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PREFACE 

Although there are several excellent treatises on rock minerals 
ill thin section there is, nevertheless, a demand for a text which 
sets forth all the methods used in a detailed stlldy of rocks, in a 
clear and concise manner. The fact that Part I of the original 
German text, published by the Herder Publishing Company, 
of Freiburg, in Breisgau, appeared in the third edition in 1910 
and Part II in the second edition in 1907, seems recommendation 
enough for presenting it to the English reading student. As it 
was found inexpedient to adhere strictly to a mere translation 
of the German an attempt has been made rather to render it 
freely into ·English. 

I am greatly indebted to Professor E. H. Kraus, of the Univer
sity of Michigan, for encouragement in this effort, for very help
ful suggestions in its execution, and for material aid in reading 
the manuscript and correcting the proof. I wish to express here 
my sincere appreciation for his interest in this work. Also to 
Mr. W. F. Hunt, of the University of Michigan, I express my 
hearty thanks for aid in reading the manuscript and correcting 
proof. 

MINERALOGICAL LABORATORY, 

UNIVERSITY OF MICHIGAN, 

January, 1912. 

R. W. CLARK. 
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Introduction 

The investigation of inorganic substances does not entail a 
study of an almost inexhaustible number of forms as is the case 
in the organic world where the structure is often 80 detailed that 
even the strongest objectives of a modem microscope cannot 
resolve them. Inorganic bodies occur in a comparatively large 
number of different forms and strong magnification is rarely 
needed in the investigation of them, because their structure is 
seldom very minute. 

The methods of microscopic investigation employed in the 
study of organic nature are not applicable in inorganic research 
because of the infinite number of chemical compounds already 
known and the large additions that are being made daily. If 
the microscope were merely an instrument for magnification, as 
it is with zoologists, botanists, and medical investigators, neither 
the chemist nor the mineralogist would be warranted in under
taking microscopic studies. 

Nevertheless, the modern microscope is very useful in the 
investigation of inorganic substances. It is a sort of optical 
universal apparatus which reveals not only the outer form, but 
also the inner structure of a substance. It leads to results 
rapidly and easily, which if obtained by other methods would 
involv:e mucb time and labor. The introduction of the micro
scope into chemical and mineralogical laboratories has been 
made possible by numerous improvements devised in the last 
thirty years and by its transformation into a polarizing instru
ment. It is not yet used as much as it might be or as extensively 
as its adaptability warrants. The splendid aid such a micro
scope affords, is too little appreciated, especially in synthetic 
and analytical chemistry. In many instances there is no other 
way of determining the characteristics of a substance so rapidly 
and positively, making lengthy tests often unnecessary. 

Microscopic methods are especially serviceable in the investi
gatiorr of rocks. Petrography, the .science of rocks, owes the, 
great progress it has made in the last third of the nineteenth 
century to microscopic investigations. These methods, so 

xiii 



xiv INTRODUCTION 

fruitful to the petrographer, have only recently been applied to 
chemical investigations, but their general introduction can be 
accomplished ouly with considerable effort. However, micro
chemical investigations based upon modern microscopic technic 
have yielded results that are extremely promising. 

Anyone, who has had opportunity to study the methods of 
microscopic analysis thoroughly, must confess that, with a little 
practice, they are very useful in recognizing rapidly, easily, and 
positively the composition of a substance even in very small 
quantities. Nevertheless, the optical methods found at first only 
a very limited use in this promising field. Synthetic chemistry. 
has made use of microscopic methods still less, although they 
would be very helpful to organic chemists in particular on 
account of the large number of compounds. The unnecefisary 
loss of time which \vould be sayed if organic chemists had a 
means of identifying their compounds both rapidly and accu
rately, no one can estimate. If it were only known how 
quickly all the optical properties of a crystalline precipitate caD 
be determined after a little practice, it would be found justifiable 
to recommend most urgently that chemists become skilled in 
microscopic technic. The usual statements made in the litera
ture concerning such precipitates generally take into considera
tion only the simplest morphological properties and these are 
frequently the least constant characteristics of a substance. 

Chemists have adopted petrographic methods in spite of the 
fact that their materials are quite different. In a way, a petro
grapher is at a disadvantage because, in the investigation of 
slides, he has to deal with sections orientated at random while in 
the crystalline powders, which a chemist studies, the various 
crystals assume a common characteristic position on the object 
glass on account of their development. It is much easier to 
determine the crystal system in the latter case, which is not easily 
done in many instances in rock slides. On the other hand. 
variously orientated sections of one and the same mineral can 
be studied by a petrographer and he is able to determine the 
optical properties of a substance in all directions, while with 
isolated crystals this is often impossible. Some knowledge of 
physical crystallography is an absolute prerequisite for investi
gations in both these fields and its successful application to 
microscopic studies requires much practice. 

The first demand made of a polarizing microscope is that its 
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combinations of lenses shall be as perfect as possible. Mag
nification is of secondary importance, the other optical adjust
ments being the most important part of the instrument. A 
large, plane, achromatic field combined with objectives and ocu
lars transmitting as much light as possible are the first things 
demanded of a microscope by a mineralogist as well as by a 
botanist, zoologist, or medical investigator. The lens systems are 
used for the various optical methods, which have been developed 
in microscopic technic, and the optical properties, as well as the 
observations of the image of the object investigated, are dcpt'n
dent upon the sensitiveness of the lenses. 

The mineral constituents of rocks can be recognized by the 
naked eye only in a few cases. Macroscopic examination is 
never sufficient to reveal all the details of the composition of a 
rock. Texture also, which is of great importance in the classi
fication of many rocks, can be observed by the unaided eye only 
when it is comparatively coarse. Before a thorough study of 
the composition and texture of rocks is undertaken, the student 
should become well acquainted with the means by which such 
knowledge may be obtained. 

Microscopic examination of thin sections is very important. 
It is quite necessary for the student to become as well acquajnted 
with microscopic optical methods as possible even though only a 
superficial knowledge of petrography is desired, because an 
approximate determination of rocks is frequently impossible 
without them. On the other hand, to think that the macroscopic 
characteristics of a rock SllOuld be ignored and the same deter
mined only in thin section under the microscope, is an error that 
must be avoided, although it was prevalent during the earlier 
stages of the development of petrography. The macroscopic 
appearance of a rock with reference to texture and constituents 
furnishes a clue, which in many· instances simplifies or supple
ments the microscopic investigation. For this reason the 
general exterior appearance of a rock must be carefully observed 
before the microscopic investigation is begun. Mineralogy is 
the science that teaches one to recognize the minerals by their 
macroscopic properties. Petrographic investigati()n should not 
be undertaken without a thorough knowledge of mineralogy, 
although the list of rock-forming mineruls of frequent occurrence. 
is very small. Mineralogy is the indispensable foundation upon 
which petrographical investigation is based. 
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Good results cannot be obtljined in the microscopic study of 
rocks unless the student has a comprehensive knowledge of the 
optical properties of crystals and has had much practice in the 
application of microscopic methods. Familiarity with a polariz
ing microscope is a prerequisite for all petrographic work. 
Serious errors in the determination of rock constituents may be 
avoided by such knowledge. Special emphasis must be laid 
upon the fact that simply knowing the appearance of certain 
minerals in some rocks, or in a large number of r~ks, is not 
sufficient to give that ('onfidence which is necessary in petro
graphic investigation. As the appearancE' of one and the same 
mineral varies greatly in different rocks, a continual source of 

error is thus introduced and only general confusion results if the 
knowledge of minerals is purely superficial and not sufficiently 
based on microscopic optical methods. 

The microscopic optical methods necessary for petrographical 
investigation are discussed thoroughly ill the first part of this 
book. A knowledge of these fundamental principles must 
precede all petrographic work. 

A positive statement. concerning the detailed composition of a 
rock cannot always be made upon the results of microscopic 
investigations alone. A thin section confines the examination to 
an extremely limited portion of the rock. In general, therefore, 
one cannot expect to ascertain the complete composition of a 
rock even after a very exhaustive study of one or more thin 
sections. This is especially true of certain constituents that are 
only sporadically present, but still are of considerable importance 
for the rock as a whole. It often happens, after careful investi~ 
gation by optical methods! of certain mineral sections in a slide, 
that the student does not feel Stlre that he has determined the 
mineral correctly. An attempt is made to supplement these 
methods as much as possible in various ways and this may be 
done either by a series of chcmical tests on the slide itself or by 
isolating the different constituents by chemical or physical means 
so as to facil.itate studies on them. We distinguish, therefore, 
between methods of separation and methods of investigation, and 
each of these is divided into a chemical and a physical group. 
A clear conception of the mineral composition of a rock, upon 
,vhich a safe classification is possible, can be obtained only 
through a combination of all these metlwds. 

Finally it may be added that the most accurate determination 
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of the composition of a rock, obtainable by a combination of all 
these methods, is one of the goals of petrography, but that with 
it, the final object of petrographical research has by no means 
been reached. It strives to explain not only the present con
dition of the rocks, but also the origin and alteration of them. 
All descriptions of rocks should be fnll enough to permit of the 
determination of their geological relations. Petrographical 
Investigation becomes important only in connection with geo
iogical studies and in this respect it is one of the most important 
chapters in the whole science of geology. Without its aid geology 
comes to some conclusions which have been proved in many 
instances to be erroneous. The purpose of this book is to make 
the determination of the rock-forming minerals possible and 
space cannot be devoted to the consIderation of these other 
points. Description of the minerals and the methods of studying 
them is the sale object of this text. ' 





PART 1 

, THE l'OLAIUZING MICRO~COl'E 





CHAPTER I 

The Microscope 

The Simple Microscope or Lens.-The simplest form of the 
microscope) the lens, serves to shorten the focal distance of the 
eye and to increase the focal angle so that objects which are too 
near to be seen distinctly by the naked eye can be seen by the 
use of the lens. The shortest. difltaneE' that a normal naked eye 
can see distinctly is about 25 
em. If the distance from the 
eye be less, the image become::; 
indistinct and it requires a 
system of lenses to make it 
sharp. ~fagnification is, there
fore, always reduced to the 

~ • b 

'R 

FIG. 1.-Roo} Image. 

focal length of 25 em. A COl1yex len:-) casts a real image SR, 
Fig. 1, of the object rs, which is farther from the lens than its 
focal length. The image is inverted, on the opposite side of the 
lens from the object, and is beyond the focal length of the lens. 
It usually cannot be observed by the eye directly, but becomes 

FIG. 2.-Virtual Image. 

visible when cast upon a 
screen and can be repro
duced directly on a photo
graphic plate. If the ob
ject is less than the focal 
distance from the lens, the 
rays do not unite in a 
point on the other side of 

the lens, Fig. 2, but the image RS appears in a normal position 
on the same side as the object TS, and is designated as a 'virtual 
im(,ge. It cannot be projected. - . 

The faces of a. conve:s:lens are portions of sph~riea18urfaces and, in conse
quence of tlris, the rays passing through various parts of the lens converge 
approximately at 8 COlDlllon point only when '(,lW Qt\fvv"ture of the lens iA 

I 
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vcry small. If the facp-.; have u greater curvature the my" through tlle edge 
tillik at lltwtlH-'T point thall t.hat at which the rays through the cent,cr con

verge, and we see the phenomenon 
of spherical aberraiwn, Fig. 3. This 
causes COIl verity of the image and in
distinctness in various portions of the 
field of .ision, wruch is very anno)'-

_ . i!lg and fatiguing to the eye. The 
/" IJnag(~ appears d18t.orted uecause all 

FIQ. 3.-Spheric:l\ Aberration. l't\1't~ of the fit''Id f!;rc not magnified 
('!"Junlly. Thf' hprder is magnified 

mOTe than the center so that a crORs-:,pctiotwu objf'rt likP Fi~. 4 appears as 
indicated in Fig. !I. 

Another deficiency of a simpl(' IpDO; 

is its dispersion, I.e., the property of 
horlies to refract light of varioU8 \YU Yf' 

lengths differently. In the normal 
case, colors huving t.he Iohortli'i'1t wave 
Ien~ths are refracted most, i.{"., Yinlet 
rays are deviated mor(' than rf'd. 
The formula for Ruch dispf'n;iorJ is 
v> p. If, thus hapllf'IlS that the OJI

jed appears 10 h~ve a colored border 
hecauset.hc variou~ ('nlurr; converge [\1 

FIG. 4. FIG. 5. 
FIGS. 4 and 5.-Cross-sectioned (Inject 

.\Jugnifjed 
"Cniforml..... Ununiformly. 

different places, Fig. G. TIllS phf'nomenon i:, call1·d rli)'()matic nl,crrrdioll. 

Tll('f'C' hyu diftit'uhi{':-i l'tHl l)p reduced if only those raYtl which 
PUi<S through the center 
of the lens are used. 
This was accomplished 

-=~~:- in the older types of 

FI,;. {i.-Chromatic Aberration. 

lenses in the ml1nner 
indicated by Figs. 7 and 
S, the former ueillg the 

Bre"-8ier. the latter tllC CnLldill,l).:t.Ol1 Illodel. The outer part of 
tlw If'ns if; {'ut off in et\eh ('use hy p:rlnlling: out a, portion. The 
elongat.ed c~'lindrj{'al 1(>118 deyisf'd 
by Stanhope', Fig. 0, al~o red_u(,f'~ 
this defirif'uey. On it the facl' 
turneo tmvaru the object ha~ ]p:-;", 

curvature than the other face. All 
of these models have the disaJ-

.. <_> 

.) ( \0 
vantage that their focal If'ngths Rrew~:~·'s7IJen8. Coddi~'~~~~;~ LeruJ. 

are verY short. Fraunhofer im-
proved V upon them by combining two plano-conyex lensrs set 
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with their t'OlWl':\ [<1('(';-; tnward P!tl'il othn, Fig. 10. Thi~ 

modrl h:l!" l'(,Nl \':II'jpd in nl:lny waY:-i· 
L('n~{':i whil,h arC' t'()llIJlktt'I~' or 

nlmnFt. (·ntirriy ('OITl'I'll,d for :-:phf'rind 
:IIHI ('hT'()Jllati(' ai,crratillll !m' :-:aid to o })(' (lpl(lllfltic :nul (/c}irnlllu/ic. ~Uth:l 

l'oIH\itiolt i;-; oll1aiJH'l!. IUJ\YI'\'('1'1 oIlly I"I~~,~;:-!tf~~~:~~le Fl{1ill::;,~~~~~IIl
Ly n fomlfiU<ltinn (ll' difTIIl"f'nt killil:o:. 
of glfl~:-i. Tltu~. nint ~l:\:--,., ha~ nrllrly t wicc a~ gl'l'HL a di~l){'r:-:i(ln 

!\!" ermnl gl:.l~s. A :,y~1(,1lI of \t'Il:-ic:-: 
(':Ill be !\ITilngl'tl :l:; in Fi,!!:. 11, ('011-

-.j,..;iin~ (Ir :1 ('Il1l\'L'q~i]lg- \t'n:o; L "f 
('I'(I\\"11 gh:'i~ :lIJd a douhle {'on can' 
\('[1.": (If flint gl:\:-;-. J.'. The colu!':; arc 

FH;. 11.--{'orn·\'l1"!1 uf C'hrollwtn: di:OJH.'J':-cd I).'" tht· t'onn':\.IC'n;o;, i)ut !Ll'e 
.'\b~'rrllti"n, relilrilcd iu the {)(lint fJ b,\' tile (Jon-

can.' lr.:I1~ , HIe' ~o-(.::tlkd 11nl('('k(' it'll!'. Til!' hr-:-:t Jll(ldf"nl 1('I1:-i i,,,; 
one l'ompo:,pd (_If a dlluhlc' L'OIl\'ex 1('II.~ of 

l'I'(l\\,n gl:l:-i:-i L. Fig, 12, b(,t\\'('('n t\\·(ldi\'l'i·~jllg Q 
n1l' ni~t:u:-.(':; ()f Aillt gltL:-;.~ F. ]t i ... :dr'l!l:--t . 
p{'J"fi'dl~+ :lplal1'llic Hnd :U'\II'C!ll1alil' llnd (,(JIll-

him':" \"illi tli{':-<' :It]ntlll:tgr· .... a 1:ll',!!c' {if'].!, 11 . 

JIIIl~ [11(':11 )£'11!..'1J1
J 

:wd 't)j''-'ti])('UH''''''', TJJ(' Fw. J2.-SwiJlbeil 

('ntire fil'ld. \\"hi('h i:-; \"('1',\- l:u'p;(', i:-: ollly u~t'L1 Tril,l~t. 

\\"h(,11 th{' ](·n ... i:- plilf'(·t] n'r~' tl(l~(' to 1 he' ('YL', It is ll~('d prillci
pnlly in 1 h(, im'esti~iltioll of 
]'o('k;-; w I len a rnng;ltification 
of :-;ix to 1 w('h'c if: d('~ir(·d. 

The rcranli('flf', ('1)11 ... j~ting of 11 
l·()J)lhi!l!.lli(lll Df twn kf]~e _"', ih 
'luitf· ,.,t'I·\·jl'('ahle for 1l. ,.:mul!cr 

mu.c:llifi<'Htion up to ahollL fO\lr. 
] L h:1S li horn ey{'picce whic11 
must be fij !{'U to the eye and Uti", 
pille!'" iL in the vroprr Jio:-.ition III 

..J!I"-'\1l;;';;;l!. '"\ obtain ~III illlugc Clllirf'ly free 

F lfl . J3.~1.eIl!lL:wJ_ 
(Afwr Voigt I\: lIochge"j\O&;,) 

from di51ortiull. A Z('iss:lnasti~_ 
~ mali('.I~II~ ~tlJl b(· ufcd fo r stronp:c·r 

tn:l{!lllfll.:uurm lJP to aUOlit 
t.went.y-sl'\'(·n. It cUllsists of :t 

comlj.nation of fOllr ICBM'S and in 
spitc of its compnratin· ly lar~c 

magrlificatioll has a wide fidel ::Jnd tlte ohject C:ln be placed quite a ('Oll-
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sidemLle illslancc frol1l it. Til" !t'ml ou~bt to he held firmly ill U !:It'wd for 
UI:1.t Jlurpose while the eye is l1lo\'eul>lowly ov('r it. 

I I. is Lc!St l(l f31'teu the h~us upon u stand , espl.'f.'illlly when stronger m~~~l\i
firlltil1ll is used, to in sure ill(' Il{'('cssnr\' sluhiIH,- and tv If'i\Tf' the hlilld" free 
for maui"ulllti(lIl. Fig:. J :~. p:tgr ;~J ~Iwws Sl;C!t rl f:.t:lnd c(juipp<'u io 11:'(' 
pnl:triz{'d liJ.!'ht. It nmy al ... (. lu,: prm'iJru with :1 rol:\! in!!; !'It:l~e . 

The Compound Mi croscope. - The ('{)llIJHIUllf! lIli{'l'o!;'<':op(', or 
~imply the' lllin'flR('ope, if'. di;.;tingui-:ilE'll from the simple mitro
.""'l lrr (JI" If'11<': by It c'(Jmhinntion of two ini}epPIlI.:lf'rn f'Yf:lj('ITI!' ()r 

lcn;;:('s. Th(' Rimpi(,,·;t fnl"m 
(If !'ll('h a micTO:;:('ope con;-;isi ... 
(If j\n) (Iouldr- ('Olln"X l('n _..:(\~ 

a ... ;-;IIOWIl ill rig. l·t in "hi('l! 
til(' patl! nftll(~ I":ly'" thrnu,!:d! 
11w mi('J"n.<:(,flpl' j" .. .:iWWIl 

di:lf!r:\mI1lHti('a1!~'. Une of 
I Ii(' /('11:'-(':'. nh Fig, j .j, ha.-; :1 

,,1101"1('1" f(\(·:tllcllgth than titf' 
01i1(']". :lnd f'im'(' it 1:-:' !11wa~';' 
IH'~I tn tIlt" fll!jl'f,t it j" c·:dlvd 
tJl(' nhj('{'ti\"t'. ]t r;l<;.j .... :l 

1"(, :11 m:lgnified ima.!!.T' 1(,"'; (ll' 

Ihe Cd,jf'd 1",>1. Thi .<: im:lgt' i . ..; 
a lit!lf' further fn,m it tli:1J) 
! lie f!lcnl ]f'ngtll {Jf t IlP ]('11:-:' 

"-----'---'--f-'-,-+----___j\.n HUti j-.; in\"rl"tpLI. It j,:; pl'O

,irelrd ,yitliin tlJL' focal i(,l1,!!tll 

of the ('~'('pjl'rE:' (11" ocuinl" and 
j ... ill (' I"cfo 1"('. :1g-ain ma,2:nitieci 
:llltl :lP\lC';H . ..: :1:-- :1. virtual 
itnngc :11 :"H'. 'fIJi;;: ba:, 
the sftm(' l"l'lnti\'c llo::itirm H.:

t]le rf':11 image, i,c., it iR jn-
yened with r€':opcct tn tht· 

1-"1(1. 14.-Pa~s:~p:~· ~~!~!':o~:~('"lI:h :! t'I)'llPOUUtl ohjel'l. ] 1 I hUti npppar:--i t hBI 

the objectiyc casts :l r('al 
i.1ll:.l_g<, of i\ do:-:f' ohjel't and Uti:. iJll~ge iR in turn ob:-:.ern·d 1,y 
mNII1:, of tlH" o('uJ:u, :1:- a lllHgnified ,'iriual imngc. 8in('(' t JIC'I 
real imagE' i:-: jll\'Pl'ted with rrsp(,tl to th(' ohjct,t ilnd the "iriunl 
image not , ohjects obser\"ed througb ti)(' ('ompound mit'ro~cop(' 
nlwnys appeal' re,·er::ied. For jllirposes of projection such a..: 

I 



THE MICROSrOI'E 5 

i~ common in photogrnplLY. the ol:ui:lI' i~ gC'l1prully removed nnd 
thf' fClll imag<' of the oiJj<'l't i~ proj(' t'H'd UpOl1 H pilUtOgl':l,phic 
p1!lu' or upnn a. :O:{'I'l'('Il. 

TIll' tlt'ubr und ollj('~~ti\-e an' piac'pu in u 11H'talli{' tube I() exclude' (Ill di;;
t urhin!!; put>;iu(' Iif!"hl l,t·t 11"1'('1\ t111'111 :lIld, a" !-hnwII ilL FiV;. I I, lh<,y nrc pltH'l'd 

IlllIc,lI fllrtlwr !lrart th:1I\ 1hl' "lUll of tll('ir flwnl di"Utllt;C,s_ Thry Ilrc CM

rt·ct ..... '] (tlf a fix(_-d tli .. t.:llll'l', 1,ut Ilt'Y('rtIJl']p",,,, 1-Ill' lwular fJ)U"t he SO llrraTIj!C'd 
tha.I thi~ dio;l:lll(,(' I';ln he aitt'rPlI "OIlJ('WJI:d, a,., d\'~irpdJ 1'CCIW<';C (l\"lm ill Il. 

('t1rn'c't. "/,oehr,'II/(L1il' i'i .\':;t(,IIl, Ilhjl't,t g:1a~.,f':-' ot \'lIrious 1 hick!le~s IUn) rC'quire 

\I'II!.';thC'ui.U!!; or l>hurl~llillC: of the LulIe. 
Tlip r,,_.ular j" g_:t'IH'rai!y sf'1 in till' 1IJ111{'1" purr (If the lulw :ltld (i n the ~irnpl('r 

iust,nllllt'nt.;;) thf' o\,jl'l'ti\'c is ~t'I'l'w{'d intcl th{' lllw('r P:~I'L of it., liowever, 

if till' nllj{'t'lin' i,.; dl:IIlW''\ fn"IUt'nth', t'''ll.'Iidl'r:l1,l{' t.imc i s 10 .. 1. in muni
l'1I1atil1j!, \I'J,it'l! i~ \"f'ry :tllTlI)I-iIlj! Tli [lI'{ljt! ilti!' th(' wllole s('riPE! of 

IIlljCf'ti\'c, .. {',an Lc fa_ ... khcd on Il rfto[,_'cr so thf(t t.he ch:lll~c can be efled(·d by 
,.;illlply rot!lt.ill~ it" Fi!.!;, \,j, or th(' 1,ulJe cau be J:ittpu with Ull ohjective dILIllP, 
I'i.l!. Hi, into w}\i('h t\](, \lhj('(!ti\'t~ (':111 bl." slipped h)' JOellUS of It rillJ!' (Ill the 

upper part flf it, ,,"0 arr;lu/!ed th:lI it is !l.lways !lpprOxilUaldy centered. 
J 'itl11ll~', [I yuidf! Imr C.Ul JJc C(lIl:-lrll('lCU 011 t.lre oujCf't.i\'c, which fits accurately 
illto:l !!;rno\'c iu Lhe tube, Fi~, 1 i . 

,\ more lhQroUl.;h di'icw.;,~i(Jll 'If the cOllstrut'li{Jn of llllldcrn ouj(.,ctivcs 
{Hid o('ulars would lead llS too fnr !.lnd theY!lr(' generally very perfectly COl1-

'>l l'ucccd by Lid" morc r<.:uahlc firms. It is evideut thatli i\;ysl('m oflel1scs mUb~ 
L('('\'('u more :-lI'l!wJl1:1ticand !1planatie thun a simple lens, At Lcst<l system 
Ilf Ir-n"t':s j,., only !ljlpro\:imatdy perfect in !.Iot.h these re:..pcels and the imagl' 
aJlPc:.r~ quile percept.ibly rnS1.UrtC'd when a 1wriscIJJlir DelL/fiT is elllployed in 
(lrd(~r to usc tlltJ whol(' fiplJ of the ohjective. Thi~ j<: e<;p{'cially true wilh low 
In~gnifici\,tion. Gen('mlly, thi" corri"elion for ciLrom!J.uc aberration is 
p 'rfect on ly for n p:irt of the spect.rulll, ))0 t.h::Lt a faint cotoring: nppc!lrs 
p.lrticularly with strong objectives. 'fhi::; is <'Illirely [I,\'oidcd in (lpod~romu.tt'C 
1('11,,1'0.;, which are cOI1<::tructed of special J{i!lSSCS. [0 them Lherc is an equal 
diffcrence of ma.!!;nificatioll for the color" in!.l.l1 zones of the field of "is-ion and 
Uti.'! is ('('Illrlctl:'ly counter-halanccd by [1 f'ompcnsating ocuhr, constructed 
in the rC\'f'fgc order. 
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To obtain a high magnification it is generally advisable to me a strong 
objective '\\-'ith a medium to weak ocular, because the amount of light in 
the image is entirely dependent upon the numerical aperture of the ohjec
tive. Abbe defines the numerical aperture, or Airuply aperture, as the pro
duct of one-half of the angle of aperture of the len!; and the index of refrac
tion of the ID('dium betwecn the ohjective and the objPct. Figs. IS and 1\1 
Hhow that the angle of aperture of the system of lenses, i. P., the 3.nglp of the 
cone of rays that is taken in hy the uhjectiyc is not the sole criterion for the 
amount of light from a gi VCrt point. In each case the angle of the COllC of 
light, and therefore the amouut of light transmitted from the object, is tItp 
~amc. Fig. 18 represents a type of a dry sy8telll of leuI'8s in which the outer 
rays of the cone of light, when extended, fall outside of the ohjective be
ClLUse, \'lhcn they pass from the ~lidc into the air, they are refractcd away 
from the normal and in thiioi caRe are divprging at a larger angle than the angip 
of ttperturc of tIlE'len'>. Thu!' the ohjf'pt is illuminawd by a smaller COll(' 

of light. 
If a liquid is placed hetw('cn the object and tIl(' ohjeetive the latter be

comes un immersion llystcm, Fig. 19. The liquid should have an inuex of 
refraction approximately the same as that of ill(' cover-glass on the ohjE'ct 

FIG. lS.-Passag<, of Rays in a 
Dry:-'ysll·m. 

FIG. 19.-J'a~sag(' "f Bays in 
an Immersion System. 

and the luwer lens of the object.jw, e.g., oil. The light upon put;l'ing into 
the object is refracted, as ill the other case, but when it passes through. the 
oil into the objective it suffers but little deviation. Every point of the 
object iE> illuminawd uy the full strength of the cone of liJ!.ht UB('.u. 

The aperture of a dry objective cannot be more than 1 theoreticfllly, 
because n = 1 and the maximum of sin u is 1. ,Yith a water immprsiOll the 
theoretical value Illay be as high aR 1.33, when half of the angle of aperture 
is gO", but t.his is impo~gi!Jle in practice. With oil it may reach 1.5 :md ",ith 
bromnaphthalf'nE' it may be over 1.6. It mm,t always be kept in mind that 
the len1:lcs of til" objective, the cover-glass, and the liquiu betwepn them must 
have the same indi.ces of refraction. The increased illumination of an im
mersion obj~etiye is shown by the fact that eYen a water immersion takes 
in 1.77 times as much light as a dry system with the same angle of aperturE'. 

The resoli.n:ng power of objectives will now bp hriefly discussed. ThE' 
I;;hortest distance that, can be distinguished by an objecth'e is represented by 
the quotient of A divided by the aperture of the objective, where A is the 
wave length of the light employed. Structures of 0.00015 mm. can be dis
tingui::;hed by a monobromnaphthalene immersion making use of the violet 
ra~vs am! taking their impression on a photographic plate. This is morc 
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easily accomplished by oblique illumination wit.h a ray of li~hl or with a 
central cune of light. OIl accouut of the great.er wave jeuKth of tllE' light 
in the illuminou;; part of the sppctrum, the dif1tanccl'i nlUI't be about twice 
as great, to make the object dil';tinet. Finer detail can he olltainf'd by 
photographic methods than by direct oh",ervation, espeelally when only 
rdtra'V'wlct rays arc u.,;ed. The- ohjPctives must, howeve-f, be' e~p{'{'ially 

corrected for these rays. rltramierOf;l'0py, de-Yot,ed to tll£' study of ex
h'('n1f'ly small particit's of apprllximnte-Iy mol{'culnr dimC1JmOnS, is only 
mentioned here for the sake of compl<,t,(HWHS. 

It mlt)' be suggested that the best source of light for mi(,fosl'Opic illvesti
p:atioll is daylight n.nd indeed :it northE'rn sky covered ·.",ith thin whitE' c1o\ltl~. 
Din'ct sunlight ao: U SOUTt'e ofilluminntion is('xtremclydis.ad\'ant.ugeolls for 
the eye and must be chunged into diffu;.;pL! ligllt by the usc of u screen. 
Only two of the artificial sources of light are of importance, namely, tIll' 
f'lectric.arc and thc Lassar lamp. The latter giVCElll blue light product'd by 
pu.s'>ing it through a color filter. 

To produce lllonochromatic light, citbE"r a flamE" colored by sodium, 
lithium and so forth or Geissler tulle's or fl. light filter may be Ui4erl. ]f \,pry 
intense illumination is empioYf'(l the Abbe speci1'O-llOl(ll'i::rr lIlay b(, ad "an
tage()usiy used, It is in<;ert.ed in plaeE' of the rt'guiar 1loi:.trizer and gi\('s 
illumination from a small part of the spf'ctrum, 

The '"ubc is fastened to the stand by IllPaus of a large screw for 
('oarse adjustment and a micrometer scrf''\-,' for fine aJju,"Itment, 
It i." movahle vertically to and from the stage, which is firmly 
fixPll on the stand. The illuminating apparatus is seC'n through 
a hole in the stage. It serves as a collecting system for the light 
reflected from a concave mirror below. It is necessary that the 
apel"ture of the jlJuminating sy.stem be at least as great as that 
of the objecti\'e if the entire aperture of the lat.ter is to be used. 
The former, hO\vever, need not oe so carefully corrected for 
spherical and chromntic aherration. TIle Abhe illuminadng 
apparatus is of the most perfect con~tl'uction for, w}wn it is 
employed as an immerf:>ion system, its apert.ure is the same as the 
strongest objective and at the same time it affords a sufficiently 
large illuminated field, when used with the "\veakest oLjectives. 
A condenser is used in the simpler microscopes, but it must be 
removed when using Imv power objectives because of the small 
illuminated field. 

Polarizing Apparatus.-The polarizing microscope Jiffer~ 

from an ordinary microscope chiefly in having an att.achment for 
producing plane polarized Jigllt. Ordinary light vibrates in all 
planes at right angles to the direction of propagation of the ray 
as shown in Fig. 20. Plane polarized light, on the other hand, 
vibrates only in one plane, Fig. 21. The plane of polarization 
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PP, Fig. 22, of a ray of light AB, i.e., the plane in which the poles 
lie, is ahvays perpendicular to the plane of vibration SS. 

In using transmitted polarized light, the direction of propaga
t.ion AB, Fig. 22, is perpendicular to the plane of the object. 
The light vihrates in a plane at right angles to this direction, this 
plane being called the plane (If vibration 88', Fig. 22, while its 
tl'ace on t.he plane of Hw uhjc>ct SS', Fig. 21, is the vibration 

FJG. 20.-Ray of Ordillu.ry 
Ligllt 

FlG. ::?l.-I'lline of Vihratioll of a 
Ray of Pol:Hi~ed Li~lli" 

tliret:tioll of 111{' light. The n~lotjt~~ of the light lR dependent 
upon the rate uf viLra1ioll, or in oth(,r 'words, the ela;.;tieity of the 
medium under irrn'stigation in a direction at. right angles to the 
Jirrction (If propagation. In rxamining a slide -we observe the 
differrTIces in the optical elasticity in different ciiredions, ,",'hich 
lip in the plane of the ohject itself, and nre thus perpendicular to 
thp. direction of propagation of the light. The plane of polariza
t,ion ppl, Fig. 3::?, if; perpeudicular to the plane of vihration 8;';'. 

Fla. ~~.-nay of Puhnizt'd Light with Plant' ur Yihration, T'lanp of Polarization and Dirpc
tlOn of PropagatIOn. 

Ordinary light. c:an lw ehangeu into partially polarized light by 
rf'fiection or refraction. Polarization by reflection is most com
plete when t.he light strikes the reflecting surface at a certain 
angle) which is dependent upon the reflecting substance. This 
angle of incidence i is determineu by the formula tan ·i = n. 
This angle possesses another notable property, viz., that the 
reflected portion of the ray incident at that angle travels at 
right angles to the refract.ed portion. It is called the angle of 
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polarization, and for nniillllfT glttf's i~ aboliL 57°, .\IIt.trfullr 

it "aries '\ ith liiffel'rnt ('0101':0:, Illtbollp:h only LlI l\ :o;mall ('XLt'Ut. 
By n~p('at('l\ n'fiection at tld:- nngJp the :\rnoun{" of light nl!Lr l lC' 

ilH'!'C'a":ed [Inti [fir thi:::. r('a~oll n. ~l'ricf' of thin p:las!'. piat.rs i:: oftrll 
f'lUpit,yt'd, \\hidl prouucC' nll1lost. pcrf('{·ll.\· polarizcd light . 

. \ nl." of nrdirJ:.H'Y li:dlL 1. Fig. :1:1, "l!ieh f:tlls upon It !,(lric;o. (If 
g:la~~ platc·s al the polariziug :mgll' i$ partially ]'cfiectcu ns :1 my 
of Jlialll' jJolarize'\! light P. It~ pi:1JJC' of yil,ration is peqwlldiclIJar 
10 the plane of the inridt'lll light LOB. Tbe' rdradrd porUOI] 
111'1 he r:l~ ' P', wlJich Jln . ..;~('''' t hroLl~h t Itr plHt('~ I:, lik{\\\-j~f' polnrj;r.pd, 

lmt not iiI) Jl(·rf(·\'tl~·_ J)oLtrizatiol1 hr('onw~ mOl'e' rOll1p]etf' the' 
oH{'ncr Lil(' r:ly i:-; rt,fr:u,tl'd, i.(' ., the .!!J'ralf'l' tllr ntllllhpJ' uf platc~, 
Thr plane of yi]\ration of lilt', 1'(:fr:l(:tC'c1 polnrizf'd I'a~' if; pcrpell
di('uhll' to that of th(, l'{·A('d('u l'ay and i~ Lhef('fol'f' pandlcJ to the 
plane of in(·iclcncp. P()]arizati(JU of tIl(' l'erractC'll ray is the lHlfN.' 
(.:(Jmplcte lh(' flll1aller Uw allgle of ilICidcl1cf'. Poinl'ization by 
refraction ()ft(_~n b('cOJllf':O; quite aU"Iloying, cspC'cinlJy ill tl"H' ca:-:(' 
of ,"cry stron~ (ll>jecti\'cs, for {'x;,\,lllplc. tllnsc "it h fL Y(:r~' br~!I' 

angle' of apcrtw'(', because in tliem IJcripiH' ral t'[\~'S (If li~ht (lfiQr! 

pa;';;5 through at (l1)liquc [lnglc:; of ('onsiurl'allic sizc'. 
The :".llnplC''''t and oldC'Ht polarizing instruHlC'nt,F flrC' l J:1~(:J upon 

the ti;:.C' of :l l'C'f1ceting: gIn:,:..; plate. Ruch i~ thc KoclTcmlJC'rg 
polariscope 01' orfho8l'OP(,. Fig. 24. I .. ight from a strikes the 
tefj('ctiug phlte A HI the I"JQ JaJ'izerl at, the p(lla.rizillg angle and i~ 
r,..,fkcted :11-\ phmc po.lul'izC'd lip:ht t.o the m.i l'l"or "'C, and from it 
into the axis of the inro:.trUllIf'llt. The polarized light passe's 
through the plat.e AB antl the rotating: stage above it, and strikes 
the blackened minor ',tbe analyze!', ""hidl can be rotated about 
~1. rertical axis. ' Vhen S is pflruUd or antiparallcl to AB, it. 
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rdl('{'is the light polarized by the la.tter, bUL whell in a crossed 
pnr-;ilion it ('xlinguiRhcR th(' light and appears dark. 

A :-;inIJJi(' jloinrizillg npp.'lI'all11s call be prepared frol11 double 
rdrllC'ting cry:-!:!I plntps in ", l lith the absorption of light in onf" 
dil'('ctinn i~ Jlluth greater than in the other, for example, in d('{'ply 
('olflJ'N\ tIJuJ'l1wiin(', Fig. 25 f'hows tourmnliue tongs of thi:.. sort. 
.Enr-ll [l_rUI of 11)(' tong::-. contains a p1:ttr of tourmaline cut. parallel 
In tJI(, (ljdir nxi:-; :tnd :-:0 fn~tcnpd tJwt it can be rotated. The 
J1lnl(~~ :11"(' :'0 thitk tl1:l1 no light P:lf':,(''S through in the dirpdiun 
(If gr('aif'st n.IJ!'(JJ'ption. Ii like dire-diom: ill UIC t,yO plate.:' al'P 

par:dlellighl i:-. tnlw .. mitl(·d. 111I! in (.'J'(J~;-;{'d Jlo~ili()ns t.he fh'}d of 
\-i:.:iclil :tJlI)(':lrF dark_ 

f'iG_ 24_-f)rtho~coJ)l)_ FlO. 2u.- Tollrmalillc Tonga. 

Jloi;trization of light lly n'A('(_,ti(Jll or l'efmdion j:-; by 110 meaus 
(,()lUpiptr enough foJ' lillf'l' im-f'l'ltiglltinn:., while that proclueNI by 
3iJsorplion giycs poiarijwd ligbtl \dlich i:-;. deeply colored_ For 
this r(':l.'''oll !'u('h nppamtufi is lIsed only in the simpl€'st and 
c-IH';ljJC'f't in ... trumcnt:;. while in a good polnrizing micl'os('ope/ nicol 
pri:-llls or simihn dC'yj('C'S nre employed. These completely 
polarize thE:' light [lnd produce colorless iUumination with but 
little 10'8. 

The cOlls1i'uction of nicol pri;jms/ or simply n1cols/ depends upon 
tile 11hilit.y of double refracting crystals to decompose a ray of 
ordinary light into t\\'o rays of polarized ligh t yibrating at right 
;lnp:I('~ to each allIer. These rays are refracted differently. 
T11c original form of n nieol/ Fig. 26/ was 3.n elongated cleavage 
piec(' of calcit.c/ the ends of which were-eut so as to make an angle 
(If 68° instead of 71° with the long edges. Tben t be calcite is 
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cut through at right angk:: to th£' nrtificial fa('Ps and the two 
halw';O:: ~1J'(' ('('lncnil'd togl,tilc>1' in the same p(lRition ""jilt Cll.u:Hla 
iJ!ll~anl. I'll€' (,,'0 pol:lrizC'd mys \'ibr:lting tit right augles to (':11'1.1 
0111('1' pa:o:~ thrlluglt tli(' h)\\'er hn.lf of th(_' pri:-:Ill fiR fm as tIl(' 
layel' of l':lll:ld:t ba\:.;:llll, but the (lnlinary m~' (0) is refrnttNl 
1l10I't> thall tli{' c!\.traol'dill:LI'Y rny (('). III the direction in ",itil'li 
lhr· oruil1:l.ry ra~' yi\.lJ'Htc·..:, ('ai<-ilC' is n IlHU']1 dl'IL:--('I' 11H',liIl111 [PI' 

ljght iiJ:,lll ('n.nnd:t ha!/"\:lJH. and ~int'{' thi::-; my 
jnlpill~(,~ UP(11\ the lay('!' of )lab.am wilh a ~llfli-

\'il'ntl:- lligil an/!Je (If ilH'idelll'(' it i:-: tot:llly !'ef\t'{'i('d 
:1nd ('}irlliutllcd. The ot.heJ' I'fI:' (f') i:: refnlt,tf'd 
:IlJ(lllt l'qually in tultilc :md (_'anaua baif.:.:llli HIllI 
:-;in(.'c it, impillgC':" upon tue ll:ti:-.;_lltl \\'itlt :l. stnllll('l' 
:lH~le (If ill('id(,llCC, it passes through tlw rflillhinll
t ion wilh nllly ciiight refr3ction, Tbu~ a. llil'ni pri:-1l1 
IJr(ldll('(,~ light pularized in one pl:uH" the plaIll' (If 
\"ihrativll being thut of tll(' (':\lr(\onlinary J":l~' lInd!1 
principal f-('Ct.iUl1 (If 1 ue t!l.l<-it(', Tlie \"ibl"ali(]D~ (,f 
thl' ray :Ire pnr.1!\ci 1u the ~hoJ'L clingoll:Ll ()f :.1 

{'!t-:l\'agc piN'c of C'aitit(', 
This orij!iu:d furm was [Iftenmrd !i1tt!rl'd lIml l'tl{,difiC'u l _ 

in TlI!ll1\' way"" Due modification which bas IJt:'cll u,;(·d 
quiU! C;iC'tbi~'r-[y ":15 !'uggestcd uy If:.Hlnuck lilld l'rl1z
Ul'l\\'sky, Aside from h:l\'inp; tbe cud f~c('s pCfjl(,lIliicular 
10 t.he ol}lf'n; t.}wr u<;pJ Jin."f'eu nil jll~t{'lltl of C:1WHJJI b,q]<;;lJJl 

il.:! t,iI(' cemellt. 'Tlli,., ull(1\\::; th .. ('ulcite tl) IJt' used nWl'l' 
1'"I(; , ::!(i, 

!1(h':lIltag:eoll~ly, _·\hrC!Hi produ(,cd a dnul,le pri;.UI of ("OIJ"trIJrtiull 

... imilfir cOIl"trurtion but much ;.;hortcr, and it i:-) Ckll"lu·t{'r~ "flJ. :\iCI,! Prism, 
iZl'd 1>,\- fln (''''p,"cially large ul1f!lc of aperture, 

l)rj~m" of .!<udium &dtpet.er hu I'I! recelltly 11('('11 r(!C(Jf!lJII£'ndcd ('~t('nsiw'ly , 

nn ;ICC(lUUt uf itf' optiC!l1 properties, it i~ more uciapt!thl{' f(lr sud I apparatu~ 
th:Jn calcite, liowever, it~ upplict.lt,jon itao v{'cn Jimitc,J 011 J)('{'lllllll (Jf its 
hygro~{'()pic lIfLturc, Combinations of ghl~S with calcite Dr '-:allpt:'te-r haH' 
\J('en uSl'd with ~rcat ~tlccc!<"', The upper portion uf tll(' pri . ..,m ma,r he (:(111-
I"tru("tcu of ~Il\,">,; having 91\ indcx of refractiou and di"per.'4iOIl as nearly :t~ 

p{)~iible idelltictd witb that of the extmordill:~ry ray ill calcite, or only [t lhin 
c1(,:~\,flge piece of the double refract.ing ll1atcrial m:ly b(' cemcni£'d DctW(!I'Jl 
two glas,,; wedges, 

Morl' compit;t(·ly pobrizcd light cun he obtained \\ith .\iU/·h [l combination 
HUln witb:l simple cn.lcit.e prism in whic'h the light rcflected f,rom the eugN' 
is ahm,vs (I distur1Jing clement. Since the indices of rcfractioll and Pb.rtiCll-
1:tdy ',he dispersion of the glnss and Ow exfr,'lordiuary' Tay in calcite are not 
exactly the: same, such combin!l.tions can only be uS('d!i'l poiMizcrs filld not 
M analyzers bec.'lu~ they are not entirely achromatic. The nume "nico]" 
has becn rct!i.incd for 311 these constructions. 
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The Polarizing Microscope.-Fig. 27 ~hows a cut of one of the 
SilUplt'J' poll\rizin~ micrusc()p('~ made by ,,-, anti II. Seibert. A 
('rOss f'cction of this in~t rttnl(' IJt. is showll in Fi ,!.!:. ~8. The illunJi
n:Jtioll by n nlirrnl', a!:_: w('11 a~ ,he ocular. ohj('('ti\'(', and the 

, 
!!; ~I'lJbrill:.in& ~licruscope by W. & n "',-illf' rt in W"f.;t:illr. 

1l10YCl1t('llL (If til(' tul,c by it con.r:-i(.' :1ud :l minometer screw are 
Ihe same a~ ill au ordinary ll1icrO~(;(lpc. This ins[l'urnent differs, 
h(,,\"('\"cl', from tile ordinnry mouel in ma.ny wny::-. Cross hairs, 
F, Fig. 281 consisting of two fine threads of spider's 8ilk strctrhed 
E'xn.('tiy a.t right angles to each other, arc pla.ced in the inner focus 



l}f 111(' Illl~'g(,lJ'."; ocular. whi(,11 is :1rr:IIl~('d to fit iuto the' upJlf'r 
(,Illl of the tuiJ('_ 

'I'll£' part of tlti..' tulli..' ('fl.rl'yin~ the' (l{'ul:ir (':111 lie llrnwil O\lt :\IId 
('(ll1tflill~ n. :::lit in which a Jkrtr:llld- .\ll1i{'j k1\"; (':111 h(' pill..('ed, M. 
Fig. :!K, TIl{' drum 111 on the lIli!')"(IJl(I'tl'l' !'(I't"rw for finr fn('u..;illp: 
of the tuhe i:-, gradu:ltrd. l''''

p('('i!llly on Ole l.'lrg(>1' in..;tru
mC'nt:-'1 ~o that the \'C'nil'al 
mm'('mC'nt of the ohjretiYl' 
C':1ll h(' mf'fl5Ured :t(·('llruteiy. 

The :'>l'I'C\\' I .. fol' ('(In.I·;;;l~ ad
jll~lll1el1t of t]le tull(' . ..;hlluld 
11(' pbrl\d lJuite high :;n 1ltal 
the ohjectiyc C:.111 he tllcly('!l 
\Tl'tic'aiJy ,,-itltin n'idr limil:' . 

t h(,l"('ily :1l1owing the lbP Ilf 

hip:h :lpJlHI':duf:. 1111 jill': s\.tl,!!(', 

fur example, Ihf' ulli"(~r ... :d 
]'nt:lti:l,t!; ~t:1P:(·. The arm .\. 
Hf Ih(\ ."it:lIld ,,'jlich lwlds rllJ' 
t UIJl' li1U~t he tUITt,d fl.., I1ilkll 

n:-, p()~i'ibl(':;o thai it will 111I1 
p1'eYl'nt till' n.t!llif)l1 of tlu' 
:-;ta.~(' \yiil) ~u{'h n('t(' ssnry :l]1 

j):tl'lltU:-. on il. 

_\. nitol prism. the nn:::d,Yz{·r. 
is !!011('rally plflecd within tlL(' 
lulw 80 th::d it. cun ue with
dr~u'n horizontally, un<kl 
('rl'fnin condition..: it i::: nu ~ 

,-anta_g:cou:'l to rotall: the 
nital through flO° hy means 
of f. n circular sCfllc indicn.t- FIG. ~ .... ('r'I::(~;~:::';'i'j~:r~~I.lI:h the )Iicro~ 
inp; t.he [Ingle of mt atioll. In 

T 

~()me en.:-oc:: the nieul is fixrd an.d t lWH anot.her nieol \V, pl:H·pt) 
oycr the ocular, is used when rotation i;.; nece:-:~ary. Tlte ol'lllal' 
i~ then ~uppli('d with 11. gradllated rin~ H. f!O that tHe amount. of 
J'olfl.lion r,an be rend. Tlw la.jfel' forll1 of nJlnlyzrl' j;;:: found ouly 
in the older model~ . 

The clamp Z. Fip-. 27, On the 1o\\'er end of the tuU(' holds the 
objectives firmly. A slit c into which tJle comp('I1F:a.tor:-/ placed 
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l,ehn't'u (,,'0 )';mnll p:lal'5 plntcs, can be inserted, is made in the 
lull(" nbo\"(' the clamp. ThE' objective holdH i:i fitted \\·jth twO 

micrometer ~CI'CWR, t' and 1", ttt ril!ht Iwgles to ea.ch other H'irl, 
f'prin_g;o; (Irpo,c;itf:' (,fleh! !'o that ttl(_> ohj(:~(;ti\'e can bl' moyed ~lightl~· 
in n hnrizollt:d dirC'('tinn. ,\flr1' ('[ttl! change of ohjcctiYcs the 

1"1". 2U.-Polnrizing .Mi('ro~(·OI)f.· 
by A. X ac!wt in Pu.rill. 

axis of the !ttt tel' call be 
{'entered CXft(,Oy with the 
11)"i:5 (If rotation of tile ~t:1f!e 
I)~' l1lC'llns of thr:i(' s{_'rc\\-~. 

Thry nrc liH-' rf'[o]'(' ('alkcl 
tll(' ern/ainu _..;I'/'{'WI". 

On 01 her J1lvllt>l:-: 1111-

('rntel'ing i~ rfTrdrd 011 the 
:-:tag:e, i,e., in.st<':ld (If :1.<1-
ju:.:tin_g the a.xi .. tJf l\H' 11],

j('('1i\'(' with th{~ axi .... of 
nlt:llion of ibr :-.t:l1!{', IiI(' 

{'('nt(']' of the' f.;lfl).!l' il:-:<:lf 
i~ f'hiftrd h~' !l. :-imiln.r P:lil' 
I)f ('('n1rrill~ H' I'{'\\':", l'('n~ 

lC'rill,!!' Oll thr :;;.b,!!(' i:- llot 

~o aci\'ant:lg<'oll:', for it 
ie;':::C'llS tIle stability of Ih(' 
:-:ta.gC', wllith is of ton~jd('r
nh](' importance, ('sJl('('iull.\" 
\yith higll mngnifie:ltions. 

Frequent ('entering 
causes lllut'h tilllC to he 
wn::.:ted, (';;:p('tifi,Il~- 'with th(' 
olclel' in~tTlIm('ntg on ,,-hith 
the objecl in,·s n.re uhnlY!:' 
::.:{'!'cwed ill, 'J'his is "cry 
allno~·ing. ho\\·en'l'. 50 

~ome illSll'UUlcnts lla,,(' l.)eeu l'(lll~lI'U('l('d whicb muke <:enterilll! 
uIlucCessn~y. Thus in the FrE'IH,h Dlodel, Fig. 29, d('yisf'd h;' 
J\acllct (pari:;;) , tIle olJjecti"e and tlle stage a.re COllllcctcd h? a 
strong arm nnJ C~Ul he rotated simultallcously, thus ayoiding 
ull eccent ric J·otn.tion. This can also iJc ac·(·omplished on the 
minoRC'opc shown in Fig. 3D, which was fir~t. constl'uctC'd in 
GencYit. The objective holder 'l'M' with the micrometer screw 
]II is fastened onto the stage and rotates with it. Especially 
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beginners arc at ~~ tlisadnllltngl' in lI:,ing thc~c lII{)dt'l~ for tl1(" 
head of the micrometer ,~('r('w ("h!III~('s i1;:;: po.iitioll n-j,}l rotatioll 

of the !'ltngc. and when it is l1rcC's:.;ary to U:-(f' tiJr ~('I'P,," tl){'J'(' i:-; 
3 irndcl1('Y io rl'!llo\'e the ('yr from the o('ultH. 

FIG. 30.-Poiari1:illg Micn>I:Icope ll)' C. ReiohcrL in \"j('_onn. 

This defect was u\'o ided hy a model first mu,u(' .. in En!!iand, 
Fig. 31 being a. similar instrument de\"iscu hy \"(Ji~t uncI lfo(·h
gesang. H ere the 1WO nicols can be rohLf.rd silUullll llC'ousiy, th(' 
rotation of one being transmitted to the oiher hy n'leans of a 
vertical rack and pinion. The object and stage do not move. 



I'E'l'ROUR.1I'HIC JfETI-IODS 

\lolIl'l f' of lhi~ ~orl :11"0 :ilJ'ol1~ly l'{'eol1lmcw..lcd fur \\"ork with Ute 
rota! ion npparntuti, to he dC~t"I"ih('d 1111f'J'. and rHe 1I1:lde in various 
d(';.:i~Il::. 

H,\' ill I] H'o\'illg this IlloJ{·r, \ 'o i!.!" :lI1d ] r O('IJj!l' ~:lIl!! han~ recent '.\' 
prndutl'd :l nr\\" illslI'Utn(·nt cnl1NI [t polan'zi11{1 mitros("ope-poly
md('r. Fig:. 32. ;--: i:::. the (~O:tr..;(' fOt:u::;in~ ;o;CI'CW {'If the mjeJ'oscop(' 
whi('h if; ('onfol1rllclcd parti culnrly wiei" , and T ii<. n, btcral micro-

Fw. ;';I,~Pol:\riz.itlg MII!toscupe with R(fUl.till';:: NjCl)~. ( \ ·oigt. &.: HoclJgesu.ng 
ill G(lt UlIgen. ) 

tllt'tcr screw. This i:-; a ne\\" fl'~\lUrC and is ('ntin·ly iudeprndenl 
of the rest of the instrument. The ana.l~·zel' can be. roLa1f'd 'wilb 
the cirrl{' H alone umllikc,,-if:e the tuue with the ocular and cross 
hairs Cfln ue rotated un the cin:ll' I\._~,~while the objcctiyc l'emallL~ 
;.;tn.tionary. The two nicols C:1ll llc rotated simultaneously by 
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s.hifting F. Thus this n('\\" mood is chnrnt'ierizcd by ~rCflt 
stability and ('oll\'enicncr. logNher '\'jth n \\4ide ran!!" of use
fulness. 

( , 'uij:!;t IV H IJI!h~(.'s!1.II~ in Guiting<':II.) 

The stage T, Figs. 2, fwd :?S, c:m he rot!li~d ab()ut .'l "ertic:Jd axis and ;5 
graduated so th:tt the amOUJ1t of rotation can 1)(' !loted. A vernier is often 
pla.ced on the scale, but it j", g£'nemlly of little \'.due because t he accuracy of 

2 
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ll).icro!>copic meMuremcnts j..; !Duch too small to j)('rmit closer renuing tJlalL 
1°, tm amount that i ~ pasilr estimated. The fitag:e j o; fLlso equipp(·d \dth n 
Acri('s or holes fOr atta('him: !}.Ccps;.;ory app:lr:tt u:;! Of these the obj('ct cbmp 
is \'ory important und j!'; llspd to hold tIle ohj('d in pbcc pnrticularly Wh('11 
the st~\ge is inclined. ThE' furlU sl10wn in Fig. a3 is the most snli8fnctory 

FIG _ J~ll . ~}'()Jnl"izi!lg ~\fjCToscope . llau~eh &- Lamb. 

beca.u~e it aHaw!) ll. definite point on the object. to be orient.ated rapidJ,\" in 
the center of the field of yision. 1 t.. is also useful when Ole ~1.age cun be f!.Xed 
in any position by menns of a set screw. 

A mechanical stage is frequently used 011 the larger instruments for 
iDvestigations particulllrly with strong objectives, Fig :l-I. By means of 
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two sctew~ lit right nnJ!:l('s to cl\('h o(h('t 111(' object elW be tn(H'cd latt'mHy. 
\Yith Mlch un nppllr:ltm: t11(' who!£' ~lid(' {'fin ill' in\"CgtiJ!;llt.ed much mon' 
('"eni:,' I1('CfLU"l' (In(' if': indcp<'lldcnt (If th(' more or It;:;f:llrbitmry mon~lncni of 
die h:lIltl. If th(' _!::r(l()\"es in wilirh thp ~tllK(' :-lidt,~ lire ~quiplwd with !;'en ll' 
dh-isions, thE' St.:lg(' it,,(_·lf may ),e USf'd to It'<,tltc till' portioll~ of the slid(' 
iu\'csti~lIt('d by J;inlp\y IWlillg th(' p(l~itiulI of the !;'cai(' with tcf(,tl'Il('(' t(l a 
tiwJ I'o,itioll of the ohj('(jt em tlH~ f:tap:p. 

11 j,.; h('lH't tho\l~h to indieat.c the p(.s.ilioll of 11 miuer:,1 in the slide (·[lllt'!" 

by n £r('(' hum.! ('oIOt(,u rin~ or by Hl(':lll" of till ohjC'ct m:lrkt'r. TII(' lUI I('t j ..;; 

lnlju .. 1NI itl plllf't' of t.hl' olljt'diYC :1£1('1" t lw 
lnincrnl htl;: h('('ll :(cctlrl1if'\v t'(,lltered. TJd" ~ 
little :.I\111~tral U:-'111~ly l'II\' f' un '('('tf'ntri(' di:llllond ~ ~ ., . 
1'(lint OWL ('1111 1w r('~u\all'd :Iud M't in a hllkhor 
witll II I'priJ1!.! f.;O t1l:lt it r('<;H UpOIl tit(' l·t'Vt·'r- Flo. ;l3.-0l>jrct Ctum,I. 
Iflu .. ·~ when Uw {1l11f' i." }oll'("r('(l. Then the <:t:igl' 

,,"it II Ihc' ... Iicle lipId firmly in plflce iii rnbtt-d !iIH::1 sllwll (·in:h' is "l'tatdle'U 
ttn the (,o\'l'r-~h,;,; IHarkin!! tlw prnper ;"1,Ot. Till' Dl:lrkl'r ilia)" ah,o 11[1\'(' tile' 
form flf :Ill Illojl-eti\"l' l<imilar \.0 t1, (, one llhu\"{', \!llt on lh{' \r,w('r (·nd tll('r(' j " 

;I rolllld IIp('uil1~ whil·\t C"IHI 1,(, Rl1H.'ar('d with ~onl(' oil ('(Ilor. ink, t)r a s()iUlilm 
of !-lilt'i!BC. TId ... kaw~:1 snwl! circle on d lf' C"(I\·er-J!;!a;.,1" of th(' "Hut" 

Bene'alh 111<' ~'~Ig"l' on tllf' lIlodel!3 r-;howlI in Fig;:;. 27 find 28 
t1\('n~ i~ ;1. pblC' '\'ith fl hol<' in the tenter through \yhich n tu\)(' 
("all he mo\"('u ill D. Ycni(,:li direction b~' meum; of n.lpycr, 'I'll(' 
iiluminntinp: np]l:lmttlR and the s('cond ni('oi , the polarizer P , 
nrc pln('('cl in 111(' tu ill'. It. is "cry dl'simlJlc to hf' able to J'pmo\'(' 
lilt' llic'ol and the illuminat or S('pllJ"atr ly from th(' lull(', i ,f'., 

enc'h piece should l,e 
fa5tPned in a srparnte 
holder. '1'11(' illunlinat
in~ appamtu5 consists 
of a lens of sma,1I aper-
1 un' upon which rests 
111(' ('ondenser,,'ith iarg(' 
ap('rllll"C, ] n Ct1f'C (If 

o\Jseryat.ions \\'jth very 
weak objecth'cs the COl;-

1-'11:;. 3'l.-)lcchu.nicnl !"uu:;c by R . .F'ue!.t in Slcglit~, denser can he swung out 
of the path of the mys 

hy menns of l011g:: plnccd within lhe 1'oLating slagt'. ,nlCIl tiw 
{'ondcnser rcstr- upon the polarizer ftnd the tongs arC freed from 
it. it moYes in a vertical direction with the polarizer and other 
il1ulIl.inatin~ apparatus. Au i.ris diaphragm which is nc" er lack
ing on zoological and medical jnstruments, is placed onl.r on the 
larger models of the polarizing microscope, beca.use it requires 
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rather compli(·ut.cll npl)!l.ratus fLnd t.he 8umc ('ITert is obtained by 
the Yf'rtical mOY<'llJent of Lhe illuminating n.pparn tuB. 

The polarizer CHn be l'Ollltcd and them is either 11 scrie .. ; of 
notclws on tilt.' holrlt.,J' into whicb a cal('h on the polarizer slips1 

or tJwre iF;. a grnduatcd scale so 
that it can he placed pnrallcl to 

the c rO~5 hairs in the ol.'ular :1t n.ny 
tillie, 

)lllllY other d('yi('Pfi IwYe iX'en ;';1I.1!
j!:<,,,tc:d to overcomL' the allnovance of 
1'C'Ill(ldIlP: the ('onJ('n~cr hy ha~d. TIH' 
('ond('n~llp; lens U1.IY h(' pl[l('Ni in :I 

~ilUple slido ill tllf' !-laj!:(' of thE! micro-
FIG. 35.-iJ('vic{l for 1"f.:lIJ.miug the BCOP{-" but. liS vpd kat lll()\-emcnt is 

Condcl);!C1 by A. NrH'llt't. then impos"ihlf', th('n' ('un be un gradH-
t.ioll of the i.lIuminatiun or !Idjust,n\cnt 

for ";lri:lti(l1l of lldckl\(-'sS (If the objcc,t, g1a:-;,,('s, It IlIay 111,,0 he fat't('n{'u in 
:I, fixt>d c\:uup, but i1f'TC :lgain tile limit of ,'C'rtil'!).IIl1\l\'C'ment is ;;;lllall, wld.,.'b 
mnkes ~lll iri!S c1inphra,l!Ill l1 e('('~snry, Tlte l(:'n~ mn." nL<.:o \1(' f:lf'tcucd in n 

,<.: Iitle at :1. fixed di .. tlUH'c ahove the illull\tnntlir in such u m:ulIH'r that. it 
n-'Laiml the \'ertical 11I(1v(:'l1Icnl, hUI C:1Hl he drawn out btcr:tlly, Finall v 
Xachet p£-'rfected u, Yer," Rimplc de\'irc which JOt's not. intrrf(';(' with th~ 
11l0\'Clll('llt of the iHlllllinntiu#!, 
sn~t{'m. J t consi~ti'i of II lateral 
, .. ~rcw below 1])(:' ~tHg(' hy Jl)£':\IJ,", 

of which the condenser call he 
rotated iJJto position (WeJ' \JI(' 
illuminsting npp;nnt.us like IJ 

,"isor, Fig. 35. 
In some Clll'CS, cspeci:llly wit.h 

"cry strong ohjecti\'c$ or \"jlll 
obit'c!.>: thllt tmnsmit bUI little 5 ' 
ligH, it, is lldnwtngeous LO ,'('

mo\'e t.he polal'izer entirely, he
CilUSC it. absorLs wore thttn half 
tbe light Rt olle's dispos:d. For 
this rC:lson it had beLier he &ct 
in a holder Fl(.>j1!H!ltC from that of 

Lh(' rest 'of tho illuminating !l.pp~- F1G, 36.-De"ice for t.hrowin.g (JU\' tllePol.a..titer 
raLus, for thon it C~l.n be WitJl- by W .• '.: n. Seibert. 
dntwn from t.he tuhe :It !luy 
Limc. Orientation. of tllC uieoI by hand wtl~tes a good deal of time. By 
mcaD5 of a. de'-1ce made hy W. tlnd R, Seibert, Fig. 3(" the pomrizcr P cnn be 
moved in n groove by the knobs K .'wd .1\:' and it s ph-lee t:lkr-n by n hollow 
cylinder wit.h an iris diaphragm J. Thus t11e pohlTizcr C:.un be thrQ\\'uin or 
out without cbllngiug it.s orientation and this 11:1.5 t.he IIdva.nt:lgc that tile 
instrument can bc used for the most exacting investigations in organic 
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lllicro~copy at :illy time, 'I'he iUuminating Ilppnmtu!; in tJdi'i device cnn hC' 
moY(~d tOf!;('lher with till' other in Il wt"ticr,l dif"('cticm by thl' screw ~'. The 
condenser C citn t~ :;lippf'd out hy Lhe tOllgl'i Z. Thi;.; ('OJ1\pli(~lltcd dc'vie(' 
C:l.ll :lIsa be repi:lcC'd by {he ~illIJlI(' Vi:-;OT tlrrtlll~(,Hlent llnd it is also upp:lrt'llt 
tll1lt:\I1 .. \hhe illumiulltilll! app:lratlls might he l1R('d. 

Fig. 32A T('prl'l'lCnt;; (Ull' of the late"! models of a pctrop:rai,hir micro.;;copC' 
lUnd" hy tile lJall<;cil and Lomb OptiClll COlllptlny ill H()('hc~It'r, N. Y. 

Material for Observation.~Tlt(' lnr~('st lllllnl>('T 11l1e1 IlLl' mO~l . ilnpnrl.1lnt 
micro<:{'('pi(' oll<;(,Tv:ltirll1" :11"(' llUldf' ill tra llSl1litll'd iiJ!,"llt. It is 1,\u'!"('f')Te 

FIG. 3;-.- ('ultiug rind Grinding Mlichine by \'vigl & U(J(.:L~t'Stl.Ug. 

nl"ce~~:uy 1,,(1 prCptll'C tlie objects for iu\'(!stig~ltion 1,;0 Owt tlH'Y will be sum.
ciently transparent to allow UIC inner structure to he SLudicd and ~o tbat 
t.here will I~ uo ow'.rlapping or different indiddun.ls, and at anyone 
place on the object the material he homogeneous. In orguliic micrm,copic 
investigations t)lis is accomplished. to u)urgc extent hy mellns of nil iURtru
ment caUed tt microtome. In miucmloJ...":" uud !">('trol!t!ll,hy SU(lh Olin prepn
rutions cau rar('ly he used on account of the difficult.y of preparing them. 
l:fowc\'er since t.he Rlrllcture of the formntions con"liul:'red here ure by no 
means so fine, 11 sli ce of !l. rock or mineral ground to a. thickness of from 
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0.03 to 0.04 mm. is sufficient. Slices of 0.02 mm. thickness or less arc nec('s
sary only in rare casps for detailed 8tudy of objects "ith fine stru('turt'. 

A cutting or grindinJ:!; apparatus is used for preparing thin scctions, tll(' 
larger Olles being driven by motor or foot power as in Fig. 37. The smaller 
machines arc supplied with a crank to be turned by band, but thiH hinder~ 
the operation considerably. The specimen is hstencd on to the holder a with 
shellac cement and, hy means of the weight c, is pressed againf.it the cut
ting plate d, which rotates above it. The b(,8t cutting platpl:; are coven:d 
around t.he edge with diamond dust and mu,,,t always be kept moist with oil. 
Emery or carborundum powder and wat.er can also be u~ed. "Thf'll the 
specimen has been cut onre the holder a is ruov€'J to the ll'ft a short di:-;ttl.ncf', 
dl'pendinp; upon the de:>ired thicknf's:-; of the s('ctioll and a ,"e('ond rut is 
made. The neceRsarv thickness naturallv varies with the ('ohprf'nce of tlw 
rock, but mw;t ire h; the neighhorhood ~f 1-2 mIn. Kext, anf'surfa.c{> is 
finely ground with emery or carborundum du:;t on the slightly convex disk 
m which rotutes horizontally and tlJen it is cementpd with warmed Canada 

FIG. 38.-Cro~!:l .:o;ectjon through ~ Slitle. 

halsam on to a thick glass. Care must be takl'n that the cement is neither 
coo brittle nor too soft because in either case tIl(' preparation lilay be ca!:5i1y 
torn loose in the grinding. It is best to evaporate Canada Lalsam on a 
water bath to the prop{'r con"istency. Its viscosity is then Tf'duced by 
heating on a hot plate. Then the section IE; carefully ground down to the 
desired thickneEos by using sl1cce'>Siwly finer grained. carborundum or 
('mery. 

The I-:lides are uflually cemented on to an object glas!; hy means of Canada 
balsam and are then covered with a cover-glass, using the same cement. 
The thickne~s of the cover-glaf'iM may be 0.10--0.15 mIll., but not more on 
account, of tllP short. focal length,,, of the stronger ohjeetives. The thickness 
of the covcr-glasl:i is of little importance with weak objectiveR, but the 
stronger, ones are corrected for a fixed thickness, and if other thick
nesses are used the length of the tllbe Ulllst be changed. For certain 
special investigations, principally the determination of the index of re
fraction, the preparation is left uncovered. When the g:rinding has 
been carefully done the thickness of the slide may be quite uniform except 
that it. may decrease toward the edgeR as shown in Fig. 38, which represents 
a cross section through the edge of a thin section magnified about, 50 times. 
a is the cover-glass, d the object glaf'!S, a'Tld b the rock slidf' on which the ruugh 
surfnces ean l)(' distinctly Been. The slide itself is enveloped on both sides 
with Canada balsam. 
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The form and size of the object glass JlLtys an important r6lr, whi1(' t.hf' 
thicklle~~ may vary (l(\tw{'en limits, which depend upon th(' focal length of 
the illuminating apparatus. Square objPct glasses about. a2x32 mm. ar{' 
most satisfactory for im'estigations ltith the polarizing microscope, Ilnd nt, 
i,he present time these are almost ttlways used in petrography. If a longer 
form is preferred, it mUfit not be so long that. when plaecd on t.he stage of a 
polarizing microscope and rot.ated, it will strike some part of the instru
Jl\{'nt and be displaced. 

l'hf' study of rock powdprf; often I{'aus to good results for rapid orientation. 
Thi" was the earliest method of micTOseopie rock analysis. Thin cleavage 
pJ:ltes of mjueTals luning a good olea vage, oftf'll ghe very characteristic 
optical reaction!; amI when artificial crystals arc t.o Le inve:;tigati.'d the bel:lt. 
l'('sults are obtained in many cases when the crystals ure allowed to form Oll 

the object glas.'; by the evaporation of a drop of the solution; or a tinf' 

('rYIStallinc powder may be imbedded in Cn,lJada balsam or some other 
liquid. 

Rpfi('cted light is u~cd <.lOlnl'lll"ative1y raT!'ly for observations with a 
polarizing microscope except for op.uque objt'cL'>, m.inute crystalB, and etch 
fi~ures. Preparations llf this clmracter [tre hest left uncovered. 

It may be mentioned Hnally that the mcthod~ of staining, whi<.lh are so 
impnrtant in organic mieros{'opy, an' used only in exe<'ptionai cases in the 
in vcstig.ltion of inurganic bodips and, then particularly in the inVtlstigation of 
i(lose fibrous or I"caly structures, but even t.llt'll thf~y are of l('fiS value than in 
ol'~u,nic pr('parat.ion:-;. 



