS eornplieations wit idl 
("an no.t always b(' easily soln-d. BlIt in ~pite 01' this, it is !l fact 
that there al'(' soils in whidl tll(' plll"ti('I('i; arl- in ~('nl'l"ai di::;tindlr 
ro.llnded, utit(ll'S jn "which they ill"'C jll:;t as distilll:U.r Hllgllln!", :111;1 
still otl1l'rs ill which they arc of it ~llHp(' intt'l"IIwtiiHtp \)pl\n-t'n til(' two 
extt·elll('s. These th 1'('(' gl'Ollps a I"C easi Iy d isti ngll i~habh- f l'OIll one 
:1llother. But dose <iisthlC'tiolls b(lt\\"('(l11 IIWIlJi)(,l"S of the H:llllC gl'ou Il, 
t'~'I)('cial1y of th(' group ('onsisti.ng of int(ll"I1I('(liately shap('(l pnl"tie\ps, 
al'e apt to be uncertain Hnd unsuti::;fadory. 

http:onsisti.ng
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RESIDUES FROi\[ THEI';VAI'ORATIOX OJ.' SOli, SOLUTIONS 

In the 111ain, residues left 011 the e\'aporation o:E soil solutions are 
fairly well crystallized, They consist essentially of the chlorides, 
sulphates, carbonates} and sometimes nitrates of the alkali and 
alkaline-earth metals. Othel' substances may, of course, be present 
and sometimes in important quantities. for instance. borax. Soils 
from bumi(l ar'('as yieltl small totaL quantitie:-:: of l'e;;i(lues. whel'l'as 
soils fl'OI11 arid alkali areas may yit'Id C'xet';;si\'ely Jarp:c totaL quan
tities. In general, it ma~)' be said that gypsulll and calcite are the 
commonest constituents in residU<.'s fl'om humid soils, and that these, 
plus a whole assol'tment of the chJoridC's, sulpbates, anel carbonat('::. 
are common in the residues from alkali soils (.1). 

There are only two sources of difficulty in the icl('ntificatioJl of 
t.hese salts, If the ('vapor'ation has be('n too rapid, thC' (,I'y:;tnls al'e 
apt to be extt'('rnely small and c1osC'ly intN'won.'ll 01' Il1ututilly en
meshed, TIH' l'C'sult is a het(,l'og(,IIPous lila,,;.; of sma 11. (,10;;('1), nggL'C'
gated crystuls, the jl1(li\'idllnl components of ,,'11icl1 nl'(' pl':1cticnlI~r 
indeterminable, EvapOL'atiol1 at room tplllpt'I'ahlI'P, nlthough slow, 
yields II much mort' manageable pro(l!lct thnn (loes Inor'e rapid 
eYapol'atioll lit higher tC'mp(;rntlll'es: and it probably SrLves time in 
the lon:r run, Cn;;('s han' aris(,l1 in ,,11ich partial l'('solntion and 
l'ecrystaUizn tion \\'el'C Ill'cl'ssaJ'v, 

-t\. :;ccond. S()ur'ce of clifficuJt~7'jn identification aris('s from t.he pres
ence of ('olloi<lnl coatings. inorganic. orp:anic. or both, on tIl(' crystals. 
Filtration of tIl(' original :;olution through PastC'tll'-Challlb('r1nnd 
filter tub('l'; (lo('s much to pl'evl'nt thesC' roatings. If thl' filtered 
solution i:; boiJ('d to coagulate the colloi!k but not sufficiently to 
reduce the yoLume to the point ",hel'(, cry;;ta lIization beg!r~s, and then 
refiltt'rNl through Pnsteur-Cballlberlnnd filtel's, an >addltlonal quan
tity of colloid is renl()\-C'd and the chan('('s of coating;; still further 
reCll1c('rl. This is llsllal]~' :;llffici('ntly cmcacious so fiu' ns inorganic 
('olloi(ls nl'(' eOn('ernN1. But ;;ollll?timC's til(' !"olution contains ol'ganir 
matC'l'ials which pel'sist in !"pit(' of thC' trC'atnwnt and >whieh. if 
not 1'1'1110\'(,(1. form tIw most bothel'<:ol11e SOl't of coating:;, Enlpol'll
tion. treatment with nbsolutC' alcol)1)l 01' l't.hC'l', resolution, and recrys
tallization 'wiLl llsually 1'('lllorp the orp:nnic mattC'r and yiC'lcls SflltS 

suflki('ntly c1pan for i<1('ntificntion. If tll(' volumes lIrc slllall the 
cleallinp: 'pr'o('l'~<: ontJinC'(] nhon' is not Ol1rI'Ou:-::. bllt Inl'p.'C' yo]umes 
IlWHn a lonp: a nel tNlions ta;;k. 

Thc pr()('pdul'C' iol' th(' lwtr'op:l':lphi(' itl(,IlHfic:ation of til(' salts, OI1C(' 

they are obtainC'din an identifiable ('omlition, is exactly similar to 
thnt foL' theidC'ntifien tion of soil l11i nC'1'H Is, As wi ttl ceriain ferti
lizer mnt(,l'als, hOWl?ycr. thC'l'e is the po,:!"ibility of the presence of 
11UI11('I'OIl:-:: doublt' snlts, nnel care is nec(\.<;.<:ary in OI'(ler to avoid missing 
S0111(, ai' t1wm, 

1VhcI'c eomplC'tt' <latn al'e not <1csil'('<1. fnl' h>ss ('la])orntc PI'O('('(lll1'('s 
('nn be ll('"isNl. About Ill(' simph'st ])1'0('('(\111'(' i;; to p\'aporal(' n fr'\\' 
dl'ops of Ih(' ;;olntion~ C'Ol1c'entmtNl S()fl1('\\'l\at if IIC'C(,S;;lIl'Y, dirl'ctl,r 
on n mit-I'oSCO])!? sli(k, and to ('xamin(' tlw cl'YRtals ('illler l\S tht~y 
f01'1ll 01' after drying. GYPl'Ull1, 011 n('('ount of its lo\\' ;.iolubility as 
compared to tlw alkali salts, is I1sually (\1\(' 01' tlw Hrst sllb;;buwes !o 
crystallizC' and aplwHl's ill well-fol'lfI('d chnl'acteristicall~' ::hnp('(1 cry,,
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tals, which are readily recognizable. Gtrbonates and nitmtes can 
be recognized by their high double refraction and can be furthel' 
identified by other optical determinations, Refractive-index meas
urements are necessary to distinguish between soo1urn and potas
sium chlorides. Sulphntes other than gypsum usualh; !!equire fairly 
eomplete data for certnin ]ckntifiention, " 

VERTICAL ILLUMINATION 

The vertical illuminator is almost lInin~rsall)l H:"ed jn the examj
nation of metals and ore minerals (15). In a soHs laboratory it cn II 
be used to advantage in the exnminntion of opaque mnterials and or 
surfaces; jn fact, wherever reflected light is normally used. It im
proves the illumination, enables the worker to ~e 'Into holes and 
cavities where slanting side light would not repdl. ~jnd, in conjun('
tion with Nicol prisms. furnishe!'; n. means for determining the iso
tropy or anisotropy of opaque substances, the latter being Homething 
which can not be done :it nil with the ordinary petrographic equip
ment. For thiH purpose, a· Nicol is plaeed jn the pnth of the hori
zontal beam of light nm1 tl1(' nnalyzer Nic'ol is inseJ'ted in the tube 
of the microscope. The first Nicol is rotated until it is in the crossed 
position with reference to the s('conc1 Nicol. Under theHe conditions 
an isotropic. substance will remnin dark during a. complete rotation 
of the stage, whereas an anisotropic substance will altel'l1ately darken 
and lighten as the stage is re\·olved. Substances.which remain dark 
are either amorpholls or isometric, and substances which nlternatelv 
liO'hten and darken nre crystalline and belong to one of the systems 
of crystallization other than the isometric. In 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 same ns thnt for ~he obs~rvation of particle shape. Highly 
weathered surfaces, espeCIally 0 f the feldspars, usually ]mve rr. pitted 
:md corrode(~ appearance, FL'esh crystal fnces and cleavage surfnces, 
on the contrary, are smooth Imd sometimes mirrorlike, Fracture sur
faces are jagged or conchoidal, according to the l1ature of the sub
stance. Fused surfaces can usually be re('ognized by their smooth 
globular form. Any surface may carry coatings or adhesion,', of 
foreign materials, especially of colloids sueh as iron hydroxide, clay 
materials, and organic matter. 