CHAPTER II 

The Adjustment of a Polarizing Microscope 

Before a microscope can be used it must be tested to see that 
the various parts of the instrument perform their functions 
properly. The tests consist of: . 

1. Testing the system of lenses; 
2. Centering the stage; 
3. Adjusting tbe cross hairs and the nicol prjsms. 

These operations are called "the adjustment of the instrument." 

I. Testing the Lenses 

Aplanatic and Achromatic Properties,-Although accurate correction for 
spherical and chromatic aberration in the illuminating lenses plays a com
paratively small rOle and need only be considered for microphotography, yet 
the sharpness of the image and the clearness of the obstttvations depend upon 
the most perfect aplanatic and achromatic properties of the lenses. Con
vexity of the image 19 the first thing that appears when using a defective 
objective. It may be recognized by inability to make the center and the 
edge of the image of equal sharpness. The haziness of the image in differ
ent parts of the field makes work with such objectives extremely fatiguing to 
the eye, It is encountered in fairly well constructed weak objectives only 
with a periscopic ocular, which uses the entire field of the objective, but in 
stronger lens systems it may affect and fatigue the eye with ordinary oculars. 
Along with the haziness, there is a distortion of the image due to the fact 
that different zOIJ-es in the field are magnified differently. A cross-sectioned 
micrometer is used to recognize this imperfection, Figs. 4 and 5, page 2. 
Chromatic aberration is likewise troublesome. It occurs with stronger 
magnification and is not entirely corrected in the best achromatic lenses. 
Minute opaque bodies appear colored, especially if the reflecting mirror is 
placed obliquely or if the light from one side is shut off by a screen. H the 
illumination is principally from the left, an obje~ will appear reddish on 
the left and violet on the right if the chromatic correction has been insuffi
cient, and if too great, the colQrs are reversed. The only lenses that are 
perfectly corrected for chromatic aberration are the apochrol1l.atic lenses, 
but even with these a compensating ocular must be used. 

The sys~m of lenses may be tested for perfect achromatic correction by 
the Abbe test plate. This is a. silvered glass plate On which series of panlliel 
lines are etched at different microscopic distances from eaoh other. An 
apochronul.tie system makes such a series appear perfectly .clear and with-

out ooI~,,;:~~ 24 
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Light Intensity, Magnification, and Resolving Power.-The 
amount of light which passes through an objective is dependent 
upon the aperture, if properly constructed. It is, however, 
influen~d quite appreciably by small errors in the construction 
of the lens system So that there may be an appreciable variation 
in the amount of light in different systems with the same aper
ture. Since the amount of light is also dependent upon the 
magnification demanded, only the most carefully designed and 
constructed objectives may be used for the highest magnification, 
less perfect ones being practically useless. There is also serious 
objection to t.he unlimited increase in the magnification of lens 
combinations, which in many cases, seems to be the chief object 
of the manufacturers. On the one hand the amount of light is 
not sufficient for clear observations, while on the other hand the 
maximu!p. sensitiveness of the objective is limited by the aper
ture. Abbe compiled a table showing the total magnification 
that may be expected from a microscope with objectives with 
the following apertures: 

Aperture 
Magnification 

0.1 0.2 0.3 0.6 0.95' 1.20 1.30' 
53.0 106.0 159.0 317.0 501.0 635.0 688.0 

Some idea of the amount of light passing through an objective 
can be obtained by testing it with a weak ocular in diffused light 
produced by a white thinly clouded sky. One testing of this 
character is generally quite sufficient for ordinary practice. 

The magnification, however, must be measured directly, because it is ()ften 
necessary in work with the microscope to gi ve numerical values of the sires 
of the objects observed. A table showing the possible magnifications with 
the various objectives and ocuiars generally accompanies.each instrument, 
but it is important to check it. The simplest method of accompliflhing 
this is to focus on an object micrometer with the lens system to be tested." 
One millimeter is divided into a hundFed parts and the image is projected 
upon a sheet of paper by mea!ls of an Abbe sketching device, to be described 
later. A few of the lines are then sketched on the paper and the distance 
between them is measured. It must be remembered that the amount of 
magnification varies with the length of the tube and the measurement 
should be made with the normal length to which the objectives are 
corrected. 

Gnt.nting that its construction is perfect, the resolving power of an ob
jective is a function of the aperture. This can be determined theoretically 
with an Abbe apertometer. For practical pwposes a test object, which 
generally aooompanies a microscope, is to be preferred, especially one made 

i Grea.test aperture of a dry system. 
2-Greatest apertur,e -of aD. ordinary oil immers~n. 
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of diatoms, the fine Burfa~ structures of which may serve as a standard of 
the resolving power of the objective. 

The pleurosigma angulatum with its characteristic fluting in three direc
tions is the best object for testing the strongest dry systems. The fine' 
details of sketch of the 3urirella gemma, especially the striations running 
perpendicular to the :fine cross fluting, serve to estimate the sensitiveness 
of an oil immersion up to an aperture of l.30. An Abbe test plate with 
its various systems of lines can be used for the same purpose. The observa
tions are more perfeet when the object is illuminated by oblique rays of light. 

Finally false light, i.e., light produced by reflection of any sort, must be 
avoided in microscopic observations, although it is much less annoying 
here than in microphotography. For microphotographic purposes all 
metallic parts, especially within the tube of the microscope, should be 
blackened to prevent reflection. 

Under certain conditions such reflection may be caused by the lenses of 
the ocula.r itself, so that it seems advisable to place a device on the ocular in 
Borne cases, which corresponds to a lengthening of the holder of the ocular 
lenses and cuts off the light falling obliquely on the upper lens of the ocular. 
In other instances, especmJ1y with weak objectives ha.ving a. long focal 
length, the light under the objective, which falls on the slide and is reflected 
by it into the tube, causes a great deal of annoyance. Confusion can be 
avoided by shutting out the light with the hand or by placing a black screen 
around the instrument. Such devices must always be arranged so that 
they do not interfere with the movement of the instrument. 

A thin cleavage plate of mica observed in convergent polarized light.js 
the best'device to determine whether the angle of aperture of the illuminat
ing system is sufficient for the objectives with the largest numerical aperture 
that may be employed. If an immersion objective is used, the illuminating 
apparatus must also be used as an immersion. The interference figure 
will be equally il umina.ted throughout the field, if the objective and the 
illuminating system are properly adjusted. If the angle of aperture of the 
i11uminating apparatus is not Bufficient, the edge of the image will appear 
dark. If the adjustment is not proper the field of vision is unevenly illu
minated or a sbarply outilned portion 01 the £tela, corresponding to the 
cross section of the polarizer, appears light. 

Microscopes made by the best firms rarely require the adjustments 
mentioned above. Centering of the axis of rotation of the stage and ad~ 
ju.~tment of the vibration directions of the nicols, on the other hand, are 
dependent upon numerous contingencies and are not infrequently altered 
during work, so that a frequent revision of them is strongly advised. The 
steps necessary will therefore be described more thoroughly. 

2. Centering the Stage 

The center of rotation of the stage must fall as nearly as pos
sible in the axis of the objective, i.e., the microscope ml,Ult he 
centm;ro, or the displacement, which an object undergoes npon 
rotatingJ~:~. prevents .~xact observation to a large extent. 
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Centering is naturally unnecessary in those microscopes in which 
the object rotates simultaneously with the objective, Figs. 29 
and 30, page 14, or the nicoI prisms rotate, Figs. 31 and 32, 
page 16. In centering other models a small speck on the 
object is brought exactly to the intersection of the cross hairs 
and the stage is rotated through 360°, while the displacement of 
the speck is constantly observed. The speck will generally 
describe a circle whose center x, Figs. 39 and 40, does not coincide 
with the intersection of the cross hairs o. The centering screw 

FIG. 39. FIG. 40. 

Centering the Stage. 

A is turned until the point x has passed through the distance xr, 
i.e., until it falls upon the cross hair lying transverse to this screw. 
Then with the screw B it is moved through the distance ro, i.e., 
the center of the circle x appears to lie at the intersection of the 
cross hairs. The speck first selected is again brought to the center 
of the cross hairs and is tested to see whether it changes its 
position upon" complete rotation of the stage. Generally there 
is a slight movement and this is corrected in the same manner 
as hefore until centering is perfectly accomplished. 

In general each change of objectives introduces a small eccentricity, 
although in perfectly cQnstructed instruments having objective tongs, Fig. 
16, page 5, this error is not large enough to cause a noticeable interfer
ence ",ith the work. The centering screws opera.te at an angIe of 45Q to 
the cross hairs instead of parallel to them in ~rtain instruments, especially 
where they are placed on the stage. The ins'trlMtions given above must be 
changed then according to the diagram, Fig. 40. 

The line of sight of the microscope must coincide exactly with the axis 
of rotation of the stage and this cannot be obtained by simply centering. 
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The adjustment of the instrument for this is checked by placing a signal 
such as a dark cross on the lower lens of the objective and illumina.till8 
it by a. vertica.l illuminator from above. This is then reflected by a planE 
parallel mirror laid upon the stage. If the instrument is properly adjusted 
the image from the mirror must coincide with the cross and must not,changf 
its position upon rotating the stage. 

3. Adjustment of the Cross Hairs and the Nicol PrIsms 

It is important to know whether the vibration direction of the 
polarizer is from front to rear or from right to left whew it haE 
been set in the proper position indicated on it. In the earlie, 
nicols with rhombic cross section, as already explained, the vibra
tion direction is parallel to the short diagonal, but in the various 
later makes it must be determined in each case. A thin deeply 
colored tourmaline crystal, which shows darker color and stronger 
absorption of the light when its principal crystallographic axis 
is at right angles to the vibration direction of the polarizer, iE 
used. A piJe of glass plates or, in the simplest case, a reflecting 
surface can also be employed. The light polarized by reflection 
vibrates perpendicular to the plane of incidence. If such a 
reflecting surface inclined at the polarizing angle is observed 
through a nieol prism, it will appear dark as soon as the vibration 
direction of the nicol is perpendicular to it, i.e., parallel to the 
plane of incidence. 

The adjustment of both nicols must be tested. If the micro
scope is to be used for any kind of measurements in polarized 
light the vibration directions of one of the nicols must be as nearly 
as possible parallel to one of the cross hairs, which are exactly at 
right angles to each other. This is best accomplished by the aid 
of a colorless needle-like crystal imbedded in Canada balsam. The 
crystal must have parallel extinction and an index of refraction 
as near that of the Canada balsam as possible. The reaction is 
especially distinct when the crystal shows an intense interference 
color ofa low order between crossed nicols. 

Long needle-like crystals of quartz about 0.1 to 0.15 mm. thick 
are partiCUlarly useful for this purpose. Cleavage pieces of 
anhydrite and so forth are a little less adaptable, but can be more 
readily obtained. If a long edge of the crystal imbedded in 
Canada balsam is placed parallel to one of the cross hairs and the 
vibration <IireCtiOll"of the polarizer is exactly the same, light will 
pass thr911~~ 'Il)'Stal unaltered. Quartz, which has an index 
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()f refraction nearly the Bame as Canada balsam, is entirely invis
ible between crQssed nicols and remains invisible upon rotation of 
the analyzer through 90°. If, however, upon rotating the ana
lyzer a slight illumination or coloration of the quartz takes place, 
it is an indication that the vibration direction of the polarizer 
does not correspond exactly with the direction of the cross hair. 
This is corrected by rotating the polarizer until the phenomenon 
can no longer be noticed. The analyzer is checked in the Bame 
manner, the polarizer being marked in its proper position and 
then used as the movable nico!. The quartz crystal is then placed 
parallel to the second hair and the test is again made to see that 
no coloration takes place. '\Then such is the'case, we have proof 
that the vibration direction of one of the nicols is parallel to one 
of the cross hairs and further that the two hairs are exactly at 
90~ to each other. 

,In many instances it is impossible to find a position of the nieol prism 
in which the crystal entirely disappears because very frequently an optical 
disturbance is produced by the lenses. Partial polarization by refraction, 
especially in the stronger systems, may also occur. Further, the lenscs may 
acquire considerable double refraction, due to tension in the metallic holder 
caused by rapid changes of temperature. If the tension in the latter case 
is not too great, a normal condition of equilibrium will be attained afwr a 
short time. However, if the effect on polarized light is quite distinct, such 
a lens system will give rise to much inconvenience and inaccuracy. It may 
be noted that if the optical disturbance becomes apparent upon inserting 
the polarizer, the defect belongs to it, but in other cases to the objective. 
Since nicol prisms a.re generally set in cork, the volume of which changes 
as it gradually dries out or is affected by.changes in temperature and in the 
humidity of the air, the tests for the orientation of the nicol prisms mUst 
be frequently repeated. This is especially advisable before accurate 
measurement of the vibration directions of a crystal is attempted. 



CHAPTER III 

Observations in Ordinary Light 

Ordinary light is unpolarized. The observations to be con
sidered next can be carried out without the use of the nicoI prisms. 
The following properties can be studied in ordinary light: (1) 
index of refraction, (2) form and cleavage, (3) size and thickness 
of the object, (4) inclusions, (5) color, and (6) appearances in 
reflected light. 

Methods of Determining the Index of Refraction.-The first 
and most important observation that we are able to make with 
a simple microscope is that of refraction. A ray of light which 
passes obliquely from one medium to another is deflected from 
its original direction, i.e., it is refracted because the rate of trans
mission of light in various mediums is generally different. 

Refraction may be expressed by the law: '<;~1'!~ i = 1i.) Fig. 41? in 
SIn r v' 

which i is the angle between the incident ray and the normal, r, 
that of the l:6fracted ray, and v and v' are the respective velocities 

. of light in the two mediums. It follows 
from the above formula that when a ray of 
light passes from a medium with greater 
velocity v to one with smaller velocity v', it 
is refracted toward the normal, because then 
t:<i.... IT in_ thfl above. fi,\llJ1.tinU. the tb:8i" 

FIG. 41. medium is air in which the velocity of light 
Refroetion of Light. may be assumed to be equal to one, 'V = 1, 

the index of refraction of the second me
dium with respect to air may then be expres~ed by the formula, 

1 =~"2. or the velocity is the reciprocal of the index. 
v' san r 

If light passes from a medium with smaller velocity v' into one 
with greater velocity v, the conditions are reversed, and the 
angle between the normal and the refracted ray is larger than for 
the incident ray. The ray is refracted away from the normaL 
For a certain angle of incidenoe i; the value of r will e1ui>l 90°, 
i.e., light inci~t at this or a greater angle does not pass into the 
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second medium, but is totally reflected. The angle of incidence 
for which r = 900 is called the critical angle. The greater the 
difference of velocity in the two mediums, the smaller the critical 
angle, e.g., for air and glass (n = 1.5) it is 400 45', for the diamond 
(n =2.4) it is 230 45'. 

If the ray falls perpendicularly upon the contact of the two 
different mediums sin i = 0, and hence, sin r = 0 as well, i.e., 
normal incident light suffers a change in velocity, but it is not 
deflected. 

If isolated crystals are observed under the microscope only 
those parts will appear clear and transparent which are bounded 
by smooth parallel surfaces that lie at least approximately per
pendicular to the axis of the microscope. It is only in such cases 
that the transmitted rays suffer very little or no deviation. If 
the inclination of the surfaces is considerable, total reflection 
takes place at the contact between the crystal and air. Such 
portions then appear dark. If the faces of a crystal are uneven 
or if unpolished plates, such as thin sections, are being studied, 
they appear more or less clouded because the unevenness of the 
surface allows only a portion of the light to pass through unre
fracted, while the flank surfaces of the depressions and elevations 
cause total reflection of the light due to their inclined positions, 
Fig. 38, page 22. • 

If a slide with rough surfaces is immersed in water (n = 1.33) 
and covered with a cover-glass, the rough appearance will entirely 
disappear, but the slide becomes far more transparent because 
now the difference in refraction between the crystal and the 
medium surrounding it is less and the critical angle becomes 
greater. If a liquid with higher index is used the rough appear
anoe will disappear more the more nearly the index of the liquid 
approximates that of the substance in question. When tbe 
indices of the two mediums are exactly alike the section will 
appear as though polished and the uneven surfaces perfectly 
even, but if a liquid of higher index is employed, the unevenness 
of the surface will reappear. The outline of the crystal, which 
when uncovered shows very distinctly, will gradually disappear 
as the index of refraction of the surrounding liquid approaches 
that of the crystal and is entirely invisible when the two indices 
are alike, provided the crystal is colorless. - With more strongly 
refracting liquids it reappears. 

In many instances the best method for observing this difference 
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of index of refraction is in as nearly parallel light as possible. 
If the rays which pass through a preparation are quite divergent, 
then at each point on the uneven surface light. impinges from 
many different directions. Therefore a portiou of the light will 
pass through an parts of the preparation, and the nnequal 
illumination and, consequently, the rough appearance of the 
~urface) show much less. Since the index of refraction is one of 
the most important, properties in microscopic determinations, it 
is customary not to polish the slide, and o11se:vatiom~ are begun 
in approximately parallel ]jght so that this differpnec will appear 
more distinctly. 

The illuminating apparatus of the microscope produces rays of 
light ,vhiel! are more or less convergent eo that, for the investiga
tion of the index of refract.ion, rays afl nearly parallel as possible 
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Cone of Light Darrowed by Iris Dhpbragm. ;;::'inking ('DDdE'n.~er. 

must be isolated from tho cone of light. Narro\ving of the cone 
of light is generally accomplished by means of an iris diaphragm 
J, Fig. 42, placed a short distance below the illuminating appa
ratus. This cuts out those rays ,,,,hieh pass through the outer 
edge of the lens. The light passing through the middle part of 
the lens is only slightly convergent, as shown in Fig. 42. The 
effects of this device, which is generally considered to be indis
peruiable, can be produced even better by sinking the whole 
illuminating apparatus as shown in Fig. 43. When it is lowered 
in its holder the outer part of the cone of light is eliminated and 
that which passes through the slide consists of rays which diverge 
but slightly. In each method it seems to be expe<iient to nse as 
strong an illuminating system as possible. In using a microscope 
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without an Abbe illuminati.ng apparat,t1s it is always advisable 
to leave t he condenser in place as long as it does not diminish the 
field of \'isioll , f!Jthougb this is contrary t.o the usual instructions. 
\Vitb the weakest objectives, however, it must, in a.ll cases, be 
removed. It is therefore expedient to carry out all investigations 
on iJ1C mjcroscope with the condenser in p lace tlnd it is only 
removed on passing over to the lowest Inagnifications. 

Differences in the Indices of Refra.ction Under the Microscope.
Since complete disappearance of a crystal in a, liquid is only to be 
observed when the indices of refraction of the two arc about 
equal, and :since a crystal stands out in relief hom t he surrounding 
medium ill the same manner whether t,ho index is higher or lower, 
one is in douht wheLlwr to ascribe the )-eiief jo one or thf' other 

PIG . .y.-Higber FlO. 45.-Lower 
Inde."t of Cryatal in Cana.da Bal-,Am \\-;t.h R!l~cd Tui)e. 

(-Ruse . The determination as to whether the index of the crystal 
is higher or lo·wer than that of the liquid, however, is very simple. 
The cone of light. is cut. down until tbe contact between the 
c:rystal and the liquid, OJ' between two crystals, appears as a 
sharp line, and then the objective is raised. A distinct band of 
light can .be recognized parallel to the contact between the two 
mediums and this moves toward the sub.slance with the higher l.·ndex 
upon raisl:ng the tube, while the more weakly refracting object 
appears to have a dark border. Upon lowering the, tube, the 
opposite phenomenon is observed. l 

Fig. 44 shows c.rystals of barium nitrate (n - L 5i) in Canada. balsam with 
the tube raised. The band of Hgbt elm be distinctly recognized wit))in tDe 
edges or the crystal. The opposite is the case in Fig. 45, which shows tetra

I Thi" i8 the Benke IDathO(t 
3 
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hedrom; of sodium uranyl acetate having a lower index of refraction than 
the surrounding Canada balsam, and therefore when the tube is raised, a 
sharp bright band can be seen outside, and a dark one inside the crystal. 

This phenomenon can be explained in the following manner. 
All the rays from the illuminating apparatus striking obliquely 
on the contact of two differently refracting substances, Fig. 46, 
pass from the medium with lower index on the left into the 
one with higher index on the right. On 
the other hand, only a portion of the 
light will paSH from th(' higher refracting 
medium into the lower, because within 
a certain angle (i total reflection of the 
light takes place. This angle is de
pendent upon the ratio of the indices of 
refraction in the two bodies and is larger 
the greater the differcnee between the 
indices. 

/\ 
FIG. 46.-BehuviQr of RIlYs on the Con

tact bet.ween t.wo Different Media. 
Fw.47.-0bservatiun 
through the Microscope. 

If the cone of light is narrowed down so t.hat only those rays 
are present which fall within the angle (i it is evident that a 
strongly illuminated zone will appear on the side of the contact 
line on which the light passing through the border is added to 
that which is totally reflect.ed, i.e., on the side of the mOTe 
strongly refracting suhstance, and on the other side where no 
light passes through, there will be an equally pronounced dark 
band. Fig. 47 shows diagrammatically this phenomenon as 
ob3erved in the microscope. If the ocular is placed in the 
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plane of the image B, the contact between the two substances 
l\,ppcars as a sharp line. 'Then the tube ls raised to the position 
Bn the hand of ligllt will he observed on the side of the substance 
W11 h the higher index of refraction, due to the i.nversion of the 
image, and when the tuhe is lowered so that the ocular comes 
to the position R'. the light band nppears all the side of the 

FIG. 4~.-Eigh FIG. 49.-Medium 
lndc~ or )fireral ill Cnnndp. Ballism. 

FlO. 5O.-Minernl with Low Index in Co.nnda Dn1sll.m. 

lower refracting medium. The following general rule may be 
applied: Upon "aising the tube the light zone moves low(;u'd lhe 
8'llbstance with the higher index of refraction. 

Figs. 48-50 show this phenomenon as ordinarily observed on 
a thin section embedded in Canada balsam. If a mineral like 
tlu~rtz (n= 1. 54, Fig. 49) has approximately the same index 



36 PETROGRAPHIC METHODS 

as Canada balsam, the unevenness of the surface) represented by 
Fig. 38, p. 22, can scarcely be observed at all, if very nearly 
parallel light passes through the slide. Thin sections of such 
colorless minerals are scarcely visible when the illuminating 
apparatus is completely lowered. It is different in Figs. 48 
and 50 representing slides of olivine, n = 1. 68, and hatiyne, 
n=1.48, rB!lpectively. The index of refraction of the former is 
considerably higher, that of the latter lower than Canada 
balsam, n = 1. 54. The irregularities of the surface are filled 
up with a medium that is optically different and therefore, 
when the illuminating apparatus is lowered, they appear very 
distinctly because various points On the surface aTe inclined 
at different angles to the rays of light which are deflected 
differently and some are totally reflected. The result is the 
rough chagrined appearance of the thin section under investi
gation. Since the roughness appears more readily the greater 
the difference of index of refraction between the mineral and 
Canada balsam, the amount of lowering of the illuminating 
apparatus or of closing of the iris diaphragm necessary to 
show this difference is an excellent means for the approximate 
determination of the index of refraction of minerals in thin 
sections. Care must be taken that the slides are uniformly 
ground, otherwise there will be great differences in the properties 
of the surfaces. 

lC isolated crystals are studied instead of thin sections, the roughness of 
the surface is rarely of importance. Observ.a.tioD. of the crystal form in 
ordinary light can only be accomplished when there is a great difference 
between the indices of refraction of the crystal and that of the smfounding 
me.dium, and this can be recognized by narrowing up the cone of light 
from below. 

If a grain is embedded in a liquid with approximately the same index of 
refraction, its form will not be observed at all, or at best will be ",ery indis
tinct, even when the cone of light is narrowed down sa much as possible. 
This is well illustrated by quartz embedded in Canada. balsa.m (n=1.54). 
If, however,"the quartz crystal is embedded in linseed oil (n=1.48) or 
monobrom-naphthalene (n = 1.66) its form will be distinct even when the 
illuminating cone is much wider. 

Determination of the Index of Refraction.-Im.merslon Method. 
-By this method the difference in the indices of refraction of two 
mineral grains in contl>ct with one a{tothor in a thin section can 
be determined accurately aa well as the individual indices at 
refraction ';ilf ~ crystals or ftagmente embedded in a 
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liquid of known index. A series of liquids 
. called indicators is arranged sO that the 
index of 'each exceeds that of the pre
ceding one by 0.01-0.02. A series of 
potas$ium mercuric iodide solutions with 
different concentrations furnishes a scale, 
which is quite easily controlled, and the 
index of refraction is readily obtained 
from the accompanying table by determin
ing the specific gravity. 

These indicators have the disadvantage 
that the index of refraction changes some
what during the operation, due to the 
evaporation of water. Hence, homogen
eous liquids of definite chemical composi
tion are better. The following table is 
given by Schroeder van der Kolk: 

Water . . 
Ethyl alcohol. 
Amyl alcohol. __ _ 
Chloroform. 
Castor oil .. 
Benzol 
MonochlorbenzoL ... 
Clove oil._ 

Aniline. _ 

POTASSIUM MElletmIC 
IODIDE SOLUl'IONS . 
8 1 nD 
3.2 1.733 
3.1 1.715 
3.0' 1.696 
2.9 1.677 
2.8 1.658 
2.7 1.640 
2.6 1.621 
2.5 . 1.602 
2.4 1.583 
2.3 1.565 
2.2 1.546 
2.1 1.527 
2.0 1.509 
1. 9 1.491 
1.8 1.473 
1.7 1.455 
1.6 1.437 
1.5 1.419 

1.33 
1.36 
1.40 
1.45 
1.48 
1.50 
1.52 
1.54 
1.56 
1.58 

Bromoform. _ . . 1.59 
Cinnamon oiL... 1. 60 
Carbon disulphide. 1.63 

a-Monochlor naphthalene. . 1.64 
a-Monobrom naphthalene .. " . 1.66 

Klein's solution.. 1.70 
Thoulet solution. . 1.73 
Methylene iodide.. . . . 1.75 

Solntions with intermediate values can be prepared by mixing 
these indicators and this process i. continued nntil a mixtnre 
ha. been found in which the crystal disapf'ellrs as compietfly as 
pos.sibJe. Complete disappearance can usnally not be obtained 
in white light, on account of the differenC!l of dispersion be
tween tbe crystal and liquid. For this reason it is better to 
use monochromatic light. When the proper mixture has been 

lS"speqitle e;mvity,nD index: of refractioll for the Nfl lille. 
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found, its index of refraction should be determined by means of 
a Bertrand total refiectometer, which allows a very accurate 
determination of the index to be made rapidly, using only a 
single drop of the liquid for this purpose. This immersion 
method gives sufficiently good results for all practical purposes, 
provided the comparison of iudices of the liquid and mineral is 
carried out aecording to the methods described, pages 33-36. 

The method of oblique illumination proposed by Schroeder 
van der Kolk gives more accurate results. Oblique illumination 
is produced either by placing the mirror 011 the microscope 
obliquely or by inserting a piece of cardboard laterally be
tween the mirror and the illuminating apparatus. In the larger 
microscopes the iris diaphragm can be moved horizontally or 
there is a device which when pushed in Rtops the light eccentric-

FIG. 51. FIG. 52. 
ObliqUE: IIlunrination. 

Crystal higher Crystal lower 
Inde;ll; than the Liquid. 

ally, Usu.ally, however, a piece of eardboard is quite effieient .. 
Oblique illumination can also be obtained by screening one side 
above the ocular. An Exner refractometer can be used for this 
purpose. It consists of a hood to be placed over the ocular 
with a diaphragm at the focal distance from the ocular. This 
diaphrag_!ll can be closed laterally by means of a slide. If a grain 
is immersed in a liquid it affects transmitted parallel light in 
much the same manner as a converging lens, i.e.) it converges 
the rays if its index is higher than that of the liquid and in the 
opposite case it causes them to be divergent, If a bundle of 
parallel oblique rays passes through the preparation, only that 
light is taken up by the objectivei·in the first case; which is on 
the s_e side as the sereen, Fig, 51, while in the second case, only 
that on t~::~roo side is,!",ceived by the objective, Fig. 52. 
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However, since the objective produces inversion, the reverse 
phenomenon is seen in the microscope. If the grain has a 
highlfr index of refraction than the liquid, the dark band is .een 
on the side next to the screen, but if the grain has a lower index 
it appears on the opposite side. 

This method is extremely delicate when liquid and crystal 
have very nearly the same indices, and especially when their 
dispersions are at the saIDe time quite different. It may happen 
that the mineral, which generally has the weaker dispersion, will 
possess a lower index for blue and a higher index for red than the 
liquid. A brilliant colored border, blue on the side of the screen 
and red on the opposite side, is an indication that liquid and min
eral have very nearly the same indices of refraction. In rare 
cascs, when the mineral has a stronger dispersion than the liquid, 
the position of the colors is reversed. To determine the indices 
of refraction of double refracting crystals by this method, it 
must be possible to make a determination of each index succes
sively. The ordinary ray of uniaxial crystals can be recognized 
in polarized light, after its vibration direction has been placed 
parallel to that of the polarizer, in that the optical reaction is 
very sharp even though the grains be very irregular, because the 
refraction of the ordinary ray is the same in all directions. The 
extraordinary ray, however, cannot be determined as accurately 
especially in substances which have no good cleavage because it 
appears at every point on the surface with different values due 
to the different inclinations of the surface toward the optic axis. 
To determine the·principal indices of refraction of double refracting 
substances accurately, a section must be taken whose orientation 
has been previously determined in convergent polarized light. 

A center screen is very serviceable for observing the differences between 
the indices. It causes the object to be illuminated by the strongly diverging 
outer rays from the illuminating appa.ratus and can be placed in a slide 
in the polarizer, but must be adapted for the angle of aperture of the ocular. 
This method is especially useful in the investigation of minute objects, 
and in the study of inclusions and so forth. 

An s.oours.te meth09 for determining the index of refra.ction of micro
scopic objeots, oonsisting of a combination of an Abbe total reflectometer 
with a microscope, Wag suggested by C. Klein. By this method all indices 
of refraction in any microscopic cross section of a mineral can be determined, 
but the pa.rt of the .slide surrounding this section must be covered with 
black varnish, and good results ca.n be obtained even with comparatively 
small individuals. The method of observation is the same as with an 
Abbe total reilectometer itself a.nd need not be discussed further here. It 
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need only be stated that the stand upon which the hemiBphere of the Abbe 
apparatus rests is hollow, the hemisphere itself is placed over the opening 
on a ground plane surface, so that the object to be investigated can be 
observed on the microscope in transmitted ordinary or polarized light. 
However, this apparatus, which is quite complicated and comparatively 
expensive, has not been used as extensively as it deserver; to be. 

The total reft('ctometer constructed by Wallerant is somewhat simpler 
and can be attached to any microscope. It. consists of a plate to be set 
on the stage and carries a prism of strongly refracting glass, which can be 
rotated about a horizontal axis parallel to its refracting ed~, either aloDe 
or in combination with an alidade reading to 2'. The edge ltself lS ground 
off parallel to the base of the prism, OlD that when the apparatus is used 
on the microscope, light is transmitted through it. An uncovered thin 
section, polished as perfectly as possible, is firmly pressed on the base of 
the prism by two clamps, the contact being made ",rith methylene iodide. 
The extinction directions of the section are then determined in transmitted 
light. The prism is now rotated until convergent rays from a powerful 
source of light are incident upon one of the lateral faoes. The light is 
reflected by the section and emerges from the oOwr surface of the prism in 
the axis of the microscope. The object is centered as accurately as possible 
and the ,ribration directions as previously determined by the extinction 
aTC' brought into positiun, and the prism rotated until the distribution of 
li!,?;ht and shadow indicate the critical angle for total reflection. The iris 
diaphragm in the tube is_ now closed until only the section to be studied 
is visible. Now the ocular is replaced by a telescope containing a spec
troscope, which isolates the yellow rays from the white light. The edge of 
the section is then placed parallel to a cross hair in the telescope and a 
reading taken. Then the cross hairs are illuminated by light sent in from 
the side by means of a total reflecting prism. The prism bearing the 
section is rotated with the alidade until the image of the cross hairs reflected 
from its base coincides with the object A second reading is then made 
and the angle of total reflection determined. 

The liquids employed so frequently in organic microscopy to increase the 
illumination of an object depend upon the principle of compensation of the 
refraction of light. Preparations of crystals and rocks are generally 
embedded in Canada balsam, the index of which may vary between 1,53 
and 1.545, depending upon the amount of evaporation. Canada balsam 
is especially adapted for this Jlurpose because it is quite liquid when fresh 
and upon heating slightly is transformed into a clear transparent almost 
co orless cement that sticks firmly and becomes very slightly double 
refracting if at all, upon cooling as other resins generally do. Solutions of 
ha.rdened Canada balsam in benzol, xylol, etc., are sometimes used especially 
wit,h substances that cannot be "Warmed. The index of refraction is then 
somewhat less on account Qf the dilution. For chemists Canada balsam has 
a disadvantage in that it is a very good solvent not only for organic sub~ 
stances, but also for numerom; inorganic salts, and its solvent action il'l 
sometimes increased by the addition of benzol. A more feebly refracting 
cement is needed in rare inNtanccs and then linseed oil is employed, n = 1 .48. 
When piaC<"d in the direct rays of the sun for a few weeks it bleaches and 
nnlvmpriu> .. 
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Determination of Form and Cleavage.-A stereoscop,ic m.icro
scope, with which an object can be obsel'ved as a body, is well 
adapted for determining the form of cl)'stals and especiaUy for 
the investigation of eLch figmes that are not very deep . The 
distinct,nes.s of form that can be obt,aiued, espccially with f\. Zeiss 
hinocular microscope simplifies greatly the deciphering of micro
scopic crystals. The model shown in Pig. 53, constructed by the 

Flo. 53.-Grenougb Bi.nocuiur Mic.roacope hy C. Zeiss in Jena. 

above firm according to the principle of Grcnough, has the advan
tage that the image of the crystal appears in its true position 
due to prisms in the tubes. Since there are two objectives, each 
in the axis of an observation tube, strong magnification cannot 
be used. Other devices for stereoscopic investigation 'with a 
microscope, such as a double ocular Or stereoscopic ocula.r which 
can be placed on a simple microscope, give good results only with 
low magnification, but they do not at the same time produce the 
distinctness of form obtained by a binocular microscope. The 
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importan.ce of stereoscopic observation is confined to a small 
number of cases and the binocular microscope cannot replace a 
polarizing microscope. The next step in the microscopic 
determination of crystals is to observe and sketch the form as 
accurately as possible. (See methods for sketching crystals at 
the end of Part 1.) This must not be confined to the determi
nation of the outline alone, but care must be taken to decipher 
as well as possible the properties of the crystal as a whole. 
'Yithout this, entirely erroneous conclusions may be reached 
because the angles between the edges often appear greatly dis
torted in consequence of the irregular position of a crystal in the 
slide. 

The measurement of characteristic angles goes hand in hand 
with the determination of crystal form, but only such angles are 
to be considered as are bounded by edges lying exactly in the 
plane of the stage, or by planes perpendicular to this direction. 

()ne leg of the angle to be measured is pia-ced parallel to one of the cross 
hairs and a reading of the position of the stage taken. Then the stage is 
rotated until the other leg is parallel to the same cross hair and another 
reading ta.ken, the differenoo between the two being the angle sought. 
The edge can be placed in parallel position much more perfectly, the longer 
and straighter it is and the more aplanatic the ocular lenses are. It seems 
better too in making such measurements, not to make the edge coincide 

FIG. 543. FrG. 54h. FtG. Me. 
Measurement of Angles with a LeSl!on's Prism. 

exactly with the cross hair, but to leave a small space between the two so 
that the parallel position can be found much more accurately. In favor
able cases, if the position is not perfect, the reading to whole degrees and the 
estimating to quarter degrees are quite sufficient. 

A Leeson's prism can be advantageously used for the accurate meMure
ment oi plalle angles, especially on very small crystals. It consists of an 
achromatic quartz prism that is phced over the ocular so that it can be 
rotated in a. graduated holder. With it, two images of the object partially 
overlying each other are seen, Fig. 54a. The prism is rotated until one 
edge of the angle to be measured coincides in both images, Fig. Mb. A 
reading of the scale is then made and the other edge treated in the same 
manner, Fig. 54c. More accurate l'esults ,-(lan also be obtained when a. 
glass plate with a. system of fine parallel lines etched upon it is set at the 
focus of ilIa ocula? ,"~n pJnce o~ the cross h.$irs. A long line crosses the 
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middle of the system perpendicularly. This and the middle line of the 
system are somewhat heavier so that the object can be easily centered. 
The edges of the angle to be measured are then brought into parallel 
position with the fine lines, one after the other. 

An ocular goniometer also deserves some mention at this time. This is 
an ocular in which one of the cross hairs can be rotated with respect to the 
other, and the amount of rotation read on a circular scale. The movable 
hair is placed parallel successively to the legs of the angle to be measured. 
This method has the advantage that the slide need not be moved. Mi.cro
scopes in which the nicola may be rotated simultaneously possess the 
advantages of an ocular goniometer inasmuch as the cross hairs also rotate 
with respect to the object. 

Actual reflection goniometric measurements can be made with a micro
scope if a small reflection goniometer or the rotating apparatus, to be 
described in the appendix, is combined with a microscope. However, 
such roicroscopic-goniometric measurements will only give good results 
after considerable practice and after ali, are of very little use. If in such 
investigations the microscope itself is to be used to observe the reflection 
of the surfaces, a Gauss mirror appliance is valuable. It consists of a 

Fla. 55.-DiBwrted Crystal. 
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.' FIG. 56.-Nonnal Development. 

mirror placed obliquely on the ocular and a black cross hair under the 
objective. Aiter the surface has been placed approximately perpendicular 
to the axis of the microscope, the tube is lowered half the focal distance of 
the objective and the mirror image of the cross hairs is seen in the ocular. 
,\\"'hen the surface is accurately adjusted the image coincides with the 
cross hairs. This device can only be used with the lowest power objectives. 

The form of crystals observed in the microscope is frequently distorted 
in many ways, especially in cases of rapid crystallization, so that the 
image. of a crystal can be deciphered only with difficulty on account of the 
irregular development of similar faces, 

In such cases, however, the angles between the edges are always constant 
and a measurement of them affords a means of finding the faces belonging 
to a for:n and of recognizing the symmetry of the crystal. Fig. 55 represents 
a cross section of a distorted crystal, which at first glance appears entirely 
unsymmetrical. Measurement of the plane angles shows that the angles 
be and b'e! are both approximately 9OQ

, while the other angles have equiva-
lents among themselves. It is presumably an orthorhombic erystal in 
which the prism faces be and b'e! have been developed unequally, Fig. 56. 
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Rapid crystallization produces in many cases imperfect growth and de~ 
presBions bounded by more or less regular forms appear on the surface of 
crystals. The cause is more rapid growth on the edges than in the middle of 
the faces. These irregularities pass over into skeletal crystals, Fig. 57, 
which may be developed in a large variety of delicate forms. Star-shaped 

FIG. 57.-Skeletal Crystals of Olivine. 

skeletal crystals of snow, ice flowers, etc., a.re the best known forms of this 
type. These skeletal forms in t,urn pass over into minute growths resem
bling 8.UOW heads, rods, etc., which cannot b~, definitely determined e.s 
crystals and are called crystallites, Fig. 58. 

a I> c d 

(I ;.~~.} 
e l' 

t.l' '\-'il ~ ~~., 

.;~:.: (!'(~ ,,<\Y '-¥ 
FIG. 58.-Cr~ ... sta.llitcs. 

a, Globulete; b, Margarite; c, Cumulite; d, Baculite; G, and t, Trichite. 

Minerals observed in thin sections very frequently show more 
or less regular cracks which indicate cleavage. In many cases 
a few straight sbarp cracks cut .across the whole section, for ex
ample, mica, Fig. 59. The cleavage is perfect even though the 
number of cracks is small. The cracks may be discontinuous, 

F.lG. 59--61.--:-Perfect. Distinct .. Imperfect. 

Cleavage. 

as in hornblende, Fig. 60. Here the cleavage is distinct, or good. 
If the cracks are more or less curved, but following on the whole 
certain directions, the cleavage is said to be imperfect, garnet, 
Fig. 61. Different systems- of cleavage, of equal or unequal 
value, may be prese..,._nt enclosing a characteristic angle, which can 
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be determined by meaSlli'ement. Much more importance is 
generally ascribed to the measurement of cleavage angles in thin 
sections than it really deserves, because the size of the angles 
is largely dependent upon the orientation 'of the various cross 
sections of a crystal and this of course is variable. In any casc, 
it must be shown by raising and lowering the tube that the cleav
age cracks traverse the section as nearly vertically as possible. 

Investigation of cleavage fragments of crystals or of rock
forming minera1s often gives very characteristic results, and it is 
often serviceable for rapid orientatjon or for supplementing the 
observations on thin sections. 

In isolated crystals, cleavage cracks are not often observed 
and then only if the cleavage is very verfect. Sometimes 
crystals can be crushed and cleavage fragments formed, the fprm 
of which is a morc characteristic feature of the substance than 
can be found in a thin section. Cracks parallel to gliding planes 
may appear .similar to cleavage cracks in microscopic objects 
and there is no way of distinguishing them. Occasionally more 
Of less regular parting, which may be due to various causes, 
appears quite similar to cleavage cracks. 

Measurement of Size and Thickness.-While it is frequently 
interesting to know the .size of an object, its thickness is more 
often determined. A micrometer, ,yhich is sometimes placed on 
the stage and sometimes in the ocular, is used for the determina
tion of size. 'Vhen placed on the stage, it gives the size directly, 
but when in the ocular the results must be recalculated for the 
objective used and for the length of the tube. On the other hand, 
errors made in the object micrometer divisions are increased by 
the total magnification of the instrument, while those of the 
ocular micrometer are only increased by the magnification of the 
ocular itself. 

In certain cases a scale on the mechanical stage, Fig. 34, 
page 19, in which divisions on the drum of the screw permit 
1/1000 mm. to be estimated, serves as an object micrometer. 
The small errors, which are apt to occur in cutting the thread 
of the screw, make such operations unreliable. ~ 

Divisions of only 1/10 mm. are demanded of a micrometer 
placed in the ocular so that the requirements of the execution are 
much less and errors likewise smaller. Suc~h an ocular microm
eter can simply be placed in the ocular at the focal distance, 
or a micrometer ocular can be constructed in such a manner that 
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a cross hair at the focus of the ocular ean be moved by means of a 
screw with a measuring drum working at rig-ht angles to the axis 
of the instrument, while an immovable crORR hair indicates the 
center of the field. In other cases the scale itself is fixed and a 
Ramsden ocular with a cent.ral division is: moved over the Rcale 
by means of a measuring druID. The division to ".~hich this: 
mark must be brought as nearly as possible,. is made upon the 
upper plane surface of a lens, which is in turn adjusted for the 
ohjective so that the (~ccentridty produced by lateral displace
ment of the ocular is compensated. 

A micrometer posRessing diyisiollH as: representeu in Fig. 4, 
page 2, and placed in the ocular, may Herve to dctf'rIlline tllt' rela 
tive amounts of minerals in thin sf'ctions. ~uch an adjmltment 
is called a planimeter ocular. 

The measurement of tlw thickness of mieroRcopie oLjeett' is 
generally possible only when the opt.ical properties are quite 
accurately known. Good reRultR can seldom be ohtained with 
isolated crystals, but frequently in thin sectiom; quite accurate 
determina tions of the thiekness are possible because certain 

, 
FIG. 62.-Dukt· d", Chaulncs 

Method. 

known minerals are nearly always 
present and their thickness can Le 
estimated by means of the intel'
ference colors. The measurement of 
the thickness is not very reliable with 
other methods even in the most 
favorable cases. 

A method, which was frequently 
used formerly, is that of Duke de 
Chaulncs for the determination of 
the index of refraction. It can be 

also used in reversed manner for measuring the thickness. 
A point 0, ~~ig. 62, is sharply focused and a plane parallel plate 
of a transparent substance is inserted between it and the ob
jective. In consequence of the refraction o~ the rays or and as 
one receives the impression that the light emanates from a', The 
objective must then he raised by means of the mierometer screw 
until it is focused on 0'. \Vith a known thickness of the plate, the 
distance 00' is dependent upon its index of refraction. If the 
latter is known, we have a basis for estimating the thickness of 
the plate. The change of focus of the objective can be read 
directlv'from the divisions on the drum of the micrometer screw. 
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This method is often used but care must be exercised not to overestimate 
the accuracy of it because a great deal of practice is necessary to obtain 
reliable results. A small foreign body, e.g., a dust particle, which occurs 
between the object and the cover-glass is focused and then th(' apparatus 
lowered until the salIle signal is seen reflected from the under side of the 
slide. The amount of lowering of the objective constitutR)'; the value band 
the thickness of the slide is given by the equation d=bn, Wheff' n is the 
index of refraction of the section measured. 

The measurements are most accurate when stronger magnification,; are 
used because the amount of displacement, of the real image from th!:' ob
jective increases Vltith an increase of magnification. The image of the 
point chosen must be brought exactly into the plane of the cross hair,'; and 
the proper adjustment can bE' recognized when, upon moving the eye above 
the ocular, the image and cross hairs do not show relative diflplaeement. 
Since, in general, the index of refraction n is not po",iti vely known tl.nd con
stitutes the greatest error in this method, an immer"iotl system can b", 
employed with good results for this determination. Then it is not neces
sary to fix the value of the index of refraction itself, but only to determine 
the difference between the index of the mineral and the immer."ion oil. 

Method" that depend upon observations of the interference colon; arf' 
much more exact. There may be well orientated s('ct.ions of minerals 
present i.n th'-l slide with known indices of refraction from which their 
thickness, which indicates the thickness of the slide, can be estimated. 
Such cross sections can be introduced into the slide artifically by cementing 
cleavage plates of barite on different sides of the rock section and grinding 
them down with the section. Measurements thus made are at any rate a 
close approximation. 

Inclusions.-The presence of inclusions is of importanee in 
certain cases because a large number of crystallized hodies, es
pecialy minerals, possess the ability to enclose large amounts 
of foreign substances upon crystallization. This is often so 
extensive that the greater part of tIlt', crystal eom~ist~ of f,uch 
foreign bodies. These inclusions can be reeognized in ordinary 
light by the differences in the indices of refraction and color. 

Some of the inclusions occurring in this way are crystallized Rubst.ances 
and must be determined according to the ordinary :methods. Inclusions of 
gas, liquid, and glass, which frequently furnish important dues to the 
genetic relations, are also found. Gas inclusions in crystallized homes 
always stand out in strong relief, because the index of refraction of t.he gaH 
is far below that of the crystallized substance. In parallel light it is sur
rounded by a single broad, dark ba.nd produced by refraction a.u,? .t.otal 
reflection, Fig. 63. Separation into different zones is never observed in 
gas bubbles because all gases are miscible. In observing gas inclusions 
care must be exercised to note that the gas bubble is really in the obj('ct 
and not in the Canada balsam. Air bubbles in the balsam naturally appear 
very similar to gas fhclusions, but by sharp focusing with the micrometer 
screw they can be seen to lie either above or under the object itself. 
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Liquid and glass inclusions on the other hand appear to be separated into 
different zones. The liquids include salt solutions, water, and, in some 
minerals, liquid carbon dioxide. In all cases a small bubble of gas or air 
is present in the liquid, which under certain conditions, especially in very 
Hmall inclusions aud under variations of temperature, moves about quite 
perceptibly. The index of refraction of all liquids existing in nature lies 
bet,ween that of the mhlCr.al and i,he gas bubblp, so that the edges of both 
liqUid and bubLle appear as heavy lines in parallel light, Fig. 64. Sorne-

Fm.63. FIG. 64. FIG. 65, 
Gas Inclusions. Liquid Inclusions. Gla.!!S InclurdoIlf;. 

times liquid inclusions scem to consist of several immiscible liquids with 
different indices of refraction beside each other, or they may contain 
small cr:-'TstaIs. If the liquid in such an inclusion 11'1 carbon dioxide it can 
be recognized by heating the preparation for some time a trifle above the 
critical temperature of earbon dioxide. Thf' bubbl€' will disappear and th<· 
border of the inclusion will become darker. 

Glass incluRions 1ikewise contain one or more b\lbbles, but they are alwaYfil 
immovable and do not show such heavy contours compared with the in+ 
eluding crystal if the latter has a low index of refraction .. They appear 
more distinct thC' highN the indpx of refraction of the crystal. The bubbl(' 

itself is always surrounded by a broad dark 
band, Fig. 65. A regular arrangement of inclu
Nions ill very characteriRtic in many caKeS, for 
example, Fig. 66, leucitf'. 

Color.-Anothcr observation that can be 
made in ordinary light is that of the color. 
Particulars concerning the naming of the 
eolors are scarcely necessary. It may be 

FIO'SI:I:c~:~~t~~th pointed out that many bodies, which are 
very dark or entirely opaque in large 

crysuJs arc colorless or nearly 80 in thin section, for example, 
augite, while others which are very light colored in macroscopic 
crystals show their color quite distinctly in the thinnest sections, 
thus, a'hdalusite and cyanite. It need not be further emphasized 
that a layer of any substance appears lighter colored the thinner 
it is. The t.hinnest sections are generally not chosen for deter-
mining the color._ .. • 

When lig/.lt passes through II body it suffers diminution of 
interu.ilcy .ma is either P6rtially or entirely absorbed. If the 
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absorption is only slight and is about the same for the different 
colors of the spectrum, the body appears colorless and trans
parent, but if the absorption is complete even in the thinnest 
sections, the body is said to be opaque. If certain colors of the 
spectrum are absorbed more than others the substance appears 
colored. Distinction is made between characteristic colors, or 
those belonging to the substance itself, and dilute colors produced 
by intermixture of foreign material present in such a fine state 
of diviHion that it cannot be detected ,,,ith the strongest magni
fication. Coloring produce-d by inclusions, on the other hand, 
can always be detected in this manner. 

Since the naming of the colors is in general very subjective, attempts 
have been made to express them accurately by meuDS of comparison with 
an objective color scale. A Radde color scale is especially serviceable for 
thi!4 purpose. It shows the various colors in a horizontal series while the 
various shades of each ate arranged in the vertical columns: Spectroscopic 
di'lpersion of the colors obtained with a spectroscope·ocular is of very little 
valuo. See page 49 concerning false colorlS, pstudochroism, which is often 
observed on small opaque bodies with strong objectives. The color of 
thin plates, which are in themselveR colorless, belongs in the same category. 
It is most beautifully observed in preparations of diatoms. 

Observations 'in Reflected Light.-These observations are con
fined, in general, to surface properties, which cannot be deter
mined in transmitted light, such as the luster of opaque sub
stances, metallic luster, etch figures, etc. Light coming in from 
below is eut out for this purpose and only light falling on the 
object from above is used, but it can be increased by reflectors 
or converging lenses. 

If light incident on the preparation from above is used, it is desirable to 
use an objective with long focal length because otherwise the objective holder 
cuts out a large portion of the light. Low power 
objectives are therefore more serviceable for such 
observations and if stronger magnification is needed, 
in spite of the loss of light, stronger oculars, which 
are supplied almost entirely for this purpose with 
the larger instruments, are used. 

If objectives of shorter focal length are employed, 
a vertical illuminator inserted above the objective is 
used. Fig. 67 gives a cross section of such an illumi- FlO. 67. 

Dator. It consists of Ii total reflecting prism K which VerocaJ IUuwina.wr. 
sends the light L, coming in through the opening b, 
down through the objective 0 upon the preparation. The prism covers 
one half of the objective and leaves the other half free for observation 

• 
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and through it the light, reflected from the object, reaches the eye. It 
must be noted that, in using this method, the object must not be covered 
with a cover-glass becRUI5e it would reflect the greatest part of the light. 
Fncovered preparations are best for investigations in reflected light. A 
vertical illuminator cannot be used with the stronger objectives on ac
count of the grcilt loss of light produced by the double transit of the light 
through the objective. 



CHAPTER IV 

Observations in Parallel Polarized Light 

Observations in polarized li?:ht arc of especia.l importance in 
the investigation of crystallized bodies because by this means 
t.he inner Rtructure of a crystal can be determined. For thiR 
purpose a uieol prism, the polarizer, iB placed between the source 
of light and the object to be studied. By rotating the stage 
through 3GO° the phf'IlOmena can be observed which a crystal 
shows in various planes in ,vhieh the planp polarized light 
from the polarizer is vibrating. A second uleol prism, the 
analyzer, with its vibration direction exactly at right angles -to 
that of the polarizer may he placed above the objective and 
the phenomena of interference of light between crossed nicols 
may then be observed. Before the phenomena thus observed 
can be diHcussed in det.aiL the opt.ical properties of crystals 
must he reviewed briefly. 

I. Optical Properties of Crystals 

Single and Double Refraction.-If a small illuminated open
ing in a dark screen is viewed perpendicularly through a cleavage 
piece or a plane parallel plate cut in any direction from a crystal 
of fluorite or halite, it appears in the same place and in the 
same manner as it would if the plate were not there. If instead 
of the plane parallel plate a prism of the same substance is 
used and the opening is viewed through two surfaces oblique to 
each other, the image will appear removed from its original 
position and will he surrounded by a colored border, but only one 
image of the opening will be seen. All amorphous bodies and 
crystals of the cubic system behave in the same manner. They 
are called singly refracting or isotropic substances. ~ 

If the index of refraction is determined by the deviation of 
light in a series of such prisms of a singly refracting substance, 
it will be found to be the same regardless of the orientation 
of the prism in the crystal. Singly refracting bodies deviate 

51 
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light in all directions in the same manner. They are there
fore called isotropic. Since the refraction of light in a prism 
is dependent upon the index of refraction of the substance' in 
question and, since the index is inversely proportional to the 
velocity of the light, it follows that in an isotropic body light 
is propagated in all directions with the same velocity. 

Crystals of the other systems do not behave in thi8 manner, 
H a spot of light is observed in the same manner as before .. 
through a transparent cle.avage piece of ca1r.ite it appcnTs doulJle. 
One of the images is seen in the true position and the othel' is 
removed from it. Depending upon the position of the calcite 
the second image is above or below1 to the right or to the left. 
II the calcite be rotated. it will be observed that the latter 

FlG. 6S.-Double Refraction in Calcite. FIG. 69.-A Principal Section in Calcite. 

image moves in a circle around the former. It may also be 
noted that the line joining the two images is a.lways the bisector 
of the obtuse angle of the cleavage fragment. All crystals that 
are not cubic, act in a similar IDanner and are therefore ~alled 
doubly refracting or anisotropic. 

Double Refraction of Light in Calcite.-Of the two rays 
producM by the double refraction of calcit.e, or any other 
hexagonal or tetragonal crystal, the one, w, Fig. 68, gives an 
image of the object in its true position, i.e. with perpendicular 
incidence of the light it suffers no deviation. It. follows the 
ordinary laws of refraction and is therefore designated as the 
ordinary ray. The other ray, ~, is deviated from its path. 
Different laws of refraction govern it and it is, therefore, called 
the .3;traordirtary ray. 
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Any plane of a crystal having a principal crystallographic 
axis, i.e.; those belonging to the hexagonal or tetragonal crystal 
systems, is called a principal section, provided it c~ntains the 
optic axis. Thus, the dotted plane, Fig. 69, is Olle of an infinite 
number of principal sections containing the c axis of calcite and 
it is, indeed, the one passing through two edges of the rhom
bohedron. A line joining the two images produced by double 
refraction in every section of calcite corresponds to the projec
tion of a principal section on the face in question. From this, 
it. followB that the deviation of the extraordinary ray in calcite, 
or in any hexagona1 or tetragonal crystal, is in a principal 
section. In a cleavage piece of calcite the line joining the two 
images produced by double refraction is the bisector of the 
obtuse angle of the calcite rhombohedron, Fig; 70. 

FIG. 70. 
Double Refraction in a 

Rhomb of Calcite. 

FIG. 71. 
Double Refraction ill two parallel 

Rhombs of Calcite. 

If the images seen through a piece of calcite are observed 
through a second cleavage piece of the same thickness, it will be 
found that they do not behave as two illuminated openings. 
\\~hell the two cleavage pieces are exactly parallel, Fig. 71, it will 
be noted that the distance between the two images is doubled, 
i.e., the double refraction of one piece is simply added to that of 
the other. If one calcite is rotated, four images are generally 
seen, which are equally bright when the principal sections of 
the calcite form an angle of exactly 45°, Fig. 72. 

The significance of the phenomenon that both images from the 
first calcite did not, upon rotation of the second, behave as two 
openings illuminated by ordinary light, was formerly very 
difficult to understand. An explanation was only possible 
after the difference between ordinary and polarized light was 
discovered. The former consists of ligh~t vibrating in all 
azimuths at right angles to the direction of propagation, while 
in the latter the vibrations are always executed in but one plane, 



54 PETROGRAPHIC METHODS 

,vhich is likewise perpendieular to the direction of prol)agation} 
Fig, 22, page 8. It is a noteworthy fact' that our eye is not 
adjusted to discerll this difference between ordinary and polarized 
light and, that appEance.s which themselves produce polarization, 
are necessary to recognize it. 

The phenomena represented in :Figs. 71-74 can only be 
explained on the supposition that tiw vibratioIlb' of light in the 
two images produced hy the first calcite arc polarized in hVQ 

directions at right anglc~ to each othel'; and further, that thE' 
vibration directions of the 1,WO rays arc perpendicular· to each 
other in ealcite, the one taking place in the pl'ineipal section and 
the other at right angles to it. According to Fresnel's hypoth
psis, whidl is here taken as II basis, the vibration direction of 
tlu; extraordinary ray is always in the priuc£pal section while that 
of the ordinary ray is perpendicular to it. 

.~ 
~ 

FIG. 72. FIG. 73. FIG. 74. 
Douule Rdraction in two Hhombs of Calcite Rotated. 

W • ~ 

The phenomena of Figs. 71-74 ('an be explained in a very 
simple manner. In Fig. 71 the light which emerges from the 
first calcite as thp extraordinary ray $ passes through the second 
parallel to it, likewise as the extraordinary ray e and suffers the 
same amount of deviation in the second as in the first and in fact 
in the same direction. The other ray passes through both calcites 
as the ordinary rays (1) and 0 and is not deviated. If the second 
calcite is rotated through an angle of 45°, Fig. 72, the ordinary ray 
(1) of the first is resolved by the second into two components, which 
correspond to the two vibration dhections of the ordinary ray 
o and the' extraordinary ray e in the second calcite. Thus, two 
image.'3 al'e formed, of which one wo produced by a light passing 
through both oalpites as an ordinary ray, suffers no refraction. 
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The other we owes its origin to t.he component corresponding to 
the extraordinary ray of the second calcite and is therefore re
fracted in its principal section. In the same manner the extra
ordinary ray of the first calcite ~ gives rise to two images w 
and ;€, which arc shown in corresponding positions in Fig. 72. 
In a position in 'which the two principal sections enclose an angle 
lCf;s than 4.5°, the two images wo and ;c are brighter than the 
other two. Upon rotating more than 45° the two latter become 
brighter at the expense of the former until, after a rotation of 
90°, the images appear as shown in Fig. 73, only we and w being 
yisible. \\Then at last the calcite has been rotated throug-h 1800 

the conditions are as in Fig. 74. The ordinary ray of the first 
passes as an ordinary ray through the second, and the extraordi
nary ray as an extraordinary. The former is not deviated at all, 
while the latter is refracted just as far in one direction in the first 
calcite as it is in the opposite direction in the second calcite so 
that all four images coincide. 

If sever~Ll differently orientated plates are cut from a crystal 
of calcite, two images of an illuminated pinhole can generally be 
seen through them, but the distances between the images wi11 
yary according to the orientation of the plates. If the indices 
of refraction arc determined in these plates it will be ob8erved 
that the index of the more strongly refracted ray is the same in all 
the plates, while that of the other varies. The minimum 
value of the latter is obtained in a plate cut parallel to the prin
cipal crystallographic axis, i.e., in a plate in which the light pass
ing through the calcite vibrates parallel and perpendicular to that 
axis. The difference between the velocities of the two rays is 
greatest when the light is propagated perpendicular to the prin
cipal crystallographic axis. Plates parallel to the base give but 
one value for the index of refraction. In this case the light is 
propagated parallel to the principal crystallographic axis. Hence 
it follows that for light traveling in that direction calcite behaves 
as a singly refracting substance and further that the elasticity 
is the same in all vibration directions perpendicular to the prin
cipal axis. 

Uniaxial Crystals.-That direction of propagation in a doubly 
refracting crystal in wllich light suffers np double refract.ion, 
i.e., perpendicular to which all vibration directions are equal, is 
called the optic axis. Calcite and all other hexagonal and tet
ragonal crystals, i.e., all crystals with a principal crystallographic 
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axis, possess but one such direction and are therefore called 
uniaxial. The ray which is propagated in all directions with 
equal velocity is the ordinary ray. The other ray, the index of 
refraction and the velocity of propagation of which are depend
ent upon the direction in which the vibrat.ions take place, is 
the extraordinary ray. It foHows from the above that the index 
of refraction or its reciprocal, the velocity of the extraordinary 
ray, more nearly approaches that of the ordinary ray the smaller 
the angle between the optic axis and the direction of propaga
tion of the ray through the crystal. In the direction of the optic 
axis the double refraction or the difference bet.w"een the indices 
disappears because all vibrations perpendicular to the optic axis 
have equal values. 

The difference between the indices of the two rays passing 
through a uniaxial crystal, i.e., its double fe/raction, is greatest 
when the light travels through the crystal perpendicular to its 
principal crystallographic axis, \yhich is also the optic axis. It 
becomes zero when the direction of propagation coincides 'l\·ith 

FIG. 75. FlO. 76. 
Principal ."ectioll of a 'Wave Surface of a Uniaxial Crystal. 

Positive. Negative 

the optic axis and polarization of the light no longer takes place. 
In the directions lying between these two, the double refraction 
is less the smaller the inclination of the ray of light to the optic 
axis. 

This phenomenon can be best understood hy considering • 
wave surface, which includes all points to which light would 
travel from the center of a crystal in. a given unit of time. Since 
the portion of the light passing through as an ordinary ray vi, 
brates in.all directions with e';lual velocity it reaches the surface 
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of a sphere in the time interval. On the other hand the extra
ordinary ray possesses different velocities in different directions 
and its vel?city is equal to that of the ordinary ray only in a 
direction parallel to the optic axis. Its ray surface must be in 
contact with that of the ordinary ray at the ends of the axis. 
These are the only points ,vhieh the two wave surfaces have in 
common. The change of velocity of the extraordinary ray is 
t.]le samp all aU sides for equal inclinations of the direction of 
propagation to the optic axis and increases regularly up to the 
maximum perpendicular to the optic axis. Therefore the wave 
surface of the extraordinary ray must be a rotational form differ
ent from a sphere. It is ap. ellipsoid of rotation, Figs. 75 and 7G. 

The index of refraetion of the ordinary ray is indicated by 
W, and that of thE' ray differing from it the most, the extra
ordinary ray, by~. The douhle refra('tion is eX'pressed by the 

FIG. 77.-Negative FIG. 78.-Posithre 
Double Refraction. 

difference ~-{J}. There are two possible cases; one, as in calcit-e, 
where w > € that is, the ordinary raJ; is more strongly refracted 
than the extraordinary. Then E-W is negative and such crystals are 
said to be negati ve or because the extraordinary ray is farther from 
the normal than the ordinary ray, they are also called repeilant 
crystals, Fig. 77. In the other case ~>w, the crystal is said to be 
positive or attractive, Fig. 78. Since the velocity is the reciprocal 
of the index of refraction, the extraordinary ray of a negative 
crystal and the ordinary ray of a positive crystal have the greatest 
velocities. The direction of greatest elasticity and least index 
of refraction is called a' and the corresponding index a; the 
direction of least elasticity t and its index r, while c is the prin
cipal cryst,allographic axis. c = 0 is the s~mbol of a negative 

lUsage differe somewhat. In America X, Y, Z is proposed by Iddings for 8, {J. t ttl, 

spectively, while in France np (p = petit, small) fi.g (g- grand, large) and urn (m
moyen, mediulIJ.) arc used for arfJ respectively. b and fJ refer of oourse to biaxial 
crystals. 



58 PETROGRAPHIGMETHODS 

crystal} c = r that of a positive, while r-a shows the amount of 
double refraction in all cases. 

Biaxial Crystals.-The conditions are mOTe complex in crystals 
of t.he orthorhombic, monoclinic, and triclinic systems. If an il
luminated opening is observed through several plates of aragonite 
variously orientated, it will be noted that, in general, two images 
are seen, hut both appear to be displaced from their original 
positions. In this case the light is resolved into tV{O extraordinary 
raYR \yhieh are always polarized at right angles to caeh other. 
If the indices of refraction are determined ,,,ith a series of 
pri~ms of aragonite it ,,,ill be noted that none of them is con
stant. The maximum and minimum, i.e., the greatest double 
refrar,tion, i~ observed in a prism in which the direction of pro
pagation of the ray is parallel to the crystallographie a axis. 
The t,..-o rays vibrate at right angles to each other and parallel 
to the other two crystallographic axes, which are at the same time 
the directions of greatest and least velocity of light or the dirce
tions of smnllest and greatest index of refraction in the crysta1. 
In all other directions the indices of refract:on aTe intermediate 
bet'iveeu these two extremes, including also light vibrating in the 
direction of the a axis. Three optical directions perpendicular 
to each other must be distinguished in aragonite and these eoin
cide with the a, b, and c axes. On the other hand, there is no 
relationship existing between the value of a vibration direction 
whether n, Ii, or c and the crystallographic axis because in 
the orthorhombic system the crystallographic axes can be placed 
in any position desired. The three principal vibration directions 
of light) the axes of optical elastieity in a biaxial crystal, can be 
designated in various ways depending upon whether the index 
of refraction or its reciprocal value, the velocity of light, is to be 
emphasized. 

{

smallest aiD = 1 : a largest. 1 Velocity of 
lndex.()f refraction medium f3 li = 1 : Ii medium} light-. 

largest r c = 1 : r smallest J Elasticity. 

Let us now consider more in detail the bundle of planes, the 
axis of which is the direction of medium index, {3. Light passing 
through the mineral perpendicular to one of these planes is 
resolved into two rays, one of which always vibrates in the 
direction of medium velocity and the other is perpendicnlar to 
it. Its vibrat.ion direction coincides either with that of the 
largest (r} or Uf the smallest (al index or it corresponds to a 
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medium value between these two. Among these values there 
is one (3', Fig. 79, equal to fl. For the direction of propagation 
Ai\., which lies in the plane a r and perpendicular to the plane 
(J {3', there are two perpendicular vibration directions of equal 
value. AA is an optic axis. Since the plane a (3 in aragonite 
is a plane of symmetry, another direction equal to AA and 
~ymmetrieal to it, must lie on the other side of a in the plane 
a T, and ex and r ,vill bisect. the angle between these two optic 
axes. Another ~mch direction is crystallographic ally impossible 
and therefore aragonite. and with it all crystals of the ortho
rhombic, monoclinic, and triclinic systems, arc biaxial. 

The plane in which the two optic axes lie is called the plane 
of the optic axes. The directions of largest (r) and smallest (a) 

FIG. 79.--Construction of an Optic Axis in AragOllite. 

index bisect the angles of the optic axes and are called middle 
lines or bisectrices. The direction of medium index ([3), perpen
dicular to the plane of the optic axis, is called the optic normal. 
The optic axes form an acute angle on one side and an obtuse 
on the other. The bisector of the acute angle is called the first 
middle line or the acute bisectrix BXa and the bisector of the 
obtuse angle, the second middle line or obtuse bisectrix. Bxo' 
If the acute bisectrix is the direction of the smallest index (a) 
the crystal is said to be negative and in the, other case positive. 
The value of the intermediate index can be the arithmetic mean 
of the largest and smallest indices for a certain color only when 
the optic angle for that color is 90°, otherwise it is the nearer 
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that of the obtuse bisectrix the smaller the acute optic angle, 
and when it becomes 0° the two directions are equivalent ~nd 
the crystal is optically uniaxial. 

Since the index of refraction is different for different colors 
in onc and the same crystal, the size of the optic angle must 
vary with the color. Sometimes the aeute angle for red ((1) is 
larger than that for violet (u), \\"hieh is indicated by the symbol 
of dispersion p > v. The opposite!) > pis also encountered. 

Af' seen in the case of aragonite, the pbne of the optic axes 
in orthorhombic cry~tab is always parallel to one of the three 
pinacoids beeaufie the directions of greatest and ipast elasticity 
coincide with two of the erystallographie axes. In the mono
clinic system only one {)f the three principal vihration directions 
eoinridml with thl' l) axis and this iR the case- for all ('olors, The 
plane of t.he optic axes lies parallel or perpendicular to the 
clinopinacoid and the other two vibration directions fall in the 
plane of flymmetry, \\Thel'ever they may, but arc ahvays per
pendicular to each otlier, They may have quite different 
po."jt,ions in that plane for different GOIOT8, thus causing dis
persion of the bisectrices or the planes of the optic axes. In the 
tric:linie system the optical clements are orientated entirely 
independently of the crystallographic axes and likewise the 
relationships for the different colors are independent of each 
other. Even here, however, the three principal vibration 
directions for anyone color are perpendicular t.o each other. 

The velocity of light in any direction in a biaxial crystal 
can be easily sho" .. -n by t.he ]_i"resnel principle. An ellipsoid is 
described about the three axes of elasticity of a biaxial crystal 
and a plane is placed in the center perpendicular to the direction 
of propagation of the ray. The form of such a section is always 
an ellipse, except in the two positions perpendieular to the 
optic axes, where it is a circle. The lengths of the large and 
small axe$ of the elliptical section correspond to the velocities 
of thp. two rays propagated perpendieular to the section. 

2. Investigations with One Nicol-the Polarizer 

Surface Color and Pleochroism_-When light enters an aniso
tropic crystal it is generally resolved into two rays propagated 
with different velocities. These rays are absorbed differently 
and, when this q-ifference is g~at enough, variation in color may 
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be noted. If a douhly refracting crystal is illuminated with 
ordinary light, the mean of t.he two vibrations is observed at 
any moment because, as a result of the rapid change of the 
planes of vibration in a ray of ordinary light, equal amounts 
of light pass through the cloystal at a given instant parallel to 
each of the vihration directions. Upon looking through 
a surface of a crystal in ordinary light a mixed color is observed, 
which is called the surface color. If, on the other hand, plane 
polarized light enters a doubly refracting crystal, the two com
ponents corresponding to the vibration directions in the crystal 
will be alike only when they form an angle of 45° with the 
vibration directions of the nieoI. One direction will become 
zero, i.e.) only those vibrations parallel to the other direction 
will be obsen-ed, when the vibration direction of the nicol 
coincides with it. 

The properties of each ray passing through a crystal can be 
studied "in 8uccession by placing the vibration directions parallel 
to that of the polarizer bet,veen croflsed nicols and the~ removing 
the analyzer to observe the ('0101'. Thus the color for certain 
directions and the diffcrenceR for different directions of vibration 
can be obHerved. These colors are called the colors of the axcs. 
Variation in color for different directions in a crystal is called 
pleochroism. 

For these investigations the polarizer beneath the preparation is uf;ed, 
while the analyzer is pushed out of the tube. If the analyzer were used 
the interference phenomena, cauHcd hy the partially polarized light reflected 

from the mirror, although not very dis
tinct, would greatly interfere with the 

L results. If the colors parallel to the 
UJ---+ axes are to be observed side by side, in

stead of one after the other, a Haidinger 
lens, Fig. 80, is used. ThiR consists of 
a tube with Ii rectangular opening in 

FIG. BO.-HaidingE'r Lens. one end and contains an elongated 
piece of calcite K, which is of the 

proper length to p;ive two images of the opening side by side. The vibra
tion directions of the polarized light are perpendicular to each other in 
these two images produced by double refraction. If the crystal in.front 
of the opening is rotated until the two images show the greateRt possible 
difference in color, the two principal colors of the face are observed. A 
similar device is the dichro8copic ocular, which may be used for observing 
the two principal colors under the microscope. Here, however) the results 
are disturbed by the partial polarization of light reflected from the mirror) 
as indicated above. 
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Cross sections of cubic crystals or of amorphous substances 
always show the same color upon a complete rotation of the stage 
above the polarizer because in them the absorption of light is 
the same in all directions. In uniaxial minerals all directions 
perpendicular to the optic axis are of equal value in an optieal 
sense. Only the color of the ordinary ray is obseryed on the base 
of a uniaxial crystal in ordinary light and this is the same a:.; 
the surface color. Such a section does not changp, its color upon 
rotation of the stage. The ahsorption of light it; the same for 
the ordinary ray in any section and its color c:1n l)f' obfierved 
in any direction, while the absorption of the extraordinary ray 
is variable and differs the more from that of the ordinary ray 
the nearer its vibration diredion approaches the direction of 
the optic axis. The color of the ordinary ray can he observed 
in any section, while that of the extraordinary ray appears only 
in a section parallel to the optie axis of the crystal. If the 
differen('e in absorption for the two principal direction8 of an 
uniaxial crystal is sufficiently large to be observed it, will be Heen 
most perfectly in a section parallel to tho optic axis, Since in 
the case of uniaxial crystals there arc only two principal colors, 
it is common to speak of dichr01·sm. 

In biaxial crystals there are three different vibration directions 
for color as well as for indices of refraction. These erystals possess 
three principal colors and are termed trichroic. The pure £:0101' 

belonging to one of these vibration directions can be observed 
only in a section parallel to it. In all others mixed colors are 
seen. In the orthorhombic syst.em the vibration directions of 
the greatest) least and intermediate indices of refraction are at 
the same time the color axis. In the monoclinic system only the 
b axis is simultaneously a color axes. The other two lie anywhere 
in the plane of symmetry, but are not very far removed from the 
vibration directions of light. In the triclinic system all these 
directions .are independent of each other but even in this case, 
if a vibration direction is placed parallel to the polarizer instead 
of a color axis, the error is scarcely noticeable. 

The Phenomenon of P1eochroism.~The difference of absorption of light 
in various directions, which is known as pleochroism, 11:, so slight in numerous 
cases, especially in colorless crystals, that it cannot be observed even with 
thick pla.tes of the minel'al. Since the color of a section) and likewise the 
difference of color in difterent directions, iij less distinct the thinner the 
layer, it foUows thAt in thin sectiol}, pleochroism can only be observed in 
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substances having a great difference of absorption in different directions. 
Although in the observation of weak pleochroism the subjective ideas of the 
observer and a certain amount of practice are important, still the investi
gation of pleochroism is a valuable aid in microscopic research. 

It is very useful in the study of pleochroism to keep three possible cases 
in mind, This can be done best by the aid of a color scale such as a Radde 
(')Jwr scale, which show .. the different colors in a horizontal row and t,he 
different intensities of each from the darkest to the lightest tints in vertical 
columns. The following cases are possihle: 

1. Different parts of the spectrum are absorbed in different parts of the 
crystal in such a manner that the intensity of the light which travels in 
these directions remains approximately the same. Various colors appear 
in diffE'rent directions, but oue is about as bright a" the other. Compare 
horizontal series of the color scale. 

2. In each direct,ion approximately the same portions of the spectrum ar(' 
absorbed but with unequal intensity. The same color is observed in tLll 
directions, but with different intensities. Compare vertical series of the 
color scale. 

3. In different directions different colors of the spectrum are absorbed 
with different intensities. The different colors are seen in different shades. 
Compare the diagonal of the color scale. 

These three .:ases often give rise to very characteristic ph('nomena, ('. g., 
pleochroic pyroxene almofolt always shows the same depth of color, in one 
direction light green, in the other light yellow. Common hornblende of 
the same color Rhows stronger absorption of the green ray and its pleo
chroism is from dark green to light yellow, while in biotite only simple 
differen(le." of absorption of the same color are effecti ve and it changes from 
light hrown to dark brown. 

The strength of pleochroism in one and the same crystal is dependent 
upon its thickness and very frequently the phenomenon can be ob.served in 
thicker layers when it is not noticed at all in thin sections. The absorp
tion is rarely so great that no light is observed passing through the crystal 
in that direction. The color of the more strongly absorbed ray can almost 
always be recognized, even in the most strongly absorbing IDinerals if the 
section is thin enough. 

The orientation of the differently absorbed rays i.n a crystal is of import
ance because it tends to be strikingly constant in one and the same sub
stance, as also in the larger isomorphic series. Two points of view are to 
be considered in practice: L The relationship of the more strongly 
absorbed ray to the crystallographic development of the substance in 
question, i. e., to the long direction of its cross section, the principal zone. 
Almost all important rock-forming minerals with great differences of 
absorption show stronger absorption of the ray vibrating parallel or I;learly 
parallel to the principal zone. They have a deeper color when the longer 
edge of the cross section is par~llel to the vibration direction of the polarizer. 
Fig. 81. Tourmaline behaves in the opposite manner' and shows a lighter 
color, Fig. 82. Stronger absorption of light in the direction perpendicular 
to the principal zone is one of the most important means for determining 
this mineral, which often occurs in minute individuals that are difficult to 
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determine by other optical properties. 2. The relation between the 
refraction and absorption of the two rays vibrating in a section. There is 
no regular connection between these two properties and although in most 
cal';eS in rock-forming minerals the most strongly refracted fay is the most 
strongly absorbed, this is by no meanz always the case. In the above 
mentioned example, tourmaline, the extraordinary ray is the least refracted 
and thE' least absorbed. Its absorption symbol is <B > d or since tourmaline 
18 optically negative W>E. In apatite, which is likewise negative, the 
more strongly refracted ray is orientated in reverse manner. HerE' the 
symhol is a >f» or E >w. Similar results afe encountered in optically 
biaxial minerals. Common hornblende, for f'xample. universally showl< 
c > b >R, while with riebeokitc and a.rfvedsonit.e, on the other hand, Q >b >m. 

l'lpochr"Oism can he produced in an art,ificiul lIIanIler under certain 
conditions and may become a. very good characterisitic of a substance. 
·When memberfi of the olivine or amphibole groups containing iron are 
roasted) they assume strong colors and decided differences of abl3orption. 
ThiiS servel3 to distinguish them from the pyroxenes which generally do not 

FIG. Sl.-Stronger absorption Parallel 
to PriMipaJ Zone. 

. ... 
1 
P 

FlO. 82,-Strongel" Absorption Perpen
dieul&r to Principal Zone. 

show any pleochroism as the result of such operations. Fibrous and 
scaly mineral aggregates can be colored directly with aniline dyes, where
upon many of them such as talc and serpentine become distinctly pleochroic. 
Many artificial crystals, colorless in themselves, a.cquire not only color but 
often distinct pleochroism upon crystallization from a dye solution. This 
phenomenon has been known a. long time in the ease of strontium nitrate. 

For the sake of completeness pleochroic halos, Figs. 83 and 84, wilt be 
considered briefly. In numerous minerals, particularly in cordierite, 
andalusite, fnica, hornblende, tourmaline, ete., it will be noticed that eertain 
rounded spots show stronger pleochroism than the rest of the mineral 
generally does. If these portions are studied more CArefully small inclusions 
of foreign minerals will be discovered in the center af such pleachr-aic halos 
and the outJine is suttounded on all sides by a more pleochroic zone. 
Since it is possible t,o produce phenomena analogous to the pleochroism in 
theRe minerals by illuminating with radium preparations and, further since 
most of the inclusions forming the centers of such halos-zircon, rutil~, 
orthite,"etc.--are radio-active, there can be no doubt that the pleochroism 
of the halo: d~pen~ for the roost pa.rt at least, upon the a.ction af active 
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rays. It is noteworthy that refraction, dQuble refraction, and frequently
also dispersion are greatly changed in the pleochroic halos. They are 
sometimes decidedly lower, sometimes much higher. Besides the radio
acti ve inclusions surrounded by pleochroic halos there are frequently other 
crystalline inclusions in the same crystal, which are not classed with radio
active minerals (and do not show tllill phenomenon), for example, the long 
apatite needles in Fig. 84. 

Two other phenomena which are observed now nnd then must also be 
mentioned. One of these is pseudodichroism, a phenomenon which occurs 
in perfectly colorless crystals. If there are a large number 
of parallel orientated inclusions in a crystal and the refrac
tion of these differs considerably from that of the surround
ing crystal, light passing through is disturbed by the inclu
sions if they aTe st.eeply inclined to the direction of propa
gation of the light. The less refracted red rays are bent 
toward the middle and the more strongly refracted violet 
rayfl toward the edge of the field of vision. Only those 
rays vibrating par
allel to t}l{' direction p 
of the inclusions suffer 1 p 

FIG. 83. FlO. 84. 

this sort of refraction, 
while those vibrating 
at right angles to it 
are not changed. If 
the crystal is so orien
tated in the center of 

Pleochr{Jic Halos around Inclusions of Zircon in 
Tounnalinr-. Biotite. 

t,he field that the direction of the inclusions is parallel to the principal 
direction of the polarizer, it appears a brilliant brown. If it is on the edge, 
it is colored gray, but in each case it becomes colorless upon rotating 
through 900

• 

The occurrenee of interference colors without the use of the analyzer is 
the other of the phenomena referred to above. If a layer of a doubly 
refracting mineral, orientated at random occurs in a slide under a thin crystal' 
of a very strongly absorbing mineral~biotite or tourmaline~the absorb
ing crystal, which scarcely allows one of the rays to pass through, acts as all 

analyzer itself and the mineral beneath it shows interference colors. Com
plementary colors appear upon a rotation through 900

, because the absorb
ing direction of the preparation is first perpendicular and then parallel to 
the principal direetion of the polarizer. The occurrence of interference 
colors in minerals with a high double refraction-calcite and rutile~which 
are crossed by twininng lamelJre greatly inrlim·d to the face of the slide, is a 
similar phenomenon. 

3. Investigations with Crossed Nicols 

Observations between two nicols are carried out almost 
entirely with the planes of vibration of the two crossed) and for 
this reason they are called observations with crossed nicolo. 
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The following determinat.ions are to be made in parallel polarized 
light with the micros(~ope, as commonly constructed, which 
aiiords an enlarged image of the ohject investigated: 

(a) Heeognition of double refraction. 
(b) Determination of the position of the yibmtion dircctions. 
(') Measurement of the 8t1"('ngth of doublE' refraction. 
(d) Determiuation of thc ro1at1Yc v{'locitics of the two l'a,ys 

yilJJ'fl.ting in a (~r(lSS sectio1l. 
Recognition of Double Refraction.~lf a sinl£ly rdraeting 

substfLllCP., or a Rcetion 1hrough sueh a subRtanC(', i;;; placed 
between erof.;scd ni(,ols, the plaUE' Jlolarized light from ti1(' polar
izer pas:'\(':-; through thp ('1'Y5tal unaltered to the analy?'('r) and 

~illce ii8 yibralion direction is at noo to that 
of the appro[L('hing ray no light ,,"-ill pass 
through. Ko ('liang:e oceUI'S upon rotat.ing 
tlle stage through ;.300°. ~'\. fiingly refm,c(ing; 
subst.ance appE'Hrs dark in all po::;itions be
t 'rcen erostled nicols. 

H a doubly rpfracting crystal it' nbE::f'rved 
hd1iTcen crossed nicols, the light coming from 
t he polarizer suffers no dwnge in the cry.st al 
only ,yhen the yibrution di]'C'ctiol1s nn' fwd 
SS' in the crystal are exactly para-Hel to the 
yjbrn.ijon directions PP' aIld QQ' in the two 
njrols. }'i.~. 85. If t.he \'jbratjon (Uret'tjons 
HIl' and SS' are oblique to PP' and QQ', as in 
Figs. 80 to 88,. the plane polarized lighi from 
t he polarizer is resolved into two eomponcntR 
Or and Os' rorresponding to the vibration 

Fw. 85,-VibratiOll directions of the crystal. .. '\.fter another 
Directions 
Paranel to 
Nicols. 

resolution in the analyzer the components 
passing through it., 0 p and 00 are com
hined. Tho plate appears illuminated in all 

other positionf::i hf'cause a portion of the light ahrays passes 
through tIl<' analyzer. The magnitude of the components 0 p 

and 0;;; indicates the brightness and it follows from a com
parison of Figs. 8G to 88 that the maximum is reached when 
the yibration direct.ions of the- erYBtal1tre at 4.5° to t.hose of the 
nicols, Fig. 87. 

Since the vibration directions UR' and SS' are parallel to ppl 
and QQ' four times in a horizontal rotation of the stage through 



OBSERVATIONS IN PARA.LLEL POLARIZED LIGHT 67 

B60°, doubly refracting crystals are alternately light and dark 
four times in a rotation of 3600 between crossed nicols. Maxi
lllum brightness i8 obtained when the vibration direction8 of the 
crystal are at 45° to those of the nicols. It diminisheH upon 
further rotation and passes gradually over into complete darkness 
when these directionR are respectively parallel. This latter 
position is also called the pas·ilion of extinction, and the vibration 
directions in the crystal, the extinction directions. The determi
nation of the latter is an important aid in many cases for ascer
taining the crYf>tal system. 

p R 

,----"iik+--Q ' 

R' p' 

FIG. 81'1. FIG. 87. FIG. 88. 

Vibration Directions in Crystal Oblique to Those of the Nicol'>, 

Gray interference colors of the lowest order (see Fig. 96, page 75), corre
sponding to the lo\vest degrees of double refraction, are extremely difficult 
to distinguish from total darkness. Therefore, when thin sections of very 
weak double refracting crystals are cxamined, it is sometimes difficult to 
distinguish whether or not, there is any effect on polarized light at all. To 
rpcognize very weak double refraction, use is made of certain accessory 
devices-sensitive tint plate, Bravais double plate, etc.-which will be 
described more in detail under the head of stauroscopes. The change of 
interference color in such devices, caused by even extremely low double 
refracting plates, is :much more easily determined than the difference be
tween absolute darkness and very weak illumination, so that the presence 
of double refraction can be definitely determined, even in the most doubtful 
cases. 

Determination of the Position of the Vibration Directions. 

The position of the vibration directions can be dete;nlined 
from the above by placing the crystal between crossed nicoI8 in 
the position of perfect darkness. Then the vibration directions 
01 the crystal lie parallel to those of the two nicols, and the latter 
are exactly parallel to the cross hairs in an adjusted microscope. 

s' 
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A characteristic crystal edge or cleavage direction is brought 
parallel to one of these hairs by rotating the stage, and a reading 
is made on the scale on the stage. Then the analyzer is inserted 
a,nd the stage rotated until the crystal appears perfectly dark, 
and another reading of the scale is made, the difference being
the angle which the vibration direction makes with the edge or 
cleavage in question. 

The position of absolute darkness may not be found accurately 
on account of the gradual transition from light to dark. The 
beginner will experience considerable difficulty in finding the 
true position of darkness. The method of procedure is as 
represented in Fig. 89. PP' and QQ' represent the ·vibration 

FIG, 8t).-DeUlnnination of Extinction Direction. 

directions of the t,vo nicols. The stage is rotated in the direction 
of the arrow I until the crystal appears entirely dark and its 
long edge, which may formerly have been parallel to PP', has 
reached the position N. Then it is rotated further toward QQ', 
and the crystal becomes light again. It is then rotated back in 
the direction of the arrow II until darkness is obtained, say in 
the position An. The direction a, which bisects the angle between 
the two directions a' and a", i.e., the mean of the two positions, is 
the true vibration direction. If this operation is repeated 
several times} the mean of a large number of readings will come 
very near to the true position of darkness. Even though the 
greatest, care is exercised, an error of ± !O, as is generally the 
case with rnicrosoopic measurements, can scarcely be avoided. 
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In general parallel or symmetrical extinction, Figs. 90 and 91, is observed 
in hexagonal, tetragonal and orthorhombic crystals, because the vibration 
directions coincide with the crystal axes. The determinations are made 
in white light because the vibr~tion directions are the same for all colors. 
Monoclinic crystals show parallel or symmetrical extinction only upon 
faces in the zone of the b axis. and for all colors, while on all other inees the 
extinction is oblique, Fig. 92, i.e., the extinction directions are unsymmet
rical with respect to the crystal edges. Since this variation is different 
for different colors, the position of absolute darkness cannot be obtained 
with white light. The extinction is best determined in monochromatic 
light if an accurate measurement, and not merely an approximate orienta
tion is to be made. 

FIG. 90.~PllraUel FIG.91.-Symmetrical. FIG. 92.-0blique 
Extinction. 

When the extinction angle is detennined it must be noted whet.her the 
measurement from the crystal edge is to the front or to the rear. The 
difference caused by confusion of these two directions is shown in Fig. 92. 
The dotted arrow shows the false vibration direction, the proper direction 
of wh.ich is given by the solid arrow. A beginner will do well to sketch 
the crystal and place the sketch parallel to the extinguished cryst.al, and 
then draw lines parallel to the vibration directions, i.e., parallel to tbe cross 
hairs. This shows the vibration directions sought in their true positions. 

~-\.s mentioned above, hexagonal, tetragonal and orthorhombic 
crystals generally show parallel extinction because their develop
ment is usually parallel or symmetrical to the principal vibration 
directions. Monoclinic crystals are not uncommonly developed 
so as to be long prismatic parallel to the b axis, e.g., epidote and 
wollastonite, and then the principal zone is the position of 
parallel extinction. It is obvious that crystals thus developed 
may be confounded in thin section with those showing parallel 
extinction in all sections, because cross sections. transverse to the 
direction of elongation are not very numerous, The true charac
ter of monoclinic crystals can, however, be easily determined if 
they are developed tabular parallel to the base or prismatic 
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parallel to one of the directions lying in the plane of symmetry. 
Triclinic crystals may be developed in various ways and can 
rarely be orientated properly. 

The value of the extinction angle of monoelinc crystals i;.; 
determined on the clinopinacoid and where there is no statement 
to the contrary, this face is ahrays understood. Other faces C:1U 

be used for the determination of a crystal only ,vhen their ex
tinction directions arc accurately known. The direct,jons can
not generally be determined from the inclination of the face t.o 
the b axis, because the extinction angle does not diminish in a 
regular manner in passing from the dino.pinacoid to the ortho
pinacoid, and may even have a higher value on an intermediate 
face tllRn on the clinopinacoid ltself. Since the extinction angle 
on erystal faces that are easily determined has a characteri5tie 
value for any given substance, it should be giyen for the prism 
faces as well as for the clinopinacoid, especially in the case of 
monoclinic substances having a good cleavage parallel to the 
prism, for if the prism angle is knO\"'ll, the true optic angle can bf' 
calculated from these yalues. 

Diopside with an extinction angle of 38'" on the clinopinacoid is the be~t 
example for illustrating this relationship. The crystal is mounted on a 
otlttion appa.ratus. [l~ ue.'lcrib"d in t,hp appendix, and the extinction meas-

ured on the faces inclined at least 
10° to each other in the zone of the 
c axis. These values are plotred 
as ordinates, while the abscissas 
represent the inc1ination of the 
various faces to the clinopinacoid, 
Fig. 93. The extinction for any 
face lying in that zone can be read 
from t.he curve plotted from this 
data. Thus, for example, a prism 
is inclined about 45'" to the clino-

FIG. 93.-Extinotion Curve for Diupsidc. pinacoid, the prism angle being 
not far from 90° in pyroxene, and 

the extinction on that face is about 30°. Great importance must be at
tached to the character of such curves in thf' investigation of thin sectjonK 
The extinction on the orthopinacoid is symmetrical, but the angle increases 
very rapidly on faces to either side so that parallel extinction is obtained 
only on faces very accurately orientated, as is rarely the case in thin sec
tions. It is therefore easy to reach the false conclusion that the mineral 
is triclinic because it shows oblique ext.inctiOll in all sections. 

In triclinic minerals the determination of the extinction angleE 
is of value only when the orientation of t.he face upon which 
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they are observed is accurately known, The orientation of the 
clinopinacoid of monoclinic crystals can be easily determined 
by convergent light, as will Le described later, he cause this face 
is either parallel or perpendicular to the plane of the optic axes, 
but such determinations are generally impossible in triclinie 
minerals. HO'i\Tever, now and then the direction of cleavage 
cracks, twinning, etc.; offer a clue, and the measureme-ut of tIl(> 
extinction angle in triclinic minerals is important only in such 
sections. Extinction is of especial importance in the investiga
tion of cleavage pieces. 

Stauroscopes.-The simple method of ascertaining the position of ab
solute darkness, descrihed ahoyo, is not sufficient for refined measurements 
and a number of methods have been devi.sed which yield more accurate 
results, especially with colorless minerals. After the position of extinction 
has been found as accurately al' possibl(' with crossed ni('ols, one observes 
upon rotating the analyzer, ,,,,hether in all positions of the nicols it shows 
the same tint as the surrounding field. The positioll is correct only when 
that is the case. 

There arc a number of accessory devicel'i, which can be used for special 
purposes. TheRe are all grouped t,ogether under t.he name of stauroscopes. 
The most important are: 

1. The Kobell stauroscope. 
2. The Brezina double plate. 
3. The Caldron double plate. 
4. The Bertrand plate. 
5. The sensitive tint plate, gypsum test plate. 
6. The Bravais double plate. 
7. The Biot quartz plate. 
8. The half shadow polarizer. 
9. The twin polarizer. 

1. TheKobell stauroscope consi.sts of a plate of caJcite cut -perpendi.cular 
to the optic axis, and can be inserted between the upper lens of the ocular, 
and the ocular analyzer placed over it. An interference figure of an opti
cally uniaxial crystal is seen, but it is destroyed as soon as even the slightest 
double refracting substance is placed between the two nicols. The yibration 
directions of the crystal studied are properly placed only when the inter
ference figure is perfectly restored. 

2. The Brezina double plate consists of two plates of calcite placed side 
by side. They are cut equally oblique to the base, but in opposite directions 
and are sYl!lmetrical with respect to the plane of contact betwee~ them. 
The interference figure in this case shows a single band surrounded by 
colored curves in the middle of the field of vision. If the vibration directiom 
of the crystal are not exactly the same as those of the nicols that part of the 
band over the crystal appears to be broken off from the rest of the dark bar. 

3. The Caldron double plate is placed within an ooular of its own, beoause 
the inserted plate demands a greater distance between the ocular le~ses than 
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b usua1. It consists of two wedge~s}lfi,ped pieces of calcite so placed thut 
the plane of contact between them, when viewed from above. appears as a 
sharp line and the vibration directions in the two halves are fSymmetrical to 
it. If this border line is exactly parallel to the vibration directions of the 
two nicols, each half shows the Same degree of ext,inction. If a double re
fracting plate io; placed in the path of the rays, and its vibration directions 
do not coincide with thost' of the nicols, the luminosity of the two halves 
of the double vlate does not change uniformly because their vibrati0l1 direc
tions are oblique to each other. Equal luminosity can only be regained hy 
orientating the extinction directions of the crystal plate accurately. 

4, The Bertrand plate, like the Caldron, is usually I)\accd in an ocular 
of its own. It consists of fOUT sectors of alternating right and left r('tating 
quartz cut perpendicular to th(' optic axis with a thickness of about 2.5 mIll. 
The interference colors nf the four sectiollS are bluish-white, but th('y are 

ehan~ed uniformly W}Wll a double refracting 
crystal is placed on the stage with its vibration 
directions not p-xactly parallel to those of the 
nicols, Fig. 94. If they are parallel, the fom 
8eeton~ mu~t all haye and reta.in the same color 
when the meals arc rotated horIzontally. 

5. The sensitive tint, violet r. Fip:. 90, page 
75, at the beginning of the second order of 
colors is produc('d by a thin plate of a eolorless 
feebly refracting mineral, quartz or gYJ.)smll., of 

FIG. 94_.~BertI'".l.nd P]at<{'. the proper thickness to give thi~ particular 
interference calor between crossed nicols. lt is 

fastened l)f'tweell two Rmall strips of glass and inserted into a slot aLove the 
ohjecth·e in such a manner that its vibration directions are at 45° to those of 
the nicols. As shown in Fig, 96.a retardation of 0.00001 mm. is sufficient 
to change this color to purple on th~ one side or to indigo on the other. The 
same figure also shO'ws that violet I is more susceptible to a distinct change 
of color than all the interference colors occ;urring between crossed nicols. 
Deep violet of the first order, which is produced with parallel nicols by a plate 
of half the thickness of the one above can also be used as a sensitive tint. 
Violet II, at the beginning of the third order of colors! although it is often 
u'leu as a stauroscope, is however, less valuable for this purpose because 
with it marked changes of color take place only with great diffe:r:enpes of 
thickness. The sensitive tint is not only used to determine the vibration 
directions accurately, but frequently also as a compensator or as a means 
of recognizing v~ry low double refraction, because the insertion of a crystal 
with a very feeble double refraction is sufficient to influence the color 
decidedly. 

6. A Bra vais double plate extends the applicability of the sensitive tint. 
It is set in the inner focal plane of the ocular and on account of its thinness, 
the ocular scarcely requires correction. One of the small plates described 
under 5 i.s cut diagonal to its vibration directions and the two halves are 
rotated thrtlugh 180° to each other. Thus the yibration dir(lCtions of tho 
halves are at 90° to eacn other, Fig. 95. The plate is so placed in an ocular 
that the junction ()1 the two parts coincides with one of the crOBS hairs. 
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The change which one half suffers when a double refracting crystal is intro
duced is re\Tersed in the other half and these two lying side by side allow the 
,.;lightest change of color imaginable to be recognized. This method is so 
accurate that the double refraction of a glass cube can be observed when 
pressed between the fingers. This is the most accurate method of all for 
recogllizing the double refraction as well as for determining the extinction 
direction. The determination of the latter iH, however, less accurate 
bccau"e it dep('nds upon the change of the interference colors and cannot 
bi' made in monochromatic light, i. ("J this 
method cannot be used for determining accur
ately the extinction directioIls of monoclinic 
and triclinic cr:rstals. 

7. The Biot quartz plate, cut perpendicular 
to the c axis, is 3.75 rum. thick and upon 
rotating the analyzer givCfl various character
istic interference colors between two nicols. 
In a definit.e posit.ion of the analyzer the deli
cnte violet of the sensitive tint is obtained. 
ThiR serves ostensibly for the determination 
of the extinction directions of colorless crystals, FIG. 95.- Bravais Double Plate. 

wllile other tjnts gi ve better results with colored 
substances. 'Vhen the proper position of extinction has been found, it 
call be checked by rotating ~he analyzer and noting the interference color!';. 
The Biot quartz plate is generally se mounted that it can be inserted in 
the .slot above the objective. 

8. The hitlf shadow polarizer is a nieoI which has Qeen cut through the 
middle in a direction slightly oblique to its principal section and the pieces 
recemented together in reversed positions. The vibration directions form 
it small angle v,1th each other. It is used in place of the polarizer and the 
two halves appcar in equal half shadows when the vibration direction of the 
analyzer j..; parallel to the Hne of division. 

9. The twin polarizer differs from the ahove in that the vibration directions 
in the two halves are at 900 to each other. The application of both deviceR 
is very limited because the line of junction and the crystal must be seen 
sharply at the same time which means that only objectives with large f(,cal 
lengths can be used. 

Those stauroscopes which depend upon a change of interference colors 
can only be employed for determinations in white light. They cannot 
be used when accurate determinations of the extinction directions of strongly 
dispersing monoclinic and triclinic crystals are to be made. This deter
mination must be carried out in monochromatic light. A Brezina double 
plate or Kobell stauroscope is to be preferred in such cases. 

Strength of the Double Refraction, Interference Colors.-The 
two rays into which light is resolved by,a double refracting 
crystal are propagated differently in the crystal. Upon emerging 
from the crystal one ray is retarded a certain amount behind the 
other and this retardation depends upon the differenC<) of elas-
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ticity of the two vibration directions perpendicular to the direc
tion of propagation, and upon the thickness of the crystal. 
W1lCH the two rays arc brought back to one plane of vibration 
b.\ tho analY7<cr they show a difference of phase. The rule is that 
two pl:mc polarized rayt:l produced by the douolc refraction of H, 

f',ill~le plane polarized ray of light, interfere with each otheI' ·wlwn 
they are reY(~rt(;d again to the same plane of pobrization. 

E3iIlCC onlinary light is compoged of various colors with different 
wave Icng:1h~J A, the phasal difference will be different for the 
ynrinus colors for n definite thickness of the crystal, 1vhich ('orrc
~pOllcls to a fixed retardation of one ray oyer the other. For a 
definite color the two rnYfi arc compounded IJY the illtf'rfcrelll'c 
and that rolor appears with especial Lr.illiall(_'L \'i'hile for other 
colurs the hvo yibratiollR destroy each other and no light of that 
('olor pa_ss8fi t.hrough t.he analyzer, TIllIs, instead of while light, 
colors appc:ll' and they arc called l>nterferencc colors. 

There are two cases to be distinguished in the int.erferCll(:e 
of light depending upon vdlCther the plane of yibratioll of the 
allulrzer is parallel or perpendicular to that of the polarizer. In 
the iin;t case the rays emerging from the crystal interfere \\'ith 
the same phase) and in the latter case with reyerscd pha.se. 'Yith 
parallel nicols those colors appear with greatest intensity which 
arc extinguished \dtb crossed nicols) and vice versaJ so that the 
interference colors observed with parallel nicol~ are complemen
tary to those seen between crossed nicols. 

Let us consider more in detail the latter easeJ which is prac
tieally the only one used in micrm;copic technic, and assume 
for the sake of simplicity, that with a double refracting crysta.l 
of definite thickness the same absolute retardation of the two 
rays is produced for all colors. The 'wave length A of extreme 
'\'iolet amounts to about 380 f.1f.1, that of extreme red about 775 
/tJ1, millionths millimeters or microns. \Yith crossed nicols those 
colors an~ emphasized 'which interfere \-vith a phasal difference of 
1/2 ...l. or all odd multiple of 1/2 ii) while those colors are ex
tinguished which interfere with a retardation of one or several 
'whole wave Iength~. The interference color of a crystal can be 
determined when the thickness and dOUble refraction are known, 
because the retardation is dependent upon both of these factors. 
If the thickness of the preparation is knownJ the double refrar
tion can be determine~ from the interference color, or inversely 
if the double refraction is known, tho thickness can be estimated. 
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+ Nicols II Nicols 
black __________ !!r-- __ ."ij ________ White 

steel-gray _______ 50 ~ __ - ___ ---wbite 

D"A-
lavender-gray ___ 100 .,. __ yellowish-white 

greeniSh-white __ 200r-__ ~~7<;-;~7-~ ~_ brownish-yellow 

white----------250r-__ ~f"'~,,~-rl~ ~===~~~_:_l!~~~ 
____ reddish-brown 

light.yellow _____ 300I---~D"",.,.iA:-f - ----_dcep violet 

C~2 A C----- ____ indigo 

bright-yellow ____ 350r-__ ~B~'~"'"_t blue 

HA 

reddish-orange.. _500~F,---,A ___ -I:-: ____ bllliSh_green 

red 530 ~ _______ pale-green 

~}it~----~~_~~ii DA-H%A ~_g<~&:~~?ilN~ 
'k,-blue .. _____ 664 r C-"" __ G_%_'A-t"- _______ omnge 

AA 
_____ 800, f-H_'_A __ E_~_%_A-t"" _________ .Purple 

yellowish-grecn __ 850 I-7'G'"'2 ",------t------- .--- violet 

yellow. ________ 910 f--___ D_%_A-+~ ________ indigO 

orange ___________ 948I-___ -t~ _____ dark-blue 

Fn ClY:!i\ 
orange-red.- ____ lOOOI-___ H_%_At_"". ___ greenish-blue 

B%'A ~ 
red _________ 1060\-,E~2"~'-_=o--1~ ____ , ____ _.green 

violet_red _____ ll00I-___ ~._:'-'~h_A,.:-< __ 
rlolct 1l__~ __ 1l28 ___ yellowish-green 
indigo ________ 1151 F%>.. _________ sellow 
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If it is assumed that the ret.ardation of the two rays in a crystal 
illuminated by polarized light amounts to only 50 /1/1., Fig. go, 
u small phasal difference will be experienced by all colors upon 
enwrging from the crystal, and small but equal amount.s of light 
for each color will pass through the analyzer, and the impression 
of tL f!l'ay (>0101' is made bet'ween crossed nicols, +nicols. If tIle 
retardation is a lit11e greater, violet will be morc prominent, giving 
a la\'clHler gray tint. The other colors follow in order, grayish
blue', grayish-white, white and yellow, until when the retardation 
it:) about 300 ,11,Il, 01' about haH the wave length of very intense 
yelIow, that color is espeeiaUy bright, while at the same time 
extreme violet .. ). = 380, is almost entirely extinguished. The 
general impression is that of a brilliant yellow oolor, If these 
intcrferenee colors are obRerved 'with a spectroscope, the ye11O\\' 
part of the spectrum ,,·ill appear brilliantly illuminated, but 
diminishes toward both sidE'f; until ,,,here violet is roached no 
light is visihle. 

If the retardation is about twice as great, or about 575 fl.f1, 
it equals the wave length of yellO\v, lying near the Na line. This 
eolor will be destroyed, while a brilliant. violet interferes with 
nearly 11- ). phasal difference, and appears with double inten
eity, while at the other side of the spectrum some is visible. 
The resulting int.erference color is a reddish-violet, violet I, Fig. 
Vii. ,Yhen studied spectroscopically the violet part of the 
spectrum is seen to be strongly illuminated an4 a dark line ap
pears in the yello,\,,·. Violet is the least luminous color in the 
spectrum and is therefore greatly influenced by extremely small 
changes in the retardation as shown in Fig. 96. It is called the 
SCfwitil'e red or yiolet. 

In the same manner the changes 'which white light undergoes 
with different retardations can be calculated, and it is found 
that blu~ follows violet, green follmrs blue] etc., until finally 
Yiolet is reached again, and the same order of colors repeated. 
A series of col~rs from one violet to another is called an 
order and distinction is made between first, second, third 
orders, etc. 

Let us consider more carefully a color of the third order, one 
which results by a retardation of 1500 1'1" This is twice the 
wave length of brilliant red, three times that of a blue-green, 
and four times that of extreme violet. These colors will all be 
extinguished, while yellow and blue will be intensified. The 
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total result is a yellowish tint, because of the greater intensity 
of the yellow part of the spectrum. This color, however, appea;ti 
somewhat mixed when compared with the Olle above, and docs 
not give the impression of a pure yellow. If the retardation 
amounts to about 5000 pp, it corresponds to 7 A for intense red, 
8 A for orange, 9 A for yellowish-green, 10 ). for green, 11 ). 
for blue, 12 ). for bluish-violet, and 13 A for violet. ThcHe ealars 
will all be extinguished, ",-hile the intermediate red, yellow .. gre('ll, 

blue, and violet colors are intensified; when these colors arc united 
they form white. This interference color is called white of the 
higher order in contradistinction to the white of the first order 
produced by very slight retardations. It may be very difficult 
for beginners to distinguish between these two white interfer
ence colors. The white of the higher order produced hv mani
fold interference frequently has a delicate appearance si~nilar to 
mother of pearl, while white of the first order is generally mixed 
with gray, green, or yellow. . 

The differentiation of the various orders of interference colors 
is quite difficult for a beginner. In a normal case the colors of 
the first order ,,,ith their deep hard tones can be separated from 
those of the second order, which are unusually brilliant, luminous 
colors. In the third order the colors become duller and morc 
mixed, and farther up the brilliancy is rapidly lost, until in 
the fifth and sixth orders white of the higher order is reached. 
It may be held as a rule for the estimation of interference colors 
under all conditions that the colors appear harder and purer the 
lower they are. This differencp will appear quite distinctly 
even to an inexperieneed eye by comparinp: thE' red of the first 
and second orders. 

The two nicols are generally crossed for observing the inter
ference colors and only in comparatively rare cases is observation 
between parallel nicols advisable. Such a case would be that of a 
very low double refracting crystal, which is not very bright be
tween crossed nicols, and the presence of double refraction can
not be positively determined. Fairly distinct colors may be 
observed then between parallel nicols, see Fig. 96. 

Modification of the Interference Colors.-In deriving the interference 
colors above, it was assumed that the retardation of one ray over another 
was the same for all colors, but this is by no means the case. Just as the 
index of refraction is different for different colors, so the difference between 
the indices, which produces the interference color in polarized light, varies. 
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This can be deducpd from the table of the indicps of calcite for various lines 
of the spedrum. 

w=r ';=0: I-a 
A. 1.650 1.483 0.167 
B .. 1.653 1.484 0.169 
JL 1.658 1.486 0.172 
F .. 1.668 1.491 0.177 
II .. 1.6R3 1.498 0.185 

The interference colors for various subRtauces are not entirely the same. 
althoup;h the mean retardation may be identical, because of the differences 
in indices of refraction for the various colors. These differences arc generalJ),' 
J]ot vcry large but in spite of that, the difficulty of observing the inter
ferenef) colors is cOIlsiderably increased by the dispersion of the double 
rdractioll f'vcn in ordinary caRCS. If that is the case, as in the example 
already cited, calcite, and likewise in quartz and most of the other rock
forming: mineralC', the double refraction for red is less than that for violE't 
IUld thE'l.'e appears according; to Becke a brilliant supernormal intcrferenec 
color of the first order, Vfith greater dispers:ion it may attain the luminous 
l'ropertlps of the second order. If r-o: is ~reater for red than for violet, 
which L" more rarely the casc, the interferenee colors are duller, subnormal. 
Xuturally this behuvior often causes great in('onvenience in the methods of 
('ompensation to be described later. The various cOlors cannot be e1ltirely 
compcnsated because they have varying doublE' refraction in various parts 
of the spectrum. 

It is possible that ill the dispersion, the double refraction for some color 
may be zero, so that, for olle end of the spectrum the double refraction 
will be positive and for tnf'- other cnd negative, while for some intermediate 
color it will bp zero. The latter color will be extingui~hed and instead of a 

III r r F 

r II 
1'-a'+O.OOl ±O.O -0.002 

FIG. 9i.-Double Refraction of Fuggcrit~ for Different Parts of the Spectrum. 

normal gray or grayish-blue color of the 10we~1.. order, a deep color app(lars 
that is complementary to the extinguished color. Such interference colors 
art! ca.lled abnormal in the narrower sense. 

This is the case in the mineral fuggerite with low double refracti.on, Fig. 
97. It is weakly positive for one end of the spectrum and weakly negative 
for the other, but between the two, near the Na tine, the double refraction 
is O. That color is always extinguished in polarized light by a plate of any 
thickness, while the light emerging from the preparation combines to form 
not a gray of the first order characteristic of low double refraction, but a 
color complementary to the yellow, that is, a deep blue which~ becomes more 
luminous the thicker tbe 'alide. 
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The blue color can be 8een only after prolonged observation in very thi.n 
slides, but in thicker slides it may appear as a very brilliant Prussian blue. 
An experienced eye can recognize at once the difference in shade between it 
and a normal interference color. A oeginner can easily recognize the ah
normal property of the color by making use of the -l }, mica plute as a com
pensator. Anomalous interference colors are never entirely compensated 
by the plate, but are changed to a dirty brownish-gray when the yibratiOll 
directions of the mineral are crossed )"ith respect to those of the COIIl

pensator. Under similar conditions indigo or blue of the second order. 
which may appear similar to the abnormal color, are reduced to a hrilliant 
orange by u reduction of 150 fl.1l, Fig. 91, so that the anomalou.'l property 
of the other color can be seen most difltinctly. The same is true if thp 
equivalent directions are parallel in the two objects. The allomaloUf;; blue 
('hanges to Ii, dirty white, while the normal passes over into a brilliant 
grecnish-blue. Various complementary colors may occur as abnornwl 
interference colors according to the location in the sPf'ctrum of the zero 
point of double refraction. • 

Another series of abnormal interference colors dC'pends upon the di,.:
persion of the vibration directions in monoclinic and triclinic crystaLs_ In 
cross sections of these minerals the vibration directions for different colors 
differ from each other. In consequence of this all colors an.' not extinguislH?d 
at, Ute same time upon rotating bet,ween crossed nieols. Instead of compl('te 
extinction there is a change of colors froro yellow to viol~t. The propertiE''' 
of the interference colors arc materially influenced by this dispersion whcn 
thc vibration directions are at 45° to those of the nicol::l. In sections nearh· 
perpendicular to an optic axis extremely abnormal colors may occu;. 
Such interference colors arc called dispersion colors. It must also be 
rcmernhered that the interference colors are greatly modified by the C010l' 
of the mineral itself and by considerable differences of ab~orptlon in difft't'pnt 
(Iirections 

The larger the angle of aperture of the illuminating and observing systems 
of the microscope the less pure will the interfertmce colors appear. ThiR \.::. 
partly because' light passing through the lenses in a very oblique direction 
is partially repolarizcd, and partly because light travels through the crystal 
in very diverging directions and therefore suffers different retardations. 
The polarization colors are mixed ·with each other and this naturally makes 
exact determinati.ons very difficult. \Vhen wide-an{!:led systems are used, 
the illuminating cone of light should be narrowed down for observations in 
parallel polarized light as far as the source of light will permit. 

Measurement of Double Refraction by Means of Interference 
Colors.~An interference color depends upon t.he difference of 
ret.ardation of one ray over another. In one and the same 
substance it bears direct relation to the thickness of the plate. 
Therefore, the color can be used to determine the double refrac
tion or the thickness of a slide. The appended table shows the 
thickness in millimeters which plates of various crystals, cut 
parallel to the optic axis or to the axial plane, must have in 
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order to give a brilliant reddish-violet of the first order, the 
retardation being 0.000575 mm. 

r- IX Thickn('fls in mm 
0.1;40 0.00085 
0.348 0.00]6 
0.287 0.0019 
0.172 0.0032 

Olivine .. 0.036 0.015 
Quartz 0.009 0.06 
Apatite . 0.004 0.14 
Apophyllite .. 0.001 0.55 

A few of the more important rock-forming mineral:; show 
the following maximum interference colors in a normal I'ection 
about 0.03 mm. thick: 

a. Gray to grayish-white; pennine, vesllyianitc, apatite, 
zoisite, nepheline. 

b. 'Yhite to yellowiRh-white; feldspar, quartz, ~erpentine, 

topaz, cordicrite, enstatite, andalusite) clinochlorc, gypsum. 
c. Yellow to orange; hypersthene, wollastonite, cyanite. 
d. Red I to indigo; tourmaline, sillimanite, glaucophane. 
e. Blue to green; augite, hornblende. 
f. Yellow to orange; chondrodite, olivine. 
g. Red II to blue; mica, regirine, etc. 

H the section is 0.04 mm. thick most of the minerals under b 
above will he yellow to orange and the interference colors of the 
others will be raised accordingly, mica, for example, assumin~ 
a dull color of the fourth order. If on the other hand the thi('k
ness of the slide is only 0.02 mm. all the minerals under b will 
have a dull gray interference color of the lowest order, and the 
color for mica will scarcely be as high as the middle of the 
second order. In either case the interference color is of no use 
in determining the mineral. 

Various methods can be used to determine the double refrac
tion of a crystal by means of the interference colors observed 
between crossed nicols. These methods may depend in part 
upon a comparison of the interference color of an unkno·wfi, 
\vith that of a known crystal, and in part upon the compensation 
of the double refraction by the use of the compensators to be 
described later. Each of the latter shows a series of interfer
ence col~rs so placed that they can b~ compared directly. It is 
necessar) to know accurately the thickness of the slide and the 
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orient.ation of the CroSH section for all methods of measuring 
the double refraction by lIlcnllS of the interference colors. 

;\pproximatc determinations are tlH:' simplest and give re~ults 
most rapidly. For this purpose the interference color of the 
object is compared with a table of interference colors sueh as the 
one devised by Michel-Levy and Lacroix. After a little pl'ac,tice 
very good results may be ohtained with it. 

Somewhat more accurate (kterminations can he made with th", quartz 
wedge compltrator, likewi",p eonstructe-d by ):lichel-Le-vy. A eros:-; Beetil)JJ 

. of it is shown in Fig. 98. It, is attached tu the side of an ocular O. The 
light. L is reflf'd.f'd into it by the mirror S, and after total reflection by the 
prism C, passe." through the.quartz wedgf' G hetwcC'n two nicols A and P. 
The quartz wedge caIl 1)(' moved by means of a flerf'W" The light finally 
passes into a prism R. tlip refketing facE' of which iF: sil\"ered, and is totally 
reflected into the fjf'ld of yision of the ocular. There is a small, round, 