'Whether transmitted Qr refiectecllight should be used depends on 
a number of circumsta.nces, 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 sometim('s advisable to change en
tirely the system of mounting nnd to 8ear('h 'fOl' impnrities in the 
same mounts that 11I'e Ilsed 1'01' idC'ntifieation plll'llOses. 'Whethel' 
theiie impllritieR nl'(' inclusions, slIl'1':we ntlhesions. 01' both (':In tlWll 
]l(' c1etcl'lllillPd bv (lxalrdnation of the surfaces themsplves. 

01'{Iinl1l'ily nie dC'tailed ('xnminution of the slIrfa('cs or soil pa1'
tidps does not fUl'11iRIt any particularly illl portant in l'onnatiol1 which 
could not be obtained as well and sometimes pel'haps betteL' othel·wise. 
Special occll:'3ions arise, however, where It large part of the iuterest 
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centers in the surfaces. For example, in the study of methods JOl' 
the dispersion of colloids, it is essential to know something as to the 
extent to which colloidal coatings have been removed from the soil 
pal·ticles. . 

Mixed crystals obtained from variou,s sources, the evaporation 01 
soil and similaJ' solutions, ancI phase-rule studies, frequently show 
crystals of one substance carrying partial coatings of crystals. oJ the 
second suustance. If an examination of the materials shows no 
instance of a contrary relation between the two sllbst~l1lces it is 
reasonable to assume that the secunc1 substance crystallIzecI subse
quent to the first. .£1.n iJl(lication is thereuy obtained as to the re1ative 
.solubilities of the two substances in thc given solution. 

SOIL STRUCTURE 

Microscopic observations on the structUl'e of soils is practically 
impossible in the case of loose materials, such as sands, silts, amI wet 
clays. Something can be done, however, with partly consolidated 
materials, such as dry clays, with their contained sand and silt, hi~hly 
decomposed but not entirely disintegrated rocks, soil cakes frolU 
pressure, packing and hE'ating experiments, coneretions, and the like. 
The technic varies radically with the degree of consolidation. Con
cretions are frequently as hard and firmly consolidatccl as are lllany 
rocks and can be sectioned ancImounteu for microscopic study just 
as are rocks. It is otherwise, however, with the less consolidated 
types of materials, which are too fragile to stand the grinding and 
polishing operations incident tD the making of sections unless they 
are strengthened by some artiticial means. The means usually em
l)loyed is impregnation of the material by some cementing 01' binding 
substance. Numerous substances have been used for this purpose, 
such as Canada balsam, paraffin, copal gum, shellac, ancI various 
commercial cements. None of them has proved perfectly satisfac
tory, and apparently there is! 110 way to predict which will- be best 
in a given case. Experience is tIle only guide. The writer)s general 
preference is towartl paraffin, partly because of its cheapness and 
availability and partly because of the ease of working the par'affill
impregnated material. 

The techllic of impregnating the material is simple. Drop a, lump 
of the air-dry hardened material into a dish of melted paraffin and 
let it remain until no more gas bnbbles a re given off. Thi's may 
require upward of two hOllrs 01' Hlorc for a lump less than an inch 
in diameter. Care should be taken to keep the temperature between 
the melting ancl smoking points of the paratlin. When no more 
bubbles are ~iven off the lump is removed and thoroughly cooled. 
It is now ready for sectioning, This can be done by carefully grind
ing olle side to a flat allel fairly smooth surfaee, cementing this Sur
face to n. slide by menns of Cnnada. balsam, 11l1cl then griJlding tho 
opposite side ulltil the desired thinness :is reaehec1. A cover glass 
l~emellted o\'er the s(>C'tion by Oanatlll, bnlsmn completes the operation. 
In the absence of grinding appamtus the snme results cnn be attained 
by cutting and sct'aping with a pocket knife und rubbing on any 
snffieiently hurd nne! smooth S1lI'f:H'P. If Calla(ln 1m hmm is nS('Il in 
place of the paraffin, greater hardJlcss and solidity nre attained. 
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S~lnc1 grains admixed with the lllaterial are almost certain to teal' 
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 lair sections. 

Sections made as already described are not well adapted to the 
identification of the component minerals. They do, however, make 
it possible to observe microscopic structural features which might 
otherwise be unnoticed. III this respect they have the ach'antage 
of allowing the use of both transmitted and reflected light. 

If for any reason whatever it is found to be impracticable to make 
thin, transparent sections, E'ome information can usually be obtained 
by direct examinatioll of a surface of the material in reflected light. 
Stratification, shrinkage cracks, pores, and the like are frequently 
seen with great distinctness, provided the proper magnification is 
used. Too high a lllagnification, by limiting the field of view and 
accentuating inconsequential details, just as frequently as not hides 
more than it reveals. In exal1linations of this kind are found some 
of the best illustrations of the wisdom of starting with the lowest 
power lenses and work'ing 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 under examination. The 
surface should be as smooth and flat as the nature of the materials 
will allow. Ordinary shellac makes a very good varnish. The visi
bility can sometimes be e,-en further improved by cementing a cover 
glass over the varnished surface. 

Soil materials do not lend themselves to the making of sections and 
polished surfaces nearly so well as do rocks. The s~ctions ancl sur
faces that can be prepared are usually of inferior quality. .Although 
their examination yielcls a certain amount of data in special cases, 
their usefulness is not sufficiently established to suggest any mC"-'8 than 
incidental and occasional preparations. On the other hand, the 
structure of soils offers a wide field for research, and if methods 
could. be devised for collecting soils and preparing thin sections of 
them, comparable ill quality to those of rocks, without altering or 
destroying the field structure, the results might be of considerable 
value, both from a theoretical :lnd H, pnletical stanclpoint. 

ULTRAlIIICROSCOPES 

Ultramicroscopes in gelleral arc YarioW:i modifications of the dark
field illumination principle. The dark-field illuminator is simply a 
condenser with a blackened circle in the center of the field. This 
circle cuts out all direct light. '1'he light passing the edges of t!"J 
circle is reflected slantwise from the sidcs of the condenser i:o the 
objects. From thence it is again reflected to the eye. The effect is 
that of a very luminulls object, a reflecting mirror, for example, on 
a dark background. Particles invisible in or(1inaI'Y transmitted or 
reflected light are thus rendere(l brilliantly visible. For certnin 
purposes the clal'k-fi('lc1 illuminator is t1ispeused with, u. strong beam 
of light being passed throngh a colloidal solntion in snch a, direction, 
usually at right angles, as not to enter the objective. The microscope> 
is focused OIl a plane within the bl'\tl1l. 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 seell 
in a beam of sU1llight in a darkened room. The visibility is usually 
not quite so good as when the clark-field illmnimltor is used. Tho 
difference is esseutially, though not entirely, II clifference in degree of 
darkness of tle background. 