o 
~ 
! I: 

~~~~jt;(lll-s--~ 
i \ 
~ 1 /L 

+ ~;/~ 
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FlG. 98.-QllfUtZ "'edge Comparator d",vised by Michel-Levy. 

unl::iil vered spot in the cpntE'r of the lat.ter prism and ujJon thi.". the small 
pril::im R' is cemented. Through this opening the interference color of the 
crystal M lying under the objective is observed while the rORt of the field. 
which receiveR its light from the totally reHecting prisms, shows the inter
ference color of that portion of the quartz wedge which is in the path of the 
ravs. A circular area is observed in the field of t.he ocular, which shows 
th~ interference color of the mine-ral lyi.ng upon the stage and this is RUf
foundl?d by a ring of the interference color from the quartz wedge. The 
latter can be made to agree with the color of the inner area by movi.ng the 
wedge. The thickness of the quartz wedge at this particuJar point Cll.ll be 
observed or~ a scale and the order of the interfe .. ence color determifl('d 
directly. 

Thi~ apparatus is very interesting, but is only appUcable in exceptional 
cases. The modifications which the interference colors undergo, (1) by the 
varyin!2; double refraction for different colors, (2) by the different indice-s of 
refraction of the crystal, and (3) by its transparency are sufficient to makf' 

• 
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an absolute comparison of the interference colors very difficult. In addition 
there are a number of obstacles in the determination of the interference 
colors of which the difference in the illumination of the objects to be 
compared may be mentioned, so that this method can be used advantage
ously with colorless minerals only. The thickness of the slide can be 
measured as it is being ground. by placing small basal cleavage pieces of 
barite on each of the four corners of the slide and grinding them down 
with it. The interference color of the barite can bf' used to indicate the 
thickness, provided the surface is not clouded as is very often the case. 

This determination of thickness is very accurate when the interference 
colors are ~ray or grayish-blue of the lowest order. It has heen proposed in 
such cases to place a horizontal mirror directly under the preparation. 
The light. would then be returned through the analyzer by means of a mirror 
in the tube above it and through the slide to the mirror below, from which 
it would be reflected a se.Jond time through the slide and analyze-r, before 
it reaches the eye, and the imprcssion would be that a plate of double tll{' 
thickness was being observed between parallel nicols. Even in such cases 
more reliable rcsults are obtained by means of compensators. It is to 
be noted that most of the minerals show low gray colors in se('tiom: with an 
approximate thickness of 0.02 mm. and even more so with a thickness of 
0.01 mm. It iR advisable faT ordinary mvestigatlons not to haye the 
slide ground too thin. 

The determination of the double refraction in thin sections by interference 
colors is not very accurate, because of the fact that the section is accurately 
orientated only in exceptional cases. To determine the difference in 
velocity of t,he two rays in un cpticaUy uniaxial mineral, it is necessary to 
use a section cut absolutel}' paraJleJ to the optic axis because the true "alue 
for the extraordinary ra v can be obtained only in such se~tions, and in like 
manner the true value of r - (l' in biaxial tlubstances is seen only in a section 
parallel to the plane of the optic axes, In every case in whi::!h an accurate 
determination is to be made, the orientation of the cross section must be 
accurately established. 

Interference Colors in Variously Orientated Cross Sections.
Sections parallel to the optic axis show the highest interference 
colors produced by a uniaxial mineral. The colors become 
lower the greater the inclination of the section to the optic axis, 
until with an inclination of 90° there is no effect on parallel 
polarized light whatever. Sections of optically uniaxial minerals 
cut perpendicular to the optic axis behave in perfectly, parallel 
polarized light as isotropic substances. However, more or less 
convergent rays pass through microscopic preparations, and 
if the double refraction is high, or the thickness of the slide con
siderable, these rays passing obliquely through the sections 
produce considerable illumination of the image, because they 
do not traverse the crystal in the direction of its isotropic axis. 
Hence, sections of uniaxial minerals perpendicular to the optic 
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axis are weakly illuminated and remain so upon the rotation 
through 360°, This corresponds entirely to the phenomenon, 
which biaxial crystals cut perpendicular to an optic axis show, 
except, as will be pointed Qut directly, the cause of the illumi
nation in the latter case is for the most part different. 

Sections of biaxial crystals parallel to the plane of the optic 
axes shmv the highest interference colors of all, because here the 
maximum and minimum velocities entcr into consideration. 
In a section perpendicular to the acute bisectrix, the inter
ference colors arc lower the smaller the angle between the optic 
axes. In any case the interference color of such a section is 
lower than that of a section perpendicular to the obtuse bisec
trix, the interference colors of which more nearly approach those 
of a section parallel to the axial plane the larger the obtuse 
optic angle. In a section perpendicular to an optic axis, a ray 
of light is resolved into an infinite number of rays lying upon the 
Rurface of it cone eaeh polarized in a different direction. This 
phenomenon is called inten:or conical refraction and the result is 
no interference color, Lut equal illumination. Such sections of 
biaxial crystals appear light between crossed nicols and remain 
uniformly light upon a complete rotation of the slide through 
3600

• This phenomenon is less distinct the thinner the slide 
and the Imyer the double refraction of the crystal. It can 
flcarcely be recognized at all in thin sections of very feebly 
double refracting crystals, which appear uniformly dark in 
parallel polarized light. 

Chromoscope for Interference Colors.-The accurate determi
nation of the interference colors is one of the most important pro
cesses in the technic of a polarizing microscope. Even the 
beginner must be able to do it in as positive a manner as possible. 
The differentiation of the various orders of color is quite difficult, 
particularly in the first three ordcrs, which occur most frequently 
and this difficulty can be overcome only by careful practice and 
the repeated observation of interference colors, which can be 
easily determined. Various methods have been used to present 
the subject of interference colors in as objective a manner as 
possible. At first a color table was prepared, which corresponded 
more or less with the natural colors and showed an arrangement 
of the important series of colors from the first to tbe fourth 
orders. Even in the most favorable cases a poor idea of the 
actual conditioIlB could be obtained from it, because sUbjective 
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and technical factors played a great r61e in the preparation of 
the ('.olorR, whi('.h made an approximation to the true properties 
of the original vcry difficult. The ink used generally constitutes 
another bad factor, for aniline dyes arc always used for thi8 
purpose, but they fade in a comparatively short time, and thus 
make the I!;eneral impression even more inaccurate. The excel
lent reproductions of interference colors in the table of bire
fringcnees hy Michel-Levy and Laeroix lose their true yulue for 
instructional purpmles in a comparatively short time. 

The interference colors arc a simple function of the thickness 
of a crystal, the double refraction being constant. Therefore, 
a thin ·wedge of a homogeneous crystalline suhstance, ollservf:d in 
white parallel polarized light, shmys the C0101'8 in parallel bands 
beside each other analogous to a table of colors. Such a wedge 
usually made of quartz generally aecompanies a polarizing micro
seope as a compens:1tor. 'Yith a length of 4~5 em., it shmvs the 
first four ordeni of colors which are the principal onef> to be 
distinguished. A.hove these the interference colors so nearly 
approarh white of the higher order that they can scarcely be diR
tinp;uished even by a skilled observer. If such a wedge is 
pushed slowly acrOHS the field in such a position that its vibra
tion directions are at 45° to those of the nicols, the various 
ordf'rf; of color can be observed in succession .. Only a small 
portion of the series can be seen at one time because of the 
narrowness of the field of vision of the microscope, and hence, 
analogous colors of the various orders cannot be observed 
simultaneously so as t.o be compared with each other, the 
different,iation of whirh is of great importance. Smal1er wedges 
of this character could be made, whif:h, when observed with a 
low power objective would shmy the first four orders of color in 
the field at once. Instead .of sueh a we'd_e:e, a wedge-shaped 
crystal of ammonium metavanadinate, which is quit easily 
prepared., eouid he used to bring the interferen(~e colors beside 
each other in distinct hands in the field of vision. Careful studv 
of a single color is interfered with by the narrowness of tho bantL"! 
in the field, and also by the fact that analogous colors of the 
'Various orders arc separated by bands of different colors. 

An apparatus devised by vVeinschenk, called a chromoscope for 
interference colors, has been found to b~ very useful in these 
fundamental studies. It consists of a glass plate u, Fig, 99, as 
a polarizer and an arm b attached at the angle of polarization of 
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the glass and carrying a nieo] prism d that can be rot.ated and used 
as an 'analyzer. The arm also bears a lens ·e with a two fold mag
nification and so arranged that it can be thrown out of the line 
of. vision. The holder c is so placed that its front surface corre
sponds to the normal to the direction of polarization. A quartz 
wedge 8 ern. long and 3 em, ,vide is placed in the holder with its 

FIG. 99----(,'hromoscope fOT Interference ColoT3. 

vibration directions at 45° to the edges of t.he holder. Then a
rnica plate of the same size is placed under it \vith its eqttivalent 
directions crossed 80 that with it, demonstrations can be made 
with the lowest interference colors. \-Vith this arrangement, the 
first four orders of colors from low gray t.o red of the fourth order 
are obtained in regular.' broad, parallel bands. By inserting the 
lens the magnification is doubled, but two orders of colors can 
still be seen simu]t.aneously., Two plane parallel gypsum plates, 

RI 

Rll 

FIG. lOO.-Quartz Wedge in Chromoscope with Parallel Orientated Gypsum Plates Red I 
. and fuJd II. 

each 8 em. long but only 1 em. ,vide, with vibration directions at 
45° t.o the edges, accompany the apparatus. , These plates a.lone 
yield red of the first and second orders. The two gypsum 
plates are then placed beside each other on the quartz wedge so 
that their equivalent directions are parallel, the lower plate sbow-
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iug red of the second order, the upper red of the first order, as 
shown in Fig. 100. From the top downward, bands of red of the 
first, second and third orders, each 1 em. wide, are in contact 
with each other and can be compared directly. Thus the phe
nomenon of the addition of double refraction can be studied. 
Fig. 101 shows the gypsum plates rotated through 1800 from 
whjcll the compensation of the double refraction can Le derived. 
The numerals in Figs. 100 and 101 indicat.e the order of the colors 
in their respective positions. The longest arrow shows the di
rection of the fastest ray in the quartz wedge, the smaller 011es 

being used for the gypsum plates. 

RI 

Rn 

"FIG. lOl.-Quartz Wedge in Chromoscope with Oppositely Orientated Gypsum Plates 
Red I and Red II. 

Interference colors that occur in wedge-shaped layers within a slide not 
infrequently serve to determine the order of the color in microscopic study 
of thin sections and isolated crystals. They often aid materially in defining 
the crystal form. Wedge-shaped individuals may be formed in thin section 
(1) by the flaking off of a mineral with good cleavage, (2) by the edge of the 
individual being quite oblique to the surface of the slide, and (3) by the edge 
of the slide itself being somewhat thinner, which is generally the case. The 
interference color in the principal part or the secti.on can be determined by 
beginning in the thinnest place where the color is lowest and counting the 
bands in order, Le., noting how often red is repeated. In the case of oblique 
twinning lamellre of very strong double refracting minerals, such color bands 
produced by wedge-shaped sections often lead to the erroneous conclusioIl 
that there is a whole series of such lamellre, when in fact there is but a single 
one cut acroS"s very obliquely. An example of this phenomenon is shown 
in Fig. 102, which represents an augite crystal cut very obliquely through a 
simple twin. 

Interference colors on the wedge-shaped outer portion" of isolated crystals 
are frequently of importance in determining the crystal form, as for ex
ample, the bands around the edge of an artificial crystal of anglesite, Fig. 
103, from which the form can be easily observed. They also aid in the 
approximate determination of the double refraction. If these bands are 
very close to the edges of a crystal that are quite fiat, it is evident that the 
substance has high double· refraction, etc. 
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Crystals are found now and then which do not extinguish at all when 
rotated between crossed nicols, but show a change in interference colors. 
In a very few cases this may depend upon a strong dispersion of the vibra
tion directions or upon the fact that the crystal is twinned and the twinning 
plane is approximately parallel to the plane of the stage of the microscope 
in which case the vibration directions of the two individuals will be oblique 
to each other. "'ben the vibration directions of one individual are parallel 
to those of the nicols, the interference color of the other is seen and vice 
versa, while in intermediate positions transition colors are present. These 
two cases may be distinguished by- observation in monochromatic light 
when there will be complete extinction if the cause of the change of color 
is based upon dispersion of the vibration directions, but thcre will be no 
extinction in the case of overlapping twins. 

FlO. 102.-Simple Twinning Lamellie FIG. l03.-Artificial Crystal of Lead Sulphate 
in Augite. between Crossed Nicols. 

Character of the Double Refraction.-The interference color 
is dependent upon the retardation of one ray over the other in its 
passage through a double refracting crystal. In a plate cut par
allel to the optic axis of a negative uniaxial mineral the extra
ordinary ray, vibrating parallel to the optic axis, exceeds by a 
definite amount the ordinary, vibrating perpendicular to it and 
is refracted lesb. If a second crystal plate is laid upon the first 
in parallel position, that ray, which in the first traveled with 
the greater velocity and less refraction. will likewise be the Jaster 
and less reiracted ray in tbe second, while the other is propagated 
in each case with a smaller velocity and greater refraction, Fig. 
104. The phasal difference between the rays upon emerging 
from the second crystal will be equal to the sum of the retarda
tions in each. The double refraction and with it the interference 
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color of two crystals arc added together ·when equivalent vibra
tion direction~ lie paralleL If one of the crvstals is rotated 900 

or if, as represented. in Fig. 105, an equivalent plate of a pos
itive erystnJ i .... uSf'd instead of a second negative one, that rl1Y 
whith tntycls in the first ·with the greater ,'cloeity and smaller 
l'efraetion will be propagated in the second with a smaller velocity 
amI grcatl'l' rcfrar-tinn, \yhile the reverse holds for tlw oth('l' ray. 
The phasal diffef('ncC', \\'hi('h the two l'ayF show UpOIl ellle]'P:cn~'c 
fron) this romhination, will he equal t.o th(' diffen'IJ('(' of the re-

FIG. 104.~AdditiOll FIG. 1O.').-CoUlpcnsn.tloll 
of the Double Refraction. 

tardat.ions in eaeh. The double refraction and \yith it the inter
ff'renee ('olor of two crYfltalf: is {:ompensatcd 1,yhf'Il cquiv!1lent 
yjbration directions arc crossed. 

If the retardat.ion in one plate is equal to the rdardation in 
thf' other a combination of thrm in crostlcd pOf;ition will act 
as an isotropic body in parallel polarized light, i.e., the douhle 
refraction of one entirely nullifies the douhle refraction of the 
other, as respresented in Fig. 105. 
Compensators.~The use of compen8atOl'S depends upon the 

phenomena described above. They serve to determine the char
ader of the double refraction by rai8ing or lowering the inter
feronce color and sometimes an aecurate determination of the 
int,erference c~lor can be made by perfect compensation. The 
m08t important compensators are: 

1. Quarter undulation mira plate. 
2. Plates with reddish-yiolet I. II, etc. 
3. FedoI'01V mica wedge. 
4. Quartz wedge. 
5. Birefra.ctometer. 
6. Babinet compensator. 
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7. Twin compensator. 
8. Biot. rotating quartz. 
n. "\Yright wpdge. 

Of these accessories 1 and 2 accompany the simplest polarizing micro
RCOpCS, while the others are used more for special investigations. Numbers 
5-7 arf' generally placed in a ,c.:pecial ocular from which they can be removed 
by a SCfew. \Yhcn they are used, the nieol in the tube must be thrown Qut, 
which is then replaced by an analyzer placed over the ocular. The others 
arc insrrted in a slot. in the tube jm;t above the objective or in a slot above 
the ocular in thE' older models whE're the analyzer was placed on top. The 
"lo1,s art' sometimes armngE'd so that the lon~ edge of the plate lies at 450 

to the vihration din'ctiont,; of the nienlR and sometimes 1'0 that they are 
plLrallf'1. luull cases, htHVever, the' vibration directions of the compensators 
must form all angle of 45" with thos(> of the nicols, hence they are con
structed differently according to the different modifications of the instru
ments. In thf' first ease the vihration directions are parallel to the' edges 

p 

FIG. l06.-J'n.rallc] FIG. 107.-DiagonaL 
Compellsaior with Vibration Direction. 

of the' rectangle and the direction of greatest or of least elasticity may be 
parallel to the long edge. Formerly the quarter undulation plates were 
nearly always made with the direction of the smallest velocity corresponding 
to the long edge, and the other plates with reversed orientation, Fig. 106. 
At the present time the quarter undulation plate is also orientated in this 
way, in order to obviate the great confusion which arise~ from the use of 
the other plates. It is stiU better to construct them all as shown in Fig. 107, 
where the vibration directionB form an angle of 45{) with the edges of the 
plate. The direction of greatest velocity 0 is marked on it with a~di,amond 
point. It has the added advantage in that it is only necessary to invert the 
plate to bring about an exchange of the principle vibration directions while 
the crystal remains stationary. 

Very frequently complete compensation cannot be obtained on account 
of the dispersion of the double refraction in different substances, which 
may be very troublesome tor accurate determinations of the double re-
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fraction. In crystals with distinct super- or sub-normal interference colors, 
meURurcments cannot be made very exactly. Although compensators 
can he made from any colorless, douLle refracting material, gypsum, mica 
and quartz afC used in genera,} for this purpose. 

1. A quarter undulation mica plate is a thin cleavage piece 
of colorleHs mica which causes a retardation of both rays of 
about 1/4 wave length for sodium light, i.e., about 150 I'fl.· 
Observed hetween crossed nicols it appears grayish-blue of tho 
first order, alld between parallel nicols brownish-white. In IIlany 
instances plat-es which cause a retardation of only 1/8 }. are 
of good service. The quarter undulation mica plate is used to 
orientate the other compensators. It ~hows a biaxial inter
ferenee figure in convergent light. Since it is optically negative 
t.he direct ion of the axial plane corresponds to the direction of 
least elasticit y. 

2. The compensators with reddish-yiolet I, II, etc., have al
n'ady been described under the head of stauroscopes. Their 
additional URe as compensaton; justifies repetition at this time. 

FIG. lO8.-Mica Wedge. 

Violet I is generally used to determine the character of the double 
refraction, while violet II and plates with higher interference 
colors are used with very strong double refracting substances. 
They arc generally prepared from gypsum or quartz. 

3. The Fedorow mica wedge, Fig. 108, consists of a pile of 16 
plates of mica of equal thickness. Each plate produces a retarda
tion of 1/4 A and is shorter by a definite amount than the one 
next under it. With this apparatus the first four orders of 
color appear in, 16 divisions and each division can be made so 
wide that the field of vision of the microscope shows a single 
homogeneous interference color at any given time. 

4. The quartz wedge is a small plate of quartz cut in the 
shape of a wedge and the retardation at various places is shown 
by a scale. It is inserted in the slot above the objective until 
complete darkness or, still better, the sensitive violet I is obtained 
by means of compensation. The thickness of the quartz is read 
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off at this point, from which the double refraction of the crystal 
can be calculated. 

5. The birefractometer consists of an ocular within which 
a quartz wedge can be moved by means of a rack and pinion. A 
micrometer scale is etched upon the glass strip that covers the 
wedge. From it the thiekness of that portion of the wedge in use 
can ue read directly. It is still bett<lr to have the quartz wedge 
so made that only one half of the field of vision is colored, while 
the scale is placed upon the other half. With this arrangement 
the apparatus can be used not only as a compensator but also 
as a comparator in which case the crystal is placed in the vacant 
half of the field and its interference color is compared with the 
color of the movable quartz wedge. 

6. The Babinet compensator consists of two thin quartz 
wedges ","ith equal refracting angles] lying one on the other, Fig. 
109. In one ,,'edge the optic axis is parallel, in the other perpen
dicular, to the sharp edge. The 
upper wedge is not movable but 
the lower one can be moved by 
a rack and pinion, and the 
amount of the movement can 
be read on a drum. In the 

FIG. l09.-Babinct Compensator. 

zero position there is a dark band in the center of the field 
marked by an oblique cross hair, Andreas cross hair, because 
both wedges are of equal thickness at that place and since their 
equivalent directions are crossed their double refraction is entirely 
compensated. On either side there is a symmetrical series of 
bands with an increasing order of interference colors. \Vhen a 
double refracting plate is inserted the dark band is removed from 
the middle of the field. The movable wedge is then moved in by 
means of the screw until the band lies again exactly in the middle 
and.the amount of displacement is read on the drum. If the crystal 
is rotated 90° the black band is removed toward the opposite side. 
It is again placed on the cross hair and the mean of the two 
readings is indicative of the double refraction of the crystal. 
An approximate adjustment of the central band should be made 
in white light, because in monochromatic light dark bands occur 
in place of the colored ones, but the fine adjl\stment should be 
consummated in sodium light. The double refraction of the plate 

2rtg."m 
in question can be calculated form the formula r- a= --·i ~-. 
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in \vhieh r is the amount of displacement for one rotation of the 
SC1'(J\Y, ~ is the angle of the wedge of t.he compal'u,tor, m is the 
number of rotatiOlli' of the sere",", and d is the thicknesR of the 
plate under illYCstigatioll. 

7. The 1 winning l'ompcmmtor tan be described most easily by 
(.;allillg: it [t BaLinet ('ompensator which is cut through the center 
parallel to the llircrtion of the long arrO\y in Fig. Ion. One half 
if; mtnted OIl the fresh eut, through 1800 with respect. to the 
other, and each portiun i~ left movable in opposite directions. 
]11 the normal position there is a d[Lrk Land arTOSS the entire 
field of vi~ion ('olTcsponciing to the complete compensation of 
the douhln refraet.ion in the 1.\,,0 oppositely orientated portions 
01 Hie ",yedge. If a uoull1e refracting crYl4tal is pla('ed in the 

pa.th of the rays the band recedes just 
as far toward the right in one half of the 
field as it does to·ward the left, in tho jO 

other half, and the amount of displace
ment necessary to unite both parts of 

tIl(:' oand ;.tgain indicatef:> very accurately the douLle refraction. 
Branl.i:; constructed another type of twinning compemmtol', 
Fig. 110. The two parts, rotated through 1800 to caeh other, 
\yere not placed side by side but one oyer the 01her. Then the 
,,,hole field of yisioll is dark in the normal posit.ion becaus.e the 
double refraction of the opposi1ely orientated portions of the 
wedge is eompensated eompletely. \Yhcn a double refraeting 
suLstancB is plaeed in the path of the li~ht, darkness is restored 
by mo\'ing one of the ,,-edges. The displam)ment of the wedge 
is indieatiye of the douLle refradion hut it is by no means as 
accurate as in the previous case. 

S. The Biot rotating quartz is also a very useful device for 
determilling the eharacter of the double refraction. A plate of 
quartz perpendicular to the axit3 is ground RO thin that circular 
polarization is no longer apparent. This if> set in a holder so 
that it can be j,nsertpd in a slot above the objective and rotated 
on a horizontal axis. In the normal position it produces no 
change but as soon as it is rotated, the vibration direction of 
the ordinary ray heing the axis of rotation, it becomes double 
refracting. Any amount of compensation can be obtained by 
more or less rotation. 

9. The simple wedges cannot always be used advantageously 
because the lowest int.erference colors cannot Le perceived on 
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account of the thinness of the wedp:e. 'Yright therefore 
fastens a gypsum or quartz wedge 011 an oppositely orientated 
plane parallel plate of gypsum which gives violet 1. By the 
subtraction of one order of colors thf: lmvest eolors of t.he fil't-)t 
order, beginning at the zero point. are obtained ins1ead of 1,hosp 
bordering violet 1. 

Use of Compensators.-To U~() any of these compensatorf'l tho cry,.:;tul 
under investigation is centered and its vibration dirf'ctions placf'd at 45° 
to those of the nicols. Excf'pt when usin~ a Babinet or a twinning com
pensator. the URE'S of which wen'" described above, the interference color of 
the objpct is firRt observed and then the compensator inserted and Ol(' 
direction of change in the interferenee color noted, i.f'., whether the int~r
ference color of the combination corresponds to the Sl!m or the difICT('nce 
of the retardations in the crystal and in the compensator. If, for example, 
an optically uniaxial negativE' crystal 'with a prismatic development is 
orientated on the stage of the microscope so that itF; long direction coincides 

·with the direction of greatest velocity in the compensator, the int('rference 
color increases. It appears as if the crystal had become thicker. If the 
conditions are reversed, the interference color is lowered as if the laVPI 
were now thinner. Those crystals, ' .... hich show very low interference col(;rF, 
arc apparently an exception to this rule. For example, a crystal that 
shows gray-blue of the first order, whpn compensated by violet I in crossed 
position, shows a brilliant orange-~'ellow interference color, which nf'ver
thelcss indicates subtraction because that is lower than violet 1. This 
can be best shown by rotating the crystal 90°. Then a higher blue of the 
second order appears. In general it is not known from simple observations 
in parallel polarized light that the crystal observed is uniaxial and pri.s
matically developed. That t.he direction of greatest velocity is parallel t.o 
its long edge, its principal zone, is all that can be determined. The dp
termination of the relative velocities of the two rays vibrating in a eros:' 
section is designated as determination of the optical character of the pri11cipal 
zone. That direction in which a crystal aT cry~tal secti.on i,.,; elongated is 
taken as the principal zone. The principal zone is negat.ive when t.ht' direc
tion of greatest elasticity, and positive when the direction of least elasticitj 
is parallel to the long edge. 

The determinati.on of the optical character of the principal zone is very 
useful in the determination of crystals. Its value can be best appreciatpd 
for the study of thin sections by comparing the optical charader of t.he 
principal zone with the true optical character of the crystal. ThiM 
indicates the crystallographic habit, the position of the optic plane, and 80 

forth. 
The example cited above shows that, in an optically uniaxial crystal in 

which the principal axis corresponds to the principal zom .. t.h{' opticnl 
character of the latter is the same as the optical character of the crystaL 
If a uniaxial negative crystal is tabular parallel to the base, a transverse 
seet-ion will show a decided elongation but the principal axis is perpendic
ular to it, Le., the direction of smallest velocity is parallel to the principal 
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zone and its chl:Lracter is positive. The following table shows the various 
possibilities, 

Character of crystal 
+ or-
+ or-

+ or -

+ or -

+or-

Uniaxial Character of principal zone 
Prismatic habit + or -. 
Tabular habit - or +. 

Biaxial 
Prismatic; BXa II principal zone fl 
Tabular; Bxo .1 tabular face 
Prismatic; Bxo II principal zone } 
Tabular; BXa 1- tabular face 
Prismatic; optic normall_ principal zone l 
Tabular; optic normal II tabular face f 

+ or -. 

- or +. 

±. 

The charn,('tcr of the double refmction of the prinripal zone varies in 
different sections of a bia:xial substance when the vibration direction in 
that section of the zone is the optic normal. 

The determination of the character of the principal zone is frequently 
impossible, either because an actual characteristic zonc cannot be recognized 
or bCCfmse the interference color is white of the higher order. In the formei 
case it, is impossiLle to speak of a principal zone, while in the latter, other 
methods must be u8Pd. Either the wedge-shaped borders of the crystal 
or slide are used and the ordinary methods of compensation applied to the 
brilliant bands of color, or compensators corresponding to a higher order of 
color can be employed, and Ly subtraction brilliant interference colors of 
lower orders produced. 



CHAPTER V 

Observations in Convergent Polarized Light 

Direction of the Rays in Convergent Light.-It is important 
in many cases to study the optical properties of a crystal or 
erystal section not only in one direction but in as many different 
directions as possible. Either conycrgent polarized light is used 
for this purpose, by means of which the optical properties of a 
crystal can be observed in various directions at one time, or [I. 

rotating apparatus, described in the appendix, is used and the 
different directions studied in sequence. 

Fig. 111 shows diagrammatically the passage of the rays in 
convergent light. The lenses Land L' arc so arranged that the 
upper focus of L coincides with the lower focus 
of 1/ at the point f. The crystal K to be invcsti-
gated is placed between the two lenses. Each F:··· 

af the illuminating cones af light with its apex 
in the lower focal plane F of the lens L is con
verted by that lens into a bundle of parallel rays, 
and these bundles emerge from the lens with all 
possible inclinations to the axis of the lens ,vithin L 

p 

its angle of aperture. These parallel rays pass 
through the object between the lenses and are 
reunited in points in the upper focal plane F' of 
the lens L'. FIG. 111. 

Every point in the image, thus produced, Convergent Light. 

corresponds to a direction in the crystal. In 
convergent light the optical phenomena, which an object shows 
in all the directions in which light is propagated through it, are 
observed side by side. The different retardations which the 
light has experienced in the various directions in a crystal 
cannot be observed without the aid of other devices, be,cause 
the eye is not properly adjusted and, hence, nothing "tat all is 
seen in convergent light until such apparatus is used. ~ _" 

If instead of ordinary light polarized light' produced by the 
polarizer P and the analyzer A is used, interference phenomena 
become visible at each point of the image when double refracting 

95 
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crystal~ arc stuJied. This corre~ponds to /1, retardation of On(; 

ray over the other upon passing thr(lu~h the crystal in t,hat 
particular direction. The interf('rencc figure thus ohtuined is 
one of the most important m{'ans of determining 1 he optical 
properties of a cry::>taL 

It must always be kept, clearly ill mind that in ()b~rrvation5 
in convergent light any given portion of t,he interference figure 

dors not correspond to a definite 
point on the crystal hut rather to 
some dirretioll in it. The ima~e 
is not changed, if a hOIllOp;Cne01.lH 

r-<;t~-;!'->-<nI~ct++-t++- B erystal is moyed parallel to itself 
on the stage. It is~ in gen8raL 
altered immC'diately if the dire('
tion of OhSefyation is changed by 
rotating the crystal on an axis. 

The simple lenscR Land 1/ n,re 
FlG. 112.-Fielrl ~i~:.ion iu ('onv('rgent now replaced by combinat.ions of 

plano-convex len~es. The special 
('asc he]'p ronRiderp,d is one in which a eonyerging lenf: i:-; pla(~p,d 
OY('l" the polarizer and L' iR I'eplu,('cd by any ohjP{'t.iYl'. 

Tllf' circle AB, Fi~. ] 12, rf'prpsrnt,.; the field of vision in ('onverf!;f'nt 
po{arizf>d tight. For the sake of simplicity, i rtf' angle of apC'rturc may be 
taken equal to 90°. Ray .. , wbi('h ha\'f~ left the crystal plate with an in
e1ination of 4))° to the vt'rt.ical, emerge around the ouler edge of th~' fit'ld. 
Assuming- the index of refract jon f3 for thE' cryst.al to be ].f\0, it follrrws 

from the law of sines, sin V = sin_ E that the rays at. t1l(> edgf' of the imngp 
~ . 

hll\'(' passed through thp cryFttal at an angl£' of 2G ] /2° to the vertical, or t}Jp 
entire field includeR a cone of 1igllt in the cryst.al with an angle of 5:3°. If a 
flmaUer circle is taken in the field of vision, for example, one with 2/3 the 
diametcr, CD, it embraccs a1l rays which ('merge from the crystal under an in
clination of ahout 281 /2°tothe vertical orpaHS through the crystal at 17 2/3°, 
Fig. 113. Then, jf 11 ejrele with only 1/3 the diameter of the field is taken, EF, 
it includes those rays which leave the crystal at. an angle of 1:~0, and are 
propa~ated through it, under an angle of auout go. HnaU~", in the ccnter of 
the image 0, Fig. 112, the optical phenomena correspond to those ray_,.; 
which pass through the crystal plate exactly vertically. From the above, 
it. appears t.hat with an objective with a definite angle of aperture the conE.> of 
rays passing through a crystal will be greater the smaller the value of (3, the 
denominator of the equation for the law of sines. Feehly refracting minerals 
give a much more extensive perspective of their optical properties than 
those with Mgher indices of refraction. The value of f3 can be greatly 
reduced by increllsing tha: apf'rture by means of an immersion system. 
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Methods of Observation in Convergent Polarized Light.-The 
simplest method to pass from the observation of the object to 
that of the interference figure consif'lts in removing the ocular 
and observing the interference phenomena, RS, Fig. 113, 
produced by the objective alone. It. consists of a small image 
visible in the upper focal plane of the objective. This is the 
Lasaulx method. Inversion of the image does not occur in this 

Fw. 113.-A Biaxial Interference Figu.e. 

method of observation. The observed interference figure has 
the same position as the object, but is inverted with respect to 
the microscopic image. The rays which have passed through 
the crystal from left below to right above appear in the image on 
the right. Images thus produced are generally very small but 
sharply defined. They can be magnified but a part of the dis
tinctness is lost by the process. A low power microscope can 

7 
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be obtained by using the ocular A, Fig. 113, and the Bertrand 
lens B, inserted in the tube as an objective. This can be focused 
on the small interference figure by elongating the tube and it 
gives a magnified image R"S", which is observed in the ocular. 
The image thus observed is inverted ·with respect to the object 
and has the same position as the microscopic image of the object. 

The proper centering of the Bertrand lens must always be checked first 
by placing a unittxial cry~t,al, tabular parallel to the base, in the micro
scope. If the position of the lens is correct, the dark cross, described below, 
mUflt coincide with the cross hairs of the ocular. The interference figure 
can also be magnified by placing a Klein lens aboyc the ocular. This lens 
can be movcd in a vertical direction in its holder. The magnifiod ilUage 
in this case is likewise inverted with respect to the object, but its position 
coincides with the microscopic image of the object, A real image R'8', 
a.dapted for projection and photography, is obtained by using the Bertrand 
lens without the ocular, or by using a projection ocular. This image is 
likewise inverted with respect to the object. 

The interference figure observed appears smaller the higher the fa power of the objective used. More convergent bundles of rays 
are obtained from stronger objectives, because in general the 
aperture of the system increases with the magnification. The 
interference figure obtained ·with a high power objective, allows 
directions at greater inclinations to each other to be studif'd, 

y • If (Homogeneous , 
~ 

lmmenion) , , ~-i 1hz , 

~Ind W·Ol • • I ~'~l ~ .. , "11",1.515 

2u '" So 2u-3lP 2u ~74° 2u=l28" 2u,,118" 

FIG. 114.~Angle of Aperture of the mo~t Important Objectives of W. and H. Seibert. 

provided the aperture of the illuminating apparatus is great enough for that 
of the objective. For ohseryations in convergent light, the condenser 
must always be in position and high power objectives l used. 

Cross sections of the various objectives made by W. and H. Seibert are 
shown in Fig. 114 in which 2u is the angle of aperture. Fig. 115 l:1how8 
the corresponding interference figure of each in an optically biaxial mineral 
with an apparent optic angle of about 85°. 

If the aperture of the illuminating apparatus is not sufficiently large for 

1 When sueh objectives are not availahle convergent light Can be produced by a small 
air bubble in the Canada. balsam or by a soap bubble, which takes the place of the lens 0 
The intel'ferenCb lill'".ll'e so produced appeal'S magnified in the microscope. 
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the objectiveJ only the inner part of the image will be illuminated and the 
border will appear dark. If ODe of a large number of minute individuals 
is to be studied in convergent polarized light, or if a crystal consists of Inany 
small twinned individuals, the optical nature of which is to be determined, 
an ocular diaphragm should be used. 1nth it only the light passing through 
that portion of the object in the center of the field of vision reaches the eye. 
The simplest method for such observations is to center the desired portion 

FIG. 115.-Interference Figures Corresponding to the Objectives in Fig. 114. 

of th{> object carefully aud upon removing the ocular, place a diaphragm 
with a small perforation in its center over the end of the tube. The object 
can be centered by using a Ramsden ocular with an iris diaphragm in the 
lower focal plane. The diaphragm is narrowed until only the portion of the 
object to be studied is visible in parullellight. ·Then the ocular:is removed 
while the iris diaphragm remains in the tube. In investigations by the 
Bertrand method the iris dlaphrugm is placed in the upper focal plane of the 
lens which is inserted into the tube. 

Optically Uniaxial Crystals.-Let us consider more closely the 
behavior in convergent polarized light of a plate of a uniaxial 
crystal cut perpendicular to the 
optic axis. One of the several 
bundles of parallel rays AA', Fig. 
116, passes through the plate per
pendicularly and is parallel to the 
optic axis. It is at the same time 
the axis of the cone of light. There 
is no double refraction in the direc
tion of the optic axis so the cent.er 
of the interference figure will ap
pear dark. If a second bundle of FlG.116.--Constructionof an Uniaxial 

rays AIm, which passes through Interference Figure. 

the crystal slightly inclined to its 
axis, is considered, the light will be resolved into two rays, one 
vibrating in the principal section of the crystal and the other 
perpendicular to it. These rays will emerge from the crystal 
with a small phasal difference corresponding to the small inclina-
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tinn to the axi~, and ,,'('ak illumination ,,,ill appear at. that point. 
01lw!' llundles of ray:;: A'l pass through tIl(' cry:-;t.al more inclined 
to the axil' and hayc a de{'id{~dly greater retardation corI'f'spond
ing- to this ,!!reatcl' inclination. rnlUB) there is a continual increase 
of interferellce color from the center toward the edge of t.he 
image. All rnys with equal inclination to the axis have the same 
rCH1ruatinll so the inj,erfercncc colors app~~~11' in ('oneentric rings 
around tlit' dnrk middle point. in t.he order shown in Fig. 96. 
They are most hrilliantly illuminato(l in those sections forming an 

~~ If_ 
FIG. 117.- Interference Fi~ure of a 

Iloubie Refra.cting rniaxlal 

angle of 4,1° with the vihratioll 
directions of the two nicols. AR 
light is not reR01ved in those 
sec-fions ('oinciciing "\yith the 
yilll'lltion direct,iuns of the ni('ols, 
they remain dark under all 0011-

ditiollf:. Therefo1"f', the inter
ferC'ncp figure eonsi~ts of It dark 
('1"o:-t'. the a1"m~ of which arc 
parallel to dlP yihration diree
ti()n~ of the ni('olH and ('ut aeroRs 
thp eolorcd cOllcentric rings. 
Fig. 117. 

All dir('('t i(lll:' perpendieular 
t.o the optic axi8 arE" ("qual in 

ulli,txial nyt-ltrdt-1 t<O there it-> no chango in the image when the 
stage is rotat('d through 3600

, and all t.hese directions coincide 
in turn with the yihration direcTiolls of the nieob. Interferenee 
figurf'~ of optieally ulliaxial crystals cut perpendicular to the 
optic 3.;.;:i8 nre not, cluUlged hy a complete horizont.al rotation of 
1he section. 

The Iwhayior of uniaxial crystal,> in sections perpendicular to the optic 
axis hpt,v,'ef'n parallel nicols can he understood from the ahove discussion. 
Lip;ht is lIOt. re-sol ved in t.hat. principal section of t.he crystal which corre
sponds to the vibrat.ion direction of one of the nicols and in tllt' direction 
perpendicular to it. A light cross appear..; instead of the dark one, de
f'lcribed abon', cutting across the concentric colored rings, \vhose colors are 
complementar." to those obtained between crossed nicols. 

If the face through which the observation of the interference figuTI:' is 
made is not exactly perpendicular to the optic axis, the rays obserwd in 
the center of the field aTe not those which pass through the cryst,uJ parallel 
to the opti.c axiR. The intersection of the arms of the da.rk crOSti is diB
plfl,('ed from the C{'uter of the field and the colored rings, the center OF which 
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is this intersection point, are eccentric with re~pect to the field of vision. 
When the slide is rotated, the intersection of the CfOSt: arms describes a 
circle about the center of the field. See thl' upper series ird<ig. 118. Thp 
directions of the tUIDS of the cross are dependent only upon the vibratiom 
of the nicols and, since these are not changed, the arms retain their directions 
but are displaced across the field paralIc) to the original positions. 

If the section is cut so obliquely that u: sin p.>u, in which w is the index 
of refraction of the ordinar~~ ray in the crystal, J.l is the angle of inclination 
of the s('ction to the optic axis, and u is the aperture of the ocular, and the 
apparent direction of the optic axis falls outside of the angl(' of aperture of 
the ocular, a comparath-ely rolia ble clue can still be obtained that the 
crY1'ital i8 uniaxiaL As shown in the lower s(>ries of Fig. lIS, the extreme 

:Fw. 118.-InterferelH't' :Figures of t"nin.xio.1 Crystal", Cut Chlique to the Axis. 

portions of the black erosi'> pass through the field of Vil-;lOIl in a regular man
ner when thE;' crYRtal plate is rotated. The difference between interference 
figures in oblique l;;('ctions of uniaxial crystals and thoRe of biaxial crystals 
is emphasized in Fig. 118, in that the black barl-1 whi.ch pass acroes the field 
lire repre"ented exactly parallel to the vibration directions of the two nicols. 
This is not th(' case wl1('n the axis emerges very obliquely and tll(> apertul"f' 
of the objc('t~ve is quite large. Then, as they are shifted, their directions 
are changed very decidedly just as in a bi.axi.al int.erference figure. tiut 
sections of biaxial crystals with smuU cptic angles, cut not too obliquely, 
show perfectly Jl:lrallel sh.ifting of tnc bars, particularly when objectives 
with small apertures afe used. It may also be noterl that the emf'r~encc of 
the optic aX:i:l from a cleavage fragment of catcite, where w sin 11= 1. Hi5, can 
only be ~ecn by meanH of an immersion system. 

The behavior of a plate of a uniaxial crystal cut parallel to the optic axis 
in a rock section cannot be distinguished in ordinary light from that of a 
biaxial crys"!;al cut perpendicular· to its obtuRe bisectrix. This "'ill he 
treated more fully farther on. It is impossible to distinguish, by simple 
means, a section of a uniaxial crystal pfl,rallel to the ~.lptic axis from a bi
axiaL The gre-ater the inclination of tne plate to the optic axis the morf' 
positive the determination. However, the direction of U1e optic axis or that 
of the acute bisectrix can be detelmined in the interference figure in a. 
biaxial crystal with not too large an optic angle. Let us assume that the 
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cros~ section given in Fig. 119 is parallel to the optic axis cc of a crystal, 
which is ob~{'rvE:'d in convergent light at 45" to the vibration direct.ions of 
the ni{'olR and the characteristic distribut.ion of the interference colors is 
S(,Ptl. The observed phenomena can be best shown in a plate cut from the 
sect,ion paraHf'l to its long direction, Fig. 120, and one perpendicular to it, 
Fig. 121. The simplest explanation can be given with the assumption that 
the angle of apertuTP of the objective is 180°, wbich cannot actually be 
obtained in practice but can be approached approximately. Hthe behav-

FIG. 119.-Section of an 
Uniaxial Crystal Parallel 

TO t.he Optic Axis. 

FIG. 120. FIG. 12l. 
Section through Fig. 119, 

Parallel tu ce. Parallel tv M. 

lor of the ray!:> in the s('ction cc perpendicular to Fig. 119, as shown in Fig. 
120, is studied, it will be seen that the rays whose image appears in the 
center of the field of vision have pasO'cd through the crystal perpendicular to 
its optic axis. They interfere with the full value of the douhle refraction 
of the crystal r-a. The rays, however, which appear on the extreme 
edge of the field, have passed througb the crystal in the direction ce, Le., the 
direction of the optic axis, and ha ve suffered no double refraction whatever. 
In those quadrants through which the optic axis passes the interference 

FIG. 122.-Uniatial Crystal Parallel to the Optic 
Axis in Convergent Polarized Light. 

color is lowered toward the edge of the field but it is not reduced to zero 
as it would be in the theoretical case under consideration. Red J, in the 
middle of the field, changes into a distinct yellow as shown in Fig. 122. In 
the section given in Fig. 121 the rays in the middle of the image are likewise 
propagated perpendicular to the optic axis and interfere with the gr(latest 
double refraction. The ra.vs in the outer portion of the image have the same 
direction of propa~ation and hence the same double refraction. The d;s
tRnce tra versed by the rays increases with their obliquity, causing an increase 
in the retardation and c~l).Sequently a raising of the interference colors, red 
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I passing Oller into blue. The section of quartz cut parallel to the optic 
axis may serve to illustrate this as shown in the following table: 

I. II. 
~ ~~ 

p d w 
0° 1.0000 0.0091 0.0091 0.0091 0.0091 

200 1. 0652 0.0069 0.0073 0.0091 0.0095 
40° 1.3054 0.0038 0.0050 0.0091 0.0119 
60° 2.0000 0.0010 0.0020 0.0091 0.0182 

u is the angle of inclinatioll of the rays toward the normal to the section, p 
is the distance traversed in the direction indicated, d the amount of double 
refraction in this direction, and w the retardation of the two rays resulti.ng 
from the last two factors. The columns under I give the value for those 
directions which lie in the section corresponding to Fig. 120, while those 
for the section corresponding to Fig. 121 are to be found in the columns 
under II 

The interference figures of uniaxial minerals are often affected by inclu
sions, twinning lamellre, etc. When disturbing inclusions are present the 
interference figare is undistorted only 
when the vibration directions of the 
inclusions correspond to those of the 
nicols. In other cases the dark crosg 
in the interference figure does not 
remain unaltered upon rotating the 
object, but it opens giving rise to 
two rather irregular hyperbolas that 
reunite on further rotation. Such 
minerals behave like biaxial crystals 
with a very small optic angle. The 
latter phenomenon is very common 
so that positive determinations can
not always be made. It may occur 
that the black cross appears open FIG. 123.-Interference Figure of a low 
normally, and does not close upon Double Refracting Unia:rial Crystal. 
rotating the object. This is caused 
by double refraction in the lenses and a normal image can frequently be 
produced by rotating the objective. 

In very thin plates of low double refracting substances the bundles of 
rays inclined most to the optic axis do not suffer sufficient double refraction 
to produce brilliant interference colors. Illumination occurs only at the 
extreme border of the field in the four sectors lying between the principal 
sections of the nicols. The greater part of the image is a broad, poorly de
fined oross, Fig. 123. For recognizing very weak douhle refraction in con
vergent light, a. sensitive tint plate may be used. When it is inserted the 
interference figure, which was formerly scarcely visible, becomes distinct by 
a blue color in two opposite quadrants and orange in the other two. If on 
the other hand, the plate is thick or the substance has a very high double 
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refraction, the rings arc vpry close and the color i.s of a lower order in the 
center, but g-ives way rapidly to whitE- of a higher order to·ward the edgC'. A 
distinct intl'rferencc figure CUl! be obtainpd even with a low pOWf'r objective. 

Crystals with Circular Polarization.-It is not necessary to go very deeply 
into the phenomenon of circular polarization in convergent light uecauHc it 
can only he ohseryed distinctly in much thicker sUdes than are mcd in ordi
nary microscopic studies. Circular polarization is the property possessed 
hy certain bodies, whereby light is resolved into its components in that 
direction in which double refraction does not usually take place. Since all 
directiom perpendicular to this one are equivalent, resolution of the li~ht 
can only p;ive rise to circular vibrations which move in opposite dirpctionR 
and possess slightly different velocities. Circular polarization can take 
place ill isotropic crystals in all dirE-ctions but in double refracting cry.,;tals 
only in tIl(' direction of an optic axis. Upon emerging from the cryRtal the 
two f'ircuiar vibrations unite in a vlane polarized vibration, the plane of 
which is rotated sOlnewhat corresponding t,o the retardation of one fay over 
the other. Circular polarizing crystals rotate the pianc of polarization of 
light 

When a circular polarizing crystal section is observed in parallel, mono
chromatic light, it appe/us light uetwpen crossed nicols, if it is sufficiently 
thick, and there is no change in its luminosity when the plate if:: rotated 

horizontally. When olle of the nicole 
is rotated through a definite distance, 
the section becomes dark. Depend
ing upon whether thi" rotation is to 
th(' right or to the left, crystalb are 
classified into right- or left-handed 
crystals, and the amount of rotation 
of the ni.col necessu,ry to produce 
complete darkness indicates the 
strength of the circular polarization, 
provided the thickness of the plate is 
knmvn. The rotation of the plane of 
polarization is generally quite differ
ent for different colors, e.g., in quartz 

FIG. 124-Interference Figure of l\ rniaxial C'xtreme violet is rotated 2 1(2 times 
Crystal with Circum!' Polarization. as much as extreme red. If a plate 

cut perpendicular to the optic axis is 
thick enough, it will show interference colors in parallel polarized light, 
and the~e colors remain unchanged during a complete rotation of the 
plate. ,Vhen one nicol is rotated, the colors change in such a manner 
that the various colors of the spectrum are extinguished in order, the 
others uniting to form a mixed color. Upon rotating the nic01 in thtl 
di.recti.on of the hands or thl" c\oek, these complementary colors foHow in the 
order of the spectrum for a right-handed crystal, and in the reversed order 
for ODe which is left-handed. 

The phenomena of a uniaxial. circular polarizing crystal can be very 
ea.:;i1y deduced form the above. An interference color ploduced by circular 
polarization appears in the center of the image and the dark cross disappears, 
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Fig. 124. The color is constant throu!!hout, the whole at the center of the 
field and behaves exactly as the interfe~nce color of the plate did in parallel 
polarized light. This phenomenon is generally not seen in microscopic 
preparations because circular polarization is nearly alway" too weak to 
produce an illumination which is observable in a thin layer. 

Character of the Double Refraction of Uniaxial Crystals.-
In obserying the interference figure of a uniaxial crystal it 
was seen that the phenomenon was produced by double rcfrartion 
of the rays passing obliquely through the plate. The light is 
resloved into two vibrations corresponding to the extraordinary 

,. 

l' 

FIG. 125.-Vibration Directioru in an Uniarial Interfennce Figure. 

and ordinary rays. The extraordinary ray vibrat.es in a prin
cipal section and, since all planes through the optic axis are prin
cipal sections, all radii of the interfere nee figure are vibration 
directions of the extraordinary ray. The tangents which are 
perpendicular to the radii are the vibration directions of the 
ordinary ray, Fig. 125. 

If one of the compensators already describ~d. e.g., violet I) is 
inserted in the microscope so that its vibration directions are at 
45° to those of the nicols, the directions of greatest and least 
elasticity in the plate will be parallel to a principal section of the 
crystal. A reddish-violet color appears instead of the dark cross, 
as indicated in Fig. 126, while the corners of the four sectors are 
colored yellow and blue. A negative crystal is represented in 
Fig. 126. Its extraordinary ray is the faster, or the velocity 
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of the ray vibrating in the principal section or in the radius of the 
image is the greater, and is equal to a. Addition of the double 
refraction takes place in those sectors through which the vibration 
direl'tion of the faster ray in the compensator passes radially, and 
a higher interference color appears. It is the brilliant blue follO\v

iug violet 1. In the other scctors the 
yibration direction of the slower ray in 
the compensator is parallel to the radius 
of the interference figure and compensa
tion takes place. The interference color 
is lowered in these two sectors, i.e., it 
changes to yellow. 

The simple mnemonical rule for this 

or:o'~::l~~:(~~~fi';;;~~<'~~~:; phenomenon is: The line ioining the 
with Gypsum Test Plate. blue sectors and the direction of greatest 

velocity in the test plate form a minus sign 
optically negali."t'e crystals. In positi'l)e crystals the other sectors 

the blue interference color. The line joining the blue sectors 
(llld the direction of greatest velocity in the test plate form a plus 
sign fur optically positive crystals. 

A quarter undulation plate gives characteristic reactions in a 
similar manner. The dark cross breaks up into two black spots 

p p 

p' p' 

FIG. 127.-Fositive FIG. 128.-Negauve 
Uniaxial Interference Figure with a. Mica Test Plate. 

and the line joining them corresponds to a vibration direction in 
the tC"St plate. It is parallel to the direction of greatest velocity 
in the test plate for positive crystals, Fig. 127, and perpendicular 
to it for negative crystals, Fig. 128. The colored rings may be 
observed to move out in those two quadrants and move in in the 
other two. 
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Figs. 127 and 128 show diagrammatically the conditions described above. 
The phenomenon is based on the direction of greatest velocity of light in 
the mica plate, but if, as is frequently the case, the direction of least elasticity 
iE> parallel to the long direction of the test plate, the two images must be 
interchanged. 

The eighth undulation plate likewise gives a characteristic reaction in 
which the dark cross breaks up into two curves similar to the middle portion 
of a figure 8. The figure is closed on both ends by close colored rings and 
lies parallel to the direction of greate~t velocity in the mica when the crystal 
is negative, and in the reverse position when it is positive. 

The investigation of the charader of the double refraction of a thin, feebly 
double refracting mineral with a quarter undulation mica test plate between 
crossed nicols does not give very positive results, because the dark spots as 
\vell as the rings fall outs-ide of the field of vision. The violet I plate is 
bettpr in such cases. Its brilliant color reaction is distinct even with the 
feeblest double refracting substances. Great precautions are necessary in 
the investigation of the weakest double refracting crystals with violet I 
because the object glass itself often gives a very weak interference figure 
which becomes quite distinct with the sensitive tint. A quarter undulation 
plate is sufficient in almost all cases if the observations are made between 
parallel inste!ld of crossed nicols. The four angles of the brownish cross, 
which now appears, are alternately white and deep brown passing over into 
blue. The two latter quadrants, which in negative crystals are parallel, 
are in positi ve crystals crossed to the 
direction of greatest velocity in the 
mica plate, and can be easily recog
nized by their color. A mica test 
plate gives the bl"st results with very 
strongly double refracting substances 
in which thl" innermost colored ring 
is very small, and also with highly 
colored substances. 

Biaxial Crystals.-If a plate of 
a biaxial crystal with not too 
small an optic angle is cut per
pendicular to an optic axis and 

observed in convergent polar- FI~:!;;~~=:~g::;!:e~~1 
ized light, an image similar to 
that of a uniaxial crystal will be seen. There is only one bar in 
place of the dark cross and nearly circular ovals replace the truly 
circular rings of the uniaxial figure, Fig. 129. The blaCk bar is 
parallel to the vibration direction of one of the nicols, when the 
plane of the optic axes lies parallel to it, I.e., when the only 
principal section that can be placed through the plate is parallel 
to the vibration direction of a nicol. When the plate is rotated 
the bar with the rings rotates also, but in the opposite direction, 
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ahout a point corresponding to the place of emergence of the 
optie axis. After a rotation of 90') the bar is parallel to t.he 
vihration (lirection of the other nieoi. The vibration directions 
of thr two nicols always form the bisectors of the angles between 
the dark bar and the direction of the plane of' the optic ax('s. 
The hundle of rays passin!! through the crystal parallel to the 
optic ax!;.; suffers no double refraction in this case and the 
('orresponding portion of the iinage is therefore dark. The point 
at whidl the axis emerges is the pivot fol' the hlack bar and is the 
only portion of the illterferen('c figure that always remains dark. 

FIn. 30. FIG. 131. 
Interference Figure';! of Biaxial Crystal,> Perpendicular to Acute Bisectrix . 

. \.. plate of an orthol'homoic crystal cut. perpendicular to the 
acute bisectrix 8ho·ws the image represented in Fig. 130, when the 
plane of the optic axes is parallel to t.he prinicpal section of one 
of the nicols. The figure 8hO\\'s a hlack cross, corresponding to 
the two principal sections that can be placed through the plate. 
That bar of the cross, ,yhich is parallel to the axial plane, is 
sharply defined. The other bar, at right angles to it, is broad 
and indistinct. This ('.l )SS cuts the system of lemniscates sym
metrically. The 'inner curves are closed o\'ab while the outer 
ones unite to form a figure 8. The axes themselves emerge in 
the vertices of these curves. \Yhen the plate is rotated the cross 
opens, the arms uniting to form a curve which is very nearly an 
hyperbola when the plate has been rotated through 45°, Fig. 131. 
The colored rings rotate also with the plate but their form is not 
changed. The· only points which always remain dark when the 
plate is rotated are the j:iQints where the axes emerge, and they 
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form the vertices of the hyperbola. The distance between the 
vertices when the axial plane is D.t 45° to the nieols indicates the 
size of the optic angle. 

The interferencE' figure of biaxial cry:;tah, with yery small optic an!!:lcs 
approximates that of uniaxial cryr;tals. The black cros!> appcar~ to be sur
rounded by a single flystem of colored circular curves, Fig. 132. and it opens 
only slightly upon rotutin2; the slide. As already remarked, this is Rome
times seen in uniaxial crp,tals so that a definite distinction between uni
axial and biaxial substances may become quite difficult. 

If the optic angle is very lar~e, Fig. 13a, it may happen that the axes do 
not emerge ",ithin the field of vi."ion f'ven when the strongest objectives are 

FIG. 132. FIG. 133. 
Interference Figure of a Diaxial CryBtal with It very 

Small Optic Angle. Large Optic Angle. 

used. That. is t.he case when it ,<;in V> A, apprture of the ohjeetive used. 
If (3 sin V> 1, the optic axes do not emerge from the crystal into the air at 
all, because then total reflection of the light takes place, and the apparent 
optic angle is greater than 180°. If an immersion syst-em is used with such 
crystals, the optic axes can be observed in all cases in a section perpendicular 
to the acute biseetrix, because then the difference between the indices of 
the crystal and the medium surrounding it is decreased, whereby the refrac~ 
tion of the rays emerging from the crystal into the immersion liquid l8 
reduced, and the angle of total reflection increased. 

With an immersion system the two axes can often be seen in the field at 
vision in a section cut perpendicular to the obtuse bisectrix if the index or 
refraction of the crystal is not too great, and the optic angle is very large. 

Dispersion of the Optic Axes.-The optic angle is different for 
different colors and is sometimes larger for red than for blue, 
Fig. 134. It is indicated by the dispersion formula p> v, or the 
reverse may be the case, v> p. Dispersion can scarcely be recog
nized in the microscope if it is very slight, especially when the 
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substance has very 10\\' double 
refraction. If the dispersion is 
greater, there will be brilliantly 
colored bands around the vertices 
of the hyperbola in the interfer
ence figure and this band is 
broader and more brilliant the 
stronger the dispersion. Very 
strong dispersion of the optic 
axes can he noted even in parallel 
polarized light in the so-called 
dispcrs£on colors) see page 79. 

Fw. 134.-AxiaJ Plane in Bn If the hyperbolas arc yellow on 
Orth{>fhombic Cr:vstal. the convex side) and blue on the 

concave, the optic angle for blue 

is smaller than that for red, p>u. a+EffiFig. 135. Those rays which pass 
through a crystal parallel to an / --~, /- .. 
optic axis for a definite color suffer :'P v '; :' v ;': 

no double refraction for that color, \'- _~/ \,_ __/ 
and the complementary color ap-
pears in its place in the interfer-
ence figure, i.e., in the Ycrtex of FlO. 135.~Ortborhombic Dispersion. 

the hyperbola. 
In the orthol'hombic system the 

lJisectrices and the optic normal for 
aU colors coincide with the crystal
lographic axes, Fig. 134. One of 
the axes can be the optic normal fOT 

one color and another axis for 
another color, i.e., the planes of the 
optic axes for different colors can be 
crossed, as for example, in brookite. 
In any case the interference figure 
is symmetrical to the plane of the 
optic axes and the plane perpendicu
lar to it. In the monoclinic system 
in which only the b axis coincides 
with a principal vibration direction, 

FIG. 136.-Axial Plane in a Monoclinic symmetry with respect to one or 
Oeys,.1 with Inclined ));',.,""on. both of these planes may be lacking. 



OBSERVATIONS, CONVERGENT POL.{RIZED LIGHT 111 

There are three different kinds of dispersion in the monoclinic 
system. 

1. Inclined dispersion, the b axis is the optic normal, Fig. 13G. 
The optic axes lie anywhere in a plane parallel to the clinopina
eoid and the two axes suffer different amounts of dispersion. 

FIG. 137. 
Inclined Dispersion. 

FIG. 138.-0p-be Plane in a Monoclinio Crystal 
with Crossed (Horizontal) Dispersion. 

The interference figure is symmetrical \vith respect to the plane 
of the optic axes but not to the plane perpendicular to it, because 
the bands of color are different on each arm of the hyperbola, 
Fig. 137. 

2. Horizontal dispersion, the b axis is the ohtuse bisetitrix, 

, 
----..j.-- ..... --i-, , / ', _ __../ 

--~------.j.-----
, ' I ,------.I 

FIG. 139.-Horizontal Dispersion. FlG. 140.--Crossed Dispersion. 

Fig. 138. (The bisectrices and II must be interchal'lged.) 
The planes of the optic axes for different colors are any planes 
perpendicular to the clinopinacoid. The interference figure is 
not symmetrical with respect to the plane of the optic axes but 
to the plane perpendicular to it, Fig. 139. 
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3. CroR1'cd lii::;pcrsioll, the b axis is the ueutr hi::;crtrix, l~ig. 138. 
The position of the plant' of the optie axes IS the same a~ in the 
prcyiom; case. In the interferenec fi~ure the distribution of 

1<'11<. 141.~Optic rl"J.ne in a 
TriclinicCrystal. 

color to the :right above i~ the ~ame 
as to the left bellnv, Fi~. 140, that is, 
the ('010)"8 arc symmetrical to a point. 

Afo; there is no relation. in the 
tridinic Rystem, het\Ycen t.he optic 
direetions fol' the different (~olor~ and 
the erystallographic axes) the dit'ltri
but ion of tht~ nxps as ''''ell fir: of the 
planes of the optic axes is entirely 
unsymmetrical, :Fig. 141. 

In general these differences of dis
persion are quite small and arc 
obscrn~d only in yery favorable 
cases. The presenee of dist,inct ill
dined or crossed dil:'persioTl mURt be 
considered as characteristic of a 
monoclinic crystal. but the abRcnee 
of this phenomenon i.,; not sufiieient 
to determine the erystal as ortho-
rhombic. 

The prpsencl' of strong dispersion of t.he uptic axes is a good earmark for 
a substance. In monoelir.ie crystals the character and strength of the dis
pC'rsion arc not definit.ely relat.ed to each other. Titanite, for example, 
"hows very strong dispersion of the optic • 
axes but t.he inclined character is scarcely 
noticeuble. On the othrl" hand in a certai~ 
group of pyroxenes, showin)l; inclined dis
pf'rsion, one axis is vcry wf'akly dispersed, 
thp ot.her vcry strongly. 

Measurement of the Optic Angle.
The determlnation of the size of the 
optie angle is' of some importance 
and can be carried out by various 
methodH. Tho distanee between the 
hyperbolas giycs only the size of the 

A 

.F:w. 142. Apparent Optie Angle. 

apparent optie angle, which differs most from the true angle, 
t.he larger the lat.ter, and the higher the' intermediate index of 
refraction of the crystal. Those rays which pass through the 
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plate parallel to the optic axes impinge upon the upper 
surface of the crystal obliquely and, emerging from a stronger 
to a lower refracting medium, are refracted away from the 
normal, Fig. 142. Thus, the apparent optic angle in air is 
always larger than the true optic angle. If 2E is the apparent, 

and 2V the real optic angle, sin V = Sinp E. Thus the real optic 

angle of a crystal can be calculated when fJ is known. Diopside 
and orthoclase, for example, have very nearly the same apparent, 
optic angle in air, about 118°. Hmvever, in diopside, the value 
fJ, which i:-; 1.678, is decidedly higher than in orthoclase, where 
fJ = 1.524. Thus, in the former the apparent optic angle corre
sponds to a much smaller real angle, 611/2°, while the real angle 
of orthoclase is 7F. 

Only the apparent optic angle can be measured in a microscope. 
The distance between the vertices of the hyperbolas is used for 
this determination) which is made, if possible, in monochromatic 
light. With a micrometer scale in the ocular the law of Mallard 
can be used; sin E= DK, where D is the number of divisions on the 
scale and K is the constant determined, once for all time, for one 
of the object.ives. It can be determined best with a plate cut 
perpendicular to the acute bisectrix with a known apparent optic 
angle. 

In using the simplest methods of observation in convergent light there is 
generally no need of a micrometer scale in the ocular. Such a scale can, 
however, be placed in the objective, so that it can be seens~rply at the same 
time as the interference figure, or it can be etched on the front lens of the 
objective. This has a disadvantage, however, that such an objective can
not be used so much for ordinary observations and, further, tha.t the image 
pToduood by this method is ~xtremely small, and the error in the measure
ment is therefore very large. 

The measurement of the apparent optic angle can be best made with the 
microscope by using a Bertrand or Klein lens, each of which produces an 
enlarged interference figure. With a Bertrand lens, which transforms the 
ocular into a microscope, measurement can be made by means of an ocular 
micrometer, i.e., by means of a scale placed in the focus of the ocular itself. 
With a Klein lens, on the other hand, the scale can be shifted in the holder 
of the lens which is placed over t,he ocula.r. When the proper adjUstment 
of the image and scale has been attained, there should be no relative dis-
placement wh~n the eye is moved back and forth ov~ the lens. Otherwise 
there is considerable error resulting from the parallax. 

If, instead of a fixed micrometer, the cross hairs in. the ocular are so 
arranged as to be moved by means of a micrometer screw, their intersection 

B 
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can be made to coincide in turn \ .... ith the "ertices of 
the hyperbolas. The amount of the displacement can 
he read off on the drum of the serE'w. This method 
gi ves results that are a little morc accurate than 
with a fixed micrometer. Finally the interference 
figure can be transferred to coordinate paper by 
means of a sketching device. Now and then Ods 
method has many advantages. 

The sine of the optic angle is obtained from tht" 
distance between the hypcrbola8, and the simplest 
way to make this determination is to use a sine rule, 
fOI" example, Schwarzmallu's optic angle scale. Fig. 143. 
Th(' two parts a and b slide on each athN, The UpPf'I' 
part a giVCH the number of divisiuns in thl' ocular mi~ 
trometer and the lower part b the size of the eorn>~
pondin,!Z optic angle when it has been adjusted for the 
ocular used. In Fi!!:. 143 it is adjusted by meo..surinp; 
the optic angle of aragoniic on a fixed micrometer in 
sodium li,!Zht. There were 5.9 divisions on the scalf' 
corresponding to an apparent optic angle of 30° 15'. 

~ :)00] 5' on the lower scale is placed exactly und('r ,5. 9 
..r, of the upper, which constitutes adjustmf'nt of the 

scale for that objectivf'. If a section of topaz j.-; 

6 studied, 17.6 scale dh'isions will be noted. The divi
sion on the lower scale corresponding to that is 99°, 
which is the appar~nt optic angle for topaz. 

The scalf' has another value, viz., that the real optic 
angle can be deduced from the apparent without any 
calculation if the value of f3 is known. The value of 
fJ is marked in the upper scale, for example 1.61 for 
topaz, and x the distance from division 1 to the new 
division is measured with a pai,r of di,viders. ThiH 
distance, when measured backward from the apparent 
optic angle, gives the value of the real angle, which in 
this case is about 56°. 

The optic angle can also be measured 'in those 
sections which are not exactly orientated. This is 
very important for petrographic investigation because 
perfectly orientated cross scctions are rare in slides. 
The trace of the optic axes is best transferred to a 
projection from which the calculation of the optic 
angle can be made, if the intennediate index of re
fraction is known. These measurements are not of 
very great importance in the microscopic study of 
rocks, because in most of the isomorphous groups, 
which are the most widespread constituents of rocks, 
the optic angle vanes within wide limits and nO rela
tionship appears to exist between the optic angle and 
the chemical composition. 
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Character of the Double Refraction of Biaxial Minerals,-The 
determination of the character of double refraction of biaxial 
minerals is important only when it it positively known whether 
the determination was made on the acute or obtuse bisectrix. 
It frequently happens in rock-forming minerals that the optic 
angle is not far from 90°, as in plagioclase, olivine, epidote, and 
then the distinction is ,-ery difficult. The optic axcs do not then 
emerge from a sention perpendicular to the acute bisectrix any 
more than they do in a section perpendicular to the obtuse bisec
trix; 'thus this characteristic of the mineral must be abandoned 
because a positive acute bi~ectrix corresponds to a negative 
obtuse bisectrix, and vice versa. 

FIGs. 144-145.-Determinatioll of the Character of the Double Rehactioll in II. Section 
ObliqUe to all Optic Axis. 

Sections that show the emergence of an optic axis in the field 
of yision of the microscope are very important. If the optic 
angle is not too near 90° the dark bar produced by a slightly 
oblique axis is distinctly curved ,,~ith the convex side toward the 
acute and the concave side toward the obtuse bisectrix. \Vhen 
the plane of the optic axes is placed at 45° to the nicols and violet 
I is inserted) the bars appear violet but the convex and concave 
sides of the curves are colored differently as indicated in Figs. 
144 and 145. The axial plane in each case is parallel to the 
direction of the greatest elasticity in the test plate, i.e., the bars 
are perpendicular to it. Hence in a negative crystal the convex 
side is yellow and the concave blue, Fig. 144) and this is reversed 
in Fig. 145. In that portion of the image toward the biseptrix a, 
the ray vibrating in the axial plane is propagated with the velocity 
r. In this case the axial plane lies parallel to 0 in the compensator 
and hence subtraction of the double refractio~ takes place on this 
side of the axis. The interference color sinks from violet in the 
bar to yellow. 
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\Yith a section about perpendicular to a bisectrix, the change 
produced by a quarter undulation plate inserted at 45° to the 
nieo!." is observed, when the axial plane is parallel to the vibration 
direetion of one of the nicols. The black cross disappears and 
the curves in each pair of opposite quadrants are either moved 
closer together or farther apart. Thinning of the rings takes 
place in those quadrants cut by the direction of -greatest elas
ticity in the tcst plate when the crystal is positive, and vice 
yersa if it is nep:ative. This test can only be made ,,,ith safety 
in well orientated sections and is much less used than the m'Mhod 
which depends upon compensation of the double refraction. 

,rhen the interference figure is placed in the 45° position with 
respect to the nicols, the middle of the field shows an interference 
color which corresponds to the retardation of the rays propagated 
in the direction of the bisectrix in question. One of these rays 
vibrates parallel to the axial plane ·and is propagated \vith the 
velocit.y belonging to the ray whose vibration direction is the 
other bisectrix. The second ray vibrates parallel to the opt.ic 
normal b and has the corresponding intermediate velocity. If, 
for example, the section is perpendicular to the acute bisec
trix of a negative crystal, that ray which vibrates in the axial 
plane is parallel to the obtuse bisectrix, which in this case is the 
direction of least elasticity for the cryfltal and is therefore smaller 
than the yalue of the optic normal perpendicular to it. A 
compensator is then inserted so that its direction of greatest 
elasticity is parallel to the axial plane in the crystal. Thus, 
e(luivalent directions are crossed and the impresRion is obtained 
that the thlckness of the crystal has been diminished. The 
int.erference colors are lowered and the rings spread out. A 
biaxial crystal is negative if the double refraction is lowered, 
·when the direction of greatest elasticity in t.he compensator is 
parallel to the axial plane in a section perpendicular to the acute 
bisectrix, and positive when it is increased. The reverse of this 
is true for a secti0ll perpendicular to the obtuse bisect-rix. 

Beginners often experience difficulty in making this determination with 
feebly double refracting substances, which show no color in the field, or 
only gray of the first order. This is especially true for those groups of rock
forming minerals on which observations in convergent polarized light are 
most frequently made, as the plagioclases. \\~ith sections perpendicular to 
the negative bisectrix of such crystals, the originai gray changes to yellow 
when violet I, which is most frequently used for these determinations, is 
inserted. Apparently the interference color is raised instead of lowered but 
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the gray in the slide has actually been subtracted from the red of the com
pensator, and yellow' remains. This fact can be proved by rotating the 
compensator, for the field becomes blue, i.e., it acquires the next higher 
color after violet 1, while the yellow is the next one lower and signifies 
subtraction of the interference colors. 

Jt, is often interesting to determine tb(' POf'jt.lOll of thp axial plane wHh 
respect to the edges of a crystal, this being sometimes a valuable characteris
tic of the mineral. The interference figure is placed in the 450 position. 
The line joining the vert,ices of the hyperbolas in the interference figure, or 

FIG. 140.-Bil'txial Interference Figures in SeetiOIlfJ Oblique w 1he Acute 
Bi~ectrix. 

the line perpendicular to one arm of the curve is the direction of the plane 
uf the optic axes. It is unimportant which method of observation in Con
vergent light is used, because the rotation of the image is of no consequence 
in derermining the direction of the plane. 

This rotation of the image is considered when the bisectrix is inclined 
toward th.' vertical, and it must be derermined in which direction the devia
tion takes place. It must always be remembered that in observing without 
the ocular, the interference figure is reversed with respect to the image of 
the object, while in observing 'with the ocular the two tmages are placed 
parallel. 

The phenomena produced by a biaxial crystal cut obliquely to the prin
cipal vibration directions are shown in Fig. 146. It represents the behavior 
of three differently orientated sections of topaz upon a rotation thrOll{!h 90". 
Unlike the behavior of uniaxial crystals, Fig. 118, p. 101, it caD be distinctly 
seeD that the dark bar rotares about the point of .emergence of the axis 
as a center, because in this case its direction is not dependent upon the 
position of the principal sections of the meals alone, but upon the relation of 
them to the principal vibration directions of the p1ate. 
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Besides sections perpendicular to the acute bisectrix and those perpen
dicular to the optic axes, which have been amply de9cribed aboyc, sections 
perpendicular to the oht,uf'e bisectrix and thOf«' paralicl to the plane of thf' 
opt,ie axes arc of special interest. If the real optic angle of a certain sub
.<;tallce h~ nearly 90°, it is difficult to distinguish between acute and ohtmlc 
bi,.;ectrices especially in minerals with low indices of refmction. If one does 
not wish to make accurate measurements, or if thcy cannot, he made. because 
t,here is no objectiye wit,h a sufficient aperture, very useful results can 1)(' ob
tained in parallel polarized light. With two well orientated sections of ('qual 
thickness, perpendicular respectively to each of the hisectrices, th" one 
J)('rpendicular to the obtuse bisectrix gives the higher interferencc color. As 
t II(' size of the acute optic angle dccreasf's, and the obtuse becomes larger, t.he 
differencc of the interference colors of the two sections naturally increasps. 
III convergent light the lemniscates in the illterferencf' figurc, perpendicular 
to the obtuse bisectrix, ure wider, and the dark hroadcn('d bar cuts them 
only at the extreme edge 01 ~he fiola. The change i.:> the samf' as if the obser~ 
vation wcre made 'with objectives with constantly dccreasing magnification. 
The reyerse order of the images in Fig. 114, p. 98, gives the best idea of this 
gradual change. \Yhen the apparent ohf.usf' optic angle upcomes very 
large, there is only an indication of the symmf'trical distribution of color ill 
the different quadrants, when obsf'rvcd in white light. The dark bars corre
sponding to the hyperbolas first appear in til(' fi('ld, when the plan{' of the 

·optic axes is almost perfectly parallel to the yibratioll directions of the nicoJ...;. 
They arc t.hen very broad and not sharply defincd so that it gives the im· 
pression that the plate is altcrnately light and dark throughout its whole 
('xtent. 

The phenomena described above can be observed in plates parallel to the 
plane of the optic axes. They cannot be distinguished in white light from 
a plate perpendicular to the hisector of a large obhlf'ie optic angle or those 
parallel to the optic axis of a uniaxial mineral. Thp,Y can be distinguished 
sometimes in monochromatic light because in a section perpendicular to the 
obtu!'le bisectrix black curves occur corresponding to the colored ones in 
white light. These curves are portions of lemniscates which curve toward the 
point of emergcnce of the optic axes near the edge of the field, Fig. 132, p. 109. 
Analogous curves in a section parallel to the axial planc of a biaxial crystal 
or to the optic axis of a uniaxial crystal are hyperbolas, which do not show 
such bending. If this reaction does not possess the necessary sharpness for 
positive differentiation, it is still helpful, under certain conditions, to observe 
the interference figure in monochromatic light because with it the orienta
tion of the section can be determined much better, The determination 
of the direction of extinction in a section of a monoclinic crystal should never 
be undertaken before it is proved in convergent polarized light that the sec~ 
tion is really parallel to the clinopinacoid of the crystal, which is always 
perpendicular to one of the three principal vibration directions. It always 
gives an interference figure in monochromatic light, which is symmetrical 
with respect to two directions perpendicular to each other. 

The direction of the acute bisectrix can be recognized distinctly by the 
distribution of colors in the interference figure in the 45° position of a section 
parallel to the axial plane in t,he same manner as wRsdescribed on page 102 for 
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sections parallel to the optic axis of a uniaxial mineral. It is necessary, how
ever, that the real optic angle does not approximate 90° too closely. In the 
quadrants through which the acute bisectrix passes there is a lowering of the 
color or when the optic angle is quite large 8 slight raising of the color. In 
th(' other two quadrants the color is raispd and in case the optic angle is 
large, the increase is much greater than in the other two quadrants. The 
following figures Jrive the yalues for gyp~um, which is optically positive and 
has an optic angle of 59° corresponding to the table on page 103. The valuei' 
under I are for the planes inclined to the acute bisectrix RIId those under II 
for those inelinpd to HlP obtuse hiS('ctrix. 

II 
~---~----- ~---

u l' d w d 
0' 1.0000 0.0(l98 0.0098 0.0098 0.0098 

20' 1.0G})2 0.0089 0.0095 0.0096 0.0100 
4(l' 1.3054 0.0066 0.OO8t; 0.0089 0.0116 
60° 2.0000 0.0040 o 0080 0.0082 o .OlG4 

The rays in plane I, inclined about 600 to the nonna} to the plate, show 
not quite half the retardation of the corresponding directions in plane II. 



CHAPTER VI 

Twins and Optical Anomalies 

Twins.--llany cI"}'stals do not consist of a single homogeneous individual 
but of two or more individuals intergrown in a regular manner. They are 
called twins, fourlings, etc. The crystallo~raphic laws according to which 
sllch intergrowth takes place can be determined in simple cases by careful 

microscopic observation, but with more COillV1ex inter
growths the results of such observations must be used 
with great care, if they have not been verified by 
Ilccurate goniometric measurements, 

Twinned intergrowths of cubic crystals can only be 
determined under the microscope by their outline. 
Reentrant angles are a clue to the presence of twins, 
Fig. 147. Optical recognition of tv..ins is not possible 

FIG. 147. _ Cubic in uniaxial minerals, if the various sections arE.> parallel 
Twin with Re?ntrant to the principal axis. The vibration directions and 
Angle. 3[a.@.etite. the velocities of the extraordinary rays are the same 

for both individuals in every section through such a 
crystal. In convergent polarized light the behavior of the various indi
viduals is the same in this case. Quartz is it characteristic example. It 
forms intergrowths lLnd twins having parallel optic axes, which cannot be 
determined microscopically. 

When the principal axes of the twinned 
individuals are inclined to each other it 'will 
be observed in every section oblique or per
pendicular to the twinning plane, that the 
parts do not extinguish simultaneously. c "",{; 

Thus in Fig. 148, when one part of the twin 
is dark, the other part, sharply separated 
from it by the twinning plane, is light, and 
vice versa. The angle, which the extinction 
directions in the two individuals form with 
each other must not always be taken as a 
basis for the calculation of the twinning law, 
because the true inclination of the two 
principal axes can only be determined when. FiG. 148.-Unia:lcial Twin with 
the slide is pzrpendicular to the twinning Inclined hes. Rutile. 
plane. 

Twins in the orthorhombic system are generally more easily determined. 
A difference in color in various pa.rts of strongly 'pleochroic substances is 
indicative of th~. presence of twins, even though the principal axes are 
parallel. Such twins ar-e difficult to recognize, however, in case the pleo-

120 
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chroism is not distinct. This is also the case when the axial plane is per
pendicular to the twinning plane and the optic angle is very large, or the 
bisectrix of it very small optic angle lies in the twinning plane. In Loth 
these cases the extinction directions coincide and the interference colors arc 
quite similar in the sections in which the twinning can usually be recognized 
most easily_ In such cases the orientation of the different parts can be 
established ",,"ith convergent polarized light. If, on the other hand, the 
crystallographic axes of the twinned individuals arc oblique to each other, 
the intcrgrowth can be recognized by different extinction directions. The 
two individuals appear equally light when the inclination of each to the 
nicols is the same, J"ig. 149. 

Most of the twins in the monoclinic syst.em are those in which the b axe::; 
of the two individuals arc parallel. If the crystals are developed prismatic 
to this axis, the zone of the b axis will be the one most frequently studied. 
What. ,vas said for orthorhombic crystals with parallel principal axes applies 
also for sections of monoclinic inclined at a large angle to the b axis. Such 
t,vins cannot be positively determined in all cases by optical means. This 
is seen in the extremely common twins of epidote, which are but rarely 
recognizable. But the different positions of the vibration directions in the 
twins can be easily determined in sections perpendicumr or oblique to the 
b axis, as shown in the example of diopside, Fig. 150. 

Twins of triclinic crystals can be recognized in all sections because the 
vibration directions do not generally lie parallel. 

FIG. 149.-Penetration FIG. 150.-!tionoclinic 
Twin with Inclined Axes. Twin. Diopgide. 
Staurolite. 

FIG. til1.-Penetration 
Trilling. Cordierite. 

It is sometimes noted that not only two, but three or even more indi
viduals are intergrown in a regular manner. Intergrowths of three indi
viduals are called triUings. Characteristic penetration trillings of certain 
orthorhombic and monoclinic crystals are noteworthy. They possess a 
prism angie of approximately 120°, and unite to form an apparentJ-y hex
agonal crystal, as shown in Fig. 15l. 

Fourlings generally assume the form of lamellar intergrowths. Twinning 
lamination is particularly common in monoclinic anU triclinic substances 
but. is not lacking in orthorhombic (olivine), hexagonal (calcite), tetragonal 
(rutile), and in cubic crystals (fluorite). In the latter it cannot be observed 
optically. Crystals, twinned in this manner, apparently consist of two or 
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more individuals which penetrate each other in a lamellar manner, e.g., pla
gioclasp, Fig. J52. so that one system of lamellre belongs to one individual 
and the otlH'r to H second, ctc. It sometimes happens that one system of 
twillning lultwllm, produced by twinning according to a certain law, is 
crot..'f'd by anoth('r system Lclonging to a second law. The phenomenon 
nwy U~Rume very fine development and is called lattice lamination or cross 
hatl'hiflp:. l'\g. 13:1 ,,,hows crORS hatching in albite produced by twinning 
:H';~()rdi!lg: to the albite and peri cline laws. 

Tbi,.; t'oJllpiicated strnctur(' of crystals consisting of numerous alternating 
twinning iam('llw is ver~' widespread especially in the larger polymorphou& 
groups. ('.g., the ('pidotc and feldspar groups. Modifications of lower sym
JlH'j,ry approach t11o.s(· of higher symmet.ry with respect to external form 
IJ~" .such l"{'pcatcu twinning. The approxiluation is the greatt'r the finer the 
individual", unt.il. finally,::1 minut.enesf' of the singlf' component.s may be 

PrG. 152.-Twinning Lamination. Fw. 153.-Lattic{' Lamination. 

attained, such t.hat they cannot. be differentiated under the microscope. 
Then the o11tical properties agree vrith those of the modifications with higher 
,.;:nnmetry. This gradual transit.ion from lower to higher symmetry gave 
rise to the theory of ~1allard, that numerous crystals belonging to groups 
with higher s:rmmct.r~T are the result of such twinning of individuals "\\-ith 
lower symmetry. 

It ha~ often been observed that substances which crystal1i.ze in one crystal 
";,vstem tit tl cf'l"tain t.emperature, are resolved into a pile of complicated 
twins of individuals with lower symmetry when the temperature is changed. 
This was shmvn long ago for leucite and boracite, which, at the moment of 
their formation at higher temperatures, crystallize cubic, but upon cooling 
this modificat.ion is not stable and passes over into an apparently confused 
complex of double refracting lamellre, Fig. 154. The cubic condition of 
equilibrium can be r~stored by heating the crystal up to a certain tempera
ture, while cooling is followed again by the breaking up into the double 
refracting modification. 

~lany methods ha ve been used to determine the monoclinic and triclinic 
crystals composed of twinning lamellre, which occur so frequently in rocks. 
The sections of such crystals are orientated in various ways and the methods 
employed for their determination are based in part upon the mutual 
r('itttionl'l of the t.winned individuals. The simplest method is the determi
nation of the extinction angle in a series of sections in which the two indi-
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viduals extinguish symmetrically 'with l'€spect to the twinning plane, i.e., 
they afE" perpf'udicular to the twinning plane. Another method is the 
determination of the position of equal luminosit~·, which very thin plates 
of feebly, double refracting crystals show. Thicker plat~s, or those with 
higher double refraction, can only be used in monochromatic light. A 
hvin, in which the vibration directions are oblique to each other in the two 
p.arts, cannot be recognized as such in all positions Letween cro..<.;sed nicols. 
On rotating the crystal horizontally through 3600

, there are eight positions 
in 'which the two halves appear equally light and the twinning pinue entirely 
disappears. Four of these arc crossed with respect to the other four. 
These two groups of positions of four each can be distinguished from {'ach 
ot.her in that when the lamellre part.ially ovcrlap like wedge~, these nver~ 
lapping parts in one group are just as light as the rest of tbe crystal, but in 
the other group they are darker. This method of determinhlg the position 
of equal luminosity was formerly successfully employed in the determina
tion of the plagioclases, but it did not find any general application and has 
been rcplacf'd by modf'rn mdhodf'. of determination. 

FIG. 154.-Twinning Lamination 
in L('ucite. 

FIG. 155.-Segmenta in 
Gamet. 

Optical Anomalies.~Optical anomalies arc quite often observed in micro
scopic studies. Variations in the optic angle of biaxial crystals, the slight 
oPf'lling of the dark cross in uniaxial cryst.als upon rot.ating in convergent 
polarized light, and the uneven illumination of cubic crystals between crossed 
nicols are very common occurrences. A very faintly illuminated halo cut 
by a dark Cross, Brewster's cross, often appears around inclusions in glass 
and cubic crystals in parallel polarized light. 

Crystals with an external cubic form may be sometimes observed, which 
do not show normal optical behavior either in their entirety or in regularly 
bounded portions. They appear double refracting. The phenomenon in 
leucite and its decomposition into a complex of twins has been mentioned 
above. Strictly speaking, this phenomenon cannot be classed with anom
alies as generally considered, but it is a genuine and characteristic para
morpho A characteristic type of optical anomalies for cubic crystals IPay be 
observed when a second substance is present in such minute quantities that 
it cannot be detected chemically. The two substances mayor may not 
be isomorphous. Thus a crystal of potassium alum" may contain slight 
amounts of ammonium alum and retain its outward cubieal symmetry but 
internally it is composed of a number of double refracting pyramids. 

It can generally be observed that the structure of such a crystal is most 
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intimately related to its external form. It is composed of as many pyramids 
so; there are faces, and each face of the crystal is the base of a pyramid, the 
apf'xes of which unite in the center of the crystal, Fig. ISo. If the substance 
is "rithout definite crystal form, its internal structure cannot, naturally, be 
infhwllced by it. The optical properties, which are based upon the internal 
structure of the crystal. are disturbed before the development of the form is 
completed. Such a division of the field into segments is observed quite 
frequently in cubic crystals and not infrequently also in uniaxial crystals. 
They nre, howeve1', rarer the lower the symmetry of the crystal, because 
anomalous o1'y8tal1'1 always correspond in their optical behavior to groups 
with lower symmetry. It is noteworthy that certain compounds are VN)' 

f.iusccptiblc to such optical influences so that they are rarely found in a 
normal condition, while in others optical anomalies arc not known at all. 

The phenomena grouped together as optieal anomalies of isotropic bodies 
are of thr€'f' kind". 1. An uneven illumination bf'tween crossr-d nico1s with 
a BreW1itf'r'foi eross in the neighborhood of inelusiotlfoi. This is undouhtedly 
produced by tension and is found in mnorphou:=1 as well as in cubic sub
st.ance:'i. 2. A division of the field ('orresponding to the extcrnal form. This 
is generally produced by foreign substances between the molecules and is 
likewise a tension phenomenon. 3. The oecurrf'n('e of twin laminations or 
cross hatching. These can generally be referr('d to dimorphism of the sub
stance in question, and puramorphi"m resulting from it. 



Appendix 

. Accessory Apparatus 

A number of more or less complicated devices are quite desir
able in some cases as accesf.ol'ies to the microscope. They are 
of great importance in certain special investigations, and arc 
mentioned here for the sake of completeness. It is not intended 
to give a long list of them or a detailed description of each but 
to give some idea only of their general applicability. There are 
three principal groups of such accessory apparatuses which arc 
of great importance. 

1. Rotation apparatus. 
2. Heating apparatus. 
3. Projectiun and reproduction apparatus. 

The more important type:: of these will be briefly described. 

I. Rotation Apparatus 

Under this head arc included aU those simple or complex 
attributes to the microscope by which the object under investiga
tion can be rotated about one or more axes other than the axis of 
the stage. The oldest of these were used exclusively for gonio
metric investigation. They \yere called microscope goniometers 
but they are scarcely of any importance at the present time. 
There is a whole series of adjustments from the simplest types to 
the universal stage, which are used principally for investigating 
the optical properties of an object in '~,rarious directions. 

These devices depend chiefly upon two different principles. 
One tends to eliminate refraction and total reflection of the rays 
coming from the oblique surfaces of the preparation. This is 
accomplished by placing the crystal or the microscopic prepara
tion between two plano-convex lenses so that at all points"both 
surfaces of" the apparatus are perpendicular to the rays of light, 
which are sent through the preparation, and nq deviation of the 
central rays, at least, can take place. The other makes it 
possible to observe an object immersed in a liquid of very similar 
index of refraction. The liquid is in the form of a horizontal or 
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a vertieal layer bounded by plane surfaces) and the crystal can 
he rotated in it in any manner. The fir::::t method if> not very 
valuahle in the study of thin seetions. The other is llsed more 
frp'lucnlly with i:;mlatcd crystals but can also be employed yery 
profitably with thin sections. 

Rotation Apparatus for Observations between Two Plano-convex 
Lenses.~The f:implest of these accessories ,vas f'uggcstcd hy 
Bchroedcr yan del' Kolk and cOllsits only of a single p[1il' of 1em;e::,. 
One lens , ... ·jth a diameter of 25 mm. is placed in the opening of 
the ~tagc and ('an be rotated in all dil'eetioIlR. The other lens 
with a diarnrter nf ahout 8 mm. is placed on the ccnter of tht' t-:lidc. 
Both lenses mllst ue so made that the preparation lies aR nearly as 
pos8ible in the foeus of the system, i.e., the lov.·cr lcns must diifer 
from the form of a hemisphere by the thickness of the object, 
glass and the upper one hy the thickness of the cover-glass. The 
object glass of the preparat.ion, ,vhich should he drcular and 
have a HIllHJler diatnelPl' than the lens itself, is laid upon thf'~ larger 
hcmif:phere, eontaet being made hy a drop of glycerine. The 
partide to be investigated is then ('entered accurately when the 
preparation is as nearly horizontal as possible. The second 
lens is fastened on the cover-glass of the preparation by n small 
drop of glycerine also. This lens is moved about until the object 
to be obsel'ved, which appears twice as large as before, is exarlly 
in the middle of the field of vision. The two principal vibration 
directions of the ouject. are determined and then the lower lens 
is rotated about one of the directions as an axis, permitting 
ooseryations to be made in parnJlel polarized light continuously. 
An olljed holder, Fig. 33, page 19, can be used to eliminate many 
of the accidents which may result by the rotation by hand. It 
rm;ts on the preparation like a spring and can be rotated about a 
horizontal axis. The amount of rotation can be read off a small 
cireular scale. 

The principal vibration direction of the object under investigation is 
placed parallel to the axis of rotation of the apparatus and then the rotation 
can be carried out accurately and measured. 'Vith a prismatic crystal, 
which shows paraliel extinction and gives no characterist,ic interference 
figure in convergent light, the rotation is made with the long axis of the 
crystal as the axis of rotation until it lies parallel to onc of the vibration 
directions of the nicols. Two cases are possible. Either the crystal remains 
constantly extinguished during the rotation, or more and more illumination 
appears and, mter a definite rotation of the accessory apparatus, the 
crystal must be rota.ted on a vertical axis through a definite arc to produce 
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darkness again. In the latter case the crystal is monoclinic. If it r~mains 
constantly dark it is rotat-ed on a second axis pprpendicuhtr to the first 
horizontal axis and the observations repeated in the same order. Now. 
if it remains dark during the whole rotation the crystal is tetrap:onaI, IH'x
agonal or orthorhombic, but if it gets gradually lighter during the sP('ond 
rotation it is monoclinic with a prismatic development parallel to the b axis. 

If there is parallel extinction in all cases the long direction of the ery~tal 
is used as the axis of rotation and it is placed at 450 to the nicols so that tllf' 
crystal shows its most brilliant interference color. If, when tht' (,I'ystal is 
rotated, there is no change in the interference color, it if{ uniaxial. If there 
is a change, it is orthorhombic. It is t.hus obvious t.hat this uJlparat us is an 
extremely important aid in the investigation of cry~tals. All the changes 
which take place in convergent polarized li!!:ht can be followed by lengthen
ing the tube slightly without othenvise changing the adjustments. 

The apparatus would be much more llf'wful if it W('l'e constructt'd of a 
series of large lenses with a hemispherical cup cut in the center of tht' plane 
surface. Large crystals, or precious stones, could 1](' immersed in thi" cup 

FIG.!I56.-Fedorow Universal Stage. 

in a liquid with the same jndex of refract jon and the yarious directions 
studied in parallel and convergent light. This gives excellent results in the 
study of precious stones. 

There are a large number of other apparatuRes of this kind based upon 
the same principle but only the large model of the Fcdorow uni'versal stage 
will be described in detail. Fig. 156 shows this stage with three axes of 
rotation. It consists of a stand llil which can be plac{'d on the stage of a 
microscope. The stage in the stand can be rotated about a horizontal axis 
by means of the screw k. The circle T 'with its vernier n shows the amount. 
of rotation. The axis can be fixed by means of the f'icrcw f. The vernier 
n

1 
is firmly fixed on this axis and the stage K is rotated on an axis perpen

dicular to the first. The stage K bears a third axis Hd which can be ra..tated 
about some axis lying in the plane of this stage. Finally the glass stage S 
carrying the preparation can be rotated in its own plane. 

The preparation is placed on the stage, contact being~rnade by glycerinp. 
Then a plan'o-convex lens a is placed under the stage S and another oYer the 
preparation concentrically. Here also glycerine serves to insure a good 
contact. The efficiency of the apparatus can be increased for the investiga-
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t.ion of crystals with higher indices of refraction, by using a more strongly 
rdracting glass for the fitag:e, If'llses and holders of the object. The liquid 
UE1cd for the {'on tact must also have a higher index of refraction than in the 
formor ca$c. Although this apparatus has proyed its mJcfuiness for certain 
in\t'stigatiom, for example, in the study or the feldsparf:;, the results obtained 
arc not commemmrate with its complicated construction. The necessity 
of having t,o llS(' <:pf'eial kinds of glass with this apparatus naturally prevents 
its being used extensively. 

Rotation Apparatus for Investigation in Liqulds.-This mcthod 
\Yfl .. ~ fir.st propmmd hy C. Klein and used for studying isolated 

erystals or fragments, but ,vas later 
also employed in the investigation 
of thin sections. The simplest ap
paratus consists of a Imv glass dish 
the bottom of 'which is a plane 
parallel glass plate. On one ,ide 
there is a tapering neck in whirh a 
glass stopper can be rotated. The 
inner end of this stopper is pro
vided with a crystal holder and the 
outer end with a scale, Fig. 1.17. 
The dish is filled with a liquid hav

FlO. 15i.-Simple HOllition Appa- ing as nearly as possible the same 
rutus by R. Fuesz. index of refraction as the crystal to 

be studied. The. crystal i; placed 
in the holder exactly parallel to the zone under consideration. 
The extinction direction on the various faces in the zone can be 
determined with this apparatus. The real optic angle can also 
be measured directly if the index of refraction of the liquid 
corresponds exactly with that of the crystal. 

Special objectives with a wide focal angle and not too small 
a field as 'well as the appropriate condenF'ers generally accom
pany this rotation apparatus, so that observations in convergent 
polarized light can be made although object and objective are 
separated considerably. 

Klein's larger universal rotation apparatus for crystals can be 
used more extensively. The crystal can be quite accurately ad
justed and centered on it.s holder and the measurements made 
with considerable precision. For using this apparatus the micro
scope is placed in a horizontal position and a small rectangular 
glass dish placed in the path of the rays of light. This dish con
tains the liquid in w\lich the crystal is immersed, and can be 
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rotated without striking the sides. The plane parallel walls are 
placed as nearly perpendicular as possible to the axis of the 
microscope. 

A small goniometer can also bf' combined wit.h the stage of a micros{'optl 
in a similar manner. It however has the disadvantage that either the focal 
length of the objective must be much larger on account of thf' elevation of 
the adjusting and {'entering apparatlll'l on the I!;oniometer, or the goniometer 
must be placed entirely outside of the axis of the microscope and the crystal 
mounted on an cRpecially long hold('l'. In t,h(' lattRr case, the lever arm is RO 

long that a vcry slight movement of the adjusting Rcrews produces so·large 
a displacement of the cryi'.tfll that such a device ha!:' not proved practicaL 

The apparatus s}l()\yn in Fig, 158 is constructed for investiga~ 
don of thin sections aecording to this method, The dish B, 
which holds the liquid, is clospd at a hy a plane parallel glass 

FIG, 158.·-Unive-rsal Rotation Apparatus for Slides by C. Klein. 

plate. S is the stage, the middle part of which consists of glass. 
The object is fixed on it by means of the clamps e and e,. The 
screw Ie is used to rotate the stage S in its own plane, the motion 
being transmitted by a cog wheel. With T it can be moved on a 
second axis perpendicular to the first. The instrument is made 
for various sizes of object glasses. Ordinary slides can be studied 
with it but the cover-glass and any adhering Canada balsam must 
first be removed. 

2. Heating Apparatus 

Since the optical properties of crystals are dependent upon the 
temperature and in some substances change considerably with 
comparatively slight variations in temperature, a number of 
devices have been constructed for making microscopic observa
tions at high and constant temperatures. Such an apparatus is 

9 
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also used to observe crystallization in its incipiellt stages at 
higher temperatures. For this reason a microscope equipped 
with such a.n apparatus, Fig, 159, is also called a crystallizing 
1J'i£croscope, and can be used cspecllll1y for physic.'ll-chemicaI in
vestigations. Very high tempel'atw'cs can be obtained with it 
without injuring the lenses because the lenses of the objective 
arc continually water-cooled. 

}'lG. 15{).-CbenllC:l.I MicrOscope by Voigt & Hocbges&n£. 

In a special, heating microscope recently constructed by 
Doelter an electric current is used to produce the heat. With 
regulating devices, high and very constant temperatures caD be 
obtained. With the n::croscope shown in Fig. 160, which is also 
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arranged for photography at high tempern.tul'os, temperatlHos of 
over ]000° with a lllagnificntion of ]32 C}1Jl be obtn.ined by us.ing a 
small furnace. 'rhese tempcrat-tu'cs can be controlled nccurntely 
in internl.ls of 5° find cnn be held constant for a long time. " ~ i tb 

larger furnaces higher tempcfrd.uTes up to ] GOQo can be obtained 
but ,,-dth a smaller magnification, up to 88. Observations in po
larized light are possible up to about 12000

, ,,·hell the object itself 

FIG. 160.-Elec~e R llating :\fjcroscope with PhotogmJ)bic Cnmeru uy Doeltc.r. (C. . 
Reichert ill Vienna), 

is too strongly luminous. The furnaces used are well insulated 
and arc closed top and llotJorn with a quartz-glass pla.te. The 
lenses of t he object.ive are not cemented and are water-cooled. 
In Fig. 160 this heating microscope is comhincd with a photo
graphic camera. 

A ve ry useful heating app.'l.ratus for smaller tests is shown ill Fig. 161 at 
about] /3 na.tural size. It is covered with o.sbestQS Il.ud placed upon four glnss 
Jegs to insu.ln. te i t from the stage and the optico.l a.ppara.tus in the 8ta.ge. 
The heating box A' is closed at b and the opposite under~s.ide by a plane 
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parallel glass plate, while the heatRd air passes through the flue A. The 
preparation is placed on an object holder locat.{'d in the hole b and heated by 
means of the gas burner gg'. To cool it off rapidly, cold air can be intra
dUCf'd through the tube r. The thermometpT on the flue A can be read to 
450°. It Tf'.':lts on tIl{! ohject, Hke a fork and t}lUS thl" temperature can be 
determined with grc~fit lu·('uracy. 

l' 
FrG. 161.~Projection Appa,r:ltu:;l b.\ V'. ,\: H. Seibert. 

3. Projection and Reproduction Apparatus 

Them arc a large number of deviee_s made to obtajn and repro
dur.e microscopic images without any subjective influence. In 
so far as such a reproduction can be made by microphotography, 
the method deserves preference on account of its absolute objec
tivity. There are, however, a whole series of phenomena which 
a photographic plate does not reproduee with sufficient distinct
lleHS, especially when the image possesses some comparatively 
unimportant feature the importance of which should, however, 
!Jp pmphaf'iz('d for certain purpo~('i'. 

Microphotographic and Projection Apparatus.-Any micro
scope can be auapted for projection and demonstration purposes 
with microscopic preparations, by using a source of light with a 
system of lenses, as shown in Fig. 162. An electric arc is the 
hest source of light but if electricity is not available, a lime or 
zircon light or a Vi,Telsbach burner can be used. The intensity of 
light diminishes in the order named. The real image produced 
hy the objective is best for projection, at least with the com
paratively low map;nifications generally used in a polarizing 
microscope. An image, a yard in diameter, can be projected by 
using an a1'(' light and a medium magnification. It may be 
thrown either on aB opr..que white screen or on a white transparent 
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screen and yiewcd fl'0111 tbe otJJer side, but hi must. be exactly 
focused by means of the micrometer screw of the microscope. 
The large amount of heating pl'oducC'd by the syst.em of lenses 
L1L z must be a.\'oided uy inserting a cooHn~ ba.th \\'ith circulating 

FIG. HJ2.-Pcojeo(iQi( ~\pparo.tu8 by W . .I: 11. Seitfflrt. 

water K in the path of the rays. EYen then great care is neces
sa ry on account of the sensitiveness of tht1 Canada balsam in the 
llicols. As the nieols must, be left so long in the path of the rays, 

o\'en though cooled, it is n,dvisable to 
U::iC a microscope equipped 1,"hh all ad
ju~tlllellt for thrO\\'ing out t.he polarizer. 

Tho larger and more l\omplicated 
microphotographic apparatuses can be 
left entirely out of consideration for 
reproduction of the phenomena seen in 
a polarizing microscope, Lecause their 
magnification is comparatively unim
portant to the petrographer. Perfectly 
good results can be obtained ,yith any 
camera aft.er a little practice, provided 

FIG.l6J.-PhotographicCuwcro it is properly set up with the micro-
(l/;~!~~:~e:~~e). scope, and there is a strong, well-cen-

tered source of light. The real i ~age 
of the objeci. produced by a microphotographic objecti \' c, 
corrected for the chemically active light rays, is reproduced 
on the pla.te. A projection ocular is used only for stronger 
magnifications. The simple apparatus represented in Fig. 
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163, which can be set on the microscope, is very good for low 
magnifications. 

Photomicrographs taken in diffused daylight often lack in 
sharpness, w})ioh is the result of long exposure and not veJ'Y 
careful manipulation. Various sources of artificial light are 
much to be preferred on account of the greater constancy of the 
luminosity of these sources. An are or lime light is the best. 
Recourse to 'color filters, whioh play so great a rOle in organic 
micropbotography, is had here, only in special cases particularly 
for photography at very high temperatures. 

Photographing with convergent polarized light is compara
tively simple. The real image from a Bertrand lens without the 

FIG. IM..-Drawing Apparat.us by Abbe. 

ocular is fooused directly on a pbotographic plate. The Bertrand 
lenses for ordinary investigations generally have too small an 
aperture to project the image beyond the tube of the microscope, 
and hence special lenses with larger focal lengths are needed for 
photography and projection purposes. It may also be remarked 
that colored photographs of interference figures have been suc
cessfully made by the use of Lumiere plates. 

Drawing Apparatus.-There is a large number of drawi.ng 
devices depending upon the principle of the camera lucida. 
The image observed in the microscope is thrown upon a sheet of 
dTawiog paper, where it appears uniformly distinct over the 
whole field and can be traced with a sharp pointed pencil. Two 
of these constructions have hcen found to be especially useful. 
The first of lhese is the Abb. drawing apparatus, the second tbe 
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Nachet. The former is to be preferred because there is no loss 
of light even when th~ st~onge8t objectives are used. 

The Abbe apparatus, Fig, 164, consists of two prisms RR' cemented to
gether, forming a cube. They are silvered on the plane of contact with the 
exception of a small spot in the center. The eye receives the image 0 from 
the ocular through this opening, whilE' a mirror placed at a distance of iO rum. 
reflects an image of the drawing paper on the silvered surface from which it 
is reflected to the eye. The difference in " 
intensity of luminosity of the object and 
the drawing surface can be regulated by 
inserting plates of smoked glaEls ",ith differ
ent depths of color in the path of the rays 
from the latter. 

The Nachet drawin~ apparatus, Fig. 165, 
consists of a prism with a rhombic crOBB 
section abed on the front of which a small 
prism efg is cemented over the ocular. The 
rays 0' coming h'om the object strike the 
face ej perpendicularly and pass to the eye 

FIG. 165.-Nachet Dra.wing 
Apparatus. 

unrefrncted. The rays from the drnwing pencil p suffer reflection at cb 
and ad, and then pass out of the apparatus the same as the others. 

It is obvious that an interference figure can also be drawn with this 
apparatus. It is very useful for measurements under certain conditions, 
especially when the interference figure has been traced on cross-section 
paper. 

Summary of Methods 

When all the methods that may be employed for determining 
crystals with a polarizing microscope are assembled, the following 
are noted: 

1. Observation of the index of refraction. 
2. Determination of crystal form and cleavage. 
3. Observation of inclusions. 
4. Determination of color and pleochroism, including obser-

vations in reflected light. 
5. Recognition of double refraction. 
6. Determination of the position of vibration directions. 
7. Measurement of the double refraction. 
8. Determination of the optical character of the principal 

zone. 
9. Distinction between uniaxial and bia;<iar crystals. 

10. Determination of the optical character. 
11. Determination of the position of the optic plane. 
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12. Mea:;;urcnwnt of t.he optic angle and determination of 
the ui8pcrsion. 

Except for the Rake of practice for beginners it is not necessary 
to r.dhere strictly to the order given. 

In work \\·ith the polarizing microscope with a definite object 
ill yic,,'/ the crystal Rystelll is first determined and then the vari
ous propcrtici, Ilrcessary for the determination of the substance 
are obserycd. 

The determination can only be made between crossed nicols 
and in many inKtunee~, espceially ,vith biaxial crystals, observa
t.ions in parallelli~ht must be rombined with those in convergent 
light. 

The following ~whemc is given for this dctermina,tion: 

1. ~\_ll illdh'idunlt3 of :t Fuhf'Umec l'cIUl1in dark bet\veen crossed 
nicols th.rough H rotat,joll of 3GOo

: Cuhic crystals. 
2. Most individual::! become alternately light and dark in a 

rotation through :-3GO° hetwecn cI'ol'lsed nicols: Not cubic 
crYHtalR. 
2(1. The viLl'ation directioIls ahY(LY~ lie parallel 01' sym

metrical to the out-lincH of the crystal: Hexagonal, 
tetmgonal, or orthorhombic crystals. 

2b. The vibration directions lie partly parallel or sym
metrical and part.ly ohlique to thc outlines: Mono
dinic el'y::;tals. 

2c. Thp vibration directions always lie oblique to the 
outlin('s: 1'riclinie ('r'yfital~. . 

2a1 • ~-\ uniaxial interfcrenee fi,!!'ul'e is obtained in con
yergent polarized light: Hexagonal and tetragonal 
('rystals. 

2a 2 • .A biaxial interference figure is obtained in convergent 
polarized light: Ort.horhombic crYf;tals. 

Crystals of the hexagonal and tetragonal systems can be dis
tinguiHhed from eaeh other only by crystal form and cleavage. 

This schemo.tic arrangement can be modified in its detail) and there is a 
t'onsiderable difference between the investigation of isolated crystalline 
powders or cleavage fragments and determinations in thin sections. In the 
former case the individuals are frequently all, or nearly all, orientated in 
the same manner on account of crystallographic development or perfectness 
of cleavage and lie on one certain crystal face. In thin Sf>ctions, on the other 
hand, accurate crystallographic orientation occurs only in exceptional cases. 
The cross sections are orien~ed in various ways rendering the determina-. 



APPENDIX 137 

tion of the crystal system easier. These two cases will be considered 
separately. 

When the observations are made on a powder and none of the individuals 
affect polarized light, the conclusion cannot be drawn that the substance is 
cubic, Whether or not it is uniaxial a.nd aU the iudi viduaJs accidentally lie 
on the basal pinacoid can be determined by observations in convergent light. 
In a thin section determinations in convcrgt'nt light are rarely necessary-. 

If there are individuals of a substance in the powder or in a thin section, 
which give different interference colors when the thickness is the same, 
recourse is taken at, once to observations in convergent light. Whether the 
substance is uniaxial or biaxial can be best determined on those individuals 
which show the lowest intcrferenc~ color, because t.hese are most inclined to 
an optic axis which will appear within the field of vision. It will be very 
difficult for a beginner to find all those individuals of one substance, especially 
when the crystals are colorless. The interference colors may be different 
and this may be accompanied by a dHIerene(' in the whole habit in V8.1'iOU8 

direct.ions. The appearance of colorless mica in thin section may be taken 
as an example. All sections transverse to the basal pinacoid show lath
shaped crystals, sharp cleavage cracks, and high interference colors. Sec-
tions of the same mineral parallel to the base ha ve "\"(lry weak or no double 
refraction on account of the sroall optic angle. There is also no trace of 
cleavage or elongation. The mineral appears this way also when powdered. 
The brilliant colors observed in the interference figure are proof, however, 
that the mineral has strong double refraction. 

If it has been found that the substance in a powder is biaxial, an attempt 
should be made to obtain an interference figure as nearly symmetrical as 
possible. If the interference figure, obtained from an individual with 
symmetrical extinction, is symmetrical to two planes, the crystal is ortho
rhombic. If it is symmetrical to one plane only it may be monoclinic. 
The latter is certainly true if the fragment shows oblique extinction in 
parallel polarized light. If the crystals have a prismatic development or a 
prismat.ic cleavage they can be determined as orthorhombic by the parallel 
extinction of the indi";duals oblique to the plane of the optic axes. Dis
tinction between monoclinic and triclinic individnnls is very difficult 
because individuals with oblique extinction are also oblique to the axes, as 
is generally the case in triclinic crystals. 

The distinction of uniaxial from biaxial erystals in powders is often very 
difficult when the crystals are elongated parallel to the principal axis or to 
the acute bisectrix or when they have good cleavages parallel to these faces. 
All individuals then lie approximately parallel to the corresponding princi
pal optical directions. An interference figure parallel to the optic axis of a 
uniaxial crystal and t.hat in a section parallel to the plane of the Qptic a)tes 
or perpendicular to the obtuse bisectrix are of such a character that even an 
experienced observer may often draw erroneous conclusions from ~them. 
"When many crystals of approximately the same sWe are observed, it is 
noted that aU needles of uniaxial crystals shpw the same interference colors 
for the same thickness and, when embedded in a mobile liquid and rolled by 
the movement of it, the interference color does not change. In biaxial 
crystals, however, there will be a difference when the thickness is the same, 



138 PETROGRAPHIC METHODS 

depending upon whether the observa.tion is made parallel to the optic nor
mal or the obtuse bisectrix, and this change cila be verified when the 
crystal is rolled by the movement of the liquid. 

The beginner usually experiences difficulty in determining the crystal 
system, partly on account of the optical anomalies and partly on account of 
the great similarity which the syst.ems of lower symmetry show t,o those of 
higher symmetry in their optical behavior. Optical anomalies in cubic 
cry~t..'1.1s are oftPll of Ruch magnitude that they show quite brilliant inter
ference colors and in basal scctions of uniaxial minerals the double refrac
tion may be so low that no definite reaction can be obtained cither in con
vergent or parallel polarized light and the mineral may be considered cubic. 
Such i$ the case in a cross section of apatitc. 

Uniaxittl minerals frequently show n transition t.o biaxial by the opening 
of the dark cross of the interference figure when rotated, for example, quartz, 
and vesuvianite, while biaxial crystals approach uniaxial by a small optic 

FIG. 166. FIG. 167. 
Optical Sketch of a Crystal. 

angle, thuEl, phlogopite. Monoclinic and triclinic crystals assume the 
properties of orthorhombic when their oblique extinction cannot be meas
ured, for example, muscovite and epidote, and oblique sections of ortho
rhombic minerals with a decided deviation from symmetrical extinction can 
sometimes be observed. The determination of the crystal system in such 
cases can be made accurately only by a skilled observer. 

Further investigation of minerals, after the crystal system has been de
termined, is best carried out systemmatically according to the scheme given 
on page 135, using the material in the corresponding chapters as a basis. All 
the optical properties of the crystal investigated can be shown in a sketch 
as represented in Figs. 166 and 167. 

These methods of crystal drawing have proved very practical and give 
a clear idea of the results of the microscopic study. After the form, cleavage, 
inclusions, etc., have been drawn as true to nature a.s possible with the aid 
of a drawing appM"a.tus, the vibration directions are determined and indi
cated on the drawing by aq'nW":s. The determination of the relative values 
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of two rays vibrating in a cross section, combined with the investigations 
in convergent light, gives the directions of the axes of greatest, medium. and 
least elasticity which are indicated in the figure by 0, {I and t. The index 
of refraction in any direction is indicated in the following way: if it corre
sponds with that of Canada balsam the corresponding arrow is dra'\\-u very 
lightly; if it is still lower the arrow is dotted; if it is higher the arrow is drawn 
heavier and is the heavier the greater the difference between the index of 
refraction for the corresponding vibration direction and that of Canada 
balsam. If pleochroism is present, it is determined and the arrow for the 
corresponding direction is labeled accordingly. The amount of the double 
refraction estimated from the interference color is indicated by arcs connect
ing the arrows for the vibration directions. Here, again, very low double 
refraction is indicated by dotted lines, while the heavier lines indicate 
stronger double refraction. When the double refraction is very strong, the 
lines are doubled. Investigation in convergent light reveals whether the 
substance is uniaxial or biaxial. If the former is the case and the axis 
emerges perpendicularly, a small circle with a black crOAS is drawn in the 
center of the sketch. If the plane of the drawing is parallel to the axis the 
same signal is made outside of the sketch. If the section is oblique the 
interference figure is sketched on the edge of the crystal about as it appears 
in the microscope. If the crystal is biaxial, the true position of the optic 
plane is indicated and the symmetry of the emergence of the axes as well as 
the approximate size of the optic angle is shown in the sketch. There are, 
naturally, cases in which a sketch of this character does not give the entire 
perspective of the optical properties, but in a large number of cases detailed 
descriptions are unnecessary, and a conception of aU the optical properties of 
a crystal can be had at a glance, as far as they can be determined by the 
qualitative methods of microscopic technic. Fig. 166 is based upon crys
tals of hydrated basic copper sulphate, and Fig. 167 upon an artificially 
prepared manganese salt corresponding to vivianite. 









OHAPTER VII 

Preparation of Material 

Investigation of Rock Powder.-Rock powders were used for the earliest 
studies of rocks under the microscope. The powder on the slide was covered 
with water (n=U\33) to reduce the total reflection as much as possible. 
Later, cedar oil (n=1.52) or Canada balsam (n=1.545) was used. This 
very simple method can still be used to get very good results in determining 
rapidly the approximate properties of a rock or a mineral. There may be 
too little of some of the constituents to determine them in the usual way and 
then recourse is taken to this method, in which case the residues of chemical 
or mechanical separations are u~d. There is a large number of minerals 
that are difficult to determine in a slide, but which show characteristic 
features in powdered form. This is particularly true for minerals that 
cleave easily. Cieavage plates may be studied in convergent light, and 
minerals with similar characters can be easily distinguishf>d. Bcapolitc, the 
different members of the mica group and similar minerals, topaz, cyanite, and 
prehnite are some which in many instances can be positively determined 
in cleavage plates only. 

Table 19, I will aid in theRe determinations. The best method of pre
paring the material is to erush a small grain of the mineral between two 
object glasses by pressing bet,ween the fingers. The larger pieces reSUlting 
from this treatment are placed on another object glass and covered with 
eu.genol, which has an index: of rcfract,ion the same as Canada balsam 
(n= 1.545). Finally a cover-glass is placed on the preparation. 

This method is especially applicable in the study of porous materials such 
as sand, and in the investigation of soil of any sort. The index of refraction 
of the grains may be determined accurately according to the Schroeder van 
der Kolk method (sec Part I, page 38). This is of great importance in 
the determination of the feldspars which are otherwise difficult to recognize 
in a powder. (See feldspar group, method No.7.) 

Various grains of a mineral in a powder may have different thickness. 
This may :make them appear to have different optical properties, which 
gives rise to much confusion in all investigations on powders, especiaJly for 
a beginner. Slides, however, can be prepared from such material in the 
following manner: the powder is mixed with a thick paste of zinc oxide 
and potassium water glass and the mass is left to harden in a short "glass 
tube of large diameter. A slide is made of the mixture, thus prepared, by 
the method of making rock sections, to be described belQw. 

It:will thus be seen that the microscopic investigation of rock powders is 
often quite important and, since these methods frequently lead to conclusions 
quite different from those obtained in studying a thin section, they should 
be strongly emphasized in petrographical studies. 

143 
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In SOUle caseH, vdlich are, hOW{lVer, quite infrequ('nt, certain c1uel! are ob
tained by obHcrvinR th(> crYHtaliographic form of the rock constituents. 
Great care must, he taken in the preparation of such material that the grains 
a."n> twt broken. The isolated material is examined either without any 
liquid or immersed in one RUch t-l,S wn.i.f'r, which has au index of refraction 
widely diffprent from that of mo.':\t of the rock-forrnin~ minprals. 

Th!' roek j."I cotm~ely cTnshpd in a mortur for mechanieal and chemical 
separation;;, Then by pounding and hammering, lntt not, by rubbing, a 
powder is prepared in which thp grains aT(, as rtf'aTly of equal size as possible. 
Most of these graim: consist of but a single mineral. Grains of various Rizes 
arE' isolated by mean::; of a !l(>ri('H of sieves of from 25 to 250 meshes per fiquare 
inch. The finE' dust, which is formed in large amoulltll in all these opera
tions, iR thus removed. Thi" is fjuite necessary, at least for the mechanical 
methods of separat.ion, because the dust would remain suspended for a long 
time in the rather viscous liquids used in these operations. The dust i1'; 
onlv used wherE' there are microlitic constitu(mts in the rock to be foitudied. 
On'the other }uwd) a iirw dust-like condition is especially favorable for 
chemical mf'thod" of separation and, in thi" case, it is the coarser grains that 
must be removed. 

It is evident thnt tho mat.('rinl to he Rtudied and prepared by these 
variou,; methods shQuld be as fre_,;h a.s possible and must not be taken from 
a weathered surface or ot,herv.-1sc altered l)Ortion of the rock. The material 
~hould br- carefully studied first under the microscope before any fUrther 
investigations or attf'mpts at. Rcparation are made. 

Preparation of Thin Sections.-Thin sections are the most im
port.ant preparations for the study of rocks, not only because a 
large number of variously orientated miner\tl sections are shown 
side by side, but also because the texture of a rock, which is so 
important in petrography., can be studied. 

The preparation of thin sections, m;pecially of the harder rocks, 
was formerly an operation requiring unlimited time. They were 
ground by hand on an iron plate covered 1Tith wet emery powdeI'. 
This method is still used for polishing small rock chips, The 
operation has heen greatly simplifIed hy modern cutting and 
polishing machinet5 but) in spite of this, it is nevertheless a 
tedious task req{liring much practice and skill. It is advisable 
to have such work done by a specialist., as for instance Voigt 
und ·Hochgesang in Gocttingen, Germany, or 'V. H. Tomlinson, 
in Swarthmore, Pa. Neyertheless, eycry petrographer should be 
able to prepare usable sections. This may be necessary in some 
cases where a knowledge of a rock is desired at once, For this 
reason, the principal, hand machines will' be briefly described 
here, -

A small cutting 1UlII',polishing mac.hine driven by hand or, if 
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the necessary power plant is at hand, one equipped to run by 
power is an indispensable part of the equipment of a modern 
petrographical laboratory. Fig. 168 illustrates such a machine 
designed by Voigt and Hochgesang. Thin plates of quite hard 
rocks can be cut in a comparatively short time hy means of a 
rapidly rotating metallic disk Ret 1vith bort, emery, 01' carborun
dum powder. The p1ates can then he ground down on the 
polishing disk. 

FIG. 168.-{lutting and Polishing Machine. 

The polishing plate consists of a slightly convex iron disk, a lead plate 
being used for the coarser manipulations. It can be made to rotate rapidly. 
At first coarse powder, emery or carborundum, is placed on it with water, 
while fine powder is used for the finer polishing operatioI).s. The plate to be 
polished is pressed by hand, or by a mechanical device, as evenly as possible 
on the rotating disk until a plane surface is obtained. Then it is rubbed 
with fine wet powder and, finally, with dust entirely free from grains until 
the surface is polished. Thin sections are not given a high polish except 

10 
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in special cases, e.g.} when th('y are to be used with a Wallerant total 
refiectometer (see Part I, p. 40). 

'''''hen one surface has been ground as carefully as possible, it is firmly 
cemented to a small gIas", plate. Canada balsam, which is used as a cement, 
is placed on the glass and evaporated on a water bath until it is hard but 
not, brittle. Then it is heated carefully until, it becomes fluid and the 
ground fragment is warmed and carefully pressed into it. The fragment 
should be moved baek .and forth sHghtly to remove the air bubbles from the 
balsam. When no more bubbles can be seen through the glass the fragment 
is held firmly for a moment until the balsam has completely cooled. Then 
tbe same grinding process is carried out on the other side of the fragment, 
but naturally great care must be taken that the abrasive agent does not 
tear a portion of the fragment away. '1'he final polishing is accomplished 
under special precautions using only a very small quantity of the finest 
grinding material. It is tested from time to time under the microscope to 
see whether the proper thickness has been obtained and also to see that the 
entire section has a uniform thickness. A perfect thin section should be 
a plane parallel plate 0.03 to 0.04 mm. thick and the surface should cover 
three or four square centimeters. 

When the section is finished, it is carefully cleaned and removed from its 
t)('d by heating, A sufficient quantity of Canada balsam is warmed on an 
object glasiil and the section is pushed on to this and worked around until 
the balsam is free from air bubbles. Then a cover-glass about 0.10 to 0.15 
mm. thick is cemented O\'er it with Canada balsam. Great care must be 
used to remOl'C aD the air bubbles from the balsam and also not to break the 
section in transferring it or in pressing the cover-glass on it. The whole 
process of making sections requires much care and attention, and is ex
tremeJy tedious, especially for one who has had very little practice. Eyen 
with as much care as is possible, it is difficult to prepare a section of the 
proper thickness large enough to be of much use, until the operator has 
had considerable experience. Since this involves the loss of a great amount 
of time, the average petrographer rarely acquires sufficient skiU to make a 
good section. 

The preparation of slides from schistose or clastic rocks, or from any loose 
fragmental roek is especially difficult. It often is a very tedious operation, 
and the results may be ruined by an intimate mixing of the abrasive agent 
with the rock, It is absolutely impossible to clean such a section. To be 
sure, it is possible to fill the capillary spaces, which exist in such rocks, by 
treating the fragment from which the section is to be cut, with a dilute 
solution of mastic Qr saponlac for a long time lIDder pressure. However, 
the organic substance, thus introduced, may be dissolved out again by the 
Ca.nada balsam so that extreme precaution is necessary in the suhsequent 
operations. 

Thin sections are used not only formicro8copieal investigations, but very 
frequently also chemical tests may be made upon them. If the section is 
covered, a portion of the cover~glass is cut with a diamond glass cutter, which 
is a stylUS with a small cleavage piece of diamond~r8.stened in the end. and 
removed by war:thing it slightly. The Qalsam still adhering to the lIDcovered 
portion must be carefully: ~ed away wit~ benzol at alcohol 8Q that the 
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chemical reagents may have easy access to the rock. For other investiga
tions the rock section may be cut with a diamond stylus and a portion 
removed froJ):l the object glass by warming slightly so that it is isolated from 
everything else. After it has been thoroughly cleaned in benzol or alcohol, 
it may be digested in acid or ignited on a platinum foil, as the case requires. 
Sections of individual minerals may be removed from such a rock section 
and they can be investigated micro-chemically. 



CHAPTER YIn 

Methods of Separation 

AU methods employed to resolve a rock into its components or 
to isolate a single rock constituent arc designated as methods of 
separation. Such processes arc for yurious purposes. In Rome 

ca~:;cs a roek constituent, whose accurate determination is not 
pOf:tsihle under the microscope, if' isolated from the rock, and can 
then be investigated further) and a chemical analysis made. In 
other cases it is intcl'f'stinJ!:, as well as profitable, to determine the 
proportional amounts of the several constituents of a ro('k. 
Finally, those minerals, which are only sporadically present, may 
he concentrated and important clues to the genetic relation:-;hipfl 
of the rocks concerned may be obtained by studyill_!!: them. 

The methods of separation generally give good qualit.at.ive 
results, hut it oft.en requires a combination of several of these 
methods to isolate a constituent for quantitative analysis/ he
canse the material must t.hen possess a high degree of purity. 

As mentioned above these methods are divided int.o: 

1. Chemica! methods of separation. 
2. Physical methods of separation. 

1. Chemical Methods of Separation 

Chemieal methods of separation are for the most part quite 
simple. They are based upon the different solubilities of yarious 
Illinerals in chcmieal reagents, but such differences are not so 
great that one rock constituent may be completely dissolved 
before the others sho'w signs of solution. TIwse methods, there
fore/ require great care and skill in order to obtain satisfactory 
results. Besides these difficulties, a part of the Tock mass is 
alv.'ays rendered unavailable for further investigation and a large 
amount of by-products, which must be removed} is precipitated 
in the course of chemical separations. Such methods become 
so involved in their application that they should be employed 
only under especially favorable conditions, where the physical 
methods, to he dascribed later, are not effective. 

148 
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In some cases acids, in others alkalies, are used for these separa
tions, which maybe carried out at ordinary or at elevated tempera
tUres according to the conditions. High pressure may be 
necessary in some instances, and occasionally a molten solvent 
may be found quite valuable. The most important reagents are: 

1. Hydrofluoric Acid.-In general, hydrofluoric acid attacks 
quartz and silicates high in silicic acid much more readily than 
it does i.hose low in silicic acid. Among the more important 
rock-forming minerals, anatase, andalusitc, cyaniic, hematite, 
corundum, magnetite, perovskitc, rutile, sillimanite, spinel, brit
tle micas, staurolite, topaz, tourmaline, cassiterite, and zircon 
are not attacked by hydrofluoric acid or a mixture of it, with 
hydrochloric acid. Minerals of the garnet group, micas, horn~ 
blende, pyroxenes, titanite, etc., are attacked with difficulty, 
'while the feldspars (plagioclase more readily than orthoclase) I 
leucite; quartz and minerals of the sodalite group are easily 
aMacked. Rock glass is the most susceptible of all. 

Isulation 0f completely insoluble rock constituents is best 
carried out in an evaporating dish of hammered lead in which 
po\ydered fluorite may be treated with sulphuric acid. Thin 
layers of the rock powder to be treated are spread over one 
another separated by layers of fluorite and the whole mass is 
moiritcned with dilute sulphuric acid or hydrochloric acid. A 
tight cover is placed on the dish and all joints are sealed with 
\vax 01' 80me other cement. The preparation is left standing 
until the hydrofluoric acid evolved has acted upon the rock 
powder. A crust of salts forms very rapidly on the mineral mass 
during the process and it must be destroyed from time to time. 
rrhe reaction usually proceeds quite slowly, but it can be accel
erated considerably by warming the lead dish a little. The 
advantage of this process is that large quantities of material can 
be used, which is of special importance in the isolation of constit
uents occurring in very small quantities. 

In other cases the rock powder may be poured slowly, under 
constant stirring, into a concentrated solution of hydrofluoric 
acid, but naturally great precaution must be taken for proteGtion 
from the vapors evolved. It is advisable to place the platinum 
dish, in ,,,hich such a process is carried on, in a.. cold water bath 
or a freezing mixture until the first violent reaction has moder
ated, because the action of hydrofluoric acid on such powders fre
quently causes a decided increase in temperature. The reaction 
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is interrupted at the proper moment by the addition of a large 
excess of 'water. The residue must be washed thoroughly 
and the gelatinous silica, formed during the process, separated 
froM the unaltered mineral grains by pressing first with a plati
num spatula and finally with the fingers. It is poured off with 
the wash ,\'ater. 

A quantitati\'c separation of the gelatinous silica callnot be 
made in this manner and the residue must either be heated to 
ehange the balance of tho silica into a po,\\'der that can be washed 
away, or, nJtel' thorough washing, it may be treated with an 
alkali, which dissolves the separated silica. Hydroxide of iron 
is generally precipitated in this process and must be extracted 
with hydrochloric acid. If a small quantity of silica still remains, 
the treatment is repeated until the material appears sufficiently 
pure ,,,hen examined under the microscope. 

2. Hydrofluosilicic Acid.-Pure hydrofluosilicic acid does not 
attack quartz. It can, therefore, be used as a means for the 
quantjtative separation of quartz fTom a rock Howeycr, 
~econdary react.iuns take place producing a solvent for quartz 
so that a considerable portion of it is di::;solved. 

3. Hydrochloric, Chlorous and Organic .Acids.~Di1ute hydro
chloric acid is used to isolate silicates from carbonate rocks. Hmv
ever, if the silicates occurring in a granular limestone are easily 
attacked by hydrochloric acid] as e.g., forsterite and gehlenite, 
strong organic acidfl such as acetic and citric are recommended. 
Even these do not always produce favorable results because they 
also attack silicates considerably. An aquooussolution of chlorous 
acid is the best reagent t.o use in such cases. It is best to prepare 
tnis solution freSh by treating a solution of oarium cblorate with 
the calculated amount of dilute sulphuric acid, care being taken 
to avoid an increase in temperature. After removing the pre
cipitate of barium sulphate, the clear filtrate is used. It attacks 
calcite quite energetically and has no effect upon most of the 
silicates. Being· an oxidizing agent it may also be used for 
removing organic substances from rocks. 

Pure, warm hydrochloric acid can be employed and by a 
skillful modification of the process, it is frequently possible to 
remove the calcite before any effect on the silicates is noticeable. 
Usually, bettor results are obtained'than with organic acids. The 
carbonat<ls aI"<l soluble in hydrochloric acid with evolution of car-
hr. .... rl; .... v;r1"'· th .. Qllfnh:i{o., 'mith tho rlouoInnmoTlt ..... f h .. rrll"nO"p.n 
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sulphide, and usually with the separation of sulphur. Leucite 
dissolves with the formation of powdery silica, while scapolitc 
and basic plagioclase are more difficultly soluble under the same 
conditions. Minerals of the sodalit.e group, nepheline, mclilite, 
olivine, wollastonite, and most of the zeolites dissolve with the 
formation of gelatinous silica, while serpentine and chlorite are 
very difficultly soluble. Apatite, powdered hematite and magne
tite dissolve without any formation of by-products. Magnetitt3 
dissolves most readily after addition of potassium iodide. 

Concentraied hydrochloric acid, is used to separate various 
difficultly soluble silicates from each other. However, a perfect 
quantitatiyc separation cannot often be affected by such means, 
because the mass must be digested at higher temperatures for 
some time until one of the constituents is entirely decomposed. 
During this process the other minerals have either been partially 
dissolved or considerably altered. For this reason the earlier 
custom of diyiding a rock into a portion soluble in hydrochloric 
acid a.nd one insoluble, for analytica.l purposes, has been entirely 
abandoned. 

4. Sulphuric Acid.-Sulphuric acid alone is rarely used to 
separate rock constituents. Quartz can be separated quantita
tively from the main mass of the silicates by digesting the rock 
powder with dilute sulphuric acid in a sealed tube at a tempera
ture of 1500 to 2000

• The other constituents are destroyed by 
this reagent. Application of sulphuric acid in other cases is 
scarcely to be recommended. 

5. Alum.-The methods for separating silicates from carbonate 
rocks, mentioned above, usually do not produce accurate results, 
which, however, can be obtained by the u~e of an alum solution. 
This dissolves the calcite rapidly and leaves most of the other 
constituents, even dolomite itself, unattacked. It may be used in 
cases where a quantitative determination of the proportions of 
calcite and dolomite in a carbonate rock is desired. 

6. Sodium Hydroxide.-Opal can be dissolved out of a rock 
with sodium hydroxide. This process proceeds quite rapidly 
even at ordinary temperatures. If a rock powder is digest{ld for 
a long time with sodium hydroxide on a water bath a large 
number of the silicates are materiail:Y altered; for example, the 
feldspars are changed into compounds easily soluble in hydro
chloric acid. Other minerals, as pyroxene, quartz, etc., are not 
altered. 
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Finally some methods, that are u!>ed only in special cases, should be 
mentioned. Thus spinf'l and corundum remain unchanged when a rock 
powder is df'composed \\·jth sodium potassium carbonate. Carbonaceous 
substances can be removed from a rock by heating in an oxidizing flame. 
A sO}'Jtion of cuprammonium chloride will dissol \'e metaUlc iron. Finally 
hituminous substances call be f!xtructed with pther, benzol, etc. 

2. Physical Methods of Separation 

Physical or mechanical methous of separation depend upon 
differences in physie:.d properties of the minerals. Specific 
gravity is by fnr the !llO~t important of ihese so that the methods 
ul'JHmdcnt upon it nlU~t be deserihcd in detail. Methods based 
UPOll ma,!!:netic diffcrenees and other properties of the minerals 
al'(: of much lctis importance. 

Analyses by Washing.-The method,; so universally employed in com
mercial processes for tleparuting substances according to their specific 
gravities can only be used wherE' great differences in specific gravity are 
involved, as in the separution of ore~ from rock materiaL Specific gra .. -ity 
i>; not the only important factor in this process of separation either in quiet 
or circulating watcr. The size and development of the indh-idual mineral 
particles are of special significance for, 011 the one hand, fine dust will remain 
suspended for a much longer time than coarse sand. and on the other hand, 
tllin platc8 will settle to the bottom more .slowly than rounded grains. 
Therefore, the washing process for separating rock constituents cannot be 
ll;;<:d except where the minerals have very different habits, as mica and 
quartz, or where the difference in specific gravity is quite <:onsiderable. 
E \'en then complete separation cannot be effect.Pd by washing in most cases, 

The apparatus used in soil analysis for separating the various constituents 
according to their abilities to remain suspended in a liquid is not generally 
applicable in rock investigatiotl, but anotheI' device may be employed for 
the washing tests. It consists of a series of funnel-shaped glass vessels one 
above another, each terminating at top and bottom in a glass tube. The 
powder to be separated is placed in the smallest funnel at the bottom. 
The lower tube of tlus funnel is connected with a water tap. A hose from 
the upper tube leads to t.he lower tube of the funnel next in size above it. 
All the connections are made in this manner and the upper glass tube of the 
largest. funnel at, the top of the series is made to discharge into a sink. A 
slow stream of water is passed through the apparatus and it carries the 
lighter particles along with it and deposits them in the funnel above, 
where the eddies are weaker on accormt of the la.rger size of the veBBE'l. An 
Eichstaedt apparatus, based on the reduction of eddies with an increase of 
cross section, gives similar results. 

The methods used in washing precious stones from a matrix give better 
results, especially after some practice. A shallow 'porcelain dish may be 
used for this pur,ose, or better still a flat shield-shaped safety trough in 
which the powder is spread ~U:t with a little water. The trough is held in 
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one hand and is jarred by sharp quick taps with the' other. The individual 
minerals become separated from each other in sharply defined zones. A 
percm;sion table, such as is used in orc dressillg, can alRO be constructed, 
and operated most easily by hydraulic pressure. Serviceable results may 
be obtained occasionally by blowing or sucking with a regulated stream of 
air. Mica and graphite arc but slightly affected by crushing, \vhile other 
constituents arc reduced to a fine du);t that can be blown u.way hy this 
method. 

Separation According to Specific Gravity.-The so-called 
heavy liquids nrc used to isolate 1he rock constituents according 
to their specific gravities. Thif; process is frequently employed) 
as the liquids have specific gravities higher than those of the 
individual rock constituents (Table 2], No. 11). After the rock 
powder to be separated is immersed in one of them it is well 
shaken and allowed to stand for some time. The heavier min
erals sink to the bottom while the lighter ones float. 

If the pure powder of t~.vo different minerals i:-; well mixed, a 
quantitative separation of ea('ll ean be made by using a liquid 
whose specifir gravity is about the mean bebreon those of tlw 
pO\\-ders. The specific gravities of the two povo,'del's may, how
ever, he so nearly equal as to differ by one unit in the second 
decimal place. 

The relations arc not so simple in the rocks. Here we rarely 
have to deal with particles that consist of but one mineral, as 
was the case in the example given, but the particles generally 
consist of several lllinerals intergrO'\\Tn in different proportions. 
It is, therefore, impossible to separate the individual minerals of 
a rock by this method. The separation must be carried out in 
single stages so as to separate the combinations resulting from 
such intergrowth from the pure minerals. All this reduces the 
efficacy of the method so that great differeJ,)ces in specific gravity 
are necessary to make a complete separation. Powders that 
have passed through a 25 to 50 mesh sieve are best for all these 
separations. If the grains are much finer, separation takes place 
very slowly until finally, if the division is as fine as dust, separa
tion does not occur at all, because the fine particles remain sus
pellded in the quite immobile liquid. The finest dust mulit be 
sifted out or washed away in all cases before the powder is placed 
in a heavy liquid. 

The mobility of the liquid employed has a great deal to do 
with the rapidity and accuracy of the separation. Heavy 
organic liquids, which may be used, are generally quite mobile. 
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On the other hand, the heavy solutions of inorganic salts in 
"\\'nter are but slightly mobile when concentrated, and some are 
sn yiscid that small particles may rise or sink in them very 
fo;lowly. 

Organic liquids have an unpleasant odor and evaporate quite 
rapidly, but do not act upon the minerals to be investigated. 
Inorganic solutions are odorless, attack certain minerals quite 
fitrongly. also the skin, and are, for the most part, quite poison
ous. Thus each has its advantages awl disadvantages. 

To be of value for separations according to specific gravity, 
liquids must be eapable of being easiJy evaporated and concen
trated so that every gradation of density can he readily produced. 
In genera] the process is as follows: grains of the heavier and those 
of the lighter rock minerals are picked out of the powder. They 
are placed hl the concentrated hoay}' liquid. The concentration 
is reduced, by dilution with water in t.he case of inorganic solu
tions and with eiher or benzol in the case of organic liquids, until 
some of the grains sink while t.he others float. The whole mass 
of rock powder is nmr put into the liquid thus prepared. Another 
method of obtaining the proper density of the heavy liquid 
consists in the use of a scale of indicators of known density. 
The density of the minerals to be separated must also be known. 
T"\vo of the minerals from the scale, corresponding in specific 
gravity to the minerals to be investigated, are put in the liquid, 
and then it is diluted until one sinks while the other floats. The 
follm .. "ing list of test minerals has been found to be quite practical: 

Spy gr. Sp. gr. 

1. Sulphur, Girgenti. 2.070 11. Quartz, St. Gotthard ..... 2.650 
2. Hyalite, "'altsch 2.160 12. Labradorite, Labrador .... 2.689 
3. Opal, Scheiba.... 2.212 13. Calcite, Rabenstein ..... ' 2.715 
4. Natrolite, Brerik... 2.246 14. Dolomite, ]if uhrwinkel .. ' 2. 733 
5. Pitchstone, Meissen ...... 2.284 15. Dolomite, Rauris....... 2.868 
6. Obsidian, LipaKi. 2.362 16. Prebnite, Kilpatrick.. 2.916 
7. Pearlite, Hungary..... 2.397 17. Aragonite, Bilin....... 2.933 
8. Leucite, Vesuvius.... 2.465 18. Tremolite, Zillertal. ..... 3.020 
9. Adularia, St. Gotthard ... 2.570 19. Andalusite, Bodemais .... 3.125 

10. Nepheline, Brevik ....... 2.617 20. Apatite, Ehrenfriedersdorf 3.180 

Better results will be obtained in all separations with heavy 
liquids if the dimensions of the grains are about equal. This 
method fails completely with thin, scaly minerals like mica, for 
a portion of the mica will be found with each of the separated 
parts. Mica scales c""" ~ removed by allowing the powder to 
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glide over an inclined plane of rough paper, or better by breathing 
into quite a large funnel and causing the rock powder to move 
over the moistened walls; then mica scales will stick to the walls 
and can be removed later by inverting the funnel and tapping 
it. This manipulation must be repeated several times. 

Separations with heavy liquids can be carried out in any kind of a vessel, 
but a beaker is the best and simplest. Comparatively large quantities of 
the liquid must be used and this is always 
very expensive. It is also difficult to re
move entirely the light Dlineral grains 
floating on the surface of the liquid, 
before the heavy residue is poured out. 

ruder certain conditions, especially 
when large quantities of heavy constit
uents are to be treated, the separation 
can be made more rapidly in a beaker than 
in a separating funnel, because the large 
mass of powder sinking to the bottom of 
the funnel easily clogs up the delivery tube. 
The beaker is filled over two-thirds full of 
the liquid, whose specific gravity has been 
accurately fixed fol" the minerals in ques
tion, and then the powder is poured into 
it under constant stirring. The powder 
separates into two distinct parts. The 
beaker is then set in a large porcelain 
evaporating dish and left to stand until a 
layer of clear liquid appears between the 
floating material and that on the bottom. 
A hollow conical vessel, a, Fig. 169, is set 
into the liquid and held in a vertical posi
tion by a clamp around the neck b. A 
small funnel, C, rests in the upper end of 
the neck. A large dropping funnel, d, is 
so arranged above this that the mercury, 
which it contains, Can drop into the small FIG. 169.-Apparatus for Separating 
funnel. As the mercury flows slowly into Large Amounts of Rock Powder. 
the conical vessel, the latter gradually sinks 
until the beaker overflows. Then the influx of mercury is increased so that 
the vessel sinks very rapidly. This causes the floating material to be 
washed over quantitatively into the porcelain dish below. 

It is generally better to carry out the separations in a separat
ing funnel which can be arranged in various ways. The funnel 
sketched in Fig. 170 has a very simple but practical form. It 
can be used in nearly all cases so that it will not be necessary to 
describe more complicated devices constructed for this pnrpose. 
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The stopcock 11 is closed and the funnel filled up to E with the 
liquid. Then the slopeo~k A is closed. amI the p(_)\vder poured 
into the upper funneL After ~hakin~ vigorously the stopcock 
A is opfmed again, "Thereupon the heavier eonst,itucnts col1ect in 

D. Then.A is closed again and the process repeated 
until the sl'p::u'ation is complete. 

Ol'g'rmic liqllicis l aqueous solutions of inorganic 
f(ults, and molten inorganic salts may be used for 
i"{'p:1rations depending upon specifil: gravity. 

Heavy Organic Liquids.-Many organic liquids are 
elwractcl'ized by a high density. Only those liquids 
are applicallle for these proceSBCS t.hat do not have 
an injuriou!::i effed upon the operator, do not evap
orate too easily, and arc quite permanent and not 
too f'xpcllsive. 

'Tclrabrol]l(lcetylcne and }}Icthylcne iodide have been 
~~:~~r~~~~ fOllnd to he extremely useful. "~hen pUTC, they are 

FUllneL litllrt yellO\yi~h, c:.\_ceptionally mobile liquids, that 
can lie dilutpLl easily to any proportions by the addi

tioll of cther or benzol. Since the diluent is very volat,ile it cnn 
I)e readily rcmoved from the liquid, thus concentrating it. Still 
there is always a considerable loss, because some of the heavy 
liquid is evaporated along \\'ith the diluent. This makes such 
work (juite expensive, especially vi-hen methylene iodide is used. 
The loss is of less importance with tetrabromacetylene because 
the operator ean prppare it himself. 

Trtrabl'omaeetylene is an almost colorless liquid that can he 
very easily prepared at any time. l)ure acetylene is passed into 
Lrominc until the \vhole solution becomes light yellow. It is 
very staLlc and has no destructive effect upon the rock constit
uents. ,\Yhen concentrated its specific gravity is only 3.0, so 
that its application is quite limited. 

Methylene iodide is distinguished from tetrabromacetylene 
hya much higher~specific gravity, viz., 3.32 at 16° C. It is con
siderably above that of most of the rock-forming minerals. The 
density increases quite rapidly with a decrease in temperature 
until at its freezing-point, 5° C., the specific gravit.y is 3.35. 
Methylene iodide is decomposed quite readily even by the action 
of light, and this is a great disadvantage. Iodine separat"" out 
and colors the liquid brown. It can be removed by shaking the 
solution alternatelY witl< potassiuID hydroxide and water after 
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which it can be dried with calcium chloride and filtered. An
other method of purifying it is to reduce the temperatUl'e a little 
lower than 5° C. and allow the liquid to freeze. Light colored 
crystals of methylene iodide are formed and these are separated 
from the dark brown Equid by squeezing. Still this process is 
Ycry expensive because methylene iodide is so high priced and 
some iR always lost in the process. A powder that has been 
treated with methylene iodide should be washed with ether and 
the "\vashing must be continued a long time before every trace 
of iodine disappears. 

The specific gravity can he materially increased by dissolving 
iodine in the methylene iodide. It retains its mobility, but loses 
its transparency by this process. If iodoform instead of iodine 
is dissolved in the liquid. a strong smelling, transparent, yellow 
liquid is obtained with a specific gravity 3.45. Howevor, it can 
only be diluted with pure methylene iodide. Finally iodine 
may be added to this solution and a liquid is obtained which is 
quite mobile, but nontransparent and has a specific gravity as 
high as 3.u. 

The high index of refraction of methylene iodide (n = 1.7.5) 
makes it very valuable for optical determinations. This value 
is increased by the fact that, upon addition of iodoform or 
sulphur, the index can be increased to 1.78. It cannot be used 
with a Bertrand or an Abbe total refiectometer because, like all 
liquids containing iodine, it attacks the strongly refracting glass 
used on these instruments. 

Heavy Solutions.-One of the first liquids used to separate 
rock minerals was a solution of acid mercuric nitrate in water 
with a specific gravity of 3.3 to 3.4. It was recommended by 
Count Schaffgotsch. It has a destructive effect on a number of 
the minerals because of its acid properties and has therefore a 
limited application. The loss of expensive material may be 
reduced to a minimum by exercising some care in working with 
heavy solutions. Since distilled water is used for dilution and 
washing, little or no expense is involved. Work with heavy 
solutions is less expensive under all conditions than work with 
organic liquids. On th~ other hand, the greater viscosity of the 
concentrated heavy solutions must be considere~. The solutions 
generally used are: 

1. Potassium Mercuric Iodide, Thoulet Solution.-A solution 
of potassium mercuric iodide, HgI2 .2KI, is the most convenient of 
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the various henvy solutions because it can be easily prepared and 
tan be diluted or concentrated to any desired density. It is 
made by dissolving potassium iodide and red mercuric iodide 
in the ratio of 4: 5 in water, and after the addition of a little 
metallic mercury it is evaporated on a water bath (not over a 
direct flame!) until a fragment of fluorite (sp. gr. ~3.15) floats on 
it. Several' needle-like crystals form upon cooling; and the clear 
yollO'i" transparent liquid has a specific gravity of nearly 3.2-in 
Hummer only 3.17. It is not very mobile when concentrated, 
hut it ('an })j~ dj}uted with water to any extent and concentrated 
again on a water bath. A small excess of potassium iodide 
does no harm bccauRc, upon evaporation, it separates out as a 
crystalline crust over the liquid, hut an excess of mercuric 
iodide is injurious because it is precipitated upon the addition 
of water. 

H a solution of a definite specific gravity is to be prepared by 
dilution, it cannot be done accurately by adding a measured 
aUlour) L of water to the concentrated solution, because there is a 
strong contraction of the solution when it is diluted. The density 
of the prepared liquid must be checked by a \Yestphal balance 
or by an indicator. The final steps in fixing the specific gravity 
of a solution should not be attempted by adding water, but by 
adding a less concentrated solution of the same kind. 

Thou]et solution has some disadvantages among which are its 
poisonous character and its cauterizing effect on the skin. It 
attacks metals vigorously with the separation of mercury. It is 
also very difficult to remove from the mineral powder. Some
times this can only be accomplished by repeated digestion with 
potassium iodide solution and water. Attention was called to 
its high index of refraction in Part I, page 37. 

2. A solution of cadmium borotungstate~ Klein's solution, 
9WO,.B,O,.2(CdOH) + 16H,O is much more difficult to prepare 
and is usually not made by the operator himself. When a dilute 
solution of it is e,:aporated on a water bath until a film of crystals 
forms over it, a yellow liquid with a specific gravity of 3.36 is 
obtained upon cooling. It is quite viscid, but it can be mixed 
with water in any proportions without decomposition, and its 
mobility is increased very rapidly upon dilution. The liquid is 
harmless, but is decomposed by carbonates &6 well as metals, and 
these must bo removed before using it. The crystals of the 
tungstate, which for,,! ~on concentr.ation, can be purified by 
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draining off the mother liquor. They melt at 75° C. to a liquid 
whose specific gravity is 3.6, but it is so viscid that it cannot be 
used to separate fine powders. 

3. Barium mercuric iodide, Rohrbach solution, is quite mobile ,. 
with a specific gravity of 3.59. It decomposes very easily so 
that even its preparation (100 parts Bal, + 130 parts HgI,) must 
be carried out ,,·ith great care. The concentrated solution can
not he diluted with water. A less concentrated solution must 
be added very slowly by pouring it over the concentrated solu
tion in a thin layer and allowing tho two to diffuse. The diffi
cultie8 encountered in diluting this solution are so great that its 
application is limited and of late it is rarely employed. 

Heavy Molten Liquids.-It is necessary to work at high temperatures with 
molten inorganic salts. Cadmium borotungstate has already been referred 
to. Other salts recommended for this purpose are: 

Lead chloride, sp. gr. =5.0, and zinc chloride, sp. gr. =2.4. "'nen melted 
they ean be mixed with each other in all proportions. The melting-point 
is about 400° C. The operations may be carried on best in a small test-tube 