A certain amount of care is necessary jn making mounts for ultra
microscopic observations. If the suspension is too concentrated, 
there will be a large amount of light seatterel1 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 wHI reach the 
observer as a general illumination of the whole field of view, thus 
tending to nUllify the advimtnges of the dark field. Dirty or 
scratched slides und covel' gla~ses huyc the same effect. Colloid 
particles with the same refractive index as that of the mounting 
medium do not refled light and are therefore invisible. Silica gel in 
water is an example approximative of this condition. Owing to the 
increased number of particles within the fieW, thick mounts are 
ind.ined to give the same Pifeds as motU1bi of too cOl1ecntrated mtl
terials, ulthough thinner mOlmts might be perfectly satisfactory. 

In one way or another, the ultrl1micro:;cope 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 
expe..'iments. 

FERTILIZER MATERIALS 

The methods for the identification of fertilizer materials vary C011
siderably, according to the character of the materials. The crystal
line components call best be identifiecl by a procedure exactly like 
that used for soil minerals. Organic components must be identified 
by cell structure, just as, with the orgauie matter of soils. Amor
phous and submicl'oscoplcally crystalline components, sneh a:-; are 
frequently found both in phosphate rock and superphosphate, are 
often microscopically unidentifiable, alld 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 sLlrfaces, but too 
much crushing tends to dirty the surfaces thus exposed. Another 
diffieulty arises from the lnrge l1umlwl' of double salts that may be 
found in materials from such deposits as those of Stassfnrt. The 
identification of these mny inordinately prolong the examinatioll 
without ad(ljng anything of vital importance to the illfol'matioll ob
tained. Chemical analyses of the particular fertilizer under exam
ination are usually ilvailable to the microscopist, and he can save 
time by using these as general guides as to what he may reasonably 
expect to find. It is futile, for instance, to spend time hunting for 
salts of nitric acid ill t1 mi.~tllre where all the nitrogen is in the form 
of ammonia. On the other haml, for eXl1luple, it is sometimes desir
able to know whethel' tlll' potnsh of It g-ivP!1 fpl'tilizPl' is present as 
the chloride 01' the slIlphnU'. If hoth chlorides and slIlphates aro 
P"('f';(,llt, elwmistl')' call 110t well t\I\HWel' the ql1t'Htiol1, and the petl'ogrn.
ph(,I'is eulled 011 to identify th(! COl1lPOlllH!::; (If jlotash pn·sent. 
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MISCELLANEOUS J\IATERIALS . 
An appreciable part of the work of it petrog1"aphel' in a general 

laboratory is apt to be the examination of miscellaneous samples 
originating both in the laboratory itself and from outside sources. 
These samples are usually of a most diverse and heterogeneous char
acter and are submitted in almost every conceivable condition. Many 
of them are important. The vast majority of them, ,yhether im
portant Or not, represent a very real desire for information on the 
part of the-sender. Some few, of course, are inconsequential and 
probably represent nothing more than puerile curiosity. In any 
ease, the petrographer's task is to take the sample as it comes and 
make the most of it. 

The miscellaneous character of the materials precludes the possi
bility of any fixed pl"ocec1ure. Soils, rocks, glass in foods, waste 
products fnim all sorts of manufactories, fertilizers. natural depos
its uJlfamiliar to the sender, spots on plants. crysbiis developed ill 
sometillll's unknown solutions, ashes of both "rooel aJl(I coal, cIectric
fU)'Haee Pl"or]uets. crystalr; in plant tissue, 01"l'S and gell1S, boiler scah', 
YariOliS cements, 'dpep-sea deposits, fibers, both natural and artificial: 
crystalline material extracted from soils and plants, enamel from 
teeth, scouring soaps, and an almost indefinite number of other 
substances cqmprise a list of materials to which no one set procedure 
can be ·applicable. . 

There are a few general principles, however. (1) Get all the 
information available concerning the sample. Usually this is apt 
to be m.eager enough~ but what there is of it is sometimes of very 
great help. The mere knowledge of the State from which a natural 
sample comes, for installce, may suggest that it be tested for phos
phates. (2) Find out as neai' as lUay be what inforlllation the 
semler wants. A vast tlllHHllit of plIl"poseh'sH work can btl done OIL 

any sample, a lid it is manifestly best for all concerlled for the 
petrographer to confine his attentioll, within reason. to the subject 
at hanel. (3) Du not hesitate to lise chemieal, p.hysical, biological, 
rule of thumb, or any other methods which seem to offer tL solution 
of the problem. The methods of petrography have an extremely 
wide application, but they are not all sufficient. (4) Know experts 
to ,,,hom the sample can be transferred when the preliminary infor
mation or tests show conclusively that the nroblems involved are 
essentially theirs. . 

INSPECTION OF SAI\IPLES FOR PUfUTY 

Precipitates, commercial products, fractional-crystallization prod
wts, various labomtory preparatiuns, and the like offer IIllmerous 
o('casions where an inspection, uoth rapid and economical of mate
rial, is desirable. Petrof,'Taphic methods are especially suitable for 
snch purposes. If a substance is moullted in an oil 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. ha1'e the samp rdractive indict's and, therei'ol"i.!, are 
(,!lsily \Tisibk and l"l':!liily deteett·(1. Hit haPIll'ns that. til(> l'pTr-a('
(-in' illtlic('s HI'P not sllfficil'lltly dilf(~n'llt to alfo)'d a n·aely means of 
d iif('relltiation, some one or more of the othl'1" optieH L l)J"opel"ties 
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CUll be utilizel1. Fo!' exulllple, suppo~e potassium chloride is to be 
examined. If the sample is mounted in an oil of refractive index 
1.490, the potassium chloride can llOt be seen, wheren::; other sub
f'bUlCeS, such as sodium chloride, will stand out prominently and 
can be almost immediately found. Potassium nitrnte 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 sodium nitrate are 1.336 and 1.587. 
It the sample is moullted ill all oil of about 1.510, any particle in 
any orientation showing an index higher than this is certainly not 
potassium nitrate. Particles showing lower indices, lu)"\ycver; may 
Ol' may not be potassium nitrate. Changing the orientntion of the 
pa.rticles anel retesting the refractive imlex may give the desired 
differentiation. If not, the interference figures probably will. 

Both inclusions of mother liquor and surface coatings stand out 
just as prominently as crystals of other substance!';, as has been 
previously explained. They can, tlwl'efol't" be readily founel amI 
some rough ide!L fonned as to their quantity. 

It is believed th:lt this a.pplication of petrographic methods fot' 
ini:ipection purposes has it much wider field of usefplness than has 
heen so far accol'elecl it, especially in the control of commercial 
processes. Although the methods can not entirely replace chemical 
analysis. they frequently call mate;'ially reduce the number and 
elaborateness of the analyses. This partial substitution of rapid and 
inexpensi.ye methods for slow and sometimes expensive ones is 
deserving of more attention than it has received. 