on a sand bath, and tbe powder to be separated should be poured into the 
melted mass in small portions. The liquid is very viscid and splutters a 
great deal so that it is quite dangerous to use it. Wben the separat,ion is 
completed, the mass is cooled and the cake. thus forced, is cut through the 
middle horizontally. The mineral particles are freed from the mass and 
purified by digestion with water to which a little nitric acid has been added. 
M ercurOU8 nitrate melts at 70° C. to a very mobile liquid with a specific 
gravity of 4.3. It can be liquefied very easily on a water bath and diluted 
in any proportions v.ith warm water. It possesses, however, the vcry 
disagreeable property of decomposing with a rapid separation of a basic salt 
which has a high melting-point. For thi.s reason the molten salt often begins 
to solidify before the separation of the rock powder is complete. If the melt 
is diluted wit,h water it is somewhat less decomposable. Molten silver 
nitrate is also '\Tery useful. By heating to 200c C. a mobile liquid is obt.ained 
with a specific gravity of 4.1. This can be diluted in all proportions with pota&
sium nitrate and a rock powder can be completely separated in this liquid. 
However, the high temperature at which one must work makes the use of 
this salt quite unpleasant. Thallium silver nitrate is prepared by dissolving 
equivalent amounts of thallium and silver in nitric acid. At 75° C. the 
double salt forms a liquid, as mobile as water, and has a specific gravity of 
nearly 5.0. It can be diluted in all proportions with water and concentra~d 
again by evaporation on a water bath. It is necessary to work very 08re
fully with this melt because the specific gravity increases upon cooling as 
well as upon the evaporation of the water. The separation should be 
carried out as rapidly as possible on a water bath at constant tempertlture. 
Then the mass should be solidified rapidly by directing a stream of cold 
water upon the outside of the containing vessel. Its properties are very 
similar to those of thallium merCUTom nitrate with a specific gravity of 5.3, 
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()x('('pt that it is decomposed by sulphides. Both of the:-:e salts are, however, 
quit<:> expensiw 011 account of the hi~h price of thallium. 

Magnetic Separation.-Th(' methods of magnetic separation give good 
rC'"ult!<. in marlY ca<.;es. Sometimes a simple magnet and, somptimes, an 
elec~ro-magnct is used for thi" purpose. A simple magnet is very useful to 
draw out skel fragment,; ,..,.hkh have Leen introduced into the powder dur
ing pulverization and would decompose Thoulet's solution. Besides metal
lie iron. ouly map;nctitc and pyrrhotite arc attracted by a simple magnet. 
They HI'£' Ll"4 l"elllowd by spreading the dry rock po.vdcr out on a paper 
st.retched on a frame supported by four legs. Then a magnetized steel comb 
is drHwtl alouf,!: undC'rneuth tll(' paper. The ma,2;netic particles are thus 
drawn t,() ttl(' edf,!:f' of t1\(' paper. 

FIG. 171a.-Electro~magn.et. 

An electl'o--mngnet. has a llluch more extensive application. The best 
form of this is :l horseshoe. A rectangular piece of 80ft iron is screwed on 
each pole and so arranged that by turning the pieces the distance between 
t.he- poles can be regulated, Fig. 171 a. Thus, the strength of ·t.he electro
ma_gnet can be controlled. :Most of the minerals containing iron are 
at.tracted by it, while those free from iron-quartz, feldspar, etc.-remain 
behind unless they contain magnetic inclusions. The degree of magnetic 
attraction is independent of the amount of iron present. As yet, minerals 
ha W' not been systematically arranged according to the degree of attrac
tion, but a short classification of the most important minerals can be found 
in Table 19, No. VI. . 

To separate 11.1'ock powder electro-magneticany, it is spread out on a stiff· 
piece of paper and passed ~J,c and forth un"~er the poles of an electro-mag-
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net, the strength of the magnet being regulated as deR('ribed above. This 
paper is removed from time to time and a clean sheet is placed under the 
magnet. Then by breaking the circuit the attracted particles fall off. 

The Reparation call be made in water or alcohol when very fine powder is to 
be treated. The rock powder is washed in the liquid and then the latter is 
caused to pass over the magnet. The process can be accomplished in much 
the same manner as it iR on a large scale in the commercial separation of 
ores. Numerous minerals that are only slightly magnetic become strongly 
magnetic when heated to redness in 
an oxidizing flame. This phenom
enon finds extensive application in 
science as well as in commercial 
processes. 

Other Methods of Separation.
Difference in fusibility has been 
suggested a.s a means of separating 
minerals, but this method will not 
give good results except when thf' 
difference is very pronounced and 
the mineral particles are of even 
size. The powder is spread out on 
a platinum fuil and heated to 
glowing in a blaRt flume until the 
more easily fusible part is melted 
together, then the unmeltc>d portion Fw.l71.-·Lens Stand. C'V. and H. Seibert.) 

is simply shaken off. 
Finally, there are cases in which certain rock COlli;tituentf, must be Rorted 

by hand. A lens is used in this work, but it must not have too strong a 
magnification because, on the one hand, the l'ihort focal length or it high 
power objective lowers it so as to be in the way of the operator and, on the 
other hand, the unsteadiness of the hand is more evident. The instrument 
shown in Fig. 171 is quite useful for such operations. A strip of glass whose 
width equals the diameter of the lens, can be pushed back and forth under 
the lens. The powder is spread out evenly on this glaf's by means of a 
distributer and is observed through the lens. The individual grains are 
then removed with a pair of small forceps or a sharp moistened splinter of 
soft wood. The powder can also be immersed in a liquid on the glasR strip 
to make the grains more transparent. It is often advantageous to use a 
pointed glass tube attached to a suction pUIllP to remove the desired graiUB. 
These are drawn through the tube over into a glass fla.sk arranged for this 
purpose. ""'ith a little practice very fine rock particles can be sorted out 
with this apparatus. It can also be used to examine the particles in polar
ized light by placing a glass plate at the proper angle below the stage..and a 
nieol prism a.bove the lens. In this way the apparatus bas an exten.sive 
applicability. A binocular microscope, Part I, page 41, also gives good 
results in such cases, 

11 



CHAPTER IX 

Methods of Investigation 

Investigation with a polarizing microscope is the most impor
tant and most frequently used of all the methods of petrograph
ical research. Next in importance to the microscope are the 
quantitative and qualitative chemical analyses which enahle 
one to make as complete a determination of a rock as does an 
optieal examination of a thin section. A determination of the 
specific gravity and other physical properties is also made to 
complete the information concerning a mineral. 

The methods of investigation, like those of separation, fa]] 
naturally into two groups. These are the chemiral and physical 
methods. The treatment here includes only certain subordinate 
sections of each because the general chemical methods are not 
within tile province of this book, \vhiie the optical methods have 
becn thoroughly discussed in Part 1. 

Under the heading of chemical methods. only such chemical 
reactions are discussed as are adapted to a rapid recognition of 
minerals in the simplest way possible, especially with very small 
amounts of the material. Special reactions, which are very 
characteristic for certain minerals, ,,-ill also be given. The 
physical part inrludes all physical methods except the optical 
investigations. 

I. Chemical Methods of Investigation 

(a) General Reactions 

The methods of.;micro-chemistry may be mentioned first, as of 
importance in the general reactions of a number of the elements. 
These can only be applied successfully when there is nothing to 
interfere with them. In many cases the tests are 80 simple and 
easy that good results may be obtained with them, but in just as 
many other cases they are very complicated and the obtaining of 
unqnestionable results is not dependent upon a large' amount of 
practice alone but eJso lIPon numerous other contingencies, the 

,162 
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efficaciollsness of which cannot be positively determined in every 
case. Only such of the numerou::; micro-chemical methods will 
be discussed as are comparatively simple and give definite 
results. 

Reactions with Fluosilicic Acid.~The reactions with fluosilicic acid, which 
is replaced by hydrofluoric acid in the investigation of silicates, afe especially 
important for petrographical studies because the fiuosilicates formed are 
very soluble and crystallize easily. They do not possess the importance 
generally ascribed to them because, in addition to the characteristic salt of 
any basc, frequently double salts also separate out, and the composition of 
these as well as the conditions under which they form have not as, yet been 

• thoroughly studied. They do not seem to give good results itt the investi
gation of minerals like the feldsparR containing aluminium and alkalies 

because a double ;.;alt is always fonned in varying amounts and its exact 
composition is unknown. These investigations are carried out on an object 
glass covered ,vith a uniform thin layer of Canada balsam free from bubbles 
and not completely hardened. It can be prepared by placing some balsam 
on a glass and warming it slightly. A celluloid plate can also be used, but 
celluloid always shows some dOUble refraction phenomena, and this inter
feres with the optical investigation. A drop of pure 8u08ilicic acid (,with 
silicates pure hydrofluoric acid suffices) is placed on the mineral splinter 
and the solution is left in a closed box of dry wood to evaporate completely. 
The crystals are formed first toward the end of the process. Every trace of 
acid must be positively absent before investigating under a microscope, or 
there is danger of etching the objective. The fluosilicates of sqdium, 
potassium, and calcium have higher indices of refraction than Canada 
balsam, while the indiceR of magnesium, iron, and manganese fluosilicates 
are lower. 

Sodiumjf.uosilicate, hexagonal; low double refraction, negative; mostly in 
short, thick prisms and twins as shown in Fig. 172, or in long needle-like or 
pyramidal crystals rarely tabular, parallel to the base. Potassium fluosilicate, 
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cuhe.,> and octtth('drons, utlually quite lnrge; often distorted, tahular octahed
Tons, quit,(> similar t.o t11(' plates of sodium fluosilicate mentioned above. Lith
ium jl'lIosilicak. not very characteristic; acicular and monoclinic, apparently 
hexagonal. llfagrU'siufltjluosilicl1ie, as weU as the ."imilar compounds of iron, 
mang:anesc, nickel and cohalt: rhombohedral, colorless or very light colored; 
short to long prismatic, often with many faces; high double refraction, 
po,>itivc; charaeterizcd by brilliant interference colors. Cnlcium flum;£li
cut(·, short, monoelinic pri:-nlls with inclined tprminations, Fig. 173, low 
douhl(' rciraction, llE'g:ative; b = a, c: Ii = 40°f. Irregulnr growths with 
rouncl{.'d outline ar!' g:enerally ohseryed; crystals, rare. The crystals of 
xtrouil:um and IlOrinm jluosihwtcs are quite similar to these. The latter are 
mmall~' wry small, sineI' they arc quite in,<oluble. Alu.minium jluof>ilicate 
is a /);l'latinous substauce, It. forms l'llOmhohedral double salts wit,h the 
alkalies and thes{' salt;; haW' strong doublt' rC'fraction. 

Reactions with Certain Elements.-For the:3e reactions the 
mineJ'alH to he te~tcd are dissolved in sulphuric or hydrochloric 
a(~id, or they can be fused in a platinulll crucible with sodium 
pot.assium earll(Hlato and a small amount of saltpeter or potas
silun l1('iu Rulphat{', Sometimes potasRium fluoride or fluorite 

is added. The salt~ obtained 
from these operations may 
then be further studied. 
Flame or hlQ1.ypipe reactions 
give more definite results in 
many eases than micro-chem
ical tests, the la,tter being 
m;ed in Hpecial cases. The 
lllo~t important and reliable 
reu{'tionfl t.hat "rill be COhRid

erf.:d fire the following: 
Sodium.-The yellow color 

of the sodium flame serves as 
FIG. 174.,-Rodium 1.7ranyl Acetatc, an indication of this element.. 

The sli~htest trace of sodium 
impurities will produce the yello'iv flame, hence it is better to make 
a micro-chemical test for the sake of accuracy. A drop of an 
acetic acid solution (N. B. free from sodium!) of uranyl acetate 
is added to the solution to be investigated. Sharply defined, 
light yellow' tetrahedrons of sodium uranyl acetate are formed 
with an index of refraction less than that of Canada balsam. 
Fig. 174 shows these crystals under the microscope with the 
tube Bli~htly raJsed. If magnesium, or a similar element, is 
present in the solution, ~, triple acetate containing all these ele-
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ments is formed. It is easily obtained in large rhombohedral 
crystals of very light yellow color) low index of refractioll, and 
very high negative double rcfraetion. It generally forms com
binations similar to a cubic itositetrahedl'on. If there is but a 
small amount of sodium present, some magnesium salt can be 
added, if not already present, and a very sensitive reaction for 
sodium can be obtainod ,,,ith the triple acetate, sinee it contains 
only 1.5 per cent. sodium. 

Potas8iu1n.-The violet colored flame of potassiUlll is obscured 
by sodium if it is present at the same time. The potassium color 
can be recognized when the colored flame is ohsern'\d through a 
hlue cobalt glass. but numerous potassium silicates do not give 
the characteristic coloration. These must be heat.ed with 
gypsum) free from alkali, or 'with a mixture of gypsum and fluor
ite. Potassium is best precipitated a~ potaflsium platinoehloride 
which begins to crystallize only after a long time has elapsed. 
Crystallization can be accelerated by adding a drop of alcohol. 
Sharp, yellow octahedrons and combinat.ions of it with the cube 
are formed, which have a very high index of refraction. Am
monium, rubidium and e~sium give rise to the same type of 
crystals. 

Lithium.-The carmine red colored flame of lithi.um is obscured by sodium. 
Nevertheless a very small· quantity of lithium can be recognized in the 
presence of a predominating amount of sodium in an ordinary flame. The 
powdered mineral is stirred by a heated platinum wire, which with the 
adhering particles is dipped into tallow. The lithium color appears when 
this preparation is burned in an ordinary candle flame. The determination 
by means of a spectroscope is absolutely positive, while micro-chemical re
actions, e.g., precipitation as a carbonate, are less reliable. If a little potas
sium carbonate is added and the solution evaporated, lithium carbonate 
crYstallizes in slender needles having it strong double refraction, parallel 
e;tinction, and a negative character of the principal zone. TheF;e needles 
almost invariably unite to form sheaf-like or plume-shaped aggregates, and 
are characterized by a lower index of refraction than Canada halsam. 

Calcium.-The yellowish-red flame of calcium salts is not 
characteristic enough. A micro-chemical test for calcium is 
better. A drop of very dilute sulphuric acid is added to. the 
solution of a calcium salt and upon evaporation slender needles 
of gypsum crystallize out, which tend to unite into star- or 
sea urchin-shaped aggregates, especially in acid solutions. When 
the calcium content is small, it is better to evaporate the sul
phuric acid off of the object glass and to take up the residue with 
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a drop of water. Then, the individuals appear as needles with 
obliquo terminations making an angle of 651/2°, Fjg. 175. They 
unite very readily to form the characteristic swallow-tail twins 
with a reentrant angle of 131 0

• See the description of the mineral 
gypsum on a subsequent page for its optical properties. Calcium 
oxalate forms small crystals very difficult of determination. 

Strontium and Barium.-The purplish-red flame of strontium und the 
yellowish-green of barium arc not vcry reliable tests without the aid of a 
&pf'ctroscope, but good tel:lts may be obtnined micro-chemically. Some 
potassium oxalate i" added to It neutral solution of the salts, which is left 

to stand for some time on an object 
glass, coyered so as to retard evapora
tion. Barium oxalate crystallizes out 
in fan .. shaped crystal skeletons and 
needle" with oblique pud faccR, 115°. 
They have an cxtinction c : b =24°. 
The'lowest index of refraction exceeds 
that of Canada baJS.IlJ]] only slightly. 
The double refraction is very high. 
Strontium oxalate usually "hows two 

. types of crystallization, but four
pointed stars are especially charac
terit,;tic. When they lie horizontally, 
they do not affect parallel polarized 
li!{ht and in convergent light they 

FIG. 175.---Gypsulu. give an expanded cross that shows 
positive double refraction. It is quite 

significant that when they are embedded in liquid Canada balsam they 
disappear entirely and cannot bc found again in polarized light. The other 
type of crystallization shows small rectangles with horn-like projections 
on the corners. The crystals have strong double refraction and an 
index of refraction somewhlLt higher than the other type of crystals. 
Barium oxalate crystallizes from hot solutions in elongated six-sided, 
t.abular crystals that can be recognized as penetration twins of two or 
more individuals. They are perhaps triclinic with cross sections like 
crystals of stilbite. The double refraction is ratLer low. Strontium 
salts, under these conditions, give small lancet-shaped bars with a positive 
principal zone, paraUel extinction, and medium double refraction. The 
index of refraction is less than that of Canada balsam. They form star
sl.luped twins at an angle of about 90° and give no interferenoe figure in 
convergent light. These tests, as well as numerous other micro-chemical 
tests, are of little value to prove the presence of these two alkali earths. 

Beryllium.-There is no practical method to prove absolutely the presence 
of beryllium in small amounts. 

Magnesium.-:-;-The micro-chemical test for magnesium is car
ried out after the iron,lO!<d JIlanganese, salts have been precipi

'~'f" 
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tated by a slight excess of ammonia in the presence of sal ammo
niac. The solution is greatly diluted and sodium phosphate 
added. It is then allowed to evaporat-e, and as the solution is 
concentrated, hemimorphic orthorhombic crystals of magnesium 
ammonium phosphate, Fig. 176, form. They are much morc 
perfect than .... hen they are precipitated rapidly by an excess of 
ammonia. They have a rather low double refraction, and lower 
indices of refraction than Canada balsam. The positive bisectrix 
has a somewhat oblique posi
tion in the trapezoidal crys
tals. The axial angle is very 
small and the optic plane coin
cides in direction with the 
parallel edges of the crystals. 

Iron.-The formation of 
Prussian blue upon the addi
tion of potassium ferrocya
nide to an oxidized solution 
of iron salts is a far better 
test for the presence of iron 
than any micro-chemical reac
tion. Even if there is an ex
ceptionally small content of 

FIo. 176.-Magnesium Ammonium 
Phosphate. 

iron, the solution is colored a distinct green. If there are but 
traces of iron in the solution, the best test is to note the red color 
upon the addition of potassium sulphocyanide. 

Nickel and Cobalt.-These two elements are rare constituents of rock
forming minerals. Small amounts of nickel can be detected by adding 
yellow ammonium sulphide to an ammoniacal solution of nickeL The 
liquid becomes brownish if only a trace is present. Still smaller traces can 
be detected by the rose-red to brown color resulting upon the addition of 
sodium trithiocarbonate to a nickel solution. Sodium. trithiocarbonate is 
prepared by shaking a sodium sulphide solution with carbon disulphide. 
Cobalt must be removed as potassium cobalt nitrate before this test "can be 
carried out, because cobalt blackens the solution. The best test for nickel 
is the following: a strong ammoniacal solution is either violently shaken in 
air or is boiled with powdered a-dimethyl glyoxime when a scarlet Rrecipi
tate is formed. 

The simplest test for cobalt is the blue bead qJ microcosmic salt. If 
potassium nitrite is added to a dilute ammoniacal solution of cobalt, which 
is then acidified with acetic acid, sm.aJ1 cubes of deep yellow potassium 
cobalt nitrite are precipitated. They often appea.r entirely opaque under 
the microscope. The following reaction is more sensitive! potassium 
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sulphocyanidt' it; added to a solution containing cobalt and ethyl alcohol 
carefuily poured over it. Thr- aJeohol assumes an intense blue color. 

Mangau('sc.-Th(' smallest traces of manganese can be detected by fusing 
the minf'ral with sodium carbonate and saltpeter on a platinum foil. If 
there is COllHidcrable manganese, the melted mass appears green, but if 
the contput of man~anese is quite small and silica is present, it is sky 
bluE'. This color may be clearly observed "ith extremely small traces of 
Inan~ane"e 

Chromium.-The presenCe (If chromium can be proved by fusion in a 
bead of microcosmic salt in an oxidizing- flame. The bead is red when hot, 
and emerald green wll('tl cold. Tho mineral may also be fused with sodium 
C~LrLollate and saltpeter 011 a platinum foil and the melt dissolved in hot 
water. When the solution is acidified \"ith nitric acid and a drop of silver 
nitro,t,e added, it becomes brilliant red and deep red rhombohedrons of silver 
chromate, wit.h an angJp of about 70° and a high index of refraction, are 
formed. With only truce" of chromium the solution has a fluorescent yel
low color lik(' that charactcri,.;tic of a dilute solution of eosine. 

Tungst(~n.~~1illentls c{)Iltuinin~ small traces of tungsten form a blue glass 
when fused with phosphorous pentoxide in a platinum crucible. 

MolyIJdenum.--A sulutiOll of 1 gr. phenyl hydrazine in 70 gr. of 50 per 
cent. acetic acid gives a !!:ood reaction for molybdenum. The mineral is 
dissolved lUll} di~w~ted two minuteR in the reagent, and if molybdenum is 
preRent, til(' :,;olution h"come~ red and can be dpcolorized again hy shaking 
\"itll chloroform. 

Ccrium, LrmthallunI, Didymirnium, Yttrium, Erbium, Thorium, etc.
No reactions arf' known fol' positively detecting the so-called rare earths 
in tIlE' small quanti tic';'; in which t.hey occur in rocks. The IUlero-chemical 
methods that might 1w u.,ed do not give rise to well developed crystals and, 
furthermore, the differen('e between t.he various earths has not been thor
oughly studipd. Spect,rum analysis appears to be the only method that 
affords any dpgree of certainty in the determination of the rare earths. 
Even by this method, only the recognition of neodymium and praseodymium 
is pOl;itivcly c('rtain. The mineral grain to be studied is focused under the 
microscope with such fl magnification that the grain nearly covers the whole 
field of vision. Then a good spf'ctroscope is placed over the ocular when 
the presence of neodymium will be noticed by a broad absorption band in 
the yellow and a somewhat narrower one in the green. If praseodymium is 
present, the strongest absorption occurs between blue and violet and a 
weaker one in the blue. This test is used on rock-forming minerals only 
when monazite is a cot,lstitucnt of the rock. Monazite generally contains 
both elem('nts. ' 

Aluminium.-A fragment of a mineral is moistened with cobalt 
nitrate solution and heated to redness in a blowpipe flame in 
order to test for aluminium. It becomes blue, if aluminium is 
present, Lut this color is easily obscured by oxide of iron. The 
presence of aluminium Can be proved micro-chemically by adding 
slightly diluted sulphuric acid and a small grain of some cresium 



METHODS OF INVESTIGATION 169 

salt to a solution of the mineral, when well developed octahedrons 
of cresium alum will be formed. These are characterized by an 
especially high index of refraction. If dendrites form instead of 
the crystals they can be recrystallized in water and octahedrons 
obtained. Ferric salts give the same reaction, but the two Can be 
differentiated by treatment ,,,ith ammonium sulphide vapor. If 
larger amounts of ferric oxide are present, the reaction is indis
tinct. Iron must be reduced first \''"ith sulphurous acid Lefore 
the test for aluminium is made. 

Boron.-The green flame is a sufficient test for the presence of boric acid 
in minerals. It is obtained when the powdered mineral is mixed with 
fluorite and potassium hisulphate in a platinum crucihle and placed in a 
fiame~Turner's test. The reaction proce(>ds better if the mineral is decom
posed by fusion and the melt dissolved in hydrochloric acid. Methyl 
alcohol is added to this solution and when ig;nited it burns with a green 
flame. For a micro-chemical tel5t, the mineral, for example tourmaline, is 
fused in a platinum crucible with .sodium carbonate, if it is too difficultly 
soluble in hydrofluoric and sulphuric acids. The fused mass is then dis
solved in concentrated sulphuric and hydrofluoric acids. A platinum cover 
with a drop of 'water adhering to the under Ride of it is placed on the crucible 
and the latter is warmed until the acid begins to vaporize. The drop of 
water takes up the silicon tetrafluoride as well as the boron fluoride which 
develops. This solution is placed on an object glass covered ",ith Canada 
balsam and potassium chloride is added. Upon evaporation rhomboidal 
or elongated six-sided tabular crystals of potasRium fluoborate separate out. 
When these are recrystallized from hot water they develop prisms with 
domes and pyramids. The indices of r('fraction are lower than that of Canada 
balsam and the double refraction is so low that it can only be recognized 
in thick crystals with a gypswo test plate. The principal zone is negatiY~. 

Carbon.-If carbon is present in a rock as such or as a constit
uent of an organic compound, it is converted into a carbonate by 
fusing the substance with potassium antimonate. The carbonate 
can then be tested by its effervescence with acid. If only a very 
small quantity of carbonate is present, the rock powder is spread 
out with water on an object glass and a cover-glass is placed over 
it. Then a drop of dilute hydrochloric acid is placed in contact 
with the edge of the cover-glass and a piece of filter paper is 
inserted under the other side of the glass. The acid is slo.wly 
drawn under the cover and the forma.tion of small gas bubbles in 
the solution can be observed under the microscope. 

Silicon.-The formation of skeletons of silica in a bead of 
microcosmic salt cannot always be definitely observed. The 
best method for the detection of silica is a micro-chemical test 
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carried out in the same manner as was described for boron, except 
t.hat sodium chloride is used instead of potassium chloride. The 
powder may also be decomposed by fusion whh sodium carbonate 
and the melted mass tl'eated lv1th pure hydroiluorjc acid. In 
hoth cases the crystallization of sodium fluosilicate is to be 
ohserved. 

Titanium.-Minerals in 'which titanium is sm;pcctcd are fused 
wjth potassium bisulphate, dissolved in water and treated with 
hydrogen peroxide. "'\Vith small traces of titanium the solution 
is colored light yellmv) and with larger quantit.ies deep brown. 
The color is most easily recognized if the operation is carried out 
on a porcelain plate. 

Zirconium.-It is difficult to prove the presence of zirconium 
oxide in rocks vdth absolute certainty, because it is usually 
present only in very small quantities. The substance is fused 
with about douhle its amount of sodium carbonate for a long 
time and the fusion product dissolved in hot acidified water. 
Zirconium is found ill the insoluble residue as small six-sided 
erystals similar to tridymite. 1'110 index of refraction is lower 
than that of Canada balsam. They often gather into packets 
similar to a pile of coins. Another method of testing for zireon
ium consists in fusing the pmvder with potassium bisulphate and 
precipitating the zirconium oxide ,vlth ammonia. After filtering, 
the precipitate is dissolved in hydrochloric acid and a little tin 
foil is dropped into the solution. If zirconium oxide is present 
the solution colors turmeric paper brown, while solutions contain
ing titanium do not color it ~fter reduetion. 

Tin.-If a mineral is thought to contain tin, it is fused on a charcoal 
tablet with sodium carbonate and potassium cyanide. The tin is reduced to 
a metallic bead that can be seen with a lens. If the bead is not observed, 
the melt is placed on a platinum foil and dilute hydrochloric acid with a 
very little platinum chloride added. An intense red-brown color results if 
tin is present. A borax bead, containing a little copper oxide and tin, 
heated alternately in an oxidizing and reducing flame, becomes ruby 
colored. This is a v~ry sensitive rea.ction. 

Vanad£um.-Vanadium is often present in rocks in very small quantities. 
The rock powder is fused with sodium carbonate and saltpeter and the melt 
dissolved in slightly acidified water. The solution becomes red in color 
when hydrogen peroxide is added, provided vanadium is present. When a 
grain of sal ammoniac is added to a solution of the melt, microscopic crystals 
of ammonium metavanadinate are formed. They"have a very character
istic shape like that of a whetstone or a hatchet. 

Niobium and T-(l~wn,f'~.A mintlral is fused with a large amount of 
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caUBtic potash to test for niobates and tantalates. The melt is dissolved in 
water and hydrochloric acid added. Doth salts are thrown dovrn as a 
white precipitate, and after filtering, the precipitate is dissolved in sulphuric 
acid. A piece of zinc is droppt"d into the solution which is then heated to 
boiling. :.riobates color the solution amnit blue, the color being retained 
for 11 long time upon dilution until gradually the white powder forms agHin. 
Tantulates produce a grayish-blue color which rapidly fades wh(,Jl Hle 
solution is diluted. 

Phosphorous.-Phosphoric acid is present in rocks only in 
small amounts. \Vhen a rock powder is heated to redness with 
ma,e:nesium powder in a glass tube, the phosphoric acid is reduced, 
causing a hrilliant pyrotecllnic display. "lrlIen the product 
formed is thrmvn into water the odor of phosphine can be readily 
recognized even though only a small trace of phosphorous is 
present. By another method the rock pov,der is digested \vl1,h 
nitric acid and the solution treated with anllllOnium molybdato. 
After a long time a sulphur yellow precipit.ate of ammonium 
phosphomolybdate is formcd. Under the microscope it seems to 
consist of sntalI, yellow, rounded dodecahedrons or of delicate 
skeletal crYRtals. However, if soluble silicates are present at the 
same time, there is danger of confusing the ammonium phospho
molybdate with ammonium silicon molybdate \"hieh may be 
formed. It is well to render the silica insoluble by evaporating 
and heating on the object glass, and then to redissolve the powder 
before the addition of ammonium molybdate. The formation 
of magnesium ammonium phosphate, mentioned above un
der magnesium, is also a useful reaction for the detection of 
phosphorous. . 

Sulph·ur.-Sulphur in any form can be tested by fusing a 
mineral containing it with sodium carbonate on charcoal. The 
melt is crushed on a, silver coin and moistened. A bro\vnitih
black spot is produced-Hepar test. The melt also colors an 
alkaline solution of sodium nitrocyanide violet. 

Chlorine.--Chlorine can be detected when a mineral powder 
is fused in a bead of microcosmic salt saturated with copper oxide. 
The flame becomes distinctly blue. The micro-chemical test is 
also good. Silver nitrate is added to an ammoniacal solution of 
a chloride and is left in the dark to evaporate. The resulting 
octahedrons of silver chloride have a high index.of refraction and 
become clouded and violet when left in the light. 

Fluorine.-To test for fluorine, the mineral is fused with salt 
of phosphorous in " small glass tube. The tube is etched near 
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the melted matf'l'ial. The mineral can also be heated \vith con
{'cntJ'ated Hulphuric' acid in a platinum crucible on the cover of 
whith a drop of cli~dyzed silica adheres, This drop is later re
Illoved awl placed on an object. g:la8F: {'overed with Canada balsam 
and Home sodium E'alt is added. The characteristic crystals of 
sodium f1uo,~ili('ate are formed upon evaporation if fluorine \vere 
present. 

FinalJy, the te;.;t f01' u'ater must be mentioned Attention 
must be callf'd to the fact that with lllany minerals, very careful 
awl {'xteml{'J drying is rweCssitry to remove a.Il the hygl'Oscopie 
\n~ter. The best tt'st for 'water is carried out in the follo'wing 
JllUJHll'r. ~\ lla1'f()"W ~lass tulle ahout 10 em. long is drawn out at 
Ol1P end into [1 rupillary and dry [tir i::; drawn through it while 
ll('ntin,!!, Then the ('aJ>illar~T i~ dosed by fusioll and the rock 
pmVlkl' introdll('ed into the other end of the tube whieh is like
wi~(' d08ed. ])uring this prO(,t'SR {'are must be taken that no 
Illoil-'tul'c i~ introdu{,t"d into the tulJe froIn the burner gaR Upon 
hrutin.e: the powder ill the sealed t,ube, 10rhatever ,Yat.er is present 
('an 1)(' driYcll i11to the eapillary eontaining a small quantity of 
foi,Ollle dry dye. TIlt" dye is disl"olycd by the drop of 'vater as it 
{'onclen~cs and imparts an intense eolor to the drop. 

b. Special Reactions 

Special reactions can be applied either to isolated grains or directly to 
thin sections. If Hw slidE' is to be subjected to chemical investigation it 
is left uncovered, or if covered, the cover-glass can bc removed by warming 
it slightly. The Hection itf'lclf must, thf'n be thoroughly cleaned from 
Cnnada balsam hy washing with benzoL For certain T('actions, such as 
heat.ing tests, etc., the rock section must also be removed from the object 
glass. This can be accomplished by heating gently to melt the Canada 
balsam, after which the section is washed for some time in benzol. In 
most case,,> the whole section is not subjected to cherlli.cal tests at one time, 
but only a portion of it is used, reserving the rest of it for other reactions. 
The cover-gIas!'; is eu~ between the two portions .... 'ith a diamond cutter and, 
if t.he section also is to be removed from the object- glass, it is cut through 
at the same place. In some cases the cover-glass is removed and the 
sect.ion covered with liquid Canada balsam. Then the particle to be iso
lated is focused under the microscope and a perforated cover-glass is placed 
over it so that the hole in the glass falls directly over the grain to be studied. 
If a reaction with hydrofluoric acid is to be made the cover-glass can be 
replaced by a platinum foil. The section must he'1eft for 11 long time to 
dry and then the balsam must be thoroughly washed out of the small 
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Certain chemical reactions serve to clarify rock sections because 
they dissolve out thosf' constituents which make it clouded or 
nontransparent. Such substan{'es are ('hiotite, zeolites and 
other Realy uecomposition products, or iron oxide which is 
present as a finely divided pigment. They ('an be removed by 
separating the section from the object glaHs and digesting it for 
a long period ·with dilute hydrochloric acid. If the section is 
impregnated with graphite or carbonaceow~ material, it is clari
fied by roasting on a platinum foil. A ,vet IDr-thod for removing 
carbonaceous material is most favorable under certain conditions. 
e.g,) in the study of the organic structure of coals. The section is 
treated for a long period with chlorous acid, page 150, 'which 
dissolves the carbonaceous matter. Graphite CIlJ)not, be removed 
in thiR wa~·. 

The obHervation of etch figures has often been flUggPHtf'd as a means of 
investigat.ing thin sections, but no rpliable results can be obtained in this 
way. Etch figures may, howevC'f1 be useful to distinguish between amor
phous suhstancer; and those which cry."'tallize in the cubic system because the 
latter would give regul:trly bounded figures. 

Staining Methods.-The staining methodH, v,,,hich play so 
important a rMe in organic microscopy, are only used occasionally 
in thp invpstigation of thin Hf'ctionf) because only a fe\\' minerals 
in their natural condition "'Quld absorb the stains and tho.se that 
do are principally thiek, scaly to fibrous aggregates of good 
cleavable minerals, but even they can f3carcely be differentiated 
or recognized in this way. Usually, before a mineral in a thin 
section is stained, it is treated on the object gla.ss with dilute 
acid until it has been so altered that it is covered with a gelatinous 
precipit.ate. This gf'latinou~material absorbs the stain evenly and 
retains it so that it cannot be washed out. After the etching 
action, which is always only superficial, the acid must be thor
oughly washed away before the stain is applied or it may be 
destroyed. The section is placed in an evaporating dish filled 
with distilled water to which a few drops of a solution of Congo 
red or malachite green or any other permanent dye have been 
added. If it is left to stand for several hours, the dye is absorbed 
quite evenly by the gelatinous precipitate. It is~hen thoroughly 
washed in running water, dried, and covered again with Canada 
balsam. 

Certain silicates dissolve in hydrochloric acid and the silica 
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separates ill a gelatinom; condition, covering the thin section. 
A thin film of d.ilute hydrochloric acid is put on the mineral in 
the thin seotion "0 that the etching will take place only on the 
surface and the whole mineral will not be dissolved. This reac
tion is characteristic for nepheline, which is otherwise often 
very difficult to recognize in the ground mass of a basaltic rock. 
But plagioclase and scapolite rich in lime, sodalite, melilite, 
wollast,onite, chlorite, serpentine, zeolites, and certain roc k 
glal's{'R give the same reaction, so that the conclusion that 
nepheline is present is only warranted if, after it has been 
('olored, the mineral shmvs the characteristic cross sertion of 
nepheline. 

Aluminium fluosilicat.e, resulting by etching aluminium sili
cates with hydrofluoric acid, is also a gelatinous substance well 
adapted to E\urh color tests. It is especially serviceable for 
differentiating brtween feldspar and quartz in very fine grained 
aggregates. Hytlrofluoric arid is allowed to act for a Rhort time 
on the sect.ioll and then it is entirely removed by heating on a 
wntE'f hath, The stain if' absorbed by the gelatin formed on the 
fpldspar while the quartz is not colored at all. In this case) it is 
best to use dilute alcohol to wash the section. Other silicates of 
nluminium tllH,t arc attacked by hydrofluoric acid) e.g., cordieritc) 
can be distinguiflhed from quartz or from silicates containing no 
aluminium in this manner. By careful operation the fehh;pars 
can be differentiatpd by these tests because orthoclase is more 
difficultly attacked than the plagioclase, and, among the latter, 
those richf'st in lime arc the most easily attacked. 

IIs iiynC', containing calcium sulphate, can be determined by 
the gypsum c'rystaIs formed on its surface ·when it is treated with 
dilute hydrochloric acid and dried. Characteristic hopper
shaped growths of salt also appear with the gypsum. The salt 
rrystals are seen alone under the same conditiollB on soclalite, 
noselite and nepheline. A characteristic reaction has been 
found for certaih minerals in a modification of this test. If, 
e.g., an aluminium silicate containing chlorine (sodalite and 
scapolite) or sulphur (lazurite) is treated with a solution of silver 
nitrate in dilute hydrofluoric acid, the gelatin is impregnated 
in the first case with silver chloride, which becomes brown when 
treated with a photographic developer, and in the second case 
with black silver sulphide. In this manner these elements that 
...... n ",,,,1- nnh\TYlnn in QiliAArp,.,_ ... An hOI> nlrl". ... tpn 
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Precipitates on Thin Seetious.-A dilute nitric acid solution of 
silver nitrate can be used to test for chlorine in such minerals as 
apatite. Apatite can also be determined by a localized lemon
yellow precipitate which tends to form in a wreath around the 
apa.tite grain when it is treated with a (',oncentrated nitric Mid 
solut.ion of ammonium molybdate. Heating should be avoided in 
this reaction because then the silica is easily dissolved out of the 
surrounding minerals and gives rise to a very similar precipitate 
of ammonium silicon molybdate. 

There are numerous precipitation reaetions by means of which 
the various carbonates, which canIlot be distinguished by their 
opticalproprrties, can be differentiated. Linck's solution is asolu
tion of ammonium phosphate in dilute acetic acid. If a thin sec
tion containing carbonates is treated with it, calcite will be 
entirely dissolvf'd out, 'while dolomite is slowly covered with 
crystals of magnesium ammonium phosphate arranged in charac
teristic aggregates. A dilute solut.ion of copper sulphate be
comes brilliant blue upon the addition of calcite, but with dolo
mite it remains unchanged. Calcite rapidly precipitates 
color('(l gelatinous alumina from a solution of alum or neutral 
aluminium sulphate, containing alrlO brilUant green or fuchsine. 
A coating of ferric hydroxide forms on calcite in solutions of 
felTic salts and this coating can eventually be colored black by 
ammonium sulphide. Dolomite remains completely unaltered 
for a long time in both of the above eases, hut it gives the same 
reactions upon heating. Calcite ran not be distinguished from 
aragonite by any of the above reactions, but the tests by which 
they can be differentiated are very juteresting. If the minerals 
are finely powdered and boiled with a dilute solution of cobalt 
nitrate, calcite remains perfectly colorless while aragonite 
becomes bright violet. If boiled long, ten minutes or so, calcite 
is colored slightly, but in the meantime aragonite has turned dark 
violet. A solution of ferrous ammonium sulphate can be used 
to distinguish between calcite and aragonite, and this reaction 
can be carried out on a thin section. If a drop of the cold solu
tion is placed on the slide, calcite becomes rust colored, while 
aragonite tnrns dark blackish-green. 

Metallic iron occurs now and then as a constituent of rocks. 
It can be detected by a copper sulphate solution in which it 
becomes coated with metallic copper, or by Klein's solution which 
turns deep blue. 
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It is quite evident that. all these precipitation reactions can be 
carried out on single isolated grains. This is of great importance 
in the caRC of Ruth minerals as scapolite, which is present only in 
ver~r fllllall quahtities and il'l very difficult to recognize. 

Alteration by Calcination.-Attempls arc frequently made to 
produce characteristic changes in minerals by calcining the 
RCf'tioll. Thus zeolites, brucite, hydromag-nesite and cancrinite 
hc('ome doudy when heated a little and their optical properties 
are Bomewhat changed. If the slide is heated to redness and 
aften-yard treated '''.ith silver nitrate, brucite and hydromagne
Rite will he eoated \\'ith a dark brown film of silver hydroxide. 
Other hydrous mitwl'als such as chlorite, serpentine, etc., must 
bc cal('ined at. very high temperatures for some time before they 
hC("(llnc ~loudy. They turn brown first and at higher tempera
tures hhtek, due to the oxidation of iron. 

Numerous minerals containing iron change their color when 
moderately heated in an oxidizing flame. Thus, olivine becomes 
hrowni."h-;·cd and quite pleochroic; light-colored lwrnblende 
aSRUllleS the color and absorption of basaltic hornblende. Chlorite 
changes in a similar ma.nner.· Epidote and orthorhombic 
pyroxenes hp('oltw darker whell heated very slightly, while 
tllP monoclinic pyroXeIH'S free from sodium darken only at very 
high temperaturE's .. and those rich in sodium and iron melt easily 
to a Llack gluf)s. Some varieties of colorl~~ss ('ordierite can be 
made blue and pleochroi(, by 810v,' and careful heating, but they 
lose their color again if heated higher. Many members of the 
sodalite group are ('olored an intense hlue by heating in air 
while. with other members, t.his change takes place only ,vhen 
heated ill sulplmr vapor. Fina.lly, the ca.lcination test caIT be 
used to detect aluminium in a thin section. It is heated with 
cobalt solution) then ,vashed with dilute acid, and the blue color 
is observed in reflected light. This serves to distinguish talc 
from sericite. 

The calcinatiun process ean be used to distinguish between 
carbonaceous subst.ances or graphite and ores in a rock section. 
It is alwaJ'S well to treat the section ,,,-ith hydrochloric or nitric 
acjd before and after heating, bet:ause the- organic substance js 
very frequently intergrown with iron ore. Graphite and carbo
naceous material both burn off more easily if they are in a finely 
clivifip.n Rtd.fL 
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2. Physical Methods of Investigation 

Determination of. the Specific GraVity.-Specific gravity is the 
most important physical property, aside from the optical proper
ties, that can be used to determine a mineral. The different 
methodR, which the physicists employ to determine it, require 
for the most part, too much time. The accuracy of measurement 
with a hydrostatic balance or a pycnometer is not at all commen
surate with the small degree of purity generally possessed by 
the rock minerals. Furth(}r, it is necessary, for such accurate 
determinations of specific gravity, to have a considerable amount 
of pure material available, which is often impossible. 'Ye must 
be contented with less accurate methods, but this has the 
advantage that the results can be ohtained even with a very 
small grain of a mineral and the measurement possesses a sufficient 
degree of accuracy for our purpose. 

The method generally employed in petrography to determine 
the specific gravity consists in putting a small splinter of the 
mineral in question into one of the heavy liquids described on 
pages 156 to 159. The liquid is gradually diluted until that 
point is reached at which liquid and grain have the same specific 
gravity, so that the grain remains suspended in any part of the 
liquid when it is agitated and is not driven up or down. If a 
crystal, which is apparently homogeneous, is broken into frag
ments, it will be found impossible to bring all these pieces into 
a stBte of suspension at the same time, but a medium grain will 
be suspended, while some will sink slowly and others will rise. 
These various fragments of one and the same crystal appear to 
have different densities. The phenomenon depends upon the 
fact that there are minute inclusions, cleavage cracks, etc., in the 
mineral and these are not constant throughout the crystal, but 
are different in the different fragments. 

Cleavage cracks, gas bubbles, and liquid inclusions lower the 
specific gravity of a mineral, while inclusions of heavy minerals 
raise it. In general then, the specific gravity is most approxi
matelyobtained in a solution in which part of the graIns float, 
while the others sink. The density of the liquid is then obtained 
by means of an aerometer, the hest form of which is the Westphal 
balance, Fig. 177. . 

The two arms of the balance beam are in equilibrium. The 
pointer on the arm J plays exactly on the point opposite it when 

12 
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the hydrometer, usually prepared in the form of a thermometer, 
is suspended from E by a fine platinum wire. If the thermome
ter is immersed in water at 4°C., it is evident that it will be buoyed 
up ~nd the balance will be thrown out of equilibrium. The 
lmoyant force is equal to the weight of the volume of water at 
4° C., displaced by the thermometer when it is immersed. If a 
weightm, equal to the weight of this volume of water, is suspended 

with tho thermometer at E, the 
balance will again return to a state 
of equiHbrium. . 

The balance is supplied with four 
different weights in the form of 
riders and these are calibrated ac
cording to the volume of water at 
4° C. displaced by the hydrometer. 
They correspond to 0.01, 0.1, one 
and three times the weight of it. 

-'F''''o=. ='7"7''''-=''-',-,,-ph-.-, B-.-}anLIII" .... ..,_ In addition the balance beam is 
divided into ten equal parts so that 

the specific I!ravity of a liquid can be measured accurately to the 
third decimal plare and can be estimated to the fourth. Thus, 
it can be measured far more accurately than is necessary when 
the impurity of the mineral is considered. 

The specific gravity of the heavy liquids that are employed changes quite 
rapidly with a change in temperature, So the whole determination must be 
carried out at a temperature as nearly constant as possible. If this is not 
possible, the temperature, at which the mineral fragments were brought into 
suspension and that at which the specific gravity of the liquid was deter
mined, must be taken. The error introduced by the change of temperature 
can be eliminated by conSidering the coefficient of expansion of the liquid. 
It is quite useless to make an extra effort to work at constant temperatures 
because the temperature variations ordinarily experienced do not afiect the 
specific gravity of a mineral and only the changes in the liquid need to be 
considered. The expansion and contraction of a heavy liquid can be 
demonstrated best by bringing a. crystal into suspension in a heated room 
and then placing.the vessel in a cool room. After a short time the crystal 
rises again and floats. If the vessel is placed near a stove the crystal will 
be seen to sink rapidly. It is also to be noted that a crystal fragment turns 
upon its sharp edge when the specific gravity of it and of the liquid am about 
the sa.me. This is an indication that further dilution must be continued 
extremely slowly and carefully. H . the proper point is exceeded and the 
crystal begins to sink, the density mllBt be increased again by the addition 
of the concentrated liquid. ' 

It is not neoossa.ry at ~ _, to consider apy apparatus for determining 
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the specific gravity of soluble substances because petrographers rarely have 
to deal with such minerals. Furthermore, the solvent effect of the organic 
liquids, which are used, and of the solutions of inorganic salts is extraordinar~ 
ily variable. II one group of liquids cannot be used because of its solvent 
action on a mineral, another can be employed in almost all cases. On the 
other hand, minerals with a higher density than the heaviest liquid obtain
able are not rare. The method of procedure then is to knead a mass of 
wax and Illinium thoroughly in such proportions that the specific gravity 
shall be about 2.5. The mineral is pressed into a weighed amount of this 
mass called the float. The amount of the float is so chosen that the specific 
gravity of the combination amounts to about 3.0. If g equals the weight 
of the float and p its specific gravity. g' the weight of the mineral and P the 
specific gravity of the combination, the specific gravity of the mineral P, 

can be calculated from the formula p' = --- g'-(P - . Fine feathery 
g+ -Pg/p 

tongs of thin glass threads can be made and used as float!>. The mineral 
grai~ is fastened in the tongs. In either case it is absolutely necessary not 
to use too small a fragment of the mineral because in that case the error 
introduced becomes too large. 

Another apparatus for determining the specific gravity of liquids is 
based upon the law that the heights of columns of liquids retaining equilib
rium in communicating tubes, are inversely proportional to their specific 
gravities. If the liquid to be deter.mined is in one arm of the tube and 
water in the other, the difference in height of the columns gives the specific 
gravity of the liquid directly. This apparatus can also be arranged to 
make separations according to specific gravity. 

Determination of Hardness~ Clea.vage, etc.-Now and then it is ad van
tageous to determine the hardness of a mineral. Howev~r, the smalJ grains 
that are obtainable are too small to make a hardness test by hand. A 
thin bar of lead is planed on one end. An indicator of known hardness is 
chosen from the scale ()f hardness and one surface is polished. The mineral 
grains, whose hardness is to be determined, are placed on this surface. 
Then the lead bar is pressed against it firmly and moved back and forth. 
The grains sink into the soft lead and are held firmly as if in a setting and 
are moved about over the polished surface. If the grains are harder than 
the indicator, fine scratches will be observed on the surface by the aid of 
a lens. The more accurate methods used in physios for determining the 
hardness of substances are of no consequence in the case of rock-forming 
minerals. It may be mentioned that the hardness of a mineral or a rock, 
i.e., its reaistance to being scratched, is often confused with its resistance to 
abrasion. There are soft minerals that can be but slightly abraded. They 
are tough like serpentine. Then there are others that 8r(l very hard, but 
because of their brittleness, are more easily worn away than 'Would be 
expected from their hardness. Quartz is one of this kind. 

The determination of the -hardness and th(l ten,9.ency to abrasion of a 
mineral is frequently greatly influenced by cleavage, because, parallel to 
the cleavage, scratching as well as abrasion encounters lesS resistance. 
Cleavage is nearly always quite ev~dent in a thin section because the 
minerals are shattered more or less along their clea.vage planes during the 
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process of grinding. The degree of clenvage can be easily estimated in a 
mineral cross section by the number of the cleavage cracks, and whether 
they are long and straight or not. Compare Part I, p. 44. The cleavage 
form and the cleavage planes can be determined from the angle which the 
cracks nake with each other in a thin section, but care mUst be taken to 
determine the clea vll,ge only in sections perpendicular to the cleavage 
planes. Those arc sections in which the cracks do not shift sideways when 
the focus of the microscope is changed from the upper to the lower surface 
of the mineral. An example of this is the distinction of pyroxene, with a 
prismatic cleavage of approximately 900

, from amphibole with a prismatic 
cleavage of about 124°. A section of pyroxene cut obliquely to the cleayage 
can show exactly the cleavage angle of hornblende and vice verss.. 

Tbe production of a percussion figure is of special interest in the investi
gation of micaceous minerals. A minute scale of the mineral is placed on 
a smooth cork and a vertical needle is arranged in a support over it so 
that it can move up and down freely. The needle is struck a sharp blow 
with a watch spring and driven into the plate. A series of hexagom can 
be ob~erved around the hole thus produced. See the mica group, p. 302. 
The angles of the hexagons are bisected by quite straight cracks of which 
two, lying diametrically opposite each other. are more pronounced than the 
others and ar(' called the pn:ncipal rays. The direction of these principal 
rays corresponds to the plane of symmetry of mica. 

The study of magnetism is confined, for the most part, to the effect of a 
mineral on a magnetic needle so mounted as to be delicately sensitive. 
Only It very few minerals affect it naturally, particularly magnetite and pyr
rhotite. All minerals rich in iron will affect a magnetic needle after they have 
been fused. Polar magnetism also occurs in rocks, but the distribution of the 
two poles is usuHlIy very complicated and apparently without any regUlarity. 
Conductivit,y of electricity is not often used in studying rock minerals, but 
iOl valuable to distinguish between graphite and coal. Graphite, fastened 
in zinc, becomes coated with metallic copper in a copper SUlphate solution. 



CHAPTER X 

Development of Rock Constituents 

External Form.-The outlines of the rock-forming minerals are 
extremely simple. Well developed crystals, the outlines of which 
are generally not very sharp, are quite rare and, when they do 
occur, they are simple and do not show combinations of many 
faces. Rock constituents crystallographically developed in this 
manner, as the phenocrysts of the porphyries, Fig. 178, or the 
garnets of a mica schist, are termed automorphic (Greek autos, 
self; morphe, form) or idiomorphic (Greek idios, own). A partial 
crystallographic development is observed far more frequently. 
Feldspar in granite shows plainly its own crystal development 
next to the quartz, but not to the mica. This is called hypidio
morphic development (Greek hypo, almost). The most frequent 

Pta. 178.-Quartz Porphyry, Rocblitz, Saxony. 

case is that in which the mineral grains lie beside each other 
without any indication of crystallographic form. Such a gran
ular aggregate is said to be xeni1rWl"phic (Greek xenos, foreign) or 
allotriomorphic (Greek allotrios, foreign). This type of dllvelop
ment is seen most plainly in granular limestones and may be 
observed macroscopically. 

Under the microscope also, these three types'· of development can be 
sharply differentiated from each other, as Figs. 179 to 181 show. In Fig. 

181 
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180 the development of the quartz, the lightest material in the cut, is very 
di.'ltinctive. It fills up the spaces between the other constituents and ob
tains its form entirely from them. It is designated as interstitial material 
or mesostasill (Greek mesos, middle; stasis, mass). 

FIG. 179.-Porphyric Structure. Granite FIG. lS0.-Hypimomorphlc Structure. 
l'orpbyry, Ernsthofen. Odenwald. Quartz Diorite, Scbwarzenberg, Vogesen. 

After F. Berwerth. 

Rocks do not in all cases consist entirely of crystallized constituents. 
Sometimes amorphous substances make up part of the rock. This is some
times rock glass formed from the magma, occurring either as a subordinate 
base or as a prominent constituent. Sometimes it is deposited from an 

FIG. lSl.-Allotriomorphio Structure. FIG. 182.-8barp crystals, Uralite andPla.gi.o--
Quaxtzil;e, Perosa, Cottle Alps. eh!.8eiD UraliwPorphyry.Preda.s.w, Tyrol. 

aqueous solution and is then usually opal. NattU'ally these substances 
never possess characteristic forms. . 

It may be said th~t the smaller the amount of a constituent in a rock ant! 
the sma.ller the tndividuaJs',,_~e more perfect is the crystallographic develop-
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ment. Those minute crystals occurring as accessory components of the 
eruptive rocks, like zircon, xenotime, apatite, monazite, and chrysoberyl, 
which are only present in very small quantites and belong to the oldest 
period of solidification of the rock, are often as well developed as models 
and sometimes show an abundance of faces. Likewise small crystals aC 
feldspar, pyroxene, etc., which have separated from the glassy ground mass 
of an eruptive rock, sometimes have quite sharp forms. Larger indhiduals 
are not so apt to show this, either because they-did not have a good develop
ment originally or because they have later been partly redissolved. The 
smaller crystals are not so liable to resorption. 

The size of the rock~forming constituents is quite variable. 
Especially large dimensions are observed only in pegmatites l 

which are scarcely to be considered as rocks in the narrower aense. 
Feldspar crystals are found in them with edges several meters 
long and mica plates as big as a table. In rocks, mineral individ
uals as large as a head Or fist are quite Bcarce; those whose 
largest dimension is one or more centimeters are more common. 
Even these are more apt to be found among the phenocrysts of 
porphyric rocks. The dimensions are usually smaller in granular 
rocks fronl a diameter of about 1 cm. down to individuals which 
cannot be seen with the naked eye. The granular rocks may be 
medium granular, or fine granular, or may appear to the naked eye 
to be aphanitic. The ground mass of porphyric rocks is generally 
macroscopically aphanitic and often unde:r the microscope is 
composed of such minute individuals that a very thin section 
and strong magnification are necessary to resolve it. The 
minutest rock constituents, often well bounded crystallograph
ically, which are So small that they appear in the slide as specks, 
are called microlites (Greek micros, small). This na.me was orig
inally given to a rod-like formation which was afterward called 
belonite (Greek belone, arrow heads). 

The crystallographic habit is in general quite characteristic 
for any' one species. Apatite develops in needles; mica is 
tabular; epidote is elongated parallel to the'b axis; hornblende 
parallel to the c axis; and many feldspars parallel to thea axis, Fig. 
183, p. 184. In thin sections the cross sections have a character
istic form and a distinguishing principal zone, the optical char
acter of which aids in determiuing the mineral. This is found in 
column Ch.. in the table at the end of the book. Acicular or thin 
tabular minerals give mostly lath-shaped cross sections. Other 
minerals, e.g., quartz or calcite Me developed more nearly iso
metrically. Their crOBS sections show no characteristic elonga-
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tion and they have no principal zones, Fig. 184. In other cases, 
e.g., corundum and topaz, the individuals are sometimes elong
ated parallel to one crystallographic axis and sometimes to 
another, and the optical character of the principal zone varies 
accordingly. 

The mineral individuals of a rock are frequently simple crystals. If 
they arc well bounded crystallographically, the furm of the crystal can 
generally be inferred from the outlines of several sections differently ori
entated. However, too much importance should not he given to the ap
pearance of one or more crot,;s sections. The predominant section of a 
mineral developed prh,matic Of tabular it; in both cases lath-shaped. 
The laths from prismatic crystals have a width about equal to the thick
ness of the crystal, while those from tabular crystals are much broader. 

FIG. 183.-Crystal:; with Principal Zone FIG. 184.--Crystals wit,hout Principal 
Gmchytc, Nollcs. (After Berwerth.) Zone. Quartzite, Steiertnark. 

Such minerals, as apatite, often give six-sided sections which have no effect 
on polarized light and even in convergent polarized light cannot be readily 
distinguished from isotropic minerals. Again in a great number of rocks 
including some igneous types, tabular or acicular crystals of uniaxial min
erals are all arranged parallel so that they extinguish four times when 
rotated between crossed nicols, but as a uniaxial figure cannot be obtained} 
these are often mistaken for biaxial minerals. 

Twinnmg.-Twinnihg is exceptionally widespread in rock-forming 
minerals. It can be recognized partly in the form of the section. In 
cubic twins and in uniaxial twins, in which the optic axes are parallel, 
this is the only way to recognize them. If reentrant angles cannot be seen, 
the twinning will not be observed in rocks, even though it'"is very widespread, 
as in the case of quartz. Cruciform twins, Fig. 185, and juxtaposition twins, 
Fig. 186, show readily in the external form. In pe'Mtration twins this in
dication is lacking, and is never observed Where the rock constituents do 
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Twins of uniaxial crystals with their optic axes oblique to each other 
and twins of biaxial crystals can generally be recognized in polarized light. 
In the first case, the two individuals separated by a sharp plane extinguish 
differently, and in the second case even though the elasticity axes are 
parallel the two parts will show different interference colors. This is par
ticularly notable lD cyanitc. In such cases as epidote where the twinning 
plane is very nearly parallel to the bisectrix of an optic angle, that is, almost 
90°, the twinning may not be apparent. 

Besides simple twinning, repeated twinning or lamination is as common 
in rock~forming minerals as it is in other minerals. It is rarely observed 
in cubic minerals, but is very frequent in hexagonal (calcite), tetragonal 
(rutile), orthorhombic (cordieritc), monoclinic (diallage), and triclinic 
minerals (plagioclase). The two series of differently orientated individuals 
are intt'rgrown with each other in a more or less r{'gular manner in the form 

FIG. 185.-Penctra- Fm. 186.-.Mono- FIG. 187.-Twinning FlO. 188.-wUice 
tion Twin l\ith Inclined clinic Twin. Lamination. Lamination. 

Axis. Staurolite. i:)iop~ide. 
Pla!l:ioc1ase 

of laroelIre, Fip;. 187. In the crystal systems of higher symmetry several 
series of lamellre may cross, producing a lattice effect. These lamel1re are 
of the salUe shape and the twinning is parallel to the different faces of one 
form. Such is the case with calcite twinned parallel to-l /2 R. In the crystal 
systems of lower symmetry, thisla.ttice structure may appear, but is due t·o 
the presence of two series of lamel1re twinned according to different laws. 
Albite, Fig. 188, is a good example of this, where albite and pericline twin
ning occur together. Twinning lamination may be caused by the effect of 
pressure on a mineral. This can be demonstrated with calcite which pos
sesses the property of gliding. In other cases, particularly in the plagio
clases, which are so important to petrographers, this is positively not the 
case 8S is shown in the schist belt of the Central Alps. Here some of the 
rocks have been greatly deformed localiy, but the plagioclases show shnost 
no lamination. 

Aggregates.-The occurrence of several individuals of a min
eral together is called an aggregate. Minerals, which have no 
characteristio principal zone generally form granular a.ggregates! 
while those with prismatic or acicular development tend to form 
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columnar to fibrous aggre,gates, such as arc macroscopically 
apparent in s:i1limanite intergrown with quartz. l\fincrals 
possessing a tabular haliit d~velop scaly or flaky aggregates. 
Finely divided aggregates of colorless, low double refracting 
minerals appear as homogeneous individuals in a thin section in 
ordinary light, hut their true nature becomes apparent in 
polarized light, if they are not isotropic substances, because the 
various parts extinguish difi'crently-aggregate-polarization. If 
t.llC aggregates arc ycry fine an even iIIumination ",ill he observed 
hetwf'('n crossed nicols with low magnification and this will not 

FlG. 189.-Liparite. Glnshutt.ental, 
Hungary. 

FIG. 190.-0olite, Vilstal. Algan. 

he affected by rotating the stage. Only with high power ob
jectives is it possbile to resolve such aggregates into their 
ronstituent parts. This phenomenon is quite apparent in dense 
aggregates of sericite or talc. 

The most important of the fibrous or scaly aggregates !tre those 
in which the various individuals are arranged in a radiating man
nef around a point or a line-spherulites 'or axiolites. Such 
structures are c~aracteristically developed in eruptive rocks 
that are rich in silica and have solidified rapidly. The spheru
lit-es, Fig. 189, correspond in general to a eutectic mixture of 
quartz and feldspar. Analogous structures are by no means 
rare in secondary depositions in cracks of the rocks., e.g., in 
chalcedony or aragonite. They constitute the formation known 
as oolite, Fig. 190. In organic nature the· spherulitic develop
ment is sometimAS onite rrl1l.rkAd. fut .. in thp. Rkp.lp.tal nortinns 
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of foraminifera. In these, axiolites predominate, c.g., in the 
cross sections of nummulites. Frequently the radial structure 
is lost and a granular aggregate is developed in its place by 

FIG. 19I.-Granosphllrite. Recrys
talized Oolite. 

fiG. 192.-Marble (Ordinario), 
Carrara. Italy. 

recrystallization. The outer form and sometimes also the 
concentric structure may be preserved during this process. It 
gives rise to a granospherite, Fig. 191. Distinctions can 
be made in the character of the granular aggregates. Both 

FIG. 193.-Marble (Statuario), 
Carrara,Ita.ly. 

FIG. lIM.-Zonal Plagioclase in Pitchstone. 
Cunardo near Lug8Jlo. (After E~ Cohen.) 

end members of an even grained, granular rock show the min
eral grains simply lying beside each other-----mosaic structure, 
Fig. 192,-or very intimatply dovetailed with each other, 
Fig. 193. 
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Growth and 8oIution.-The composition of a magma gradually 
changes during the course of crystallization. This gives rise to 
zonal development in isomorphous minerals, particularly in the 
plagioclases and pyroxenes, Fig. 194, in ,,,,hich twinning, if it is 

FlO. 195.~Hollf1,!;lass 

Structure in Hyroxene. 

present, continues unchanged through all 
zones. In pyroxenes rich in sodium and 
titanium various pyramids are so grown 
together as to produce an hourglass structure, 
Fig. 195. It is noteworthy that this appear
ance, which has heen shown to be dependent 

FIG. 196.-Skeletal Crystals of Olivine. 

upon a gradual change of the chemical composition of the crys
tllJlizing mass, occurs but exceptionally in contact rocks and, if 
it does occur, tho law of zonal construction may be just reversed. 
In eruptive rocks this law seems to be constant, e.g., in the 
pl:tgioelases where the outer zones arc always richer in silica. 

Various phases in the proeess 
of the formation of rocks may 
be recognized from the develop
ment of the rock constituents 
as has been thoroughly estab
lished in the Allgemeine Ges
teinskunde by E. Weinschenk. 
Only the external forms will 
be described here. The crys
tallization of a mineral is more 
complete if it takes place 
slowly from a ve.y dilute solu
tion. In the glassy eruptive 
rocks, which have cooled sud- FIG. 197.-Sk=~ C:~ in Pitehstone. 

denly, incomplete crystalliza-
tions are frequently ohserved. The growth on the edges and 
corners is most noticeable and the faces remain as more or less 
deep indentatious--ruin-like devQlopment: Crystal skeletons 
rnAV rP.RT11t. whiflh A.M hStl"n t.n np.finp. m·v~t.J:l.Il(}p'rA.nhicallv. but 
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are sometimes quite regular, Fig. 196, and at other times grow 
in variously shaped structures not unlike organic forms. Tho 
exact nature of them cannot be determined in most cases, Fig. 
197. The last seri~s of growth forms is very simple. In 
obsidian, crystallites, Fig. 198, which cannot be determined) are 
frequently found. They may appear as dark points-globuliles--

a b c d e f 

{I ~.~/) 

~l' ,\,\ ~ ::;., .':::".! -..,"'" 
'-'iy {~7 ..... 

'¥ 
FIG. 198.--Crystll.l1ites. 

a Globulite, b Marga-rite, c Cumulite, d Baculite and e (lnd f Trichite. 

which may be grouped together like a string of pcarls-marga
rites-or in irregular bunchc.s-cumuhtes. Sometimes they are 
dark rods~baculite8~or curved fine hair-like forms-trichites. 
TheRe often form star-shaped aggregates, Fig. 198, f. 

Other irregularities in the form of the constituents of eruptive 
rocks are, unlike t40se already described, of a secondary nature, 
and are caused by the sol
vent action of the magma 
on the crystals which have 
formed in it. This is natur
ally observed most com
monly in porphyric rocks in 
which the physical condi
tions have been intensely 
changed during the process 
of crystallization. The phe
nomenon, which is called 
magmatic corrosion or re
sorption, is rarer in rocks 
rich in glass than in rocks 
poor in glass, because in the 

FIo. 199.-Col'l'Oded Quam. 

latter the process of solidification has been slower and more 
time given to the solution process. The ext~rn3.1 form is often 
considerahly changed. The corners and edges are rounded, 
and deep indentations made in the faces until finally only 
an irregular fragment of the crystal is left, Fig. 199. These 
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phenomena are especially pronounced in quartz, olivine and 
the mjnerals of the sodalite group. 

Chemical changes also result under these conditions. Min
eraiR of the amphibole and mica groups containing hydroxyl 
~uffer molceular rearrangement in which opaque iron oxide 
separates out and a blft.ck magmatic border is produced. ThiR 
IH'OeCf.{f' may continue until finally a more or less sharply defined 
Bp~(~k, bhmyinp: aggregate-polarization, is left in pln,ce of the 
ori)!;inal erYRt.al. They are very difficult to determine

j 
hut in the 

ttlff~ of SUt:h eruptlvc rocks, which preserve the material in the 
firRt slap:cs of its occurrence, the unaltered mineral is often seen 
in large qun.ntities. 

Jt is notc\vorthy that the accessory minerals in granular lime 
fltone~, eSJJceially the silicates, often show surface characteristics 
analogous to magmatic resorption so that they appear to ha\'e 
h"en partly fused. 

Cleavage, Parting, and Mechanical Deformation.-The signifi
cance of cleavage in the determination of rock-forming minerals 
has already been pointed out. The more complete the cleava~e 
t he straighter and finer do the cleavage cracks appear in micro
scopical preparations and, if the cleavage is perfect in colorless 
low double refracting minerals as in feldspar, it is often quite 
diffieul( even ~rhen the condensing system of lenses is lowered as 

Fw. 200. -P<lrfect Fla. 201.-Distinct FIG. 202.-Imperlect. 

Clea.vage. 

far as possible, to recognize the cleavage cracks. distinctly. It 
may, however, be noted that they often become visible in polar
ized light especially with the gypsum test plate. If the cleavage 
is less perfect, the cleavage cracks are not so straight, do not 
ext-end all the way across the section, and are readily recognizable. 

The number of cleavage cracks appears to have no connection 
with the character of the cleavage. Brittle minerals show a 
larger number in general than those that are less brittle even 
though the latter h~ve'~ m~re perfec1 cleavage. In rocks which 
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have been shattered by orogenic processes, cleavage is particularly 
noticeable. Figs. 200 to 202 show the difference in general 
appearance of perfect, distinct, and imperfect cleavages. 

Fibrous cleavage is characteristic in cyanite and gypsum, and may be 
recognized by an aggregation of extremely fine lines in one place on the 
section. Parting faces appear different from the ordinary kind of cleavage 
because t,hey are regular and straight, as in diallage. 

Besi.des these appearances, based on the inner structure of the rock
fonning minerals, cra-eks, which are more or less straight and of an inciden
tal nature, are to be observed in the thin sections of many minerals. In gar
net, for example, a checked Of cracked appearance is extremely widespread 
and the short cracks cut through the whole section in the same manner with
out any relation whatever to the orientation of the garnet individuals. 
Long needles. e.g., of apatite or sillimanite, tend to show a distinct cross 
fracture which could easily be confused with cleavage. Such crystals are 
very easily di vided by breaking and even the movement of a liquid stream 
of lava is sufficient to break a prismatic or tabular feldspar crystal and the 
parts may be found in a thin section in close proximity to one another 

It is more difficult to explain the fact that some minerals, e.g., pyroxene 
in unaltered an.desite) do not show complete extinction but appear to be 
compressed into columns that 
extinguish differently, ie., they 
possess undulatory extinction. This 
can only be caused by fracturing 
which has resulted during th? 
crystallization of the magma and 
is called protoclase. Analogous 
disturbance of the optical behavior 
is far more common in plutonic 
and in all possible metamorphic 
rocks. Certain briHle constitu
ent·s often show a wavy or undu
latory extinction in which uniaxial 
crystals, e. g., quartz, frequently 
become biaxial. This very readily 
changes into fracture and the 
grains of quartz or of olivine ap
pear as an aggregate of columnar 

FIG. 203.-Mortar Structure in Quartz. 

crystals, which show the extinction directions slightly different, but sharply 
separated, so that the mineral under certain conditions appears quite fibrous. 

The columns, further, may be cross fractured and along the 
contact surfaces of the grains a fine friction material is formed. 
Homogeneons quartz grains are changed to a vory fine aggregate 
of particles so intimately dovetailed into each other that they 
still form qnite a compact sand. This is seen around the larger 
grains and is called mortar structure, Mortelstruktur, Fig. 203. 
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It is not certain h01V much of this mechanical deformation is due 
to strcSRCS dominant during crystallization and how much is due 
to orogenic pre~sure acting at a later period. However, the whole 
jJhcnomenon is generally termed cataclase. 

This deformation often produces a real characteristic appear
:11100 in minerals 'with a good cleavage. Individuals of horn
blende, for example, may he dh'ided up into cleavage prisms so 
that they hehave in cross section like a packet composed of 
rIlOmbs. :.\[inerals ,,·ith gliding planes like mica f'plit parallel 

FIG. 204.~Bent Mica Plate.~, Mica Schist. FIG. 205.-Marble WIth Bent Lamellre. 

to these under the influence of orogenic pressure, and calcite 
under the same conditions assumes a fibrous character due to 
vcry fine t,winning lamination. These minerals are, however, 
far morc flexible than the oneR first mentioned, espe.cially mica 
and calcite, and to a less degree feldspar also. They can be 
bent and crumpled considerably without fracturing, Figs. 204 and 
205, but finally when t.he action becomes too great they also are 
deformed in the same manner as quartz, i.e., assume the Mortel
structur. 

Intergrowth and lnclusions.-Regular and irregular inter
growths of various minerals are widespread. It is necessary to 
distinguish between poikilitic intergrowth and peripheral develop
ment. In the first case two homogeneous minerals mutuaHy 
penetrate each other. Pegmatitie intergrowth of quartz and 
feldspar, graphic granite, Fig. 206, and perthitic intergrowth of 
various fald.pars (see feldspar group) are typical examples. 
Peripheral growth, "" most frequenp in related minerals as ortho-
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rhombic and monoclinic pyroxenes~ monoclinic and triclinie 
feldspars, or hornblende and pyroxene. ~t. is. also known in 

FIG. 206.-Graphie Granite from Jdrnterinburg, t;rai. 

minerals that arc not at all related to each other, in gabbros 
where ilmenite is frequently surrounded by a halo of hiotite and 
olivine hy a halo of hypersthene or garnet, etc. 

FIG. 207 .-Ocella.ry Structure, LeucitQphyre FlO. 208.---Quartz Eyewitb a Haloof Glass Rich 
Olbrook, Eifel. in 1tIicrolitffl. Basalt, Neuhaus, Oberpfab. 

The borders around certain minerals oft-en show charact.eriRtic phenomena. 
For example, in volcanic glasses, a dark colored fringe may be seen around 
feldspar crystals and a lighter coloJ:ed one around" pyroxene. This is 
especially noticeable in leucite rocks where acicular crystals of aegirine 
grow around the larger leurote individualsJ oceUary structure, Fig. 207, or 

13 
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in eclogites in which the garnets protrude into their surroundings like 
pseudopods. Among such appearances, which are classed together as 
concentric structures, the quartz lenses of basic eruptiyc rocks, Fig, 208, are 
especially noteworthy out they have an entirely different origin. 

Cr:p;tal inclusions !1rc distinguished from intergrowths, when 
the foreign mineral that iR included in another crystal is less in 
quant.ity or p08SeSS(~s its own crystal forID ag-ainst the including 
substance, as quartz in hornblende in Fig. 20!l. The inclusions 
may be variously orientated or they may l)e arranged parallel 
to some rrystallographie direetion of the induding mineral. 

Single grains of various miner
als may also be induded by 
another. In a11 those cases the 
relations between the inclusion 
and the including minoraJ are 
undoubtedly not so intimate as 
in the case of an intf'rgrowth. 
Gas, liquid. and glass inclu
sions arc alElo ooserved but 
their eharacteriRtics have been 
briefly de~:'{'ribed in part I, 
page 48. 

The ahili1y of various rock 

FI<l. 209.-Pcrfotll,wd Hornblende Granulite, constituents to take up inclu-
Ampe. Ceylon. sions is quite yariublc. It is 

quit.e subordinate in quartz 
but plagioclase occurring right beside it! oHen shows abundant 
inclusions. This is also particularly noticeable in garnet, cya
niw., '8ta;utolit'?" ~,a.kiteJ ek .. where the q_uanti.tt~~ Q.{ inclusions 
may be so large as to exceed the mass of the ineluding mineral. 

The significo.nre of the inclusions as to the conditions of the' 
formation of rocks was co.rly recognized, especially in the case of 
liquid inclusions in the quartz of granites, whlr,h point to an 
hydatopyrogeaic origin. 

,Vith a low magnification, cloudy bands may be observed penetrating the 
qua.rtz grains of granite without any reference to the orientation of the 
grains. With stronger magnification they are resolved into swarms of 
thousands of the most minute liquid inclusions with gas bubblers often in 
extremely violent motion. The liquid is sometimes water, or an aqueous 
solution, and sometimes liquid carbon dioxide. The latter is best tested 
by heating tlIe preparation above the critical temperature of carbon dioxide, 
i.e., above 31" C. A~ t;J)is temperature the gas bubble disappears suddenly 
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accompanied by a violent disturbance of the liquid, and the liquid inclusion 
becomes a gas inclusion. It can also be proved anal~-tically that, it is 
reallv carbon dioxide. 

Liquid inclusions do not always have such fimall dimensions. Large 
irrf'gular cavities filled with liquid are Rometimes seen in olivine crystals in 
pf'ridotitcs. In contact· rocks thp liquid inclusions frequently fiU negative 
crystals, i.e., cavities with the same shape as the crystal, and of considerable 
size. They arc sometimes apparent macroscopically in quartz crystals, 
aod particularly in halite. 

I ... iquid inclusions are found especially in minerals in plutonic 
rocks and in ('ontact rocks, and these minerals do not often 
('ontain glass inclusions. GlaSR inclusions are characteristic for 
E'xtrm;iYe roeb'l, and it may also be observed that when they are 
included in light minerals, they are darker and in dark minf'rals 
lighter than the glas.sy basis of the rock itself. The form of 
~lal'ls inelusionR if: sometimes irregular, sometimes oval, or in thp 
form of negative crystals with rounded edges. Their dimensionR 
are never as small as those of liquid inclusions, but they rarely 
exceed mirroscopic size. 

Inclusions of pure glass I are found mostly in acid and inter
mediate (lxtrusive rocks and even also in such rocks in which the 
glassy basis has been ('ompletely devitrified by secondary altera
tion. Sometimes, however, the alteration 
haR effected the glass of the inclusions and 
their character can only be recognized by 
the outcr form. Corresponding to the 
greater ease \\"ith which basic magmas 
crystallize, real glass is less often observed 
as an inclusion in basic rocks, the glass 
tending to be more or less filled with micro- FIG. 21O.-Leucite with 

lites which cloud it. Such products are Slag Incllli:lion.s. 

better termed slag inclusions. In lava, 
which has solidified rapidly, they entirely fill the plagioclase 
individuals and in leu cite crystals they cause a characteristic 
appearance by their radial or zonal arrangement, Fig. 210. 

The arrangement of the inclusions is often very characteristic. 
Aggregations in the center or in border zones are e§pecially 
prevalent, as is also zonal arrangement. The plagioclases are 
frequently built np of zones alternately rich and poor in inclu
sions. In garnet the inclusions are sometimes orientated 
parallel to crystallographic directions and sometimes tangential 
to them. In certain pyroxenes, in olivine, and in the labradorite 
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of gahhros, brown flakes and rods, which are perhaps ilmenitf', 
are rC'g'uludy arranged and often cause a metallic chatoyancy in 
tht" mineral visible to the naked eye. The arrangement of 
graphitic dust in certain mineralt; of contact f()('kR is especially 
t.ypical, particularly in anJalusitf_~. The variety known fiR chias
iolit.e pres{'uts the appearance shown in Fig. 211. In other 
mineraJs, wlJj{'h are likewise often rich in in{'lusiolJs, as cyanitc 