PHASE-RULE PROBLEMS 

Mixed soEd compoJlents obtai lied at various stages in phase-rule 
:otudies Tl'equently presellt almost iIlsuperable diffieulties in identi
fication by purely chemical means. If the components are crystal
line, howe\'er, petrographic methods are w:iually capable of solving 
the problem extremely rapil1ly am1 comlmrati,~ely easily. In suell 
studies the total number of possible components is strictly limited, 
their chemical character can be predicted, anel the number possible 
in the solid state is known. The problem therefore simplifies itself 
into the question as to which components, out of a small number of 
possibilities, actually occur in a given mixture. Obviously, other 
things being equal, it is easier to answer such a question than it is to 
answer the more common question as to what, (Jut of an unlimited 
number of possibilities, is the composition of a given mixture. As an 
illustration, take an actual ca!le. .t\.. saturated solution was made of 
mixed NH.JCl and KNOa and an excess of the salts added. These 
salts would react reversibly until equilibrium was reached, ao; 
l'epre!lented in the following equation: 

NH4CI+KN03+=NH.!N03 +KCl 

IgllOl'ing double salts, the identification of which was not essential 
in the given problem, there were thus four possible compounch;. One 
of these would be in so1ution, and only three ('ollid exist i:iimulta
ncollsly in the solid phai:ic. The question thell \vlIB :oilHply whie\t 
thrl'e 01: the fonl' wen' present in the sample 1I1Ide1' eXHminatioll. 

http:inexpensi.ye
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XH-tCl and KCl are isotropic anel KN03 aml NH"NOa are both 
strongly d01lbly refraeting. AllY isotropic sllbsttlllC'C. fOll11d in the 
mixture ,,"as probal.>ly, tilerefore, either NH,Cl or K(,I, alld any 
doubly rdraeting sllbsblll('e was probably t'ither KXO:: OJ' NH,XO::. 
The refractive index of NH4 Cl is eomparatively high, about 1.64, 
and that of K(,1 is comparatively low, about 1.40. These two salts 
('ould, tlll'rdore, be readily distinguished from the nitrates by their 
isotropy and from each other by their refracti ve indiccs. The optic 
axial angle of KNO'I is extremely Sillall, and that of :0H-I,N03 is 
eomparatiwly lUJ·ge. These two ('ould, therefore. be distinguished 
from the chlorides bv their double refraction and from each other 
by their optic axial ai1gles. The adllal proeelIllI'e wmi to IIJount the 
material in all oil of refractive index about 1.ill. Isotropic sub
stances having n hr\Yer index than this ""He, tlH.'reforc, telltatl,"ely 
identified as KCI, and those having a higher index were identified as 
NH.1Cl. Doubly refmeting r'illbstune('s witlt very small optic axial 
angles were telltatively identifieci as Ki~O", and tllOse haying COI1l
paratively large angleS wpre likewise identified as NHINOa• Famil
iarity ,vith the properties of these salts and of the possible double 
salts made it feasible to obselTe variant properties, ,,,hen present, and 
thus to obtain data indicative of the presence or absence of the 
double salts. Finally, the identifkations were established definitely 
J.:jy such additional observations and measurements as were llecessarv . 

., The aboye case is comparatively simple and free from complica
tions. The presence of double salts increases the amount of detailell 
work necessary before satisfactory identifications are reached, but 
in no wise alters the general eharacter of the procedure which 1:;, 
briefiy, to make the mininlllm number 0:1' observations and measure
ments necessary to clistingnish between the components possibly 
present. The amount of ,york increases as (lo('s the JHlIllbel' of com
ponents amI also as the propertil's of two Or ilion' eonl]>onents tend 
t<n,al'(~ idelltit)T. Special ('ure has to be exercised ill the mOllntillg 
of strongly hygl'oseopie salts ill orrl('l' to Hvoid the taking lip of 
\\Tuter. If the saturated solntion of the salts is llsecl us a mounting 
medium. a rim of oil arOlllld the etlg-es of the ('ove1' glass aets as an 
effl,C'tin' guard against the dilution of the solution by moisture from 
the atmosphere. 



APPENDIX 

Tables 2, 3, 4, 5, and 6 were compiled solely with the idea of giving au illustration of the optical classification of crystals and of 
"0aiIor(1illg a limited alld uncomplicated eollectioll of data fOr practice on the npplicatioll of the Illt'thods. For !lU.\' except the ver~' 

simplest determinative w'ork, the tables of Larson (10) and 'Vinchell (.19) are practically illdisl1ensable. 
~ 
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1. 336 
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K.0.Al;03.4SiO'-__________________________ I,cucitc_____________________ I Pseudo-isometric (211)_ ___ ____________ ImpcrfecL _________________.-<lu__ .. _ .___ .. ___ . _•.. 1.509KzMg.(SO'h_______________________ •_____ Lnngbcinitc______________ . __ ni~llly mmlific!l tetntlwclral. __ ••_______________ •______ . ___ . ____ • _____ do___ •__ . _____ ."" ___ _ "l1.535 o1.5-14 
1. 559 
1.067 w 
1.571 S1.642~~i~~~--~-~:~-~--.~~).::·~:.. ~~~-~~- ~~~~;~-.~::_:~:~-~::.): l~;rf~~;;~~";~,"~):m·~:::~:.~:: :[~~~f~~;)-.:-m: ~:~~!!-:.:-::~:~~:.:.:~. r<1.677],cIg3Ah(SiOl)3_________ •___ •• ______________ l';'ropc·gurneL_____________ • (110), (211) ___ •________ • ___ • ___ ••___ .__ "'"onc_________ , ______ .___ Hcd._______ •_____ •. ____ _ 1. 705-1. 7·12 '-' 

MgAhO.______________________ . ___________ SpineL __________________ • __ OctahedraL ______________ •• ____ ._____ (111) imperfect.__ • ______ ned nnd Yllrillhil'. __ . __ '_ '-' 1. i23-1. 7.5 ;...
CaaAh(SiO.la______ •__________ ••• _.________ Orossnlnritc-gnrllct.______ •_. (110), (211) _.______________ •• ___ •______ N ono.__ •_____________ ... Vnriahlo___________ •• _._ I. 735 OJ:MgO______ .. _________________ •________ • ___ Periclnsc_____________ .______ Cubes__ •________________....... _______ (100) per/ect, (111) ponr.. Colorless...__ • ___ • __ • __ • 
 1.730 oAS.03_______________________ •____ •_______ .. ArsOlloHtc____________ ._____ _ OctnhedraL_____ •__ •____ • __ • _____ ., __ • ___ •_____ •________ •___ .___ ·White._____ • _____ • _•• __ _ ~1.755(1Ig,Fe) AbO._ ..___________ •_.. __ __________ Pleonnsto_____________ •_" ___ (Ill), rnrel~' (100) _____ • __ •• ____ ...__ • _ N'onc________________ '" _ mack________ • __ ' _. _'_" ;;1.77 ,.,

I. 778-1. 83 
I. 7838~~(iJ~~52~:~~~============= ====== == ==== === =_~~l~~_~~~~~~n_r_l~~:==:== ==:==: g~~l~[;l;Y_~:====== :=:==:==::===::::::: =::===: =::::::::::::=::::: ggl:rl~~~:=:::::=:::::::: g

(Mn,Fo)aAh(SiO.la._____ __ __ ______________ Spcssnrtitc·garnct. ___ . ______ (1l0\, (211) ________ •_._____ .. _____ •____ N'nne.....____.._____ eo___ Hcddish... ______ ._. ___ ._ 1.811 HCaO__________________ . __________ •• ________ Cubos____ •_________ .__ . __ (100'1 11er(eet_.___ • __ ._.. _. __ •.. _. _. __ •__________ •____ •• _____ .___ (,,,ioriess. ___ . ____ •• _..._ 1.83 t=1Ca,Fe'(SiO.)a.______________ ... ________ .___ Andradite-garnet._ •_________ • (110), (211) __________________________ .' C'oncl,oidaL.__ • ______ .__ V"rin hie. __ • __ •____ • _. __ 1. 805 w 
ZnS _________ •___ • _____ •_____ .. __ .... __ • ___ Sphnlerite. __________ .. _" .... ' TNrahedrnL________ .. _____ ._. ___ . ___ (llO) perf('CI ___ ..._____ .. Coloriess nlld Yllrinhll'__ _ 2. :17 
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I Hcmuin durk on rotation belween crosscd Nicols alld do not give an interference figure. 
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TABL]') 3,-Uniaxial positive substances I ~ 
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C01upositioH :\nnernllllime SystemlllICI huhiL Clenvngo Color WI> .-w t'i 