OJ' RtRurolitt·, no regularity in the arrangement, of the inclusions 
Is to be noted. 

One type of arrangement of inclusions, which is claRSf'd with 
the clUlracteristic structures of contaet, rocks, it-) espf'cially inter
cHting. If a contact schistose rock is cut across the schiR1;ocity 

FIG. 211.--Chiastolite in Chi1l.stolite 
SehiHt Gunildrud on EkflrIlMe, Norway. 
(After E. Cohen.) 

Fro. 212.-IIelieoidal Structure. 
Cordierite (lnl"iss, Bodenmais. 

and ()bt-lf'rved in thin Bection an irregular crystalline aggregate 
appears. Hmn>,'€l', the bands of inclusions are often inter
woven in the principal constituents and reveal the original 
schistocity '''lth all its contortions very plainly. This is called 
helicoidal strllcturp. In cordierite hornfels, Fig. 212, these bands 
consist of sillimanite, biotite, and ilmenite, in other cases of 
graphite du.st, and in still others of small quartz grains, but in 
~pitc of the varying composition the general appearance remains 
the same and they are therefore extremely characteristic. 

A large amount of inclusions in certain constituents, especially 
the larger ones, is characteristic for contact rocks. Such is 
particularly. the case in garnet, in which ~omet.imeR the center of 
the crystal is a c()mp~t mass of inclusions surrounded by a ring 
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of garnet, perimorph, Fig. 213, and sometimes the irregularly 
arranged inclusions constitute the greater part of the crystal and 
art> jntenV()Vp.Il with a network of fine vpins of the including 

FlG. 213.--Gamet Perimorph. Eclogite, FlO. 214.-Sieve Structure. Mica Schist, 
Kleinitz in GroBveiledig. Zopewpitze. Grosvenedig. 

mineral, sieve Rt.ructurc, Fig. 214. The external form of such 
crystals so rich in inclusions may be perfectly normal. 

The occurrence of pleochroic halos must be mentioned. They occur 
around indusiom; of certain mineral~ containing zirconium, tin, titanium, 
and some of the rure earths, when included in certain other 
minerals, sec Table 19, No. IY. 

They may be best observed when the direetion of strongest 
absorption of the including crystal is parallel to the vibra
tion direction of the polarizer and then they appear as 
quite small zones not sharply separated from the surround
ing mineral, Figs. 215 and 216. The pleochroic halos show 
a much stronger ab
sorption of light than 

;;;:ta~~;e~:~ t~f d!:: Ppt 
brown colors being ~ 
especjally common. 
If, on the other hand, 
th~ 'direction of least 
absorption is parallel 
to the polarizer the 
phenoroenvn almost 

FIG. 215. FUJ. 216. 
Pleochroic Halos around Inclusions of ZiroQn in 

Tourmaline. Biotite. 

f 
p 

completely disappears. The forro of the halo varies greatly and is dependent 
upon the form of the inclusion. It is very signific8JUt that other minerals 
than those included in Table llJ, e.g., the needles of apatite in biotite, Fig. 
216, do not show such halos. Pleochroic halos may be of a secondary origin, 
e.g., when augite, which does not show them, alters to hornblende. In 
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g:eneral the optical properties of a crystal are quite strongly modified in 
the pleochroic halos. The indices of fefraction are raised, the double refrac
tion may become much lower or may be raised considerably, and in biaxial 
crystals It stronger dispersion of the optic axes is generally to be observed 
in the halos. AU these phenomena do not indicate that the colol'ing is 
due simply to an organi~ pigment but much more that it is due to an iso
morphous mixture in which the elements, that are predominant in the in
clusions, playa considerable role. The ease with which these halos can be 
destroyed by heating does not in any way oppose this "jew for that is a 
('ommOl} property of silicates colored dark by a content of titanium, e.g., 
IIH'hmite, and also of numerous occurrences of dark rutile, cassiterite, 
zircon .. etc. 

P8cudomurphs.-Alt,cration of rock-forming minerals is exceedingly com
WOIl, but very frequently the form and also a considerable portion of the 
ori!!inal mineral remaino; unchanged indicating clearly the origin of the 
p . ..;eutloOlorphs. Most, of the pseudomorphs are not, the resuJt of the aeiion 
of ground waters. Pseudomorphs due to weathering arc comparatively 
rare. The most of these oc-currence" are to be ascribed to the post-volcanic 
action of magmatic waters. They are, therefore, most important in eruptive 
rock;,; And in regions wJJere they have effected contact metamorph.ism. 
These regions are the characteristic habitats of pseudomorphs. 

Pseudomorphs, which exhibit a new composition in an old form, some
times COJlsist of a newly developed, homogeneous crystal, e.g., uralite. In 
most c4ses, hOlyeVCr, they arc composed of a dense aggregate which ill:!)' 

still i:>how the cleavage and structure of the original minetal, thus bastite, 
or may form un irregular cluster, which presents the phenomenon of aggre
gate polarization in polarized light, e.g., liebenerite. 

An .iJ.npartant group of alterntions belongs in this class, in which simple 
molecular rearrangement takes place without change of chemical COill

position-paramorphs. One of the most important chemical geological 
processes belongs here. It is the very widespread transformation of 
aragonite into calcite in the fossilization of organic lime skeletons. Some
times the original structure is retained, while at other times it is com
pletely obliterated during the process. The transformation of minerals 
free from water into those containing water is especially frequent. There 
are two processes of this kind which take place very extensively, e.g., the 
formation of gypsum and of serpentine. An increase of volume takes 
place which produces great geological disturbances and its effects are even 
noticeable on a small scale in the fracturing of the surrounding minerals, 
whiCh are travereed by radial cracks, Fig. 217. 

Alteration begiu"s for the most part on the border and progresses into the 
interior along the clea vages and gliding planes, expanding these more and 
more until a peculiar network results, Fig. 218, within which a residue of 
the original mineral, still unaltered but greatly clouded, is often preserved. 
In the normal case the newly developed substance is confined strictly to tht" 
border of the original crystal, but the texture of the altered rock may be 
recognized excellently, palimsest structure. The-former shape is lost in the 
newly developed minerals only when the alteration is especially extensive 
.. nr! O"<:1n<> .... 1 R.,s."n..t .. onr .. t ..... .....,.., .. t . .;nn .. ..t"'vp-l ..... n nhnnrlA.nt.1v Mvonn the 
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former borderli of the minerals and the texture of the rock is more and more 
confuRed. In ex.ce-ptional CllseS the altNution begins in the middle of "an 
individual, but only when the crystals are zonal and the nucleus is more 
slls('eptible to alteration, as in the plagioclases of eruptive rocks. 

One must guard himself against confusing alteration products with in
clusions. Corrc"ponding to the manner of formation, alteration products 
have a form dependent upon cleu yage cracks and other discontinuities in the 
crystal. They form a more or less regular network in a crystal which has 

FlO. 217.-Radial Cracks in Pl~iocia.'le FIG. 218,-Mesh Structure in Serpentinized 
pwduced by Serpentinization of Olivine. Olivine. Trogen near Hof, Fiebt0lgebirge. 

suffered alteration, but single constituents of the secondary substance lack 
characteristic form. Inclusions, however, can have definite forms and may 
be in definite orientation bearing no relation to the cleavage cracks. They 
do not form continuous veins but are in small sharply defined crystals, 
which are completely imbedded in an unaltered clear transparent mineral. 

Directions for the Use of the Descriptive Section.-The optical 
properties of rock-forming minerals are taken as a basis for the 
presentation in the descriptive portion and in the accompanying 
tables. A thorough knowledge of the methods of determining 
these propertieH, as is set forth in Part I, must be presupposed 
and the following paragraphs will only recapitnlate the points 
particularly important in the use of this portion. 

It may be remarked that, in so far as the transparent minerals 
are concerned, the presentation of the properties in the descriptive 
section will only supplement the statements in the tables so that 
both must always be used jointly. The arrangement in the text 
is the same as in the tables and the number iiiter the name of 
each mineral in the descriptive section indicates the page of 
the tables where the mineral is to be found and, vice versa, the 
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]lumher in the fin.,t, column of the tables refers to the page in the 
text giving the descripUon of the mineral. 

Tlle sYl-'tematic rlassification of rock-forming minerals must be 
different from that used in mineralogy because of the methods 
u~('d to JeterminE' tlwIn. A c}wInical system, which miner
alogif'ts find so useful, lias no significance in this case. The 
dassification, which is adhered to in this text., has proved to br 
P!'1pcclal1y valuahlE' and divides minprals into four groups: 

]. Opaque minf'rais. 
2. Isotropic minerals. 
3. ITniaxial minerals. 
4. Biaxial minf'rals. 

'rbiN classifieation i" bused upon those lJroperties which can generally be 
dt·tcnuincd qUlekly and po;.;itively by simple methods. In certain cases 
~(Jnte diffienltit''' arE' ('ncountered, E'specially by a bt'ginner, Lecause of the 
ov~rlapping of the groups, but an exp€'rienced ohserver will soon overcome 
this, For f'xample, h('matite and ilmenite arf' found in the column of opaque 
mir1PrttL.;:;, but ill certain in~tances t}wy occur in fine transparent double 
r('frnctin~ scales. Chromite is also quite frequently tranRparent with a 
hrown rolor. OIl the othl'r hand, some minerals from the other three 
grcHlpS are oft.f'n so d('eply colored that they do not transmit light except 
ill the thitlnt'st. spetions, as eertain varieties of rutile Qr lievritc, and cossyrite. 
TllPY may h(' di;.;tinguished from opaque minerals, howE>ver, by an entire 
laC'k of metallic lu;;;ter in reflf'ctpd light. This is especially so v..-it.h the last 
t.wo mineralts. 

Cert:tln of the isotropic minerals arc ]lot isotropjc in all cases. Such are 
pProyskite, garnet, leucite, and analcite. However, these generally show 
It well characterized regular <.:tructure of RCyeral double refracti.ng parts so 
that one, with experience at least, will scarcely eyer be in doubt as to how 
to classify it. Some double refracting minerals may also be present, 
whose birefringence is so small that they could be overlooked in a cursory 
examination of a section, e.g., apatite, eudialyte, zoisitc, etc. Opt.ical 
anomalies arc very common in uniaxial subfltances and they generally 
appear biaxi.al with a small optic angle in convergent light. There are 
also biaxial minerals in which the optic angle is nearly zero and they give 
Uw impression of being uniaxial, thus, mica. Any scheme of classification 
based upon a seFies of external features wi.I1 show such discrepancies, but, 
as already remarked, they can be eaRily overcome and with a little practice 
any aIle can readily apply the division into these four groups. 

That property lvhich is first apparent, viz., refraction, is used 
as a basis for further subdivision of the transparent minerals, so 
that in each of the three groups the minerals are generally arranged 
according ,to the decreasing index of refraction. However, 
this nrincinle is carnied out onlv on e:eneral lines because there 
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are no means of measuring the iudex of refraction of a mineral 
embedded in Canada balsam accurat.e}:y. The necessity of 
treating various isomorphous groups as units gives rise to 
numerouR deviatiom; because there are sometimes great differ
ences in the indices of refraction of various members of such a 
group, but this will scarcely ever give rise to confusion. 

The observation of the relief of ft mineral in a thin section gives 
a olue to the pomtjon in whjeJ] that mineral is to be found in the 
table. Table No.3 ean }W uRed for an approximate classification 
of the mineral. 

The index of refraction is g{'llcrally given to thc' third decimal place, 
which is unreliable in man}' cases. The determinations of \'ariou~ in~ 

vestigatol's often show val'iatiom of several units in '!",he third decimal place, 
even in minerals which have a comparath'ely simp\(' composition. In 
mineraL" 1E'longing toan isomorphous series of many members, the variations 
in the determinations; at"(' much greater, e.g., almandine from Silherbach 
in the FichteIgebirge, n=1.761; from Falls in the Ficht€Igeoirge, n=1.770: 
from India, n=1.791-1.800. 'Three values are givC'n for blue spinel 
from Ceylon, n=I.719; n =1.720; and n=1.726. It, seems useless, therf'~ 
fore, to givp values to the fourth decimal place. 

Table 18 gives a tahulation of the Dlinerals treated in this 
text according to their doublo refraction and t.he interference 
colors dependent. upon it, as arranged by Michel-Levy and 
Lacroix. The values given there represent the difference be
tween the maximum and the minimum indices of refraction, i.e., 
r- Ct, and generally are the mean where several values are t.o be 
found. The apparent extreme values are given only where the 
variations in the douhle refraction are especially large, as in 
chloritoid and titanite. The table may be used in thc following 
manner. The thickness of the section is measured (see Part I, 
page 45) and then a cross section is sought as nearly parallel to the 
optic axis or to the optical plane as possible. This can be tested 
in convergent polarized light. The interference eolor of the 
section gives a very accurate means of determining the mineral. 
If, for example, by means of the low yellowish-white interference 
color of a section of quartz properly orientated, the thickness of 
the slide is found to be 0.03 mm., while another mineralJ.,.,. which is 
also colorless, shows yellow of the second order for its highest 
interfenm(;e color, the vertical line corresponding to this color 
is followed to its point of intersection with the horizontal line 
corresponding to the thickness 0.03 mm. The diagonal through 
this point gives the double refraction of the mineral in question, 
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whi('h in tbi~ parti(;ular ease is approximately 0.030. The dis
linctiOIl hetween the few minerals to which the investigation has 
thus huon limited, can be made from a more careful study of the 
lIther optit~al properties. 

The ('0101' of a mineral is highly characteristic and useful in its 
determinatiun. Table 18 is arranged aeGording to this prin
ci})lc. MallY mjncralB, 1yhjch are macroscopically colored, are 
('lltirely Golorlet's in thin ~cction and in all cases the thinner the 
:-:~{'tion tho lip;htcr the eulcr and more diffieult is it to determine. 
The tRUSC of til<' e(llor varict> greatly. Sometimes a charactcr
i:-;1i(' n'lation 10 the ehernieal eomposition can be recognized) as in 
the pyroxcnrf' awl amphibole;;. Sometimes the color ehan~cs 
\\"itlwut uny appareut variation in the uhemical composition. In 
1 hit-' {,usc, tilt' t'oior iti produced hy an admixture of an extremely 
kIllaU alllount of highly colo1'f'd material as seen in garnet. In 
n thinl ea~(', l1lieroseopi(' investi~ation reVf~als the fact that il1-
c1u...;iom; tlrc the cl.m.~·c uf color, e.g., hlLiiYllP and bronzite. The 
('(1101' in thi~ ca:-lC i:-; quit.e variable and many Bueh minerals are 
Oldy colored lJl·casionallr. The color is not always uniform in 
onc scctioll of a crystal. Zonal alternations or a very irregular 
ti}ll'eklc'd Ji~tribution of the color arc very common. 

The presence or absence of pleochroism is likewise a highly 
elwractcristie feature. The comparative depths of color, i.e., 
absorptioll, which appears along certain axes, is quite constant 
for a l1liucrnl ~roup, and for this reason the absorption symbols 
arc usually gjYell in the tables. The colors of different axes, 
all tIle other hand, vary \\-itllin \vide limits and are only given 
where they arc more or less constant. 

A number of minerals are included in this part which occur 
only rare])~ .as rock constituents. They are distinguished from 
the mure important by smaller type. The most of these are not 
encountered by a beginner and are only observed in the course 
of advanced study. 

Only those relations are considered which are of value to petro
graphers. All purely chemico·mineralogical and otherwise 
theoretiral considerations are omitted. Like"'ise, the crystal
logruphic development, which is of subordinate significance in the 
determination of rock-forming minerals, is only discussed in a 
cursory manner. Complicated crystal dra'Yings are avoided and 
in their place !lre numerous optical sketches for various minerals. 

In explanation of the, figures it may be said that a, b, c are the 
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crystallugraphic axes; 0, It, r are the principal vibration direc
tions; a, (3, T are the correspond.ing indices of refraction; A and B 
are the optie axes. 

A circle with a cross indicates the point of emergence of the 
optiC' axis of a uniaxial mineral. The point where an optic axis 
emerges from a biaxia.l mineral is indicated by a curve, printed 
heavily \\There the dispersion is great. These indicate hy their 
position and distanec apart the location of the axes in the section 
in qucHtion. The apparent optic angle is often indicated on an 
important crystal face or deavage face, if it is pamUel to the 
optic plane and thi!' m~Ly he a. elutraderistic propert,y of the 
mineral. 

The pOHsibiEty of ('onfuslng vadous minerals j;, only con
sidered in their df.:scriptiom; when the slip;ht differences in the 
opt.ieal properties might be easily overlooked. For example, the 
minerals perovskitc and mehmite arc sometimes difficult to distin
guish in spite of the great difference in the indices of refraction, 
because the.v are l,'cry much higher than that of Canada balsam. 
Nepheline and apatite, on the other hand, are not considered as 
similar minerals, ahhough thf)ir indices of refraction are nearly 
the same, but the difference can readily he observed because they 
both lie in the neighhorhood of that of the Canada balsam. 



CHAPTER XI 

Descriptive Section 

.. \8 already mentioned, the hC . ..,t claHfiifieation of rock-forming 
miner-a!;.; elll}jra('e~ the following four groups: 1. Opaque Minerals. 
2. IHotl'opie Millomls. 3. rnia,:\.iaJ Minerals. 4. Biaxial Minerals. 
ThoRo propl'l'tirs which are fir~t apparent in microscopical inves-
1i_gation ar(' made the basi::.; for this classification. A classifica
t.ion a('('orJing to crystal sYHtrm.-; seCllhi to be less commendable 
because it is not always possible to determine the Elystcm in a 
thill s(,t'tion. especially in the case of hcxagonal and tetragonal 
minerals. Suell a. classification would also necessHate a division 
of the mO:'>L important isodimorphous groups, "'hich ('[:tn be 
trpated as a \\'hole in 1 he da8~ifieatioll proposed. 

I. Opaque Minerals 
Incluuru with the opaque minC'rals aTe those which are ordinarily not 

transp:u£'nt. in thin s('ction. They have more or less of a metallic luster 
macrmwopically and.in reflect,cd li!!ht under the microscope. Since fronl 
their nature further optical determinations are impossible, microscopic 
di"tinctions cannot be made safely if they have the same surface color, and 
arC' without crystal form. 

flame opaque minerals are cubic and some hexagonal. If they POSSNlS 

crystal forms, those belonging to the first system show three-, four- or six
sided ('ross sections which are isometric, while the typical sections of those 
of the other systems are hexagonal or lath-shaped, corresponding to a thin 
tabular de \"elopment. 

Pyrite 

Pyrite (FeSz' occur~ in perfectly bounded crystals of various 
dimensions consisting usually of a cube a striated by a pyrito
hedron c, or in combination with it, Fig. 219, page 205. It also 
occurs in large segregations and concretions, sometimes as a 
cementing material, and in irregular grains and fine veins as an 
impregnation in rocks. . 

It dissolyes in nitric, acid but hydrochloric acid scarcely 
attacks it. Hardn~, 6.5; sp. gr., 5. Its brass yellow color 

204 
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is always .apparent in a thin Reetion. The ea~e with which it 
weathers to red or bI'Ov;,"nish-rcd forric hydroxide varies in 
different localities and causes the roek to decompose very 
rapidly, for example Alaunschiefer. Pyrite occurs everywhere. 
",Vhen it is present as a constituent of eruptive rockt3 it is usually 
of secondary origin and its oc(~urrence iH accompanied by many 
other decomposition phenomena, such as 

kaolinizat.ioll, propyllitizatjoll, and the forma- m" 
tion of greenstone. It is frequently found 
also in all kinds of contact rocks, sometimC'f'. 
in large crystals which arc greatly dcformr-d 
if the rock was under great prct:il:lurc, and 
sometimes in massive deposits as a constit- FIG. 2HI. 

uent of the contart zone. It oceurs in Cube andPyritohpdron. 

elastic rocks, principally in the form of con-
cretions in clay slates, and in eoa!. It is often confuscu with th(~ 
more bronze colored pyrrhotite and the more yellm:vish-grecn 
chalcopyritC', but it ('an be di,."tinguisl1{>d from both of these hy 
its superior hardm'ss. 

Pyrrhotite 

Pyrrhotite (FeH), as !l rock con-;tituenL is found priueil'ully in small 
grain~ or in larger dense masse:-: and, in unaltered gabbros, occasionall:.' in 
tabular crystals. It is easily dissolved by ac:ds. H. =4; sp. gr. =4.(1 
FsuaHy strongly magnetic. Its color is bronze brown, hut it i~ generally 
tarnished or entirely altered to rust. It is found as a primary constituent 
often containing nickel in basic eruptive rocks, and in gre(,Jl sch;st~ and 
amphibolites derived from them; also in contact limestonf's. It often 
forms comparatively large, dense irregular maStics, 

Chalcopyrite 

Chalcopy,ite (CuFeS) is quite rare as a true rock conHtituel\t. It i~ 

found associated with other sulphides as a constituent of basic erupti ~'e 
rock~ and green schists, derived from them, and in granular limestones. 
It never shows crystal form. It is usually in very irregular grains in 
which well developed crystals of pyrite have grown. The distinction by 
means of the greenish-yellow color of chalcopyrite is then very easy. H. = 4; 
sp. gr. =4.2. It gives a copper reaction. 

Galena 

GalE'lla (PbS), associated with sphalerite l is not a rare constituent of 
contact-metamorphic limestones. Occasiona.lly it occurs in well dc\'"eloped 
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OJ 
cuhcc;, Fig. 220, but more ofwn it is in ~rain~ which ha'Ve 
it light lead gray color and an extrf'meiy brilliant metallic 
lu~ter. It generally shows very perfect cubical cleavage 
in reflected light. It is soft and often has a smeared 
border. li.ke ~raphite. This with the color giveR it the 

Fro. ZZO.-Cuhe. appearance of molybdf'nite but it, difff'fS from tlw tabular 
individuals of molybdenite in being more compact. 

H.=2';}; sp. gr.=,7.5. Soluble in nitric acid with Reparation of sulphur. 

Metallic Iron 

Metallic iron is rare in tcrrestriall'ocks and occurs only ill angular grain:;;. 
It is always alloyed \vith llickel which may predominate, as in awaruitc. 
It is easily soluble in add::;; and decomposes Thoulet'f! and Klein's solutions. 
In the latter case intense blue tungstic acid is foruwd. It prpcipitatf's 
metallic copper from copper solution,>. H.=4; 8£1. gr.=7.8. Strongly 
magnetic, but .show£< no polarity. It rusts easily in moist air. '''hile it 
has only been observed on the earth as a rare COD!;titu('nt of the most basic 
eruptive rocks, it is known to DCCliI" eAtensively in meteorites. 

Magnetite 

Magnet.it.e (Fe:/)4), which often contains titanium~titanium 
magnetite-it:. n universal constituent of rocks. It occur:::: some
t,jmel:' in octaheural crystals, Fig. 221, or twim:., Fig. 222, some
t.imes in delicn.te cn·~stal skeletons, and sometimes in irregular 
grains or compact ~u1sses. It dissolves easily in hydrochloric 
acid especially upon addition of a little pot,assium iodide (dis
tinction from hematite,. titanite, graphite, etc.). II. =6; sp. 

FIG. i_21.-0('w.bedron. FlO. 222.-Twin. Spinel Law. 

gr. = 5.2. Strong magnetism, but not polar. Quite resistive 
to weathering] and is, therefore, only rarely surrounded by a 
border of rust, and is found commonly in secondary deposits
magnetite sand. It appears black with a variable strong 
metallic luster. The simplest means of isolating it is with a 
magnet. It may be distinguished in this way from other 
similar blaok op~ue ores and from graphite. It is widely dis-
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seminated in the eruptive rockR, particularly in tlw hut':ir onef<, 
It. is usually one of the first minerals to crystallize and so it' 

frequently included in the other conRtituents, esp('eially in the 
colored minerals. Black ores are very frequent in the form of 
fine dust in the ground mass of such rocks. Although t hiR ifl 
probably mostly magnetite, it has been called. opazitc heeuHsc of 
the difficulty of determining it positivel~r. It is quite as fn'quf'nt 
in all other groups of rocks. 

In gabbros black compact ores, which arC to be I~onsidercd partly lUI 

t,itanium magnetite and partly as ilmenite, are oftC'n SUrl ouuded with u 
homogeneous fringe of biotite. Aggregates of magnetite graini< arc widt'ly 
disseminated in extrusive rocks, usually mixed with nugite. which i'ome
times shows the form and cleavage of hornblende or biotitp quit.e plainl .. , 
and i.s probahly produced by magmatic resorption of t.hem. lnt.ergrowth 
with ilmenite is not at all rare. In such cuses UlC' magnetite cun 1)(' dissolYed 
"ith hydrochloric acid. 

Chromite 

Chromite [Fe(ALFe,Cr)20J is found exclutlively in olivine rocks in sharp 
octahedral crystuls, Fig. 221, page 206, or In compact mass{'s often of COl1-

r:idemhlc size. It, is one of the oldest productl'l of crystallization and is ' 
very frequent in sharp crystals as inclusionil in olivine with \vhich it, j" 

almost universally associated. Acids attack it with great difficult,'\,. 
H. =5 .5; sp. gr. ='4.5. Macroscopically, it it; bro\vIllsh-hlack with ollly· a 
weak metallic luster, which appears more greasy under the microscope. 
In thin section it is frequently transparent with a brown color particularly 
on the edges. Its index of refraction is about 2. L It if' {maffected in 
the alteration of oliyine to serpentine because it is so re.;istive. A bril
liant green pleochrOlc halo of chromeocher is often to be observed around 
the crystals of chromite in serpentine. It is easy to isolate because of itK 
high specific gravity and its resistance to reagents, and it can be tested b;.' 
the bead reactions. 

Hematite 

Hematite (Fe:a03) sometimes occurs in compact masses or in 
crystals with an uncommonly brilliant metallic luster, Fig, 223. 
They are always opaque in thin section, and 
appear steel gray to iron black in reflected 
light. Sometimes it is in thin hexagonal 
plates v.rhich are transparent and red. In 
the form of fine dust, hematite is the most 
frequent red pigment of rocks. It is difficultl}' 

FIG. 223. 
Hematite Crystal. 

attacked by hydrochloric acid, but the more finely divided it. 
is, the more readily is it dissolved. It is not magnetic when not 
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int.('rgrmvll with magnetite. H. =6 . .); ~p. gr. :::::3.25. Streak 
)'rd to TNldi;;;h-brown. It. is very resist.ive 1.0 '\',:eathf'ring but is 
no\y and t}JeD trallsformcd io rust. 

Comptlct nontransparent hematite iH found in all kinds of 
rocks. In f'Tuptive rocks, it is more frequent. in the' acid varictie-,s 
into which it is often introciu('('d b:r fUh1[{roles. Thin yeHmdHh
red plates with properties lik(' th();5(c of mira, whi('h '\vithout fur
th('T inYf'Rtigation lUly(' been identified as hematite, are found as 
orientat.ed incluRions in feldspar .. They give rifle to the ff'd 

m{~t.al1i(' chatoyan('y, as in SUl1S{01"/,C (Sonnenstf'('n). It is not 
pORitively detrrminf'd whethc>r these are hematite) but the \vell 
developed plat~' cr~'HtaIH with brilliant metallic lu~ter in reflect.ed 
lip;ht, whi('h ar{' so widE'Rpread in ('ontact rocks, positiv('ly do 
belong to hematit(,. The thinner indiviJuah:: are transparent 
with df'cp reel ('olol' and have strong nega,tivE' doubl{' refraction 
and weak plf'o('hl'Oi~m, e y('llowi~h: w browniHh-retl. Hematite 
is knmrn as ·a red pigment in all rod::s from granite to clay slak 
and iH esper·iaIly frequent in a group of acid porphyries anu por
phyritf'$; that have lwen df!yitrified and appear felsitic. K (l 
characteristic properties can be rf'cognized in it E'ven with the 
HtrongcRt magnification and so this pigment sometimes, )vith a 
yellowish or bruwnish color, is lwtter knm,·n as ferrite. 

Ilmenite 

I1mcnitf' [(Fe, Ti)2031 iR more frequently found in crystals than 
compact. Two varieties can also be distinguished in this 
mineraL One has a weak metallic luster, is iron black, and 
occurs in tabular cl'ystalR or in dense compact masses; the other 
is micaceous, brown transparent, and has a submetallic luster. 
Both types have a great tendency to grow in skeletal forms: 
Perhaps the ocherouE'. brown pigment, e.g., in the plagioclases of 
certain gabbros, may be referred to ilmenite. 

It behaves like hematite toward acids and th.e magnet. H. = 
5.5; flp. gr. =4.8 to 5.2. Unlike hematite it is frequently deeom
posed and is then real characteristic. It. is coated with a 
clouded film of leucoxene, white in reflected light, consisting of a . 
mixture of various titanium minerals and at the same time the 
cleavage, which is not very apparent in ~he fresh mineral, becomes 
plainly visible. Ilmerute may finally be entirely replaced by 
leucoxene. Alter!'tkm into hOll;>geneons individuals of titanite 
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or rutile, or zonal growthf: with these rninerab are not ran". 
It is found principally in eruptive rock~ and of the~e it favors the 
basic- and those rich in sodium. The micaceous typP ,vith not 
very strong double refraetion, opti('ully negative, E brown, W 

yellow, is confined to the porph::Olric eruptive rocks. Perhaps the 
orientated brown tahular inclusions. which produce the metallic 
chatoyancy of diallage, hyper~then(', etc., bE'long to thib mineral. 

Graphite 

Graphite (C) is found i11 granular limp.stollf',"'· ran>1;y erystnllized 
in hexagonal plates with a brilliant metaHic IURter and steel gray 
eolor. It generally forms shredded or flaky aggregate~, \vhich 
have a great tendeney to parallel intergrO\vths ,,,ith altered miea, 
Fig. 224. If it is treated with nitrit: acid and heated on a plati
num foil, it swells up illto voluminous ·worm-like particles. In 
other rocks the individuals aJ'f' morc compact and of even size 
and have an egg-shaped rfOSS 

section in the Hlidr. Such 
varieties are denser and do 
not show the flaky charact.er 
of graphite to tl,e naked eye. 
They do not swell when healed 
with nitric acid. For this rCa
son it has heen considered as 
an individual mineral called 
graphititc. Graphit.e is a 
widely disseminated black 
pigment of crystalline schists. 
As such it is as fine as dust 

and a crystallographic devel- F1G. 224.~mphite in Graphitll Gnei9!1 from 

opment cannot be observed Pfl1f1'enreuthnearPassau. 

even whh the strongest mag-
nification. 'This is designated as graphitoid, and iR com,idered as 
a transition product to amorphous coal. The properties of 
these three types of graphite are too similar to permit a separa
tion to be made, especially since they are related by all pbssitle 
transition stages. 

Graphite is completely insoluble in acids and molten alkalies. 
If it is melted with met.allic potassium, and ferrolL.'" and ferric 
salts are added with some hydrochloric acid, Berlin blue is 

14 
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frequently obtained. This is a proof of a small content of nitro
gen in the graphite. In a mixture of fuming nitric acid and 
potassium chlorate, it i~ oxidizeu to graphitic acid, which 
crystallizes in golden yellO'll', metallic, hexagonal plates. They 
are optically negative and have a strong double refraction. The 
coarser flaky varieties of graphite burn very difficultly but ",.,hen 
finely divided it hurns quite easily. It is a good conductor of 
hrat and electricity. Rocks rich in graphite feel col<1. 'Vhen 
held in a zinc holder, it precipitates metallic copper from a 
solution of eopper. H. = 1; 8p. gr. = 2.3. The borders of its 
cross Elections never appear sharp on account of its !"loftness. 
It is smeared over the entire section in fine powuer during the 
process of grinding so that its distribution is often recognized 
with diffieulty. This property is one of the best characteristics 
of graphite compared with hematite and ilmenitr-, ",rhich are 
similar minerals. It is also distinguished from them by its 
insolubility and its ability to burn. The brilliant met.allic luster 
of flaky aggregat.e& produeed by a Ycry perfect cleavage parallel 
to the hase, becomes more and more obscured in the more com ... 
part. yarieties. However, the grayish-black streak ahyaysremains 
brilliant except in t.he .finest yarieties. 

Graphite is rare as a primary constituent of eruptive rocks, 
but if present, is mostly in the form of thick lumps. Altered 
limestones and schists are its true habitat. It rc~mlts in these 
partly by contact-metamorphic alteration of organic matter and 
partly by some sort of fumarolic action, which greatly alters the 
rock at the same time. In such rocks its characteristic associate 
is rutile. The dust-like variety of graphitoid is distinguished 
from coal to which it is very similar by its electrical conductivity 
and its reaction for graphitic acid. Elementary analysis seems 
to be quite useless to distinguish between graphite and coals with 
high fixed carbon. This is partly on account of the organic 
impurities consisting chiefly of hydrous silicates, which graphite 
nearly always contains, and partly on account of an almost 
constant content of nitrogen in graphite. It is not even lacking 
in the best crystallized varieties, e.g., the COMse crystalline 
graphite from Ceylon. 

Carbonaceous Matter 

Carbonaceous matter is the black pigment of numerous sedi
mentary ro~ks. ~hapeless grains are found in the thin sections of 
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gray to black clay slates and coal slates, and in gray to black 
limestone, but a fine opaque dust is more frequent. This imprC'g
nates the whole rock evenly and makes microscopic analysis of it 
very difficult. Nothing is known about the chemical constitu
tion of this material which may caliSE-' the black ('0101' of coal. 
It contains oxygen, hydrogen, and a small quantity of nitrogen, 
besides carbon evidently in variable proportions. It. must lIot 

he considered as establil:lhed that a series of grauuaI transitiont'l 
from a sedimentary oeCUrrf'llee, rich in oxygen, hydrogen, and 
nitrogen to a compound poor in them exists, as it was attempted 
to show in cC'rtain phyllites and in 8chungitc interbedded in layer:; 
of compact coal. The analyses, \vhirh \vere designed to show 
that such was the case, were not made or~ matf'rial properly 
selected but on very impure formationR and a eertain amount of 
the hydrogen and oxygen reported could easily be explained in 
this way. The analyses \vhich show a very small content of 
nitrogen arf' those of the purest varieties of graphite. Moreover, 
the methods of determining- nitrogen in an elementary analysiH 
are not reliable. All conjectures concerning the clwmical prop
erties of such transition members are entirely without foundation. 

Many of the opaque carbonaceous substances are at least 
partially soluble in potassium hydroxide and becoll0 eolored 
brown. All are soluble in a mixture of potassium chlorate and 
fuming nitric acid and give rise to a brown liquid. This app0ars 
to be the only characteristic reaction to distinguish them from 
graphite. At present it is by no means a settled queRtion 
\vhether pure amorphous carbon or a compound closely related 
to it occurs in the black constituents of rock.." which also appear 
as sooty films on bedding planes and cleavage faces of the sedi
ments in various formationR, or whether the carbonaceous 
material is itself a definite compound or a series of compounds, 
or whether or not they are definite compounds at alL 

Finely divided black ores appear very similar to carbonaceous 
material. They can"" distinguished by treating the slide with 
hydrochloric or nitric acid, which dissolve the ores and then by 
heating to redness which destroys the coaL These proc~sse,':I are 
often necessary before microscopical investigation can be carried 
out on the slide. 

The dark color of sediments does not depend entirely upon carbonace()m~ 
matter. ' Frequently, other organic compounds with a brown to yellow 
color and resinous luster occur in the sediments along with carbonaceous 



212 PETROGRA.PHIC METHODS 

matter, which is always.op1\(lue. These compound" are called bituminous 
matter and represent a series of oxidation products of hydrocarbons. Their 
constitution is likewise unknown but they give to a rock in which they 
occur in great quantities a brown shiny streak. They are at least partially 
soluLle in benzol or xylol and are destroye-d by a mixture of potassium 
chlorate and nitric acid. 

Finally, then' are organic ingredients in sedimentary rockA, which can
nut be ob~rv('d microscopicaIIy but can be recognized by the unpleasant 
odor, which they produCf> when the rock is struck-for example, stink 
stone. They are doubtless the most resistive of aU organic compounds 
and l"emain unchanged evou under the moM intense metamorphic alteration, 
which t,ransforms the other kinds into graphite. They are only changed in 
t.he zone lying next to the eruptive contact. Then a delicate rose-red color
ing matter resuLts from the vile smelling substance, which) together with the 
character of the odor, indicates that they are indol derivatives, especially 
skawl. 

2. IsotropiC Minerals 

Amorphou" :-mbstances and eubic crystals are optically isotro
pic. The former are not minerals in the narrower senRe because 
thpy do not have a definite stoichiometric constitution. As 
they are sometimes predominant and sometimes subordinate as 
rock constituents. their characteristic properties must be included 
in this discussion. 

Cubic crystals are dit-ltinguished from them by a regular struc
ture ,:vhieh is imlicated in the straight edges, cleavage, or the 
arrangement of inclusions. The structure is sometimes so con
cealed that it is not seen in direct observation but it can still be 
determined by the formation of etch figures. 

FIG. 225.-l'rincipal Cross Sections of Cubic Minerals. 

botropic minerals are dark between crossed nicols and pro
duce no interference figure in convergent polarized light. Opti
cal anomalies of various sorts are very common and are recognized 
by spotted illumination, by lamination) 01' by a regular·division 
of the crystal into segments that extinguish differently. 

Cubic minerals generally develop. in the form of cubes, acta 
hed~,ons, and dodecahedrons, and therefore their cross sections 
are COl1lIllonhr .~etric and. three-, four-, or six-sided. The 
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tetragonal trisoctahedron is rarer and its cross section is usually 
eight-sided and more or less rounded. Distortions of any of the 
forms give rise to variations in the shape of the cross sections. 
Twins according to the spinel law ~re not at all uncommon. 
Only the simplest forms are known as cleavage fragments. 
Cleavage parallel to the cube and octahedron is frequent and 
perfect, while that parallel to the dodeeahedron is rare and 
usually imperfect. Fig. 225 shmvs the forms of the cross se{·tiona 
of minerals in the cubic system as well as the principal kinds of 
cleavage. 

Perovski .. (1) 

Perovskite o('curt-l M a rock con~titucllt either in mjnut~, light brown, 
octahedral crystals and skeletons of crystals, or in larger compact grains 
with a dark color. It iB yellowish in reflecwd light and has an adamantine 
luster. The smalJer crystal~ are usually optically normal but the larger 
ones consiat of a system of interpenetrated double refracting lamel1a>. 
Inclusions and decomposition are not known. It is widely dit>scminated in 
basic eruptive rocks associated especially 'with mcliHte. It is also 
knmvn in certain contact rocks. It is infusible before the blowpipe. It 
is distinguished from various minerals that resemble it, picotite, melanite, 
etc., by its higher index of refraction, Wllich causes the high metallic luster 
in reflected light, and by the reaction for titanium. 

A large number of rare cubic minerals appeal' very similar to perovskite 
under the microscope with respect to the index of refraction, color, and 
geological occurrence. Such are pyrochlore, beckelite and pyrrhite, which 
crystallize predominantly cubical and are yellowh;h in color, also brown 
zirkelite, reddish koppite, knopjte, which usualJy shows optjcal .anomalies, 
and dysanalyte with its metallic luster, being almost opaque in thin section. 
AU these minerals are local constituents of eruptive rocks and pegmatitcs 
rich in soda, but are found also in grains in the contact rocks lying next to 
these. O}dharnite, CaS, also occurs in meteorites hut it is not observed 
ex~pt in specially prepared sections because it decomposes: in water. 

Sphaleri .. (1) 

Sphalerite is: a widespread constitUent of rocks, occurring in irregular 
grains associated with opaque sulphides. It is light yellow to brownish, 
and appears very mueh like rutile and wa.s almost always determined as 
Buch until reoontly. It is distinguished from rutile by l:t. m.ore perfect cleav
age and its isotropic behavior toward light. 

Sphalerite may also be confUsed with the rare isotropic minerals mentioned 
under perot'skite with which it is 8SSvciated .in contact rocks, especially in 
limestone. It can only be determined positively by a blowpipe. It gives a. 
film of zinc10xide when fused with sodium carbonate On charcoal. 
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Garnet Group (1) 

Thv min(>rals of the garnet group are widespread rock constit
uents. They are sometimes well developed crystals, and some
tinH's rounded or irregular grains. The most frequent crystal 
form is the rhombi(' dodecahedron, :Fig. 226, and the tetragonal 
triHO('t.ahpdrofl, Fig. 227 .. is less common. Combinations of these 
two [onus, Fig. 228, also occur. Their dimensions vary greatly 
and e"cry gradation from rnicrolites"to crystals as large as a fist 
are found. lndi"idual!:l of intermediate sizes are most common 
and they are rnacroHcopically yisiblp. Almandite and the lime 
garnets often form pf'rimorphs. Alterations that are cornpara
tin'ly rare, in \Vh1eh chlol'itc, amphibole, or biotite are formed at 
t,he expcns(' of the garnet, appeal' similar to these. 

FIG. 226. FIG. 227. FlO. 228. 
Dol\('cahedron. Tetragonal Trig- Combination. 

octahedronl 

Cleavage parallel to the dodecahedron is at most only suggested, 
Fig. 2~5, (' and f. But on account of its brittleness the garnet 
crystals are usually quite full of short jagged cracks that do not 
iudirate any crystallographic orientation. 

Optical anomalies are common but are confined. mostly to the 
group of liIlle garnetA free from titanium and to the manganese 
garnets. This consists of a division of the crystal into segments, 
that arc optically different, and often also of a zonal structure 
due to the growth of layers with very Etrong but variable dO\lble 
refrartion. The division into segments always corresponds to 
one of the.crystal forms present. The crystal then appears to be 
composed of as many pyramids as there are faces to that form and 
each face is the base of a pyramid whose apex lies in the center of 
the crystal. The double refraction of these segments is quite 
variable and may exceed that of quartz. They are biaxial, 
optically positive often with strong dispersion, p< V, and 2v = 56'> 
to 90". Anomalous interference figures are frequent. Each one 
of t,h~>::p ~P'ITlent~ i~ mma.Hv not verv homo!!eneOU8 but is built ul> 
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of differently orientat('d parts thnt are lliorp or less itregu]ar]y 
bounded, so that the character of the optical anomalies stands 
out prominently and can readily he distinguished from normal 
double refracting substances. 

The doderahedron is the most frequent form of garnet crystals 
anci, therefore, the optical structure is usually the so-called 
dodecahedral structure. Fig. 229.hows a section parallel to the 
dodecahedron face and Fig. 230 shows one out of the middle of a 
crystal parallel to an octahf'dron face. A similar development 
uccurs l101'V lind then in almandite unaccompanied by optical 
anomalies, and is uue to the arrangement of inclusions, or to 
breakin,!?; parallel to the pyramids of growth. 

AlmanJite is the most widespread member of the garnet group. 
The lurger crystals are macroscopically transparent and wine red, 
and are termed precious garnet, 1vhile the more frequent red to 

FIG. 229.~Segments in Garnet. FIG. 230.-Garnet with Optical Anomalies. 
Se('.tion Parallel to Octahedron. 

yellowish-red varieties clouded by incIusions or cracks, are called 
common garnet. Both varieties are pale reddish in thin section. 
Almandite is always isotropic. It is an accessory constituent of 
811 erupti've rockB with the exception of tbe mo,._q.t basic ones. It· 
is characteristic for granulite. It is more comm()n and. frequent 
as an essential constituent of various groups of contact rocks. It 
is usually macroscopically visible. Concentric structures often 
develop around almandite and these tend to extend outward 
from a compact grain into the surrounding minerals like pseudo
pods. The larger, well defined crystals are easily removed from 
roekB having abundant mica, while they are apt to be broken in 
rocKS with little mica. ~ 

The mineral is sometimes altered to chlorite or hornblende, 
and in aplites and pegm~tites, in which almandite is the most 
characteristic accessory constituent, round flakes of biotite are 
seen which eontain a residue of garnet from which the biotite 
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wu:-; formed. Almandite is quit.e resistive to weathering and is, 
tIlf'refor(\ often found in f-Iecondaz-y deposits. It. is used as a 
~uJJstitute for emery. A very finE' !:'keletal development has been 
olmern,d in cluHtie rO('ks but nothing more is knmvn about this 
formation. Almandite lias the greatest tendency to crystalliza
tioll of all rock-forming lllineralt3 and if;;, therefore, frequently 
fill('d with inclusioIls. Almandite crystals, perforated like a 
sh'n', are the most dratacteristir features of contact rocks. In 
rock:-. ridl in quartz th(' garnet itself takes a small part in the 
('OlllJlOsition of such a structure, Fig. 214. page 197. It also oc
etin·; in the most lJcautif!11 perimorphs in such rocks, Fig. 213, 
}JftgP In7. 

The manganese garnC't, spessartiif', if.:. very similar to almandite 
in its occurrence aiS a rock con~titu('nt hut is mucll rarer. It is 
eorumoll, especially in pegmatit.e dikes. It 'forms also a principal 

eonstitueut. of the whetstone 
:;ehi::;ts of the Ardennes moull
tains but occurs in minute 
l"olorl('ss indivjduals. 

Pyrope, usually containing 
80me ehromiumJ is confined to 
the olivine rocks and their 
df'rivatives, the serpentines. 
I t generally 8ho·W8 rather in
dil'tinct crystal form, which 
appears to be hexahedral. Its 
indiyiduals can be recognized 
di.stinctly macroscopically by 

FIG, 23l.-Pyrope with Kf'lyphite Bord('r the blood red color. It is dis
::ust~::~~~:et ~:~n.)KarlsteU(ln, Lower tinguished from almandite by 

being poor in inclusions and 
cracks and, therefore, often transparent--einnanwn-.stone. The 
occ~rrenGe of a fine fibrous, radial bonIer of kelyphite is especially 
distinctil'e. Fig. 231. It sometimes consists of hornblende 
minerals but is more often a mixture. It often completely 
replaces the pyrope. This border is considered a product of 
magmatic resorption of pyrope, that has already been formed, by 
a magma rich in magnesium. Pyrope is also found in secondary 
deposits in comparatively large grains, which are cut as semiprR
dous .stones--Bohemia.n garnet. 

Hessonite.;rioo in iron. and topazolite of the lill1<l garnet series 
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are found almost exclusively in crevices and other forms of 
secondary development within rocks, especially in serpentine. 
Light green topazolite, demantoid, is sometimes found in dis
seminated crystals. These mifLerals are also the most important 
constituents of skarn, which accompanies magnetite ore deposits. 
Emerald green uwarowite, an optically anomalous lime garnet 
containing chromium, is likewise confined to crevices in serpen~ 
tine. Grossularite and hassonite poor in iron are widely dis .. 
seminated constituents of contact-metamorphic limestones and 
lime-silicate hornfels. The formt'r is entirely colorless in thin 
section, and the latter is light reddish, brownish, or greenish, the 
color being entirely independent o.f the chemical composition. 
Light reddish, excellently bounded microlites of lime garnet 
often fill the plagioclase crystals of the granite of the Central Alps 
in such a manner that the rock has a reddish tinge. When these 
garnets occur in limestones, they have a crystallographic form 
but are often rounded in a peculiar manner as though they had 
been slightly fused on the surface. In other rocks they form 
granular aggregates without distinct crystal form. Lime gar
nets poor in iron are easily fusible, and those rich in iron fuse 
with difficulty. 

The lime garnets have fewer inclusions than almandite, but 
perimorphs are encountered in them. Evidences of alteration 
are almost entirely lacking. On the other hand, a structure con
sisting of different zones is very common. 

The members of the lime garnets containing titanium playa 
special r61e. They are macroscopically black with a pitchy 
luster but in thin section are brown and built up of zones in which 
the intensity of the color varies depending upon the vari"tions in 
the content of titanium. These garnets occur especially in 
eruptive rocks rich in sodium and their contact formations! and 
are usually well developed and always poor in inclusions. They 
are named according to the increasing content of titanium
melanite, schorlomite and ivaan:te, the la.tte'r containing about 
15 per cent. TiO,. The cause of the black color of pyreniiite, 
which occurs in the contact rocks of the Pyrenees, is to be sought 
not in these garnets but in finely divided graphite:' 

The silicates almandite, pyrope, and hesBonite form isomor
phous mixtures only in exceptional instances. The garnet of 
eclogites, which corresponds apparently to norllllll almandite, is 
such a mixture in which almandite predominates. nense splin-
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U~ry nggrcgatf'.'3 of grossularite are noteworthy in olivine rocks and 
f;(Tpentinc. TIH>Y occur in lumps or form a part of the so-called 
I'iftuRf'urite. !Similar formations of hessonite orcur on the COll
tu('t of dikes containing hessonite, with olivine or serpentine 
r(J('k~;. The latter have heen shmvn to be alteration products of 
tIH> olivine I'oc·k itRclf. 

Almandite and pyrope arc not easily confused with other 
millemls hpcausc of the reddish tint which is always plainly seen 
('veil in thf' thinncHt sf'dions. Colorless or greenish lime garnet.s 
re:4t'mble thf' spincI~, especially ·when they are in small indiviJ
ualfi, and when the crystal form is lacking they can only be 
di:-;tillgui:.:hl'd by a ehemical test. They can bf' differentiated 
from pf'ri('la."e, \vhic:h the-y likewise simulate, by the imperfect
np~s of the- c1eavagT1

• Titanium garnets Inay be confused \vith 
pi('otite or perovskite, but the garnet usuaIIy has the zonal 
strUl:tul'c. Chemical reaet.ions will give the necessary confirma
tion. Double refracting lime garnets are so similar to vesuvianite 
and to tIl(' low double refracting members of the epidote group, 
e . ...,pecia1Jy 1yhcn the garIlCt is in fine grained aggregates, that a 
differentiation is not posi)ible. 

Spinel Group (I) 

The minerals of the spinel group (compare magnetite and chromite, page 
20G) occur in sharp octahedral crystals and twins according to the spinel 
law, Fig8. 221 and 222, page 206, without cleavage, and less often in irregular 
grains. They are always optically normal. They are the hardest and 
most r(:';,istiYe rock-forming constituents and are, therefore, scarcely ever 
alterpd and are frequently found in secondary deposits. 

Chrome spinel, picotite, forms minute crystals nearly everywhere in 
-vh ... ...:..m; -w.:,';.-\'1 'Wb\dl \\" \ik't': ...,h'lom\ik, \-0 a\w?l:Y-O 1I-..".-;',ooiat'i':d. It 'Vlt't':'i\ »bo'W~ 
no crystal form when it occurs as an independent constituent of peridotite. 
It ioS macrof-lcopically black with a submetallic luster, but under the micro
.scope the- metallic luster is not seen. It is brown in transmitted light but 
usuully liJ!hter than chromite to which it is exactly similar except for the 
hardness. The iron spinels, pleonaste and hercynite, are black as is also the 
zinc spinel kreittunite, which occurs in certain ore deposits and is very 
similar to the others, being distinguishable from them only chemically. 
ThpT have dull luster, green streak, and are green and transparent in thin 
s(,t'tion. Common spinel is Ted, greeD, blue or violet to the naked eye, but 
is always colorless in thin section. It is a characteristic product of contact 
metamorphism particularly in granular limestones and dolomites. It can 
be recognized macroscopicallYl and on'account of its dearth of inclusions and 
lack ot cleavage, it is clear and transparent-precious spinel. Iron spinel 
is also fo~ in ~ rocks, sllch as granulites and lherzolites. It is mostly 
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in the outer border zone of the eruptive rock in schlieren and is often mixed 
''''jth other contsct minerals. It is undoubtedly a resjdue of re"orbed in
clusions of the neighboring rock. The minut.est mictolites of colorlt>t'S 
iipinel are found in the so-called ftitt.ed rocks and only thl' high index: of 
refraction serves to determine it. Spinel can be easily iHOlate-d in all CUl'iCS 

on account of its resistance to reagents. The distin~ui8hing of the spinds 
from perovskite und garnet is discussed under those minemls. The lack of 
('If'avage and ito; chemical behavior distinguish it from p<,MclaSf'. 

Periclase (I) 

Periclase is not a rare con.stituent of contact~metamorphic limf'8tones. 
It is usually in small octahedrons with roundpd &:unacf's. They at!:' macro
"copically colorless to greeni~h-brown. When fresh it is I'ao;ily recop.;nizcd 
hy the cleavage, Pig. 225, c, page 212, and the index of refraction. It is usu~ 
ally strongly altered to scaly aggregates of bj'uciu~, e.g., in predazzite, 
or of Herpentine. In these the original cleavage is soml,times retained. 

Boracite (1) 

BQracite is a rock-forming mineral now and then, but is confined to the 
rock~salt formations. It occurs in gypswn and abraum salts in well 
developed tetrahedral crystals that are :macroscopically recognizable. 
They are colorle~s to light green, often possesfling; an abundance of faces. 
rnder the microscope it appears very much like'leucite from which it is 
distinguished by its higher index of refraction and its mode of ocCUrrence. 

Rock Salt 

Rock salt as a rock constituent is not observed in thin sections prepared 
with water and i:>l, therefore, not included in the tables. H. =2; sp. gr. =2.2. 
l)erfect cubical cleavage, Fig. 220, page 206. It is v.ithout crystaJ 
form and is soluble in water giving a salty taste, n = 1.544. It often occurs 
in pure, very coarse granular aggregates that are colorless, deep blue, rf'd 
or yellow, and rich in liquid inclusions, or in fibrous IUl\SS('S in crevicetl, or 
finally in fine impregnations in salt clays. It also occurs as incrustations 
on lava rocks and as small cubes in liquid inclusions in quartz. 

Leucil. (1) 

Leucite is found almost exclusively in white, perfectly 
developed tetragonal trisoctahedrons, Fig. 227, page 214, in 
eruptive rocks rich in alkali, especially the leucitophyres, leucite 
tepnrites, etc. In these rocks it frequently forms large, brittle, 
and checked crystals, but in leu cite basalt it is only in the form 
of microlites. Aggregates of orthoclase and nepheline in the 
form of large leucite crystals are found in leucite syenites and the 
rocks produced by differentiation, of such a magma. 
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The outlines are usually rounded. Skeletal development and 
magmatic resorption are not rare. Small crystals are always 
optically normal but larger crystals consist of complicated 
lamellar t 'winning intergrowths and penetration of such a charac
ter that a highly characteristic structure is observed in polarized 
light, as is shmvn in Fig. 232. \Yhen heated to 6000 this anoma
lous strul'ture disappears but returns again upon cooling. 

The frequency of inclusions is an especially characteristic 
property of leucite. They consist of crystallized minerals, slag, 

or colorless to brownish glass, arranged in 
a regular manner either zonal or radial, Fig. 
210. page 195. Xeedles of various minerals, 
arranged tangentially around the crystals of 
lpu.cit(>, are often observed, ocellary struc
ture, Fig. 207, page 193. It is often altered 
be('ause it is so readily attacked. Besides 
the pseUdomorphs referred to above those 

FIG. 232.~Twinning Lam_ of anale-itl:' and other z('olites are wide-
ination in Leu('it\l. 

spread. 
It would he very easily overlooked where it occurs in the form 

of microlites, but even they are distinguished from all other 
minerals by the arrangement of the inclusions. It could be 
confused with microcline when it forms compact aggregates that 
are optically anomalous, but its mode of occurrence is entirely 
different. If the optical anomalies, the crystal form, and the 
inclusions are lacking, distinction from analcite, sodalite, or from 
rock glass is scarcE'ly possible. 

Glass (1) 

Glassy material is found as a principal or subordinate rock constituent 
only in rocks which hav(;, solidified rapjdly from the magma. These Are 
the comparatively small eruptive dikes, which have branched out far from 
the vulcanic center, or the roe-ks poured out upon the surface and thejr tuffs, 
or those rocks or fragments which have suffered partialluBion, i.e.,/rilting. 
The glass occurring in rocks may have quite a variable composition, but the 
acid mixtures tend in general more to glassy development than do the more 
basic ones. Although in andesite, diabase and basalt, gla.s.ses are not 
mcking, still the series of quartz porphyry, rhyolite, and trachyte is much 
richer in rock glass. 

Some of the gJasses .are free from water while ot.hers slww an origins,] 
con~nt of water up to 8 or 10 per cent. The former are called Qfnrid'ian and 
the latter ~. while .perlite 'lith 2.5 to 5 per cent. of w.ater is inter-
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mediaw. The specific gravity if; always low, rising to 2.4 in ohsidian and 
2.7 in basic glasses, and falling to 2.25 in those containing water. 

The nor:m.al rock glasses have a chemical composition corresponding to 
that of crystalline rocks. They are principally products of rapid solidi
fication of granitic rock ll1llgmas, hut glasses with the composition of ande
site and even trap and basalt are not alt.ogether lacking although they are 
in general anomalous forms of development. It has ~n noted that 
partially or entirely resorbed inclusions have given rise to the formation of 
glass because the ability of the dissolving magma to crystallize has been 
lost thro,ugh the chemical composition of the inclu.<rions. The glassy 
development of basic rocks may also be ~ferred to such phenOIDf'Ua. These 
glassy forms occur sometimes in rounded mar;ses within nornlal rocks or on 
the contact with certain rocks, while they are entirely lacking with other 
rocks. Chemical analysis almost always 8hoWR variations from the 
normal composition in such cases. 

The chemical behavior of rock glasse!S is quite variable according to the 
varying composition. In general, the glasses are more rapidly attacked by 
the atmosphere and are more easily dissolved by hydrofluoric acid than 
are most of the crystallized rock constitu{'ntl$. MOf;t of t,he rock glasses 
are very little affected by hydrochloric 
acid, but now and then they gelatinize ~ 
with hydrochloric acid, especially 
ba8.!lltic glasses rich in sodium. Rock 
glasses often appear to have double 
refraction in the neighborhood of 
inclusions. This is produced by strain 
and gives rise to the Brewster's cross, 
Part I, page 123. Obsidian some
times forms the predominant constit
uertt of rocks and in them only a 
few de vitrification products occur. 
It is brittle and has a perfect con
choidal fracture, Fig. 233, vitreous 
luster, and is almost inva.riably dark 
grayish-black to pitch black in color. 
In thin section the color can often be 
plainly recognized, but it is sometimes FiG. 233.---Do.achoidsl Fracture {l/2 

entirely colorless and frequently filled NlI.turu,l Size). Obsidia.n, Iceland. 
full of trichites. Upon heating many 
va.rieties swell out into foamy masses, which are light gray to white and 
are called pumice. Pumice in the (onn of ejectamenta .and bombs is 
often found in nature accompanying obsidian, The obsidians belonging to 
basic rocks, such a.s the bluish-black tachyllte and the black hyalomelane, 
are heavy a.nd have comparatively high indices· of refraction. They are 
quite highly colored in thin section. 

Perlite is a rock glass, which is full of cutved_ eracks throughout ita: mass, 
so that it breaks up easily into rounded fragments each of which has an" 
onion-like structure. It usually has a lower specific gravity than obsidian 
because oC these cracks, and is lighrer colored macroscopically. Under 
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tlw miero:-lcope the onion-like arrangement of the cracks presents an un
('ommonly charactf:ristic appearance, Fig. 234. PitchlStone has a pitchy 
Ju-;tcr and ifl variously colored hlacroscopically. It may be green, yellow, 
red, (lr black. The pitchy luster may be due to an abundant development 
of microlitic crystallization. Crystal skeletons assume manifold forms in 
pitchstOIlP. 

Rock p:lasses oftRo possess the appearan~ of decided flow f-ltructUre. In 
the"p glasses variously colored bands mixed with each other in multifarious 
ways form the principal c()ul'ltituent. In other cases they flow around the 
iar,!!;{' crystals that have separated out, Fig. 235, euiax-ite, so that it appears 
as if th~ different parts were not miscible with each oth(>r even in flu' liquid 
condition. Alteration of beds greatly devitrified with those less so, and 
of porous with denser layers, is not rare in rock glasses. The JJhl?nomenon of 
dc-vitrification is to be ('specially emphasized. The original glal:lf!, which if! 

FIG. 234.-Perlite, Glashtittental near FIG. 235.~Eutarite. Microscopic Fluidal 
Sch!:'mnitz, Hungary. Structure in PitcIDIt;Qne. Kastelruth, South 

Tyrole. 

completely amorphous, is transformed into a crystalline aggregate called 
micro felsite, felsite, etc. The newly formed mineral aggregates-,structure
less combinations of quartz and orthoclase in the ordinary acid glasses, 
are considered to be the resu1t of a long period of molecular rearran~ment 
somewhat analogous to the transformation of the metals. The cause has 
also been sought in circlflating waters, either of a meteoric or of magmatic 
character. 

Wilen the glass occurs in the form of fine films as a subordinate base 
between the crystalline constituents and is colorless, it is very hard to 
determine. It can scarcely be distinguished from nepheline or from zeolites, 
especially in those cases where a feeble double refraction is shown on account 
of strain. If it forms the resid ue from which the other constituents ha \'e 
crystallized, it is always richer in silica than the normal rock. 

Analcite· (1) 

Analci te is only known as a secondary rock constituent in druses and ill 
pseudomorphs._ ~t occurs in various types of soda rocks and is usually 
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formed from Aodalite, nepheline, and leucite. As a rock constituellt it 
does not have its own crystal form. Crystals at'(' only found in druH('A and 
cavities. Optical anomalies are 'present now and then, but thE'\, an' masHv 
much weaker than in garnet. Analcite usually appears cJ{'a~ and tran:
parent. Sometimes the cleavage cracks are quite plain. hut freqU<_'lItly it 
does not possess these and then the determination is mude in a chemipal 
manner by testing for sodium. The double refraction also increa!'j's and 
it becomes clouded when heated. The mineral it.<leif has, however, no char
acteristic micrORtructurr- and no striking propertif's. It is most easily con
fused with leuc;te, sodalite, and nephelinf'. 

Sodalite Group (2) 

The usual crystal form of the mineral.s of the t<odalite group is 
the rhombic dodecahedron, Fig. 226, page 214. The ('l'O~S 8f'C

tiom; are therefore six-sided or quadratic, and often sOIllf''ivhat 
distorted. The edges are usually rounded and the facf'!::l are 
eaten out and corroded. Sodalite is found now and then in 
irregular grains, which is not the case with the other meml)f'rs of 
the group. The dimensions are usually not yery small and 
microlites are entirely la{_\king. These mineral~ are easily 
recognir.ed by the naked eye when they are colored. Colorless 
fresh varieties may be easily overlooked, but they show plainly 
on the fracture surface of the rork if they are clouded by incipient 
alteration. They then appear dull whitE" or yellowish and are 
easily confused ,,,"ith altered feldspar from which they tan he 
distinguished by the lack of cleavage and the typieal itmrnetric 
form of the cross section. 

The sodalite minerals are found in rather basic soda rocks free 
from primary quartz and constitute the part most" susceptible 
to alteration. They are frequently altered to natrolite, analcite, 
and other zeolites, forming aggregates like snO\\r{lakes-Sp'reu.
stein. Alteration to dense aggregates of mica or to amorphous 
masses is also known. 

Sodalite is disseminated throughout certain granular eruptive 
rocks and is macroscopically colorless, or at most very light blue 
or green, but in thin section it is always colorless. Haiiyne is 
more often found in extrusive rocks and is sometimes colorless, 
while at other times it is gray, yellow, green, red, m:. deep blue. 
It is frequently speckled. Certain colorless occurrences have 
the property of taking on an intense hlue color when heated. 
If such varieties are treated with hydrofluoric acid and silver 
nitrate they percipitate black silver sulphide, while Bodalite 
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becomes coated with silver chloride. Regularly arranged black 
bars with unknown properties are frequently observed in soda
lite minerals. They have a tendency to congregate on the edge 
of the crystals and make them less transparent, Fig. 236. Such 
borders, which are quite small but entirely opaque, are observed 

especially around crystals,. which have been 
greatly rounded and corroded by the molten 
magina. Ferric hydrate forms from these 
dark inelusions 'when the rock is ,,,,eathered, 
and it {'olors the mineral yellowish to red. 
Other inclusions, ores, pyroxene, etc" are 
frequent" but glass is comparatively rare. 

F,o. 236.-Hauyna with If the crystal form is lacking, the regularly 
Regular Inclusions. arranged jncJuslollS together with the low 

index of refraction is often the only 
characteristic feature because they show very imperfect cleavage, 
which is at. best only irregular cracks. 

Differentiation of the various members is only possible 
chemically. The test for chlorine in sodalite haR already been 
mentioned. If haiiyne is treated with hydrochloric acid, gypsum 
crystallizes out. The same crystals are obtained from noselite if 
a trace of calcium carbonate is added to the solution. The index 
of refraction being lower than that of Canada balsam distin
guishes them from other similarly appearing minerals, but that 
may give rise to confusion with zeolites, tridymite, or rock 
glass. They can, however, be positively differentiated from 
analcite and glass only by special chemical reactions. 

Lazurite may be referred to briefly. It oeeurs in irregular grains forming 
the deep blue coloring constituent of lapi~ lazuli. It is a member of the 
sodalite group containing sodium sulphide and causes the blue color of the 
other members. Lapis lazuli is a contact rock containing also calcium
magnesium silicates and carbonates. 

Opal (2) 

Opal, ~as a rock constituent, is not often visible ma.croscopically. It 
may be developed as precious opal with the characteristic play of colors 
or as dull colored common opal clouded by numerous inclusions. It is 
always secondary, filling crevices, or occurring in pseudomorphs after 
feldspar and other minerals. It is found especially in greatly altered erup
ti~ rooks and their tuffs. It is not easy to ascertain to what extent opal 
occurS &$ a constituent of sedimentacy rocks. The amorphous opal-like 
silica, of organisms is. very easily transformed into crystalline -aggregates 
and, On ,the ~,r, I.nd, opal sandstones (K.'eur in such relationships that. 
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the formation of the mineral from thermal proecsse!:; is hig,hly probn,hl!'. In 
rocks ill which opal is not seen macroscopically it is observed in thin sec
tions in fiuply divid('d, shapeless. R.Jld colorless imprE'gna1iolls which may 1)(' 
recognized only with great difficulty. This type of occurrence also shows 
all the earmarks of post volcanic alteration. It is always colorless under t.he 
microscope and may be recognized by its very low index of refractioll. It 
often shows anomalous double refraction, Brewster's cross, and iu('lusion" 
of tabular crystals of tridymite an" ('xtremely common. A microscopic 
difi'en>ntiation from glass is often very difficult, although the low indt~x of 
refraction is very distinctive. It can jw determined positively by its solu
bility in potassium hydro:xid~. Even thif'l reaction may give rise to error 
hecause numerous decomposition product!> containing aluminium also yiC'ld 
silica ip potassium hydroxide. 

Fluorite (2) 

Fluorite is rare- [lZ; jj 1'1'3] constit.tll'nt of Toek,<." It is found ill .1!'mnit{', 
especially in the facies altered by J)llPumatolytic procef;ses---grf"isen
together with tourmaline, topaz, etc. It is also found as a constant a880-

ciate of the zirconium silicates, that oceur accessory in soda ro('kR. It is 
always in grains and is easily recognized when it is violet, but wry difficult 
to find when it is colorless. It is characterized by the fact that it has thl' 
lowest index of the isotropic rock-forming minerals and also has a perft'ct 
cleavage. which usually caus('s u scaly appearance to the surfuee of thC:' 
S('ction. 

3. Uniaxial Minerals 
The rock-forming mineralfl of the tetragonaJ and hexagonal 

systems are sometimes long) sometimes short priRlhatic, with 

FIG. 237.~PriDeipal Cross Sections of Uniaxial Mincra;ls. 

or without pyramidal terminations, SQmetimes, they are devel
oped tabular parallel to the base or are pr~dominantly pyramidal 
or rhombohedral. Fig. 237 shows -the most important types of 

15 
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cross sections. In the prism zone they are either elongated or 
short, almost square rectangles lvith or without domatic' forms 
on the long or the short. siue. Rhombic forms, with or without 
truncated rorm~rs, are also observed. In the first case the 
extinction ii" ahvayr-; parallel and perpendicular to the sides of 
the rectangle, while in the latter case the f'xtinction direction 
biRccts the any:les of the rhombus. 

A section orientated as nearly parallel to the optic l1xis as 
pORRible iH found by choosing the one which, in parallel polar
ized light, shmvs the highest interference color of all the sC'etions 
of the samp min('raL Thi~ is also an indication of the strength 
of the double refraction. In convergent polarized light sueh a 
f'Pction shmvs a distribution of colors into curves simulating 
hyperbolre. They arC' symmetrical with respect to two plane-s, 
and tllf' color is }O\yered in th08P quadrants through \vhich the 
optic axis pasRcs and is raised in the other tVi'O quadrants with 
rcspC'ct to thp center of the field. The optical character of the 
principal zone, Chz, if' the same as that of the mineral itself, 
Chm1 bf'cause in uniaxial minerals \vith a prismatic development 
the optic axis and the axis of thE' principal zone coincide. If 
uniaxial minerals are tabular parallel to the hase. the optic axis 
is perpendicular to the principal zone, and thf' (' haracter of the 
principal zone is opposite to that of the mineral. 

Sections cut perpendicular to the optic axis remain dark \vhen 
rotated between crossed mcols in parallel light and appear like 
isotropic minerals, but if the double refraction is not too small, a::; 
it is in apatite, such sections give an interference figure in con
vergent light. Their outlines are quadratic, or rarely eight
sided in tetragonal minerals, and six- or three-sided in hexagonal 
minerals. Occasionally where trigonal forms occur the sections 
are nine-sided, Such sections give the interference figure Df uni
axial crystals in convergent light. In certain rock-forming 
minerals of this group optical anomalies are frequent. They 
may be shown only in convergent light by a spreading of the 
black cross upon rotation, or they may be noted in parallel light 
by the occurrence of double refracting segments in a basal sec
tion. Still these features are not as common as are the anom
alies in isotropic minerals. The circular polarization in quartz 
is not obsenred in thin section. 

In all cases the shapes of the ""ctions show only the simplest 
forms and this is true to a still higher degree for the cleavage. 
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In the holohedral members, thE' cleavage is only pftrallrl to 
prisms of the first and second order and to the basal pinacoid. 
In hemihedral forms rhombohedral cleavage in addition to the 
others is the most important. The character of the various 
kinds of cleavage is shown schematically in Fig. 237. 

Rutile (4) 

Rutile is very widespread, but is only present in subordinate 
quantities, It is found in larger quantities only in association 
with certain intensE'ly al~ered minerals. It some
times shm.\'s good crystal form which is almost 
always long prismatic. Such deyelopmcnt is 
apparent even in the minutest microlites in clay 
slates. It is sometimes found in rounded grainR 
or in large compact masses that arc visible to 
the naked eye and may be recognized by the 
blackish-red color and the submetallic to 
adamantine luster. Twins parallel to (101), T!::c!3;.:;~~~~~ 
p 00 with knee-shaped. cross sections, Figs. 2:38 (101) P x. 
and 239, and those parallel to (301), 3Poo with 
heart-shaped cross sections, Fig. 240, are especially common 
in the smaller individuals. In the compaet masses twinning 

Fro. 239. 

Rutile Twins. 

'" FIG. 240. 

Pa.rallel (101) P CIj. Pa.rallel (301) 3 P !J:J. 

lamination according to the first law. is observed. Here also 
prismatic cleavage, which is often lacking in crystals, appears 
as sharp cracks. 
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Sayenile is a name given to a characteri"ltic lattice structure 
of rutile needles crossing each other at an angle of about 60°. 
It ifl found as an inclusion in numerous micas, the asterism of 
which is often caused by it. It appears in this same form 
produced by the chloritization of biotite fich in titanium. 
Rutile accompanied by other titanium minerals is very frequently 
produced by the decomposition of bisilicates. Concerning pleo
chroic halos around inclusions of rutile in biotite, hornblende, 
cordierite, etc., see page 197. 

Rutile has the highest indices of refraction and double refraction 
of all rock-forming minerals. Only the smallest microlitcs show 
brilliant interference colors, if they do not appear opaque on 
account of total reflection. In some varieties the extraordinarv 
ray is strongly absorbed giving rise to a change in color. Som~
times pleochroism is entirely lacking, especially in the light 
yellow grains so widespread in amphibolite and eclogite. The 
larger compact particles are dark and usually strongly pleo
chroic. They sho,,,, a submetallic luster in reflected light. 

Primary rutile if> rare in the eruptive rocks) but is widely dis
seminated in all groups of contact rocks. In them two types are 
frequently associated with each other. The one is in sharply 
developed crystals with a grayish-yiolet color) and the other is 
in rounded grains having a yellow or brown color. It oHen has 
a horder with a crumbly appearance, ,vhieh is white in reflected 
light and consists predominantly of titanite. This is called 
leucoxene. Rutile is sometimes intergrown with homogeneous 
titanite or ilmenite in various zonal arrangements. It is very 
mdeh'PTead -in sedimentary Tocks because of its resistance to 
weathering. It occurs in the coarse mechanical sediments in 
the form of compact rounded grains, and in the fine sediments as 
needles that are doubtless authigenetic. These needles are very 
minute, often twinned and scarcely transparent. The most 
typical development of this formation appears to be present only 
in the extreme O1:Iter portion of a contact zone, 

It is not attacked by the atmosphere nor by acid, except by 
hot concentrated sulphuric acid. It can be easily isolated by a 
mixture of hydrochloric and hydrofluoric acids. The test for 
titanium is made by fusing the residue in a bead of potassium 
bisulphate and dipping it in hydrogen peroxide when it becomes 
brownish. 

Very dark colored rutile might be confused with opaque ores. 
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It can be distinguished by its adamantine luster in rcfh1cted 
light and its transparency, that is always to be noted upon carc~ 
iul observation. The light colored varieties were formerly often 
determined as zircon. It is distinguished from zircon by' being 
always colored and by its higher double refraction, whi~h also 
differentiates it from anatase. Distinction from the rarer min
erals brookite, cassiterite, and goethite is very difficult, as these 
minerals, like rutile, give white of the higher order in a normal 
section and }l3ve an adamantine luster like it in reflected light. 
The safest method of differentiation is a chemical test, but the 
e~ect on convergent light is also distinctive in the case of brookite 
and goethite. 

Rutile may be confused with perovskite and similar minerals 
on account of its high index of refract.ion, but perovskite, when 
it is anomalous, shows at best a very low interference color as 
does wurtzite, \vhich is also included here. Confusion with 
sphalerite may occur, but that mineral never shows double re
fraction. Titanite finally does not have an adamantine luster 
in reflected light. 

Anatase (4) 

Anatase as a rock constituent is frequently developed tabular, while 
sharp pyramidal forms are less common. Some typical cross sections are 
given, Fig. 237 j, page 225. It may also form granular aggregates. The 
individuals are mostly small, poorly developed, clouded, and have a speckled 
color,-blue, yellow or colorless. The stronger absorption of the ordinary 
ray is not often clearly discernable, and the same is true of the cleavage. It 
generally results (rom the alteration of other minerals containing titanium 
and iP., thereforc, found particularly in greatly altered rocks, in contact-: 
metamorphic formations, as well as in those which have suffered decomposi
tion by the action of mineralizers. It is very common in such rocks as a 
by-product in the alteration of bisilicates and it forms a part of the dense 
aggregate known as leucoxene. It is confused with zircon, from whleh it 
can be distinguished, however, by the speckled color and .cloudy appearance, 
much higher indices of refraction, and the optical character. It is also 
similar to rutile, and titanite from which it is distinguished by its much 
lower double refraction, imparting to it brilliant interference eolor<3 in the 
sect~on. ~ 

It may be remarked, parenthetically, that grains of corundum similar 
to anatase:may be present in the section. Theoo have been derived from the 
polishing or grinding material. The optical properties or these grains are 
similar to those of anatase.· They are uniaxial, blue or yellowish, and 
pleochroic, but differ in the optical character of the principal zone. 
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Cassiterite (4) 

Cussiteriip is t1 rare constituent of lithionite granite and the rocks in the 
vicinit.y of a cont..'\ct with it. Crystals are not frequent in these rocks, but 
tlw,v have pyramidal development with characteristic t",-inning parallel to 
(101), P 00 or they may be simple prism.s. Grains are the most common. It 
i<; rarely colorless, but is yellow, brown, or more often d!:'cp red. In the 
lU'lt case it is strongly pleochroic in thiD section. A zonal or speckled dis
tribution of the color is common. If its determination is doubtful, especially 
if it is confused with rutile and anntMe, the grains should be isolated with 
hydrofluoric and sulphuric acids and fused in a borax head colored blue by 
copper oxide. A ruby-red color then indicates cassiterite. (See page 170.) 

Wurtzite (4) 

Wurtzite is found together with sphalerite and is intergrown with it in 
clustered incrustations. It is similar to sphalerite in color. Its distri
bution as a rock-forming mineral has not been definitely determined. It is 
distinguished frorn the minerals, which appear similar to it, rutile, goethite, 
and sphalerite, by its weak double refraction. Its solubility in acids is also 
distinctive. 

Zircon(4) 

Zircon is one of the most widespread rock constituents, but 
it') al'\vays present only in small quantities. It is macroscopically 
apparent only in pcgmat1tes. The so-called zjrcoIl syenites, 
belonging to the soda series of rocks, are especially rich in it. 
The mineral is abundantly present in brown, red, or greeni~h 
cloudy crystals with an adamantine luster and forms an import
ant constituent of the rock. As a rock constituent, it is always 
microscopic and the individuals are in most cases very small. It 
is entirely colorless in thin section. It is almost never wanting 
in the acid and intermediate members of the normal series of 
eruptive rocks and is one of the first minerals to crystallize in 
them. It is, therefore, in minute crystals that are as perfect 
as models and often have an abundance of faces. It is less com
mon.- in basic eruptive rocks and is only exceptionally observed 
in peridotites and in the members of the soda rock series rich in 
alkali. It is found in all types of contact rocks, but it. occurs more 
frequently in grains, which are well characterized by their high 
index of refraction and brilliant interference colors. It is nearly 
always present in sedimentary rocks, but mostly in clouded grains. 

Zircon is not attacked by aeids. When decomposed in rocks 
it often shows characteristic zonal structure in which clear and 
more Or leSs ·clouded ZOUllS alternate, Fig. 241. In spite of this 
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there is much doubt. concerning the mineralogical and petro· 
graphical definition of the mineral It is often very difficult to 
distinguish it from xenotimc, which has a slightly higher double 
refraction and. according to modern investigatioIls is found to be 
as widespread in acid rocks as zircon. Beennse of their similar 
appearance and oecurrence they can be differentiuted positivdy 
only by the Hepar reaction. Besides thatJ very different vtlrie
ties can be dif:olt.inguished in macroscopic crystals of zircon. One 
variety with a normal specific gravity and quite a high double 
refraction seems to be related by gradual transi
tions with one ,,,hose specific gmyity sinks to 4, 
and ",hieh iF; scarcely double refracting 'when 
entirely clear and homogeneous. It cannot he 
determined just how much this transition is 
baRed upon the taking up of ,vater, as haR been 
shown for the cloudy variety known as malacon. 
Little is known of the distribution of the varie
ties with low double refraetion because the 
mineral occurs in small amounts and if' usually 
overlooked, or i8 classed as a member of the 
epidote series. c;,p 

Xenotime is frequently found by chemical Fw.241.-ZircoD 

investigations among the high double refracting ~::D;:rr:l~:i tos::e 
individuals and is generalIy determined as Principal AX;M. 

zircon. Sometimes the zonal clouded crystals 
belong principally to xenotime. Under certain conditiolls it 
can be tonfused ,,,,ith colorless cassiterite, but the chemical 
reaction and higher double refraction of cassiterite, giving 
rise to white of the higher order in a normal section, serve to 
distinguish them. It is distinguished from titanite by a lower 