C;j 
Nn'PO,.1211,0__ ._............._________ ......_... 'L'rigonnl ___ .. '" .. '" __ .. __ .......... _ "' ...... ~ .... _.. _.. __ ...... _.. __ ..... _,. ..... _ .. ___ . __ ........ _...... __ .... _.... __ .. _________ _ I, ·1.~2.j 1,4458 0.0000 
(Cn, Nu,)Ab(SiO,),.lill,O.... ChnIJl1zito·zeolite._ l'seudo·trigonul, cuhic..... (lOll) distillct... __..__... _ While__.. _. __ ••__ .....___•____ __ 1.482 1,·180 ,002 ~ 
NaK,(SO.}o____.... __ ....... . . __ •_____ ..........0 I. 4~\l1l [,4001 ,000" t:j

'l'rigonIlL ____• ___ •••••,. __ ••.• ___ ...... ___•____ •••• __ •••__ • _____.........___ •__________ _ t"' 

(K,Nn),S0,................... AJlhthltnIllc .•••••• 'l'rigonnl, tnbuillr, rhombic. (lOlU) mther distinct (0001) Whito_.______ ••• _______________ _ 1.4110 1,401 .008 
 r'Jimperfect,.
K,Alo(SiO,),_______ •__ ••_..... Lcucite....____•••_ Psetido·lsmnetrlc (211) •••__ (110) poor______ ••••• ___.•_ Colorless__ •__________________ ... 1,508 .001 

H 

1, ~9.? ZSIO,____•_____ ., _. __ "" •__ ••• Qullrlz__ ••••••••.• 'l'ri go nnl, hexllgolltl 1, :Nono___________ .. __ ~,.~ ... ~_ .. _____ do__ .. _.. __________________.. ~ 1.,),),1 1.liH ,000 
prisms nnd pyrnmlds. "., 

l'e'(so.'),.oH,o.----.-..------·1 CO!Juimbile..... __ 'I'rlgonnl _____ •__••• ___._ •• (1010), (lOTI), (OITI) illl-I White, yellow, vlolet. ____....___ 1.5.,U 1.Ii!iO ,(JOO ... 
perfect. ,i 

K(AIO,H,),(SO,h_____.-__ ••_ Alunlto_~ •• ___._•• 'l'rigollnl tllbulnr «1001), (0001) distlnct..________ •• Whlle...._..... __• __ .... __..__ __ I. 5\)2 I. 5;2 ,(120 
or cuhlc. 

Zn,SiO._ •• __ .... ____ .... _._. __ Willemile______ • __ 1 'I'rigollnL _______ ...._•• _•. (tKlOl) vurillble (1120) V'\'I White, green, red, brown, 1I11l1 I. i2;1 I. UlH ,U~~l ;:i 
rlnl)lo. ynrlnble. rn011Wo,____ •______ •__ •_____ • __ ScheeHte___ ••••__ _ 'I'etrngonul, (}ctnhedrnl, (Ill) dlstinct___ • ___ ._._. __ • White, yollo\\', brown, bray _. __ • I.U:H 1.018 .Ol(l

or tabular. ZrSiO,_______ •______________ •• Zircon_______ ... __ • (110) rare.._____...______ __ i:) -<::.'I'etrngonnl, short IlrislIIS Colorless, yellow, brown, Kl'lll', 1I.IIIi8-2. 011; 1,\l2:H,\lIKl 0, 0·1[.- .055 t::1lind pyramids. pink, nud \·nrifllJle. Hg,Oh_________ •____________ •• OulomeL......___ _ fPetrugoIlnl.. _____ .. _____ .. __ _ (lOOl' (lll) ~nther distinct. Colorless.....__ ••• __.. __ .._..._. 2.115(1 I.Dia •usa ..; 
SnO,__________ ..........____ • Onssiterilo_______ • '['elrngonnL______________ • l)I\~~(100 t (111) lIuperlec!._. ___ Brown, blnck, grill', white_____ •• 2. on:! 1. Ulli .- ..0 ~ 
ZnS_. _... ____ .•• ____ .• __ ••_. Wurtzitc_______ •__ Hexngnnnl, short prisnls, (1120, ensy, (0001) dilnclIlt_ Vnrhthle..........._____•___..... 2. :IiS 2. :-IliU .022 

lumellar (0001).'['iO,___ ___ •____ •___ •__ .. __ .. Uutile____________ _ '!'etrngonul prismntic ___ ... (100), (110) dlstlncL_____ _ Yellow, red, brown, 111111 vnri· 2.\10:! • .2$, ~ 
IIble. 1. 6111 I 

CSi ,------ ----------. -. ----- __IMoissunlte________ llIexugon31 11Intes (0001) ---1-- --- ------- ---- --- ---_...-- 2.054 .0·13 cuGreen to blnck._ .. ___....___•__ •• > 
HgS ________ ._..... .. _.". __ . Olnllllbnr__.._.____ JIexugonnL .. ____________ . (loTO) perfeGt.. ____ •______ _ 2. Hili I' ,...,eochlnelll red-.... --•••:---~.--I :l.201 2. 854 •a47 

H 
0 

I Give II IIllinxilil cross nnd nrc optically positive with the gypsum plnle or ([tlllrtz wedge. q 
, Pleochroism (p. 62) w=Jight blue, .=deep indigo blue. t:..., 

g 
t:j 



TABLE 4.-Uniaxial negative slibstances 1 

COlllllosition !lfillernl name System and huh!t CleY!l!(e Color w.. 'n w-. 'tI 
t.=l 
i-3 

(Nn" en) AI, (SiO,),.<HI,O_ ••. Gmelluite·zeolitc_. 'l'rillonaL._._._._ .. _••• _._ (1010) eusy_____________ . __ ('olorless~ ........ __________ .. __ .. ___ " I. .Ifj.; 1.464 0.001White.__________________ •______ _ eDo __ • _____ • __ ._••• _. _____ Chobazite... __ •• __ 'I'rigonul cubic hubi! __ ..... (lOll) distlnct.___________ _ I. <ISO 1.478 .002 0
SiO, •• __ •. ____ •__ .......__ • __ . Cristobalile __ • ____ Tetragonal and pseudo- ".". Colorless__ •__ •__ •______ •• _. __ " . USi 1.484 .003 


isometric, octngonal. :;: 
Na"\J,(SiO,),.2rr,c1.________ __ Analcite______ • _. Pseudo·isometric (211) .. __ ('nhic, trace•..___ ..... __ . _f.. ___ do..__ •__ ..__________ .. ____ • _ I. 48i l.486 .00] ~ 
:.IgNu,(SO,j,.2Y.iR,O..._.... _ 1.0ewite__ ...... _ TrigonaL.._____ • __ .. ____ . (0001) distiucL _____ ._. ___ White_______ •• __ •______ •• __ .__ I. 400 1.4i! .O!!I HKH,PO,______ •____ • _______ • __ •____....__ • __.... _ TetrngonaL.._•..__ .•__ • ___ ....__ ..__ .....__. ____ • ____ ••• __ .•. _____ •____ •• _.____ ______ _ I. liOU5 ...,1.4f>84 • O~JlNiSO•.6R,O....._______________ ......._..______ . __ ....<10....__ ....______ •_________ • ____ •••••______ •• __ • _. Green______...____________ .. -__ . I. ,;lOll 0
1.4873 .0236NH1H,PO,__ ••• ____ • ____ . ____ .. __ •__ • ___________ • ____ .do.._______ •••• ______ •• _______ • _____ • _____ ..... -. ___________ ......__ • __ •••__ • __ •••___ I. ;;246 1.4i02 .0454 ~Na,At,(SIO,h______ .........__ Nephelite_________ HexagonaL __ • __ •____ .• __ _ (IoTO), (0001) imperfect__ _ Colorless_ ••• _. __________ • _______ I. 042 1.538 .004 
RE,AJ,(SIO,). ___________ ._. __ EeryL ___ . _______ • IIexagonnl prisms .... __ • (0001) imperlect....____ • Colorless, J(reen, blue, yellow, I. 5{l8-1. .;U8 1. .i114-1. 5110 .004-.008 ""t:j 

and Yllrinhle. i-3 
NuNO,__ • __ •• ___ .__________ _ Soda niter•____ ..__ '1'rigonnL ______________ .. (lOfl) perfeeL __________... \\'hite__ •_________________ .______ I. e>8i 1.330 .251 H 
K,O.4(Mg,Fe)O, '} B' t't {,,[onoclinic, hexagonnl } (001) . • . B bl Ie 1 e2(AI.Fe),O,.r.SiO,:H,O. 10 1 Il__ ._________ plnIes. . mlcrc,copIC..____ •___ . rown, nc, UUl green..__ •__ 1.liOO Strong. ;:) 

Oag(PO'la.CIl(F,CIl2_______ Aputita____ ...... _ Ue~ngonnl prisms_____ (0001) imperfect. __ .. __ Colorless nnd vnrinhlc _____ ...__ 1. 1i:!4 1.031 .003 :t; 

Iron-rich biotite .. ______ .___ 1.epidomclnllc.._ Monoclinic senles _______ . (OO!) microsco[Jic.. __ __ nlack. ___________ .. ___ •__ ... __ _ 1.(14 .ODO 
CnCO~________ • ____ . _______ .. Cnlcite... _ .. '1'rigonnL __ • ____ " • (lOll) perlccL _____ .. _ . _ C'olorless and '·nrinhlo__ • __ .. _ . I. i\5R ----i:4Sii-- .172 C 

f.:i 
CaMg(CO,), ________ ..__ ___ Dolomite__ ....... 'l'rlgonal rhombic. _______ ./ (1101) pcrfecL._______ •__ • White...__ •______..___________ .. ~I.U81 1.500 .181 
Na,O.(Fe,Mg,Cr)O,AhO" } T ,", H J..... TIl k d' . bl 1 no-
SIO,.TI,O~,H,O. otltIJ!:"me ------ e:mgona PrlS~s----·----I·'o~e...------..------.---- .a~ an 'firm c______________ ."'~ 1. 641 .046 u; 
Cn(lIIg,r e) (CO,),.... Dolomlte ____ . __ 'I'rlgonal rhombic.... _.. _ (1011) perfect__ ..__ .____ _ \I hlta__•__ •___________ • ______ .__ 1.690 I.fiJO .185 e 
l\[gCO,...____ • ___ ,__________ !I[agnesite. __ ... 'l'rigonnl massive ____ • ___ ......do____ . ______ ..__ .. __ ('olorless, while, und vnrinble __ • I. 700 I. 50U .191 H 

(Mg, Fe) CO,________________ .. ____ .110__•_____... __ 'I'rigonnl rhombic. __ . __ • _______ do.._.. __ . ____ •___ • __ __ While________•• ____ • ____ •_____ " I. 72(\ r
1.527 .199

11.1,0,____________ • __ .... _____ Corundllm ________ 'l'rlgonnL. ____ •__ • ______ .. «(1001) perfect portlng.__ . __ Hed, hlue, and vuriuhle_______ ._ .1. iOS I. iOO .008 t<ZuCO,... ____ •• _____ •______ .. Smithsonite______ •• ___.do..____________ • _____ • (lOTI) perfect__ ._... __ • __ .. Colorless nnd '-orlohle .._________ 1. SIS I. /j18 ;..200!\fnCO,___________ .__ ___ _____ Rhodochrosite________ .do.______ .______ _____ __ (LOIO) perfect.__ ......___ __ Pink__________ • ____________ .____ i. 81i t. [jur .220 bi 
(l\fn,~'e)C03__ ..____ •____ • __ . ____do._____ . ______ '['rigoll,,1 rhomhic _________ (lOll) perleck______ • _____ • _____ do.._______________ •________ • 1.82U 1. 605 .221 C 
(Fe,Mg)C'O,__•____ • ______ .___ Siderite__________ ' TrigonaL __ • __ •_________ ... ___ .do________ •____ .. ___ ___ Colorless to brown __ .. _______ .__ I. 8:10 :-:.1. 50G .234
(Fe,Mn)CO'-------- _____________.do.._______________ .do____________ .. __ _____ . __ .do..____ .. __ .__________ Colorless ano! "nriahlo___________ 1. S·lQ ::1.615 .2.1·'FeCO'__•_____ •______ ...__ •_______ .do.._______ •__ • _____ do_____..____ ... __ • _________ do______..__ ..______ • __ .. __ .do..__________ • __ • __ .. __ •____ I. SO'1-1. Sio i-31.1113-1.03:1 .242PbO,.._____ ..___________ .. _. _ Plnttnerite. __ .____ '1'etrngnnnl. ________ • ________ • ___ . __ •______ •__ .. ____ .__ B1ack____ • ________ •____ • ____ .___ 2. :h" 2
'1'iO,__ •________________ • ______ Anat.ase..____ • ___ 'l'etrngnnaloctahedraL._. __ (OOl), (111) perfert,____ ._. __ 11rown lind '-nrinhlc __________ .__ 2.ii5·1 ----T:ju:i.. --.--- :Oiii 
PbO _______________ •• ____ "'1 I,ithnrge __________ \ 'I'etmgonal tnhulllr (001) (110) perfcct..--------- ___ Her! nnd \·ariahlc ______________ ! 2.fJli",.1 2. fta51~\ .13G ~ 

. __.- ---- -- ,-
, Gi"e a uninxial cross and nre optically nesn!.i"e with the gypsum plate or 'lllnrtz werlge . 

• Pleocbroism strong, w=greell to hluish green, .=ye\Jow. 

~ 
~ 



co \1TABLE 5.-i3ia.rial1JOsilive substances I ~ 

Suhst.ance RyslCIlI (3 ('olor pleochl'oisllI ~\' 1) ispersion Orielltlltion 
~ -----------	 ."() 

, 	
,\Xilll plnna.L (010). f!I

(,olor vllrinhle ........ __ .......1 ·1:1 	 {
Nn,AI F6 (~y()lite)-•. ,.- •.•. " •••.. "-'1 Monoclinic...... ··t········ 1.3(14 I 	 P<:u ...... ______ •• 1 Z/lc=-Iao M' InllcllleL~, ~ 
. Axilll plnneLb (010) . H 

Nn,IlPO•. t1[,O ••.... _••. __ .. , ...... _. ••••do•.••••....• __ I. HI I. 4·12 , 1,-153 ...... ",.__ •• as •It) : Xot perceptIble__ •.. (Z/lC=i20 !nllclltoL~. n 
;;.AXi1l1 plnno h (010). ,1 	 Z/lc= lOao 38'. 

K,l',fg(SOI),.GII,O (pirromerlle)_ •••.•• .I .._..<10 ........_••• -' I. 4UI 1..1Il:!.1 I. ·17lJ i White..__ .......... __... 4S 	 ., Z/lfl= 1° I()'. 
 toI 	 X/lc=-I°.
Axilll pinnc h (010). \Zl\c.=9·'o fiS'. \.1. -17:1 1.·170 L......... 	 ~ .. _"" .... "._. __ RI 

r: 

f)l 11 ........ ~~ ~ .. ~t\(l=12°8/.
(NH.J,]\{g(fO.J,.nU,(L .... • __ \ .••••<10..··_····__ ·-11.4;2 l ~, 	 , {X=b.

NIl,SO, (thenurdit.c) •• ___ ..• "'" Orthorhombic__._. 1.·1Il·1 I. ·17·1 1.48"1 Whil.ennd val'illhh'.. ____ ..... ) 8·1 f p ~u, \\'enk... ",¥_ ~~ \IT=C'~ ....:....... 


, Y=~ ,~ 
FeSO•.7H,O (melanl.critl') ..... _........ I ~Tonoclinic._.•• __-' 1.471 1. 478 1.480! Oreon, yello\\·. __ ... __ .. __ ..... jSr. ....do....___ ......... {Z/lC=-lllO. 

AXilll IlllIlIO h (010). 
ZAc= 1010 5i'. 

K,Fe(SO.J,.nH,o . ___ .... __ •••• _.,.... I__ ••.do.•.•.••••.__-' I. 476 482 1 	
OJ 'j{ZI\1l=2° :W. '!1. L49i t----------------_... 	

.;:

,{X=b.
Orthorhombic.___.1 .I. 4!l4 I. ·1!l5: 1. 497 _____________.... 117 I»l'j IIlmlt1rntc."" ..... . ~- Z=c.K,SOI (IIrcanit.u)-- •• --.-- .... 	 ~ 

, 	 fZ=b . 
NII.~.gpo•.nll,? (slrL!\·itc)___ ••• _•.__ !_____ dO_______ •___ • 1. oJ!!5 .1. 496; I. 51}! i Colorless nUll Yllrlublo_.. . j 37 I p>u, slroll~......"__ •__ lX=c. 	 "J,. 

1. iiOS __ ... __ ,___ •• do __.... . (I) 	 Z=ll.KAI(~IO,h (Ienclt.e) . _ _•.. _.do••.•••• __ ........... . 
 .1. 518 1.[1231_____do_______________ .... _•.• _I l') -- . ____ ~ Xemerges rrom (100) •Ca,ll,(PO.), (monctile)................ ' '1'riclinic.__._______ 1.51ii 
 ,--"-- tY=b. 
('nSO•.2H,O (6'ypsllm)..... _..... -____ -l lIfonoclinic•••_.... 1.1\20 1.523 I 1. ,;:)0 I White___.... __ ......... ." 58 p>u, perreplihll' _____ • X/lc=:liYio. ,', 

.1.521 " rt2 p>v, feeblca _ _ ~ .... _ ~.:(~: ~ (XlllhSO. (mnscagnileJ .............--.I· Orthorhomhic__••• 1.~23 I. :3a I~OlorleSS nnd "lIrinblo.... . 
!~Oll (0I0)X;\(OOl)=2·lo• 

NIIAIShOs (nlbite) ____ ..... _._ ..... _.- .. 'eriClinic__ ... __ •..1 1.525 l.a2\) 1.,,311 C\llorlcss.____ ...... __ .. . 74 . p<u, wenk..... ..' On (OOI)X/I(UIO)=3b". 
}'=/). '. 

MgSO."H,O (kieseritel. __ : ......______ ' Monoclinic..._____ \ 1.523 I. 535 I. 586 White------..------- ..--.--.--i 57 p,.,,>v, lI1odcruLn__ .... _a"_ ...\"/\C=7{j~~o. :..
Ca,H,(PO.),All,O (bruslute) •• __ •__ • ______ .tIo....___ . ___ .• 1. 530 1.545 1.551 • ___.do..__________ .• ____.... __ ' S6 

'---- -- ........... --. --. {[);;'liillO)XI\ (00 Il =3°. 0 

Na, ('n reldspllr (nn<lcsinc) .. __ •• ____ •... '('riclinie.....-- __ .. , 1••1;;1) 1. 553 1. SOi (,olorless nnd Vllrillhlo__ .... 58 
. "'1~~'!,~)~IO)Xl\(OI(J)=20' ~ I 

C'II(',O..II,O (whcwellite) "\onoclinlc. __•.•• .1 1. 4111 1. 55.; I. 650 Colorless..______ ....... __ ..__ . 8·1 p<tJlwcnk....... "._~.~ . 	 Zl\ct=-llo. r: 
011 (OlOlX/I(OOIJ=210,1.503 1.511S ..__ .do____________ .... __ .... 7P 	 ~ ('n, Nn rcl<ls[lllr (IabradQrite)--•••••• --- 'I'ril.'linic______•___ f I. 559 . 	 011 (001 X/I(010)=9°. 

1. SiG I. OH ___ ..do________ • ____..__ .. __ .... ·12 . p<u .. __• ..... -.. --••• Z=ll.CaSOI (nnhYdr~l~) ..-.- .• --•• ____ •• ____ Ortllorl~O~biC···-·1 I. 571 
X=c. 

r::
LIlOU 1.11I0 Green __ •____ .. ____ ... (I) I p<", [len·cpliblc....... Z lIenr c.Fe. ::'Ifl!, AI (sllIcale, hy,lrntcll, pro· ~rollocltn\C__ ... __ . I. ()oG 

chlorite). 1I 
BaSOI (hllrite) .._________ ••. ____....__ • Orthorhombic____ • 1.1130 1. 03711. 048 Whlte..____....______________ ·13i¥.! ! p<v, wcnk____.. __ .. __ .I{~~c.

I 	 h-U. 



••••• {Axinl (llnnc ~1O).]!\lCl,.2R,O.... • . •••••.• __.: "IOlloclillle__••• __ .: 1.635 ' I.(j.l(j ! l.finO ............"....... S3·16 .................. _ 
 7.l\c=8° in 0 tuscLp. 
AhSiO, (sillimallite) ..•••••••••••••.••• Orthorhombic••__ ': 1.638 1.(,42 1. Uf,;{ Colllrlc$~. grny....... 20 p>v. $trong............ {X=b.


Z=c. 
{X=b.(Mg, Fej,SiO. (o!i'·ine) ••.•..••.••. __ •••.•_.dO ••••• __ ••.•--' 1.1162 1. 680 1. DO\I Grcell, brown, nlld ,·urillhlo ...: (3) p<u................... 


Ctl(lIIg, Fe),(AI, FeJ,(SiO.); (nugite) ••• Monoclinic••.•.••.! 1. [098 1. iOI 1.723 Greell nnd vnrinhlc.. m ... dn. •............. 
Zj\r=a8° to MO. 
.\=b.(Oe, Ln, Di),(PO.), (lllOnnZilC).__.• _.--!.....dQ._..••. __•..•t 1.786 1. 7S.~ 1. 837 Hed, hrO\n1, tllld ·lurinhle.. H p<u, wenk............. ~
r!Zl\c=2°. !-3X=a.S (sulphur)••__.......................1 Orthorhombic•.••_; 1.950 2.043 2.2·10 Yollow.................... II!) p<u.. ____............. t:::

Z=c. o 

t (j:l 
i:::i 

1 Give h)'perbolfP ll.~ interrerence figure, find nre opticallr positi\"c with gypsum (llnte or 'Iullr!z wedge. t::
2 Smnll. 

3 T.Jt\fg~ • ~ 
• Vcrysmall. ..... 

TABLE 6.-Biaxial negative substances 1 o 
~ 
t::J 

Substauce System ! a I fJ 1 l' Color pleochroism 21' Dispersion Orlent.ntion !-3 
]:I1 
o 
t;j

X=b 0" Y=b. (11Nn,SO,.I'JH,O (mirabilite).....__.......... Monoclinic •••• !~ I. :!9n 1. 3!IS \\'hile.........................: ,0 p<II.. ~_ ... ~_ ... _.. _._T .. ~~ { Zl\c=300. 
- {AXilll plane b (otO). !,j

NIl,HP0.,12H,O.............................. __ do___•.••.•. , t.·I:l2 t. olaU 1.437 
 50 ~a· Distlnct,1t1cllned •.• XAc=3!0 innrnle LfJ. o 
Nn,(,03.lOH,O (notron' .........................do __ ...... _., I..1051 1.425 1. 440 White........................ 71 p>u. perceptible._.. •,(=b. ;:0 

l\Ig$O,.7H,O (eIlSol11it~) ................ , Orthorhombic .. , 1.·13:1 1. ·155 1.461 ••.••do........................ \ 52 p<v, lI'et1k... _...... !~=c.. (f] 

Axial Illllnc b (010).NIIH,PO,.2!1,O ................ __ ...............do......... f 1.44() ".4lia 1.0182 .....do...................... _. 82 r.o ...................... XII c. ~ 

X=II.Nu,n,O,.lOII,O (bornx) .•• -............... ~lonOClini(·......11.·117 1.470 1. 472 I.....do........... __........... , 39 p>v, slrong•.•__.... Zl\c=56.IJ'. 


NnH,PO•.H,O............................. Orthorhollll,ic.__ 1.,(;;0 1. 4S5 I. 487 2'J 22 ................. __ ... {~Xll~.p'nne b (010). E 

o

Y=b.K~Mg(SO,),AR,O {leonite).... __ .•• __ ..... n{onoclinle.__•. ,. 1.·IS:! 1.·18i 1.·\00 COlorless.......... _...........: 81; p<"................. {Zl\c=smnll. 

Y=b. ~ Na,Mg(SO.),AH,O (bloedite).• __ .. ______......do.......... 1.4SG 1.488 1. 489 ..... (In.................. __ ••. .' i1 p<u, strong. ___ ••••• -'l\c=-I1.10.
{ o, 

l:;:X=c.KNO,. (niter).•_ .........__ ....... __ ...... Orthorhornhit·._.! t. ;134 1. 505 1.50ft .....do.........__ .............: ._ ..do...__....____. Z=II.
{ H 
1 t::J

Y=b. (f]~\lgSO•.K('J.3R,O (knillile) ................!Monoclinic...... I' I. ·JIlI 1.505 1.5lfi .....do....................... ., 85 Ip>u, smuIL. ___..... {X/\C=-So. 

""ll,C03.H20 (thermolliltrite) ''''...." .... Orthorhomhic•.. 1.420 1.50G 1. .,.'"4 I '''I't" 11 e.............._..........1; ·IS p :11, wellk"""" __ 7,=b.


1K,On(SO.),.H,Q (syngenite) ....... ___..... MouocHnic_•.•.• 1. ,;00 1. 5t7 1.li18 .....do.................... __ •• 2(' P<l', very st.rong. ~"-{YI\C=-2.30. 

, Gi\"c hyperboJro!ls interrerence figure and ure opticnlly negnlh'c with gypsum plnte or qunrl.z \\wlgc. 

<:0 
~ 

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


TAIlLE 6.-Bia;vialncgative substancC.~-COLltillllc<l 	 ~ 
H:.. 

Supstance Syslem I {J 'Y 00101' pleochroism I 2 V Dlspersloll Oriolltlll.lOIl 

, 1- ------,---1------1------- ~ 
. I 0 'j! {YOI' Z=/J. 

g
KAISi,O, (OrthoclaSe) ......................) i\[onOClinic ...... !,' 1.518 II. ,;2·1 1.li20 {White, colorless pink, nntl ,n.} 0-711 Wellk.............. Xl\iI=fio. ° 


~ 
riuhle. 	 jgXtlnCllon on (IXH)-lfl • §KAISiaOs (rnicrocliue)~ __ .. ~ . ....... *-.--- . ., .. -1 'I'riclinic._ ...... .,.. 1. 522 1.52U I, [,:10 .....tlo.......... ..............;~:! p>v• wOllk••••••••••. 1~'tlIlOI,I()1l/10, Oil (OJll) =6°

~I ],xlinctiOIl 011 (001) =1°_ 
a(N'll, K)AISbO, (anort\\()eh,e) •• dO•••••••• ..! 1.52:.1 I I. 5:!IJ I 1. fi31 1..... do....................... .1a2.54 	 U , 0 td 
.....dn•• •••·•••..···1 KltitlCllulI 011 (010) =/1  r::i 10°. t-< 

Nu,Cu(SO,h (gluuherilc)................... Monoclinic...... ' 1.5:12 1. 5:lO '{Z=/J.Colorless........................ j p>u, strung ................... , Yl\c= 1~.2a, &;

CuSO•.5IT,0 (chulcanthile) ................ 'friclinic........ 1. 5 III 1. lian I. 546 Bluo........................... liti
1. 1\1°1 

p<v, lIoreellt.lhlc•••••! On (1l1I1)Xt\(IlOIJ=II0. ~ Nn, Cn, feldspar (olig<)cla'e). ...................do.• _....... 1. 5an j 1,0·la I.Mi Colorless~ ... ~ r., . • ~ ... _.,~ _.. _........ ~ "j S!I 
 p<v. wonk·····"···,.i0,n (OOI)XI\(OIO) =10. v. 
(NIT.)'C,O•.ll,O (oXll!lllllile) •• _. • Orthorhomhic... 1•.~:Ja I 1.5-17 1. .,05 White.......................... no : X=c,

P'''.................! Y=fI. "-' 

2CnSO•. MgSO,.K,RO,.2U,Q (poiyhnlitc) •• '[·riclin!c........ 1.0·IS I 1. 5112 1.567 Plush rod, yollow, nlHl vnrinhlo I 70 	 01

01
Mg,SI,O,.2IT,0 (serpentine!. ....... Ort.horhombic •• I 1. oftO I I. ijiO 1.511 Groen................... I20-DO 


I 	 ,-( 

K, Mg•. Fe• .A1 (SiIi~fi,e. hydrnleti, hiotite) .• ~r~uoclinic•••.••t 
1. 5~1 I 1. 5i.1 1 1. 57-1 Billek 111111 vllrlnhle.......... __I 0·50 '::: II~; :,~;c:!~:I:I;:I~: :~~~I!f~~f~g)\.t\(OOI) 
_ -aio. 

; 

(;U.-\.I,SI,O, (unorthlte)... ... • . . ... .... ('rlclinic........ 1. ,i7fi 1•.;8~ I 1.588 While................. 77 :nP..:.v··o<···· ..•· .... ··i. On (.OOI)XI\IOIIJ)--~(I0. 
K,AI.SI,0".2IT,O (musco\·ite) .............. MonOclinic•.••••1 1. 56t I 1. 500 1. 5tH Colorles!-l._~ .. ,~~~ .... _.... ~~~_ ·10 ! Z"""b, oP>'" porceptlble..... · Xl\c=()O, 

t'li I }'-II.•~I. Fe, Mg. ('II: No (silictlle. hornhICnde) ........dO.........../ 1.11211 1.(142 1.1I5:l 01'0011, blnck. bmwlI, IIml \'O'j S·I p<~tJ~ ~-' .. "_ .... ~ ...... ~ .... - :1:1\,'= If',o_2.'i0 • 
>tl 

rinhle. t?
(,uCO, (nrngOlule) ......................... OrthorhombIC••• 1.5:11 1.(\82 1.11811 	 IIJ I X-c.
C,,'""_"""""" "." .......".....1 "<", :-;fl1I1I1 .. _· .. ~ ..........1 Z=b, o 

AI,Si 0, (c.yllnite)..........................' ·('riclinic•••••••.! I. il2 I. 720 1.728 X HlllluSt .l (100). b:j
H" P>'" ~lIght.••••.•••••' xJ\c",,-:mo, 
Cn. AI. Fe (silicale, epidotel ...............: 'MOnOCliniC••••••\ 1.i2\l 1.7G8 ~~~::l~~~~:~c:~~ .':~:I.~.~~~~I~~I~~:~ I{ Y-b, ~ I. i54 i 	 ('J P>v. r'lther st.rung•.• Xt\C=-2.r.0. Cl 
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