double refraction. It can also be confused with monazite or 
with colorless epidote, but convergent light shows the difference 
at once. Confusion with anatase and rutile was mentioned 
under these miner'als. The occurrence of pleochroic halos 
around zircon individuals is noteworthy, see page 197. Very 
perfect cleavage is only clearly observed ill th~ larger individuals 
and is almost entirely lacking in the ordinary microlitic forms. 

Xeaowne (4) 

The distribution of xenotime in rocks cannot be ascertained with our 
present knowledge of it. It appears to be present first of all in acid eruptive 
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rocks and in sedimentary rocks derhed from them, occurring with or in~ 
stead of zircon. It is easily recognized. when it occurs in short pyramidal 
crystals, which afC sometimes intergrown parallel with prismatic zircoll 
cry.:tuls. It may form prismatic crystals itself like Fig. 241 and these can 
Hearcely be distinguished from zircon. The higher interference colorl;;, 
whit{J of the higher order if the crystals arc not too thin, and also the pleo
chroism (w light ro!'w-fed, e pale yello,\;sh), which closer ohservation reveal", 
make the recognition of isolated crystals possible, but, in thin section both 
of t11e,1(' propl:'rt,ie~ 81"C not distinctly f'yjdent. The pyramidaJ crystals are 
usually greatly clouded by decomposition and in the prismatic crystals, 
which were simply called zircon, this turbidity is very common, particularly 
in the zonal dE'YeloplIlC'nt. Clear prismatic crystals are rarer. 'I'he Hepar 
te~t on carefully isolated material gives positive proof of xenotilne. How
ever,only fre<;h yarieties give this reaction because the sulphuric acid disap
pears when the crYf'tals become cloudy. It. is difficultly fusible before the 
hlo\vpipe, and if moistened with sulphuric acid H colors the flame bluish
green. It. i" slowly decomposed in a salt of phosphorous bead. 

Corundum (4) 

Corun~1um shows varying; habits. Short pyramidal crystal:; sometim{'s 
with a barrel shape, Fig. 242, and with distinct zonal structure, or thin 
tahular crystalf; parallel to the base are the common forms. Cross sections 

with a poor outline and pale speckled color are often 
C-'ft difficult to determine, because they have no character

istic appearances except the high index of refraction. 
The pleochroism is characteristic and is observed only 
when the mineral has a deep blue color. The various 
other macroscopic colors are not seen in a thin section. 
A few twin lamellre parallel to the rhombohedron are 

,( seen now and then. As a granular aggregate it forms 
the principal constituent of emery, which presumably 
rcpr('sents a dike-like development in contact-metamor
phlc limestones. It is otherwise almost entirely a con
tact mineral and as such is most frequently developed 
tabular and accompanied by sillimanite, eordierite, 
spinel, etc.; or it occurs as the result of resorbed inclu

Fw.242.-"Barrel- sions of aluminous rocks in eruptive rocks. These are 
shaped Cryst.al of the large blue crystals of sapphire occurring especially 
IJOl'un,jum. in pegmatites. It is also found in contact rocks as 

dark irregular masses of microscopic size produced by 
segregation. Corundum can be recognized by the naked eye in granular 
limestones and dolomites in which it appears brilliant red, ruby, but in 
thin section it is colorless. It is often necessary to isolate corund urn 
from a rock to determine it positively. Its great resistance even 
toward molten carbonates of the alkalies makes its isolation easy. The 
presence of s:rna.ll grains of corundum in sections prepared with emery is 
mentioned becaW>e they often give rise to confusion. Conmdum is dis
tinguished .,frtnn vesuvianite ~nd apatite by its more brilliant interference 
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colors. Light colored varieties of tourmaline can ue very similar to it, but 
the latter shows a greater difference in absorption. Among the biaxial 
minerals it may be confused with those which an' often blue like corundum, 
such as cyarlite, sapphirine, lawsonite, zoisite, sillimanih', etc. Inve!;tiga~ 
tioIlf'l in convergent light show the differell('es. 

Vesuvianite (Iodocrase) (4) 

Vesllvjanit,e is a t,},picuJ {'ouwt't mineral Olat occu.r" In wfdJ dl'vt'Joppd 
short prismatic crystals only in contact-metamorphosed limestones. In 
other contact rocks it forms irregular, elongated grains. It. is macroscopic
ally light green or yellow to brown in color, but in thin section it is colorless 
and transparent. OllIy those varieties containing manganese arc colored 
distinctly reddish. It is decomposed by hydrochloric acid witti difficulty 
and fuses before the blowpipe with intu:::ncscence to a greenish glas~. After 
fusion it gelatinizes with hydrochloric acid. The vesuvianites form It series 
of isomorphous mixtures of which one end memher, which usually pr('domi~ 
nates, is optically negative, and the other has a weak, positive, double re
fraction. Anomalous interference colors are therefore frequently observed 
in the intermediate members and the colors may be arranged in a zonal 
manner. The division of basal sections into regular biaxial fields is very 
common. Dense aggregates like nephrite, whiGP occur in serpentine and 
produce a formation similar to saussurite, are noteworthy. In such an 
occurrence it is extremely difficult to recognize vesuvia.nite and distinguish 
it from grossularite, gehlenite or zoisite, and clinozoisite, sinee all these 
milwrals have high indices of refraction and show anomalous interferenee 
colors. It is diffi-cult to distinguiBh from apatite and this can often only be 
done by a chemical test. It appears similar to andalusite even when it has 
normal interference ('olors, but the biaxial behavior of the latter serves to 
differentiate the two. 

Gehlenite Group (4) 

GehJe.nit,e ilJld IDf'Jj}jt.e Me lIppare.ntJy lIJl j.so.mOJ'pbous .mixturf' of It caJ
cium-aluminium silicate, which sometimes occurs. pure in gehlenite, with 
a calcium silicate free from aluminium, that is not known in nature. G .... hle
nite forms rounded, short, prismatic crystals in contact-metamorphic lime
stones, and the length is usually quite the same as the thickness. Melilite 
occurs more frequently in poorly bounded, tabular crystals parallel to the 
base, and appears to be confined to basalts and tephrites. The former is 
macroscopically grayish, and in thin section always colorless. The latter is 
now and then colored yellow by its content of iron and the extraordinary 
ray is absorbed more than the other-}].umboldile. The latter also occurs in 
large irregular particles which are entirely perforated by leucite crystals . 

. The negative double refraction diminishes with a decrease in the eontent 
of aluminium and those poorest in ahuninium are optically positive. Be
tween these extremes there is a series of mixtures, which show anomalous 
interference colors in the most typical manner. 

Both minerals are ea.sily altered and the melilite particularly is often 



234 PETROGRAPHIC METHODS 

('oated withn dull hazy film. The mineral itself is also clouded considerably. 
1t may pass over into u fibrous aggregate ",ith a strong double refraction, 
the fiLers standing perpendicular to the basal pinacoid. Melilite often 
shmvs the ('haracteristie appearance of having its sections crossed by 
numcrOUR thin glass pegs arran~ed parallel to the principal axis. These 
penetrate into the cry-stall' from hoth sides and often spread out like funnels 
ill thl' interior. fiu('h an appearance is call('u peg structure, Fig. 243. Cleav-

age is often entirely lacking in such 
spctions, but ill other cases it i:=: 
seen in a few sharp cracks running 
perpendicular to the principal axis. 
Perovskite is a characteristic asso
ciate of melilite. Gehlenite is often 
~'ery similar to vesurianite even in 
varif'ties with anomalous interfer
ence colors-fuggcrUe-and to 
zoisitc and clinozoisite, and is often 
only to be distinguished from them 
positively by treatment with hydro
chloric acid. Melilite was formerly 
determined as feldspar or as neph
eline, but is distinguished from 

FIG. 243.-Peg Structure ill Meliliw. them by the higher index of refrae-
Melilitejmsali, Oahu, !:iandwich Islands. tion, the dull appearance in re-
(After E. Cohen.) fleeted light, and the chemical 

properties, particularly the ease 
with which it i:< dissolved in acids, and the high content of calcium. 

]n certain cont,act rocks in the Fassatal, gehlenite is replaced by fuggcrite, 
11 mineral with a similar composition. It is likewise tetragonal and occurs 
in tabular crystals. It is isotropic for sodium light and therefore has deep 
blue anomalous interference colors. It has a more perfect basal cleavage. 
Sp. gr. =3.18. It is solubl£' in acids with the separation of powdered silica. 

Tourmaline (4) 

A group of complex silicates containing boric acid is included 
under the name of tourmaline. Lithia tourmaline, macro
scopically very pale, in thin section colorless, scarcely ever 
occurs as a real rock constituent and is distinguished from the 
strongly colored green, blue or brown magnesia tourmalines, 
which are mostly light colored in thin section. The iron tourma
line containing titanium, scharl, is, like most silicates containing 
titanium, macroscopically black with a pitchy luster. It is 
highly colored in thin section and is characterized by a very 
strong absorption of the ordinary ray. It is the most important 
merp_ber of the series as a rock constituent. 

Schorl is often in zonal crystals built up of layers with different 
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intensities of color. The hemimorphic development of the 
crystals, tIle ends of which are shown diagrammatically in Figs. 
244 and 245, is rarely apparent, but the three- to nine-sided 
cross sections, Fig. 246, arc very characteristic. ThE' tourma
lines that are light colored in t,llill section arc e~pecial1y vdue
spread in granular limestones and afe often found in large, 
well developed crystals with yellowish, greenish, Lluish or 
brownish color, but these arc often difficult to recognize because 
of the comparatively small difference in absorption. In other 
rocks the blue varieties form ragged partides without any indi-

FIG. 244. FIG. 245. 

Opposite Ends of It Tuurmaline Crystal. 

FlU. 246.~ToUl:mllline 
Cros~ Hectiun. 

cation of crystal form. Radial aggregates~tourmaline suns
are very witiespread. It is often noted also that a crystal of dark 
tourmaline is ,,,,ell bounded on one side and on the other side it 
is grown into a fibrous aggregate of light colored tourmaline. 

The optical properties vary \",ithin ·wide limits. The indiccl:i of 
refraction and the double refraction appear to be highest in the 
members rich in titanium. The indices and the double refraction 
increase in the pleochroic halos, bee page 197. 

The dark colored varieties are sufficiently distinguished in all 
cases from tIle numerous and widespread mellloer~ of the mica 
and amphibole groups and from apatite, with which (hey haye 
been confused, by the strong absorption perpendicular to the 
principal zone and by the trigonal cross sections. The minerals 
with light color and low absorption, which are difficultly recog
nizable, are very similar to andalusite, staurolite, lawsonite, 
fOl'sterite, and corundum, but by more careful observation 
the stronger absorption of the ordinary ray can be observed 
even though it is only seen in traces. Epidote often shows a 
similar orientation of the abso:totion. In this case the usual 
speckled appearance of the interference colors of epidote and its 
cleavage serve to differentiate them. Investigation in conver
gent polarized light is helpful here as in most of the other cases. 
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J n any case the resistance of tourmaline to reag"ents allows it to 
he easily isolated and it can be determined by its reaction for 
boron, see page 169. 

Only schorl is known as a primary constituent of eruptive rocks 
and it sometimes occurs as an accessory constituent of granitic 
rocks, especially the aplites. Otherwise tourmaline is the most 
diRtinctivp mineral of pneumatoIytic processes, and its formation 
can nearly cycrywhere be shown to be connected with such 
Pl'OC:CRSCS. It is therefore always found where they have been 
most intensely active. Besides in the pegmatites, it is found 
especially in the yieinity of till arc veins and certain copper ore 
dikE's, 'i",here the "'hole rock has bCCll tourmalinized. It oc('urs 
ulf'o in the kaolin ueposits. 

The distribution of tourmaline in contact rocks of all sorts 
must be especially emphasized. It is neve-r lacking in all the 
various kinus of formations which owe their origin to contact
metamorphic. alteration by granit.ic rocks, even though the 
granite itself contains no trace of tourmaline. Tourmaline 
Rometimes occurs in very large individuals, e.g., in the schist 
zone of the Central Alps where the crystals are macroscopically 
apparent, but even in these rocks it is more common in separate, 
minute microlites, which could be easily overlooked unless Ollf' 

acciuentally oLse-rves a typical cross section or finds a pris
matic crystal with the characteristic absorption perpendicular to 
the principal zone. Tourmaline is everywhere present in this 
form in gneisses, mica schists, amphibolites, green schists, 
hornfels, and Knotenschiefer and it is found in distinctly 
developed individuals in the remotest parts of the contact zone. 
Here no aheration can be recognized in the external appearance 
of the rock itself, and under the microscope the action of ·-contact 
metamorphism can only be discerned by the formation of tour
maline anu the development of small, clay slate needles-rutile. 

Apatite (5) 

Apatite is everywhere present as a rock constituent, but in 
small quantities and nearly always in minute individuals, It 
occurs in acid eruptive rocks in well developed crystals with a 
long, prismatic to needle-like habit, Fig. 247. In basic rocks 
and, especially in those rich in sodium, it forms large, rounded 
crystals .that. are short and thick, and in contact rocks and sedi-
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ments it forms rounded grains. Apatite as a rock constituent 
can only be seen macroscopically in exceptional cases. It appears 
as crystals 'with a brilliant luster in certain camptonites and may 
like\vise be observed as light blue grains in marble. Radial 
aggregates-phosphorite--frequently colored dark by 
organic substances, are founo. in numerous sediments 
as large concretions. 

Apatite is always one of the first products to crys
ta1lize in eruptive rocks and is, therefore, largely in
cluded in the other constituents, especially the dark 
ones. It is strikingly contrasted with the other 
minerals by its colorless lath-shaped or six-sided cross 
sections, Fig. 216, page 197. Gas, liquid, and glass 
are observed as inclusions in apatite. It is not often 
colored and the colored varieties are confined to FIG. 247. 

eruptive rocks. It may be gl'ayish-blue, brown, or Apatite. 

brilliant orange, with a strong absorption parallel to the principal 
zone. Six-sjdcd sections uo not give a distinct interference ·figure, 
because of the low double refraction. ,vVeathering and di~in
tegration of the rock usually leave the ~patite unaffected. It is 

FlG. 248.-Sllde of a Bone with Perfectly 
Retained Structure from the Permia.n Wichita 
Beds of Texas. 

therefore found very wide
f'pread in soil~, which owe their 
content of phosphate to the 
great dissemination of apatite 
microlites. 

In many instances apatite 
can only be distinguished posi
tively from vesuvianitc, zois
ite, or from other colorless 
double refracting grains be
longing to orthile (allanite) by 
chemical tests for phosphoric 
acid. Low double refraction 
and the negative character of 
the principal zone distinguish it 
from tremolitc, sillimanite, etc. 

Bone substance, consisting predominantly of calcium phosphate, is to be 
appended to apatite. It likewise has a'low double refraction and occurs in 
fine fibrous aggregates that are imperfectly radial. Within them the or
ganic structnre is often perfectly retained and shows itself in the nutrition 
canals, etc., Fig. 248. 
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Rhombohedral Carbonates (5) 

The rhombohedral modifications are the only carbonates t.hat 
(H'cur as actual rock constituents. The others are found prin
cipally as f.leeondary depositions in crevicE's and as organic remainR. 
The diagellPtic transformat.ion of these into calcite is explained 
in the Allgemeine Gf'steinskundc by E. \Veinschenk, page 118. 
Calcite iF' one of the most ,yjde~pread rock-forming minerals. It 
forms the principal constituent of extensive formations and con
stitutes ·whole mountain chainB. Dolomite is likf'\T:iBP quite 
widespread, while the other carbonates treated here, magnesite, 
siderite, and flmithsonitc, are more of local importance. 

It. is notmvorthv that ('alcitC' seldom formf;; crystals in rocks. 
They do o{'C'Ur in ~inute, isolated rhombohedrou's in the central 
granit.e ~nd are here undoubtedly grmvn into the quartz as a 
primary C'onRt.it.ucnt. Other than this it is always a secondary 
eonstituent. of eruptivE' rock::.; produced by thE' ahertttion of sili
cates of lime. rReudomorphs of' ealcite aftf'r plagioclase or 
augite, anti even after olivine, arc found in greatly altered oceur-
1'er1('('R. It is esp('ciall~' fre({uent under such conditions as an 

impregnatjon in the rocks. 
Khich it may penetrate in 
large veins in which the calcite 
is granular, or fibrous or the 
ground mass of a porphyric 
rock may be entirely impreg
nated with fine aggregates of 
calcite, \vhich frequently pos
sess a radial, fibrous structure, 

Dense seuimentary lime
stones consist predominantly 
of irregular, granular aggre
gates of calcite. The indi

FI;~ru2e~!~~~~!I::~~:n~ A;;.i~oo viduals are usually clouded 
with inclusions and vary 

greatly in size. They are often transformed into larger grains 
with greater clearness by recrystallization, The organic struc
ture is often distinctJy retained in such a formation, Fig. 249. 
Only rarely do the limestoneS" fail to show crystalline aggregates 
·under the microscope, as for example in the Solenhofener schists, 

. which a.re~, considered B.$ a brackish water formation. Radial, 
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fibrous oolites, sometimes with onion structure, are found in 
limestones. They often lose their structure by secondary 
processes and then they consist of small spheres of granula.r 
calcite, Figs, 190 and 191, pages 186-187. 

Calcite shows its best development in the various groups of 
contact rocks, as in lime-mica schist and in calcium-silicate fels. 
In some of these rocks it forms the principal constituent as in 
marble, while in others it occurs in subonlinatc particles as in tl\(' 
two rocks mentioned above. It neyer shows crystal form, bui, if; 
always in granular aggregates and all the other rock cOIll%it
nerrts are well crystallized in it, while in those occurrences rich 
in silicates the calcite takes on the character of interstitial ma
terial. Pure marble lying next to the contact is often quite 
coarse grained, the individuals measuring as much as an inch in 
one dimension and these tend to be colored sky blue. All ,gra
dations are found from this down to formations that arc macro
scopically entirely non-crystalline. Under the microscope a vpry 
regular texture of crystalline grains of calcite is observed. It, 

sometimes shows mosaic structurf' and sometimes the grain~ 

are intimately dovetailed into each other, Figs. 192 anti 193, page 
187. The individual grains are sometimes clouded with fine 
graphite dust and then are somewhat pleochroic \vith the darker 
color in the vibration direction of the 

ordinary ray. The perfect cleavagp ~\ 
parallel to the unit rhombohedron, Fi~. '/"" 
250, which is difficult to observe in the // -..... 
denser aggregates, shows plainly in thiH ' /' ''-, 
type in a series of sharp cracks. Y ery 
frequently, but not always, numerous 
twinning lamellae parallel to -~ Rare Fw. 2(iO.-RhombohedrOD 

seen, and these are often parallel to but 
one face of that form. They are to be explained by the gliding 
of the calcite under the influence 'of pressure, and have proba
bly resulted during the mechanical operations of the 'grinding. 
The small number of lamellre in Figs. 192 and 193 is remarka
ble, and is very distinctive because the marblp from Carrara i~ 
considered as a type of dynamo-metamorphic limestone. 

1[ndouhtedly the twinning 18,m~nre are increased everywhere 
where the marble has been subjected to orogenic stresses after re
crystallization had taken place, and such occurrences consist en
tirely of fibrous grains in which the manifold bending indicates 
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the high degree of plasticity of calcite, Fig. 20,5, page 192. This 
mineral also breaks under too high a pressure and dense shattered 
aggregates with great solidity are developeJfrom granular marble. 
This is '1,.'e11 illustrated in the ivory marble with its excellent 
('ataelastic appearance. 

The great difference in the indices of refraction for the hl,."O 

principal vibration directions can be distinttly shown under 
the microscope with one nieal. It is also the cause of the brilliant 
interference colors, which the twinning lamellre crossing the sec
tion obliquely often show; compare Part J, page 87. In a 
normal section calcit(' gives a pale white of the higher order 
between crossed nicolf.l. Cross sections in which the elea llage 
cracks form an equilateral triangle show an interference figure 
distinctly even \vith a ]ow-p01yer objective. 'VitI} a higher 
objective a black cross is obtained surrounded by numcrou~ 
colored rings but these arc often disturbed hy interbedded 
twinning lamell::e. 

Dolomite is distinguished from calcite by its greater tendency 
to develop its own crystal form. If it is intergrown in calcite 
it usually shows rhombohedral cross sections, Aggregates con
sisting principally of dolomite show the mosaic structure much 
more distinctly thn.n ~alcite, and this may paSH over into a fiue 
drusy granular structure like sugar. The dovetailed structure 
is also found in pure dolomites but it is rare. It forms "\vorm
like intergrowths in calcite in a few occurrences of eozoon- cana
densis. The higher indices of refraction and double refraction 
compared with calcite cannot, generally be determined in an 
ordinary section. The lack of twinning lamell", parallel to - Ij2R 
is typical, for that is not a gliding plane in dolomite. In place 
of that, however, twinning parallel to - 2R occurs in numerous 
lamellre so that ill not a good means of differentiatia"n although 
generally there are fewer twinning lamellre in dolomite than in 
calcite. Furthermore, they are seldom so greatly deformed. 
The gre~ter absorption of the ordinary ray is more easily noted 
than in calcite. 

Dolomite is also found as a secondary formation in altered 
eruptive rocks and may be in pseudomorphs or as fine impreg
nations in the ground mass. If the content of iron which is 
always present has not given rise to the formation of rust, 
and also in the rare cases where it occurs in radial fibrous form 
filling \,llt crevices, d~lomite can only be determined by a chem-
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ieal test. Dolomite Tocks of the sediment.ary formations. gener
ally show a. more distinct. crystalline texture tlUUl lime",t()Ile~. 
and are often penetrated through and through by veins of calcite. 
The numerous eavaties, ,,,hich appear maeroseopienJly and ate 
coyered with small dolomite crystals, are ct5peciaUy character
istic. Under the infiuenec of contact. metamorphism the Jolo
mites form granular, and often pure, white dull)mitc marhle, 
which is usually finer grained than the equivalent limeHtones, 
and like the limestones show tl'ansitionE! into silieate fell'l. Gran
ular dolomite ,\\·ith exccllf'ut -mosaic structure 'weather::' vcry 
frequently to a Bandy mass ronsisting of smuJ1 rhombohedron;. 
d()Zmnite ash. 

Magnesitp. is much rnrer and OIlly of local importance. If jt re ... ults AS a 
by-product of serpentinization it is found in well develoPl'd unit rholIlbo
hedrons containing considerable iron. They are intergrown in sCrj)('ntin(', 
chlorite fels, pot stone, etc. It forms gmnular pseudomorphs after olivine 
in certain melaphyrefl and in sagvandhe. Larger homogeneoulS mass('s, 
which occur within the metamorphic limestOtlOs in the border zones of thf' 
Central Alps have a very coarse-grained texture and com:ist of flatrhombo
hedrons, -lj2R, with dimensions of about an inch, This form occurs vpr:v 
distinctly in pinolite8 streaked with layers of clay slate. These varietiNi 
also contain iron in considerable amounts and they, therefore, aSSUID(' a 

rusty appearance upon weathering, Snow-white aggn'gates of magnesite, 
free from iron, are just the opposite of those above. They are d('n'!P like 
porcelain, have a conchoidal fracture, and form v('ins in serpentine ami, if 
it can be detected microscopicaUy at all, they show a sphcrulitic texturt', 

Siderite is sometimes yellowish and weakly pleochroic in thin ~('ctions. It 
occurs locally in extensive deposits, and in geological association with 
magnesite it forms coarse to medium grained masses within the granular 
limestones of the Central Alps. It is also found as a constituent of carbona
ceous iron rock occurring in bedded deposits. It is tine granular and filled 
with carbonaceous particles. It occurs also in the form of fibrous and Rpher
ulitic concretions-spherosiderite. This name is also used for radial fiIp'OUS 

incrustations of iron carbonate in crevices of tI"ap rock. 
For the other modifications of calcium carbonate, see aragonite under the 

biaxial minerals. Ktypeite has been found in rocks, espcc.w.Uy as a constit
uent of a few pisolites, It has a specific gravity of about 2.65 and n about 
1.55, r-a=O.020, optically uniaxial, positive. Conchiie, which is quite 
simi.lar to aragonite in lllltny respects but is undoubtedly not the same, is of 
interest because it forms the principal constituent of &)lells of living mollusks 
and many other lime organisms. Its geological significance depends upon 
its slight stability, especially upon the ease with which it is transformed on 
the one hand into calcite and on the other into dolomite under the influence 
of soIutio.qtl containing magnesium. Sp. gr. >=2.85, a= 1.523, r= 1.662, 
r- Q=O.139. OpticallyuniaxiaJ., negative, but frequently shows a distinct 
opening of the cross in con vergent polarized light. 
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Concerning the distinction of the carbonates among themselves 
and from other similar minerals, it may be mentioned that in 
the normal fresh occurrences a differentiation of the rhombo~ 
hcrtral carbonates frOID each other is not possible in a thin section 
by simple optical investigations. The special reactions thol'w 
Dug-hly discussed on page 175 must be used here. The same i~ 
true for conchite and the orthorhombic series of carbonates of 
which only aragonite occurs as a constituent of rocks and is 
found but rarely. It almost aJways forms fine fibrous aggre
/!,::Ltcs, which cause great diffi('ulty in the determination of the 
ortieal propertie~ even in ronvergent polarized light. The car
bonates often appear yery similar to tit.anite, out observation of 
the index of refraction nJ"\,'ays giycs a positive distinction. The 
carbonat.es can alwHy'f' be positively determined in thln sections 
by the effervescenec with eold or warm aeid. 

Eudialyte (Eucotite) (3) 

Eudial~·t(' forms l'ounded cry",tals or irrE'gular grains and can always be 
recognized DmeroscopicalJy by its reddish ('olur. It is usually colorit'sB in 
thin s('ction. The optical character is variable in one and the same cross 
seetion. Parts that are \"eakly doubly refracting and optically positive, 
alternate wlth those tlw.t are isotropic or }l!iVe a negative double refraction, 
eucolite. These sf'ctions do not show anomalous interference colors. The 
members that are optically negative are often distinctly colored in thin 
s('c!ion and show weak absorption, (I» c. The mineral has OIlly been found 
in nepheline syenite. It can be distinguished from apatite by the fact that 
the eudialytc grains are always considerably larger. 

Scapolite Group (5) 

The scapoEtes form an isomorphous ~eries wjth quite varjable 
optical properties. The calcium-aluminium silicate"" meionite, 
forms one end member and a sodium-aluminium silicate, 
marialite, the other. The former has higher indices and 
double refraction. Dipyre, couseranite, etc., are intermediate 
members but they are all referred to in general as scapolite 
because the distribution of the various members has been very 
little studied. 

The scapolites shmv crystal form only in contact-metamor
phosed limestones. In them, prismatic crystals are macro
scopically visible, but in spite of that, they are difficult to 

. recognize; see cross sections band d, Fig. 237, page 225. Other
wise onlr:,granular or columnar aggregates are observed in which 
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the cleavage sometimes appears distinctly. Alteration to 
micaceous minerals with characteristic mesh structure is frequent 
as is also alteration to homogeneous individuals of colorless 
chlorite-leuchtcnbergite. Special rcacti9ns for scapolitc, page 
174, can be made only on fresh material, hecause the content 
of chlorine is lost in the proeesfI of weathering. The usual 
occurrence of these minerals is in contact rocks and they arc 
often so filled with carbonaceous inclusions that they are non
transparent. By metamorphism black crystals may be devel
oped with an appearance similar to that of ciliastolite, con'<>CT

anile, or white knots with excellent sieve structure may ue 
formed. If alteration phenomena also appear, it is very difficult 
to recognize the mineral. It occurs, furthermore, as granular 
aggregates in metamorphosed diabases and gabbros, especially 
in the vicinity of the Norwegian apatite dikes. It is likewise 
found in various rocks called scapolite gneiss but they do not 
have the composition nor the geological significance of a gneiss. 
They are mostly normal contact rocks. Scapolite often plays a 
role analogous to that of tourmaline in the contact formation 
of granites and particularly in that of basic eruptive rocks. 
Its lack of characteristic optical properties obscures an accu
rate conception of its distribution which is undoubtedly not 
unimportant. 

The scapolites are most frequently confused with quartz and 
feldspar. The positive optical character of quartz and the 
biaxial property of <feldspar distinguish them. Cordieri!e 
appears quite similar to the members with low double refraction 
but it has no cleavage in addition to being biaxial. The special 
reactions referred to above are the safest since the optical 
properties are so variable. 

Alunite (5) 

Alunite forms cube-like rhombohedrons and occasionally basal tabular 
crystals and flaky aggregates. The cleavage appears distinctly both macro
scopically and microscopically. It is only found as an alteration product of 
acid extrusive rocks which have been subjected to the action of solfataras. 
It is distinguished from diaspore, which accompaniea it, by its lower indices 
of refraction, and from quartz by the cleavage and high double refraction, 
and this lAtter property also distinguis.~es it from the feldspars. 

Beryl (5) 

Beryl is a rare constituent of certain granites and their contact formations, 
and occurs in poorly bounded prism.a.tic crystals. It is more frequent in 
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hHgP, clear or clouded crystals in pegmatites. It is usually '\'isible macro
scopically and is generally sky blue in the eruptive rocks, and sap green
emerald-in contact formations. It is sometimes light blue under the 
microscope. However, it is usually quite difficult to determine the poorly 
defined individuals with lIll:': de~ee of accuracy, hnd principally, because of 
its similarity to quartz, it is generally overlooked, if it only occurs in micto
<.;copie individuals. It is distinguished from quartz hy the negative charac
ter uf the double tE'fra('tinn. 

Brucite (5) 

Brucite ii'i rare but. is found in micaceous flaky aggregates in altered rocks 
rich in magnesium. It is charaC'terizcd by its tambac brown, an(>ffinlolis 
interference colors, which indicate a very low double refraction that approx
imatE'S that of chlorite. It can often only be distinguished from chlorite 
by treatment with silver nitrate when the brucite becomes colored deep 
Lrown. 1ts radial, scaly pSE'udomorphR after pericluRe in contact lime
stones~pred(.f.Zzite-and its coarse flaky occurrence in crevices in serpentine 
ure especially noteworthy. It is distinguished from the micas by-the nega
tive character of the principal zone and its easy solubility. 

Quartz, Chalcedony and Tridymite (5) 

Quartz is one of the most important rock-forming rnineralsr 
It pluys an important r6le in all groups of rocks. If it has 
crystal form it if; the hexagonal bipyramid a'one, Fig. 251, as 
in comhination with a very subordinate prism. The crystal. 

FIG. 251.--Qua.rtz. 

-$-
..c 

FIG. 252.---Qua.rtz Section Pa.rallel 
to the Principal Axis. 

are originally sharply developed but the edges and corners are 
often considerably rounded and the faces greatly corroded 
forming irregular, t/ubular indentations now filled with the rock 
mass, Fig. 252 and Fig. 199, page 189. Sections parallel to the 
principal axis have rounded, l"hombic outlines with an angle 
~of about 100°. Perpendicular to the principal axis the sections 
are six-~i®d, Fig. 237.,. page 225. Quartz is found principally 
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with this development in quartz porphyry and 1'11yolite, and it 
contains a few glass inclusions filling negative crystals. The 
same development is also seen, but less distinctly and more 
rounded, in aplites and dike granites, in certain binary granites 
and granulites, Fig. 253, and likewise in 1ime-mica schists. 

Rounded crystals of quartz are found in basic eruptive rocks 
and they may be present as numerous minute individuals pene
trating the basic constituents, Fig. 209, page 194, especially in 
certain gabbros, or they may be in large shattered individuals 
surrounded by a border of hornblende or augite needles arranged 
radially to the quartz-quartz-augen, Fig. 208, page 193. These 
are seen in lamprophyres and diabases. In the latter case the 
origin of the quartz can nearly always be distjnct]y traced to 

FIG. 253.---Granulitic (Aplitic) Structure. Fw. 2S4.-Dentated Quartz. Perosa, 
Granulite, CurunegaJa, Ceylon. pottic Alps. 

the shattered neighboring rock. Most frequently all indications 
of crystal form are lacking in the quartz. In most granites, 
syenites, diorites, etc., it fills the interstices bet1veen the other 
constituents, Fig. 180, page 182. Minute liquid inclusions, 
arranged in rows, are especially common in this type. They 
penetrate through the sections as cloudy bands and pass from 
one grain over into the neighboring one unQhanged. They are 
the cause of the clouded, milk-white color of certain occurrences 
of quartz. Others contain al)undant microscopic needles, 
apparently rutile, and still others are colored red by small 
flakes of iron oxide. 

In contact rocks quartz generally forms an uniform mosaic in 
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which the grains may simply lie in contact with each other, Fig. 
184, page 184, or they may be intensely dovetailed into one an
ot.her, Fig. 2.54. Again they may form suture joints, but not 
grow together as in itacolumite, Fig, 255. Halicoidal structure 
if:> found in t.he quartz aggregates in contact rocks. Lines of 
inclusions of carbonaceous substance or sillimanite, etc., corre
sponding to the original schistosity of the rock, wind about 
through the aggregates. 

Quartz does not su:ffer any alteration by weathering and, 
therefore, oecurs always entirely fresh in secondary deposits. 
In clastic rocks it is sometimes angular, Fig. 25G, rmd sometimes 
rounded. Frequently it is observed, that the fragments have 

FlG.255.-Itacolunute. Ouro Preto, 
Brazil. 

FIG. 256.--ClastlC 1jtructure. Sandston(', 
Scbramberg, Black Forest. 

grown into crystals by the addition of secondary silica-crystal 
sandstone, Fig. 257. In rocks containing hut little quartz, the 
mineral is often found in well developed short prismat_ic crystals. 
These may be homogeneous or they may be brownish, due to 
organic substance-stink quartz. They IDay be red to yellow, 
colored by iron hydroxide, or they may be colorless, clouded, or 
lim'pid. These occurrences are undoubtedly of secondary origin, 
formed in place, and, for the greater part at least, have been 
derived from the siliceous portion of organic skeletons which are 
known to be very soluble. Quartz also occurs as a secondary 
formation in granular or radial, columnar aggregates. It may 
be in pseudomorphs after other minerals in certain 6Tuptive 
;rocks and their tuffs, or it may be a siliceous cement as in crystal 
sandstone, where it occurs as an enlargement of the original 
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clastic grains, or again it may occur in dense aggregaie~ in sili
cified tuffs cementing the rock constituents. In the last case, 
however, quartz is frequently replaced by other modifi('.ations 
of silica. In fritt.ed sandstone it often has properties rCt50mhling 
perlite. Inclusions in it. are fused to glulSs. Quartz is extremely 
urittle and is, therefore, unlike any other minefUl, all indicator 
of the degree of dynamic action that has modified the rock. 
Under the influence of pressure, the appearance of eataclastic 
or mortar structure, Fig. 203, page 191, is most distinctly devel
oped. It frequently becomes biaxial under these conditions. 

Quartz is charactmized macroscopically by it.s <1oncoidal 
fracture with somewhat of a greasy luster and its great, hardness. 

FIG. 257.-Clastic Structure Crysto.l Sand
stone. Erbach, Odenwald. 

FIG. 25S.-Micfopegmatite. 

In rocks quartz is generally light smoky gray, but occasionally 
due to inclusions of (1) hematite flakes it is red, or of (2) mag
netite dust grayish-blue, or of (3) chlorite or hornblende green. 
A light blue color, which sometimes occurs, cannot be explained 
by microscopic investigation. Under the microscope quart.z 
shows an irregular outline and is always colorless. Twinning, 
which is also common in rock-forming quartz, cannot be recog
nized in thin section. Graphic intergrowths of microscopic 
dimensions of quartz and orthoclase are very widespread, 
particularly in the ground mass of porphyric rocks, Fig. 258. 
They are called micTopegmatites. Sharp, angular sections of 
clear quartz are sharply delineate-d against the clouded feldspar, 
presenting a hieroglyphic appearance. Frequently the inter
growth becomes more and more indistinct and passes over into 
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an irregular fibrous formation, granophyre, inclining to genuine 
spherulites, li'ig. 189, page 186. It may become still more irreg
ular ana i'O tiIl(' that it has no effect upon polarized light what
rver, micTujelsitB. An intergro\vth similar to the micropegmatit.e 
oecuI'f. in which the parallf'l individuals of quartz penetrating the 
feldRpar have worm-like sections---quartz vermicule-myrmecitic 
intrJ'IjTou·th, Fig. 25B. The feldspar is plagioclase. Both kindi-i 
of intergrowths are typical structures' for eruptive rocks. 

Quartz is easily confUl:.;ed n'ith severa] other minerals, lvhich 
like itJ are eolorless and have a low double refraction. It is 

FIG. 259.-Qllartz Vermiculo!, 

most similar to nepheline, 
whieh, h{_nvevert has a lower 
double refraction and is soluble 
in hydrochloric acid. It re
sembles optically negative Leryl 
and the various zeolites. which 
ran be distinguished from it 
by cleavage) solubility, and in 
many instances the biaxial be
havior. Scapolite is distin
guiRhed by its negative double 
refraction and cleavage) and 
cordierite by its biaxial proper
ties and frequent pleochroic 

halos. The feldspars can be distinguished in general by cleavage, 
indices of refraction) and biaxial behavior. This last property 
becomes the most important earmark for plagioclase in contact 
rocks where cleavage, twinning, etc., are lacking. In order to 
establish its distribution compared \vith these minerals, the 
special reactions cited on page 174 can be emplo)'ed to best 
advantage. 

A large number of fibroUl;, siliceous minerals, occurring in radial aggre
gaies or having an onion-like structure or both of these together and 
penetrated by opal, have been shown to be rock-forming minerals. They 
are found as concretionary masses in crevices and air holes in eruptive 
rocks, as a cement in their tuffs, .and as a cementing material in sediments. 
Chalcedony is the best characterized member of this group. It has a some
what stronger double refraction and negative principal zone, and the acute 
bh>ectrix of a very small optic angle lies perpendicular to this zone. QtuJ,rlz
inc and lussatite are similar to "it. They are biaxial with a small optic 
angle, but are positil'e and have positive principal zones. A variety known 
as lutezi.t6.;s, distinguished !rom the others by an oblique extinction of the 
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fibers, while pseudochalcedony is distinguished by the uegath'c character of 
the principal zone and of the mineral. Distinction from z('olitf's similar 
to it is only possible chemically. 

Ttidymite is more characteristic. Yery small tahular crystals with an 
hexagonal outline are clu$tered together and the little plates overlap each 
other like shingles on a roof. It shows division into segments in polarizpd 
light, and in convergent polarized Jight it gives a badly distorted, biaxial 
interference figure. The very low index of refraction is its most distinctive 
feature, causing it to appear in thin section with decided relief. It occurs 
particUlarly in acid eruptive rocks, rhyolite and trachyte, but not as a 
primary constituent. It is of secondary origin produced by fumaroles and 
is, therefore, not uniformly distributed, but is segregated in individual 
clusters. It is also found in a few fritted sandstones. 

Nepheline (6) 

Nepheline is never found in association wit.h quart.z and it 
occurs entirely in t.he basic soda rocks of the series from nepheline 
syenhe to theralite, and from phonolite to basalt. Two types 
can be distinguished. The one is fresh, has a vitreous luster and 
is limpid in thin section. It is called nepheline. The other is 
macroscopically reddish or greenish '\vith a greasy luster and it' 
is called elaeolite. The latter is distinguished under the micro
scope by being less fresh. It is filled with inclusions and de
composition products of various sorts but it is by no means to be 
considered as an independent mineral species. In 
coarse granular rocks the mineral can be distinetly rn 
seen macroscopically in the last mentioned form and 
the same variety is also observed by the naked eye m 

in nepheline porphyry. On the other hand, the fresh 
form is not so readily observed partly because the 
individuals are smaller and partly because they aTe ;~;h::~. 
clear) colorless, and transparent. Rocks) which con-
tain nepheline in fine particles, frequently show a characteristic 
greasy luster. 

When nepheline shows distinct crystal form its habit is short, 
thick prismatic, Fig. 260. Its cross sections are short rectangu
lar to six-sided, Fig. 237 e, page 225. Frequently inclusions of 
pyroxene needles are arranged in a zonal manner. It is usually 
without distinct cleavage. Even the variety known as elaeolite 
forms such individuals in rocks ric~h in nepheline. Characteristic 
for the shapeless particles of elaeolite are the irregular, clouded 
bands of decomposition prodUcts, and the inclusions of scales 
of brownish-red ferric hydroxide or of needles of aegirine. Like-
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,vise, t.he large grains of the clear, transparent type are easily 
recognized by the index of refraction which agrees almost ex
aetly with that of Canada balsam. However, when the dimen
sions arc very small, as in numerous nepheline basalts, or finally, 
when jt OCCUl'l:i only as a fine cement of colorless substance be
tween the other con~tituents, it can only be identified with an 
approximate df'p:rce of accuracy by gelatinization with hydro
c:hJol'il' fwid and the formation of cubes of salt. It can only 
be positiyely difltinguishcd from zeolites and rock glass, if in 
addition to thif' the eteh('d grains shm,' cross l:iections of a typical 
forIll after tlwy have been stainpd. 

The fact that llcpheline is confined to the soda rocks helps 
to make i1 more oatiily reeognized becaUl'le it is almost ahvays 
accompanif'd by bisili('ates rich in sodium and, when these are 
present, it l,<; ahntys ~yelJ to look for nepheline. Its similarity to 
the zeolitefi must, hmH'YCl', not be lost sight of. Numerous 
colorless minerals lu1YC heen confused with nepheline. Apatite 
il:> distinguished by the higher indices of refraction, quartz and 
cordieritc by the higlwl' double refraction, scapolite by both of 
these properties, and sanidine by a lower index of refraction. 

Nephcline is one of the most easily attacked of the rock con
stituents. Alteration into zeolites such as analcite, }lydro
nephelite, and natrolit.e is especially common-Spreustein. In 
certain rocks pseudomorphs of matted mica after nepheline are 
found and these have reeeived the name liebenerite or gieseckile. 

Apopbyllite (6) 

Apophyllite is rare and like all the zeolites is only known as a secondary 
product mostly in basic eruptive rocks. Th(' mineral is characterized in 
thin section by an extremely low double refraction, the occurrence of anomal
ous interference colors, and a very perfect cleavage. It -is a very rare 
mineral as a rock constituent. 

Chabazite (6) 

~ Chabazite is also found among the zeolitic decomposition products of 
silicates containing lime. It occurs in cavities and crevices in basic eruptive 
rocks and is found often in splendidly developed limpid crystals. It occurs 
as a rock constituent in the same kind of rocks, but is usually poorly developed 
and difficult to distinguish from the other zeolites. 

~ancrinite (6) 

Cancrinite rs confined to the soda rocks. It is sometimes associated with 
nepheline after which it also forms pseudomorphs. It sometimes replaces 
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nepheline. It appears macroscopically in poorly bounded grains and scaly 
aggregate!> with a yellow to reddish color, and is; distinguished by its good 
prismatic cleavage. Recently) rhombohedral crystals hn ve h('('ll obl'erYed 
in tephrites. Under the microscope its individllals are colorlm~s and haw 
inclusions of iron hydroxides, ete. 

The mineral is easily distinguished from all other rock ('onstit,Uf>nts h;\o! 
itOlIow indices of refraction and brilliant interferen<~e colors. The identit.y of 
the min('t'8.j can also be proved by treating the section und<;r the microscop(> 
with warm hydrochloric acid, when the df'v€'loprnent of ~mllll hubbh's of 
carbon dioxide can be observed. If the preparation is heat('d, the mineral 
becomes cloudy. Alteration is the same as in npphelinc. Canrrinitf' fllseH 
before the hlowpipe v.r:ith intlUIlesccnc(' to a vesicular ~Iaf;R. 

Hydronephelite (Rtmite) (G) 

Hydronophclite and ranit,c) which is distinguished from it by a small 
content of lime) are the most frequent alteration products of nepheline. 
They are observed in confused flaky aggregates in pseudomorphs after 
nephelillc,-Spreustein. They can only be recognizNI .vith any dpgref' of 
accuracy under the microscope in sections perpendicular to the c axis in 
('(mvergcnt polarized light, and in all cases they are difficult to distinguish 
from the other zeolites, which are associated '\\ith them in the compof:1ition 
of spreust,ein. 

4. Biaxial Minerals 

When the rock-forming minerals of the orthorhombic, monoclinic and 
triclinic crystal system'! show di:=;tinct crystal form they posse"s prismatic or 
tabular development. Pyramidal forms alone rarely occur, hut they are 
frequent as terminations on prismatic crystals. Pyramid faces also ha ve 
no significance as deavage directions. I"ig. 261 gives the principal types 
of cross sections observed. 

In the orthorhombic systelU, sections parallel to the a and c axes are more 
or less latb-shaped with 8; squBre or 8 domatic erid. Sections paraJ)cl to 1l 
macropinacoid are quadratic when there are but two end faces, and rhombic 
when the development is that of a prismatic form. When both of tLcs(' 
types of forms occur in combination, the sections are six- to eight-sided. It 
is significant that the prism angle of numerous orthorhombic minerals) and 
the same is true for monoclinic and triclinic crystals, approaches 90° or 
120°, and their cross sections are similar to those of tetragonal and hexago
nal minerals. Quite frequently crysta.ls with a lower symmetry are observed 
simulating the symmetry of a higher class. In the lath-shaped cross 
sections of the orthorhombic crystals the extinction is usually parallel and 
perpendicular to the edges, and the same is true for the sections across the 
front of the crystal, if its form is determined by the basal pinacoidal faces. 
If a prismatic form predominates in such a section, the extinction is sym
metrical. 

Monoclinic minerals are sometimes prismatic parallel to the axis of 
symmetry or in the direction perpendicular to it. Sometimes they are 
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tabular parallel to the basal pinacoid or the plane of symmetry, and occa
sionally to th(' macropinacoid. In the prismatic type all the sections with 
parallel extinction are lath-shaped, while thoS(' with oblique extinction are 
much shorter and have four-, six- or eight-sided outlines. If the prism axis 
is perpendicular to the direction of the axis of symmetry, the sections with 
parallel extinction may show all of the forms referred to in the orthorhombic 
crystals, ,"'hile the sections with oblique extinction appear elongated and 
ha ve unsymmetrical end faces. Minerals in the monoclinic system, devel
oped tabular parallel to the base, have lath-shaped cross sections, which 
may shmv parallel or oblique extinction, while sections parallel to the base 

FIG, 261 ,-Principal Cross Sections of Biaxial Mineral" 

are nearly always regular six-sided. Among the minerals on whic>h the 
plane of symmetry predominates, all section$ with parallel extinction are 
lath-shaped, while those with oblique extinction are rhombic or irregular 
six-sided. 

The tricliuic minerals, which are not abundant as rock constituents, are 
very similar to the monoclinic in form. Generally it is quite difficult to 
establish the membership of the variously orientated cross sectisms in the 
triclinic system. 

Sections of a biaxial mineral parallel to the plane of the optic axes give 
the highest interference colors of all sections. Such a cross section must be 
sougl\t to determine the value of the double refraction by means of the 
interference colors, and one can be assured of the proper orientation by the 
behavior in con vergent polarized light (see Part I, page 118). It is also useful 
to find a cross section paralIe! to the plane of the optic axes to determine the 
directions of extinction of monoclinic minerals, because in many monoclinic 
substances the axial plane lies in the plane of symmetry', and it is in this 
latter plane that the extinction angle must be determined. Sections of 
biaxial minerals perpendicular to one of the bisectrices give interiel'ence 
aclors which under all circumstances are lower than those of a section paral-
1e1 to the ~ of the optic axes. The colors in the one case are about half 
as highatJ'iji:the ot:l;ler, and they are about the same in both sections perpen-
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dicular to the acute or obtuse bisectrix if the optic angle approaches 900 • 

The interference color in a section perpendicular to the obtuS(> bisectrix is 
always the higher, and it is the more like that of a section parallel to the 
optic plane, the smaller the acute optic angle, The interference color is 
very low in a section perpendicular to the acute bisectrix if the optic angle 
is small, even though the double refraction of the mineral itself is high. 
This phenomenon is especially interesting in the investigation of micaceous 
minerals in the form of powder. In consequence of the perfect clea vage only 
small flakes are found and these are perpendicular to the acute bisectrix 
of a small optic angle. The best example of this is muscovite. It is optic
ally negative, and in certain occurrences, r- a=O.042. Therefore the inter
ference colors in a section parallel to the axial plane are quite brilliant in the 
thinnest slides. p- a=0.039 shows that in a section perpendicular to the 
obtuse bisectrix the interference colors are quite the same as in the fir::t 
section. On th~ other hand the double refraction in a cleavage plate is 
quite different) r- {J =0.003. Distinct interference oolors appear only in 
very thick plates. 

Biaxial minerals 1\'ith it small optic angle cannot always be positively 
recognized even in sections perpendicular to the acute bisectrix, because of 
the frequency of optical anomalies in uniaxial minerals. It is not possible 
to make a distinction in sections quite oblique or parallel to the acute bisec
trix. It v.·as noted in Part I, page 118, that in minerals with a large optic 
angle and high indices of refraction the optic aXes cannot be se<'n in COll\··er
gent polarized light even in sections perpendicular to the acute bisectrix, 
with a dry system of lenses, because the axes are totally reflected. The 
determination of the optical character of such a mineral is only possible in 
oblique sections according to the method described in Part I, page 115. 
Even this method is not always reliable, especially when the optic angle is 
nearly 90°, as in olivine and plagioclase. It is quite evident that the deter
mination of the optical properties is more positive and can be made in more 
sections where the optic angle h; large than where it is small, because most. of 
the sections in the former case 'will show a good characteristic intcrferencf' 
figure. 

The position of the plane of the optic axes relative to the principal zone is 
a valuable characteristic in det-ermining a mineral. The plane is sometimes 
parallel and sometimes perpendicul.ar to the prin~jpal zone. 

The size of the optic angle is different for various colors. For this reason, 
if an interference figure is rotated into the 45° position with respect to the 
planes of vibration of the nicols, a fringe of color "ill be seen around the 
vertices of the hyperbolre. It i$ sometimes yellow on the convex side and blue 
on the concave, and sometimes the reverse. In the first ease the optic angle 
is greater for red than for blue, and the dispersion formula is p> I). In 
monoclinic and triclinic minerals, the bisectrices for va~ious colors do not 
generally coincide. Inclined dispersion is the most frequent in the mono
clinic rock-forming minerals (see Part I, page 111). Strong dispersion of the 
optic axes or of the bisectrices becomes appar~nt in many sections even in 
parallel polarized light by the occurrence of ahomalous interference colors. 

When biaxial minerals show pleochroism three color axes can be distin
guished corresponding to the three principal vibration directions. In the 
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orthorhombic system these two sets of axe ... coincide. In the monoclinic 
sY8tern the two color axes lying in the plane of symmetry may be oblique 
to the principal vibration directions, while in the triclinic syt;tem there is no 
reguJarlty in tlw position of either set of axes. In hoth rases the difierellces 
arc quite small. An accurate orientation of the mineral section in conver
gf'nt, polarizod Jight should always precede an accurate determination of the 
pleochroism. 

Brookite (7) 

Brookite oceurs as a rock constituent in small rather elongated plates with 
domatic terminations, but, it iR a rare constituent and is always in small 
amounts. It j" of secondary origin fortn('d by the aU,eration of silicates COll

taining titanium, especially of biot.ite in granite and quartz porphyry, and 
it is also often found in clastic rocks. It is always accompanied by rutile and 
anatase. It is brown and transparent under the microscope. It. shows no 
pleochroism on the broad face and has an adamantine lust.er in reflected 
light. The crossed position of the optic planes for green and red is charac
teristic. It. can be noted by observing the tabular crystals in convergent. 
polarized light. The mineral can be determined by its adamantine luster 
in reflected light and high indices of refraction as well as high double refrac
tion. ObservatiollA in convergent light distinguish it from rutile, cassi
terite and pReudobrookite. It if'>. distinguished from goethite principally by 
chemical tests. 

Goethite (Keedle Iron Ore) (7) 

A ftWl remarks concerning godhite must be made here. Its occurrence 
in thin needle-like inclusions in various other minerals has been proved, but 
it is scarcely ever observed as a rock constituent on account of its similarity 
to rutile, brookite, etc. Fine fibrous aggregates of velvet blend are easily 
recognized iu oro deposits, but otherwise it can only be positively determilwd 
by chemical tests. 

The mineral, which was originally called goethite, is quite different from 
needle iron ore and it is now called ruby mica. Its composition is the same 
as that of goethite, but it occurs in short, rhombic, tabular crystals with 
veIJr perfect cleavage parallel to the broad face and perfect cleavage per
pendicular to it, and in addition it has a fibrous fracture. It is red to yel
lowish-red pleochroic, has high indices of refraction and comparatively low 
double refraction. 2V is not far from 90° for all colors in the same plane. 
Many of the red inclusions producing the red color or aventurine chatoyancy 
of minerals belong to this type. 

Fine grained to scaly aggregates of brown iron hydroxides with brilliant 
interference colors are widely observed as pseUdomorphs after pyrite. It 
cannot be positively determined whether they belong to goethite or not. 
The BaIDe is true for brown jron ore-limonite- 2FezOs. 3HzOI which under 
certain conditions forms similar 'aggregates. It is fibrous with perfect 
deavage in the direction of the fibers .and has a positive principal ZDne and 
neg4tive~~blel'efraction. It has high indices. r-a=0.05. 2V is very 
l&rge. ,It urbrowJl to yellow pleochroic b> t> a. 
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Pseudobrookite (7) 

Small rectangular tabular crystals of pseudobrookite are but rarely found 
in the recent eruptive rocks and their tuffs. It is quite similar to brookit(', 
out is usuaHy deeper colored and is probably always secondary, formed by 
fumaroles. It is red, transparent under the microscope only when it i~ 
extremely thin and is weakly pleochroic. It is distinguishf'd from brookite, 
goethite and wurtzite, which appear quite similar to it in ordinary light, 
by the depth of color and observations in con vergent light. 

Sulphur (7) 

Sulphur M a rock constituent is COnfillf'd on the one hand to volcanic 
rocks and is then either a by-product in alumstone or a binding material 
in tuffs of voleanic asb. It is difficult. to recognize in thf' la.tter case, but ('1m 

always be determined by its ability to ignitz and by thf' odor given off upon 
combustion. On the other hand, it is found in s('diments especially in 
g,vpsum and in organic deposits in which it is apparent even macrml('op
ically. Its microscopic distribution has been very little investigated. 

Baddeleyite (7) 

Fp to the present time baddeleyite is only known in uasic granular soda 
rocks. The cross sections are usually elongated and show twinning lamina
tion. They are pleochroic, being green parallel, and brownish perpendicular 
to the principal zone. It has perfect cleavage and is characterized beyond 
question by its high indices of refraction and double refraction. 

Titanite (7) 

Titanite is always only an accessory constituent of rocksJ but 
it may be so concentrated locally that it assumes considerable 
importance. It is distributed throughout all rocks with the 

FIG. 262.-Envelope Form 
of Tite.nite, 

FlO. 263.-Titanite. Horizontal Cross Section 
through Fig. 262. 

possible exception of pure magnesiUm silicate rocks. It has a 
great tendency to be associated with hornblende. Its crystallo
graphic habit is quite variable. In granite and related rocks 
the envelope form, Fig. 262, predominates. It gives" sharp 
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rhombic cross section, :Fig. 263, caused by the predominance of 
II123}, 2/3 P2. In soda rocks it has sharp angular prismatic 
development with lOll}, P iiO predominating. Individuals of the 
first type generally belong t.o groth1:te. It is macroscopically 
dark brown ""d is often quite distinctly colored, generally 
reddish, in thin section and is pleochroic. Those of the second 
type resemble more the yellow sphene, which is colorless in thin 
section. T\vinning parallel to the basal pinacoid is not rare. 
It often divides the rhombic cross sections in halves and it also 
occurs in the form of lamellae. 

The mineral is further found in grains, which are frequently 
elongated especially in schistose rocks. :Minute rounded particles 
may be assembled together, insect eggs, and the finer grained 
these are the more clouded they appear. Titanite is also wide
spread as a border around other titanium minerals and as pseudo
morphs after them. It occurs especially with anatase as the 
principal constituent of leucoxene. 

The cJeavage is usually developed only in a very few cracks 
and it is very characteristic that these are generally not parallel 
to the edges of the crystals, Fig. 263. The optical properties 
vary ,vithin wide limits, but the high indices of refraction and 
double refraction together with the strong dispersion of the 
optic axes afford good marks of recognition. Deep colored 
varieties can be confused with rutile under some conditions and 
the colorless or light colored ones with cassiterite or xenotime 
from which a distinct.ion is very difficult, if it cannot be made 
by the interference figure. This cannot always be done on 
account of the small optic angle of titanite. In. this case a 
chemical test for calcium, made upon the isolated material, is 
necessary to make a positive distinction. It is eas-ily distinw 
guished from anatase, zircon, epidote and monazite by the much 
lower double refraction of these. See page 242 concerning 
cotifusion with calcite. 

Lievrite (Ilvaite) (7) 

Lievrite is found in large masf:les in some ore deposits and in more isolated 
individuals in contact rocks. It forms pseudomorphs after the bisilicates 
in soda rocks. It is also encountered with fine hair-like development in the 
pores of trachytes and"is known as breislakite. Its determination is made 
very difficult by the fact that it is almost entirely nontraDsparellt but, on 

'the other hand/' it is favored by its solubility in hydrochloric acid and 
th(t m~mioo.l test for calcium as well as by its fusibility. Anig
malitH. !!l,;,n,., to it, see page 294. 
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Monazite (7) 

Monarite is a widespread constituent of granitic and syenitic rocks, 
~specially aplites and pegmatites, and the schists injected by them, but it 
is always only sporadically present. It occurs in tabular to prismatic 
crystals, Fig. 264, which have separated early from the magma. It is very 
easily confused with zircon and epidote in thin 
section, but observation with the spectroscope 
readily distinguishes them. The characteristic 
absorption bands of neodymium and praseo
dymium, page 168, characterize monazite. Cleav
age p1ates show an almost symmetrical position 
of the positive bisectrix of a. small optic angle. 
Since it is quite resistive to weathering, it is 
found also in elastic rocks, t'specially in sand 
stones, but it is frequently clouded and generally 
forms rounded grains. 

Livenite (7) 

When l:t venite occurs in ittegular grains it is 
often difficult to distinguish from epidote. In 
most of the prismatic crystals the position of the FIG. 264.-Monazite. 
optical plane parallel to the principal zone can be Section Pe.rallel Plane of 
determined. It is reddish-brown or yellow macro- Symmetry. 
scopicaUy and in thin section it is quite distinctly 
colored. Twinning lamel1re parallel to {100} are frequent. One of the 
axes emerges from a cleavage plate obliquely, It is always fresh. 

Woehlerite is very much like avenite. It is also monoclinic, but is some
what lighter colored and haa lower double refraction. It forms larger 
individuaJs, which are ustuJ.lly tabular parallel to {100} and have twinning 
lamination parallel to the same .form. The extinction angle is about 43° 
and that, together with the position of the optical plane perpendicular to 
the plane of symmetry, is the distinctive characteristic. The obtuse bisec
trix, which is negative, is seen in laminated cross sections. It is more easily 
attacked by hydrochloric acid and is more difficultly fusible than Ilvenite. 
Both mine.ro}s Me oonfiD.ed to' the sad8. rock6, but are widely distributed ;n 
them in isolated grains or crystals, accompanied by other zirconium silicates 
and violet fluorite. 

Another silicate containing zirconium and titanium, not unlike l&venite, 
has been observed in jagged needles that are frequently greatly honeycombed 
and often twinned, in certain phonolites and is aalled hainite. Monoclinic? 
It cleaves paraliel to 8 direction perpendicular to the positive bisectrix of 
a large optie angle with strong dispersion p> v. Negative character of the 
principal zone. Extinction angle up to 16°. Index of refraction about 1. 7. 
r- a about 0.012. Pleochroism light ye_How to oolorless. 

Chrysoberyl (7) 

Chrysoberyl undoubtedly plays no subordinate role among the constit
uents that a.re constant, but a.te only present in extremely sIDJill amounts in 

17 
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acid eruptive rocks, especially in aplites, pegmatites, and in schists injected 
by them. It is very difficult to determine it, when it occurs in small isolated 
crystals because of its optical properties which are unusually variable. It 
sometimes has a large optic angle with a weak dispersion, and often the optic 
angle is 0° for red and 900 or over for violet. It often shows anomalous 
interference colors in consequence of the great dif!persion. 

Epidote Group (8) 

The epidote group is one of the most difficult to recognize of all 
the rock-forming minerals, partly because of the great similarity 
in the optical properties of the various members, which are quite 
different chemically and crystallographically, and partly because 

of the enormous differences displayed by 
compounds, chemically very closely related 
to each other. Minerals of this group with 
an extremely low double refraction are 
distinguished from those which show 

FIG. 265.-Epidote. medium to very strong double refraction. 
There are types in the first class, which 

show t,he highest degree of anomalous interference colors, and 
others that are scarcely observable in thin section and give a 
pure gray of the first order. 

All the minerals considered here are developed prismatic with 
a tendency to a long, tabular growth. In the monoclinic 

FIG. 266.-Section through FIG. 267.-Section through 
a Twin of Epidore. a Twin of Orthite. 

members the principal zone is that of the axis of symmetry, 
Fig. 265, and the orthorhombic members, contrary to custom, 
are set up accordingly, so that the principal zone is that of the 
transverse axis. Sharply bounded crystals are rare. The pre
dominating cross sections of the principal zone are mostly 
rounded on the ends. Corresponding to their development, 
the mfJllO)llinic memb~rs show chiefly sections with parallel 

>_.; 
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extinction. In t.ransverse sections it is not easy to distinguish 
monoclinic from orthorhombic members. The extinction direc
tion is almost parallel to the trace of the front pinacoid in many 
epidote minerals, which is usually also the twinning plane. 
The two halves or the lamellre of which such crystals are con
structed extinguish at about the same time, Fig. 2G6. 

Orthite (allanite) shows a characteristic difference in this 
respect. Its extinction angle referred to this direction is vcry 
considerable, Fig. 267, and its twillS therefore appear Illost dis
tinctly in polarized light. It is noteworthy, ho·wever, that when 
crystal form or twinning are lacking, and the extinction is meas
ured from the cleavage cracks, which are few in number but very 
sharp, bot.h variet.ies show about the same extinction,·_30°. 

(100) 

a',t I----,-+-_,.-'--j 

FIG. 268.~Zoisiw a, FIG. 269.-Zoi!>i.te p, ---------_-----
Section Para.llel (010). 

There is a difference here in the axes of elasticity. In epidote 
and clinozoisite the axis of elasticity which forms this angle with 
the cleavage direction is that of the least velocity (, ",,"hile in 
orthite it is the direction of the fast ray, n. 

Figs. 268 to 273 show the usual development of the most im
portant members of the epidote group together with their most 
important optical properties. In the normal members of the 
series the plane of the optic axes lies perpendicular to the direc
tion of elongation. This is one of the most important means of 
cl istinguishing epidote from the pyroxenes and nther minerals, 
which otherwise possess similar properties. In each of the sub
divisions of the members ,vith low double refraction, there are 
those in which the position of the axial plane coincides with the 
trace of the cleavage. In the first group transverse sections of 
the prismatic individuals are parallel to the axial plane and, 
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therefore, show the highest interference colors. In these sections 
also, twinning appears most distinctly. In the other group such 
transverse sections show the obtuse bisectrix and hs ve medium 
interference colors. 

The minerals of th" epidote group are very frequently inter
grown with each other partly in a very regular, zonal manner, so 

FIG, 270.-Zooote «: AxiBJ PilUle Paml1el 
Cleavage. Zoisite {j; Axial Plane Perpen+ 
dicular Cleavage. Swoon Parallel Base. 

FIG. 271.---ClinoJl'oisit8 and Epidote. 
Section Parallel (100). 

that the content of iron, and with it the double refraction, de
creases from the center toward the edge, or vice versa. Alternat
ing zones also occur. In other cases the center may be one of 
the zoisites which grows into a monoclinic member toward the 
edge. One of the most characteristic features of orthite is an 

Fla. 272.---ctinozoisite, 

{l(ID) 

ffr------+------~ff 

FIG. 273.-Epidote, 

Section"Parallel Plane of Symmetry. 

enveloping gr()wth of clinozoisite. In such cases the following 
parallelism of elasticity axes is to be noted: 

zoisitea 

}3 
It 

zoisitefJ~ 

r 
a 
'(3 

clinozoisite, epidote, orthiM. 
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The crystallographic orientation of the members of the group 
referred to above is taken from these observations. In other 
cases the jntergrowth is entirely irregular and the various 
members penetrate each other. The great differences in double 
refraction of the members thus intergrown often give rise to 
the brilliant speckled appearance of the sections in polarized 
light, and this docs not occur in any other series of minerals. 

Zoisite and clinozoisite are scarcely ever distinctly seen macro
scopically, but rocks in which they participate in the composition 
to a great degree have a light yellowish- or grayish-green tint. 
Epidote itself with its pistachio green color-pistazite-is often 
seen macroscopically. It is the most frequent yellow pigment of 
crystalline rocks and as such is in a fine state of division. Nor
mal zoisite and clinozoisite arc colorless in thin section. Mono
clinic epidote rich in iron is quite light, usually yellowish, with 
strong absorption parallel to the principal zone. The intensity 
of the color and the pleochroism are increased by heating to 
redness in air. A deep brovtnish-yellow color appears in an 
unroasted section of the members with the highest double refrac
tion and the highest content of iron, but this seems to be a rare 
occurrence. Similarity to )i,venite appears in the most highly 
colored members. 

There is a aeries of members containing chromium which are macroscopic
ally almost emerald green. In this series chrome zoisite and ckrame epidote can 
be distinguished, and there are also varieties corresponding to clinozoisite. 
These minerals are deeply colored in thin section and the pleochroism (11= C 
light greeD, j deep orange) can be noted in occurrences that have such a low 
double refraction that they scarcely affect polarized light. The color and 
strength of the double refraction are in no way related to each other. 

The whole series can be distinguished also in the members containing 
manganese. Thulite corresponds to the zoisitea. It is macroscopically 
rose-red and has a distinct color in thin sectionj II yellowish, Ii red, , rose. 
It usually has anomalous interference colors. A series with varying inten
sity of color and strength of double refraction leads to manganese epidot~
piemQniite. It appears blackish-red macroscopically and it is characterized 
in thin section by deep color and strong pleochroism. It is often the cause 
of the deep red color of rocka, especially in altered porphyrites, e.g., in 
porftdo T08S0 antico, and in phyllites. Next to hematite it is the most impor
tant red pigment of crystalline rocks." It often appears not unlike dumor
tierite, but is distinguished from it by a diKerent optical orientation. 

Fins.lly orthite or ceri'll1n epidote, allanite, is to be mentioned. It usually 
shows good erystal form in the granular eruptive rocks, ahd these as well as 
the isolated grains are chftJ"acteristically enveloped by clinoZQisite. It has 
a. brown, sometimes also blood red, color and is strongly pleochroic with a 
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high double refraction, r-a:=upto about 0.3. Isolated black grains with 
a pitchy luster, surrounded by a red border, are frequently observed macro
scopically. It is noteworthy that these deep colored orthites are not 
infrequently transformed into an amorphous yellowish to red gum-like 
mass, a phenomenon which numerous minerals containing cerium show. The 
color of ort-hite is very much lighter in the soda rocks, contact rocks, and 
injected schists. In thin section it is light brownish, greenish-yellow, or 
light violet, probably due to titanium. Some individuals are indeed colorless. 
The double refraction is decreased in such occurrences to about 0.002, and 
the index of refraction of these lighter colored members also seems to be 
much lower, about 1.70 Or less. The determination of small prisms is thus 
often extremely difficult. They often show normal interference colors Rnd 
are then nearly always determined as apatite, Sometimes they are charac
terized by brilliant anomalous colors. 

There are many reasons for classing these smaii crystals as orthite. Fre
quent zonal growths with clinozoisite point to their membership in the epi
dote group. The appearance of pleochroic halos is often observed near 
them, and this is distinctive for all occurrences of orthite, and, finally, the 
transverse sections nearly always show twinning with the orientation of 
Fig. 267, page 268. Hence there can be no doubt of their relation to orthite. 
It may be mentioned that in spite of the high content of fare earths, spectro
scopic investigation of otthite usually gives no results. 

The following table gives a classification of the phenomena described and 
can be used to differentiate these minerals. 

Zoisite a. 

i Inter-
j Double I ference 
'I refraction I color 

. L __ 

Position of I Optic 
optical 1 angle 
plane 

Anomal- II cleavage Medium. 
I and princi- I 
! pal zone, ! 

---, -------------
I i 

Zoisite {i.' Low. Normal. I Small. _I 

Clinozoi- il· I" Strong~.,' I I } 'I' 

site. I' a:uos~al- i
l 

~n~ale;:~e'I' i:~~e. I 
CIP zone. 

Epidote, .~ Norm';;--i 1 I 

Extinction 

Approxi
matelyor 
entirely 
parallel. 

i speckled. 1 1 I 
-----:---1,-------1---
Orthite. Medium i Anomal: I Variable. [I VariabJe. [I ObJique 36°, 

to low. I DUS or 

i ,MrmaI. I [ I 
--~~-~--
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The great difficulties encountered in making an accurate 
determination of the epidote minerals can be seen from this 
classification. A distinction is quite important where the mem
bers arc of considerable size and to some e~tent well developed. 
Much practice is required to distinguish the various members, 
where the minerals occur in dense aggregates as in the saussuritc, 
which is macroscopically greenish-gray and has a splintery 
fracture) or where they are in sharply defined microlites grown 
in plagioclase as is generally the case in the central granite. 
If cleavage plates of these minerals can be investigated, it is 
noted that in epidote rich in iron an axis emerges slightly oblique 
to the cleavage facc. In clinozoiRite it is more oblique and 
cleavage plates of the zoisites show no characteristic interference 
whatever. 

Distinction of the two zoisites, which are not positively ortho
rhombic but possibly crystallize triclinic, from clinozoisite, which 
is certainly monoclinic, is made difficult by the fact that the 
latter has an extinction almost parallel to the vertical axis. The 
degree of abnormality of the interference colors is the safest 
means of differentiation. It is pure gray in zoisite /1, distinct 
bluish-gray in zoisite a, and brilliant Prussian blue in clino
zoisite. Investigation in convergent polarized light also aids 
to distinguish them. Thorough study shows that clinozoisite 
is by far the most widespread of the low double refracting mem
bers, which were formerly simply classed together as zoisite. 
Zoisite a is rather frequent, but zoisite {1 is quite rare as an in
dependent rock constituent. 

Concerning the geological distribution of these minerals, it 
may be said they belong to the most typical formations of con
tact rocks rich in aluminium and calcium, and as such are found 
especially abundant in amphibolites, chlorite schists, green 
schists, and eclogites, in which they are regularly mixed with 
the other minerals or are separated in lighter colored layers. 
They are observed less frequently in mica schists, but in them 
they have a tendency to occur in knots rich in graphite, wbich 
are macroscopically black. As already mentioned they form 
a constituent of saussurite, which occurs in pseudomorphs after 
plagioclase rich in calcium. In it these pseudomorphs are usually 
very poorly developed and the structure of the sausBurite is so 
matty that the individual grains cannot be separated from 
each other even under the microscope. Since numerous other 
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minerals with high indices and low double refraction, frequently 
also with anomalous interference colors, such as vesuvianite, 
garnet, gehlenite, prehnite, etc., take part in the formation of 
these aggregates, the question whether saussurite really belongs 
to the epidote minerals must remain unsettled. 

The low double refracting members occur alone in some rocks, 
especially in amphibolites and saussurites. In other rocks, 
however, they are in zonal intergrowth with epidote, which is 
richer in iron and has a higher double refraction. In numerous 

chlorite schists, eclogites, etc., 
epidote entirely replaces the 
other members. In lime
silicate fels rich in aluminium, 
lime mica schist, etc., epidote 
is in general more frequent 
than the other members. 
These rocks pass over into 
yellowish epidote fels or epi
dosite. In the latter rock, 
epidote is observed here and 
there in crystals well bounded 
on all sides, while in other 

FIG. 274. occurrences it, like the others, 
Plagi~:s:a7~:m~~~;:1:,f ~;::r.isite. shows good faces at best only 

in the zone of the axis of sym
metry. Sections para.llel to the a axis generally appear as 
rounded tapering laths. 

The widespread occurrence of abundant sharply defined 
microlites of clinozoisite in the plagioclase of the ccniI:al granite 
is very noteworthy. Fresh glassy feldspar consisting mostly of 
oligoclase is often so abundantly filled with these microlites 
without any orientation that the rock shows a yellowish-green 
tint macroscopically, and extremely thin sections are necessary 
to make the formation transparent at all. Fig. 274 gives a 
representation of this phenomenon, which differs greatJy from 
all forms of secondary. development and can only be designated 
as an original formation. It represents a typical feature of 
piezocryetallization. Besides. thiB, clino"oiBite and epidote are 
~ncountered in much larger ~rains as primary constituents of 
acid el'l!~V" rocks. They are generally confined to the border 
'1:nT1A nt" &A l'h.i',:rlH;!.ivA A.~'fI 'Nln1"Aj;umt. ponRt.it.mmt.R t,Alten up from 
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the neighboring rock. The zoisites are. also fQund in intruding 
aplites and pegmatites. They occur in large crystals in peg
matites, which intrude the eclogites of the Fichtelgebirge, and 
in microscopic individuals in the aplites, which intrude the 
amphibolites of Monnt Grossevenedig. They are much more 
frequent in the eruptive rocks, where they are secondary. The 
alteration of bisilicates into chlorite is almost always accompanied 
by the formation of greater OT smaller amounts of ep.idote in 
irregular grains. If this form is but weakly colored it appears 
similar to anatase, which occurs under like conditions but is 
distinguished from the latter by much lower indices of refraction. 
The manner of occurrence of manganese epidote has already 
been referred to and likewise that of orthite. Aside from the 
extinction and the frequent occurrence of pleochroic halos in 
the neighborhood of orthit{l, it is characterized by the fact that 
it is always only a subordinate and purely accessory rock 
constituent. 

Minerals of the epidote group are not infusible and the richer 
they are in iron the more easily they fuse. Orthite is distinctly 
attacked when fresh by hydrochloric acid, but tbe other members 
resist the acid unless they have previously been roasted to drive 
off water and then they gelatinize readily. 

Confusion of epidote minerals with numerous others has 
already been referred to many times, thus with vesuvianite, 
etc., in saussurite where a separation is not possible. Light 
colored epidote is often not unlike the pyroxenes. They have 
numerous cleavage cracks parallel to which lies the optical plane, 
while in epidote it is perpendicular. In l~venite also the optical 
plane lies in the principal zone. Olivine often appears similar 
to epidow, but it never has the speckled interference colors and 
generally has no distinct cleavage cracks. It also turns deep 
brown upon roasting and gelatinizes readily with hydrochloric 
acid. The isolated occurrence and spectroscopic investigation 
distinguish monazite. Confusion of low double refracting 
members with apatite has been mentioned above. When no 
morphological distinction can be found, apatIte can be deter
mined by its solubility in dilute nitric acid and ita reaction 
for phosphorus. Brown orthite often appears not unlike basaltic 
hornblende. It shows a smaller difference in absorption than 
does the hornblende and the position of the optical plane trans
verse to the principal zone. Further than this the border of 
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clinozoisite and epidote around the individuals of orthite, which 
arc always isolated, is exceedingly characteristic. 

Staurolite (8) 

Staurolite is a typical mineral of the contact rocks, particu
larly those formed by piezocontact metamorphism. It is rarely 
found in the granites, but is found in the clastic rocks in con

sequence of its great resistance to weathering. 
It sometimes occurs in quite large, well developed, 

It flat prisms and twins, in which the individuals 
C interpenetrate each other at goo or 60°, Fig. 275. 

They are dark brown in color. Sometimes the 
FIG. 275. borders are very irregular. Smaller microscopic 

Staurolit.e Twins. individuals usually have a much poorer form, 

hut in general the prismatic development is 
distinct. The larger crystals arc usually filled with inclu
sions like a sieve. They may be penetrated by quartz in an 
irregular manner or in a helicoidal manner as shown in Fig. 
276, Graphite dust is observed in them much the Same as in 
chiastolite. Microscopic individuals tend to be purer l but are 
difficult to determine on account of their poor development. 

FIG. 276.-Staurolite Twin Filled, 
with Quam Inclusions. 

Fm 277. 
Staurolite Cross Section. 

Sections corresponding to Fig. 277 are the most characteristic 
for the minerai. It is distiRguished from the yellow varieties 
-of tourmaline or from colored epidote by the lower double 
refraCFi1>lt I'nd by the orientation of the absorption, which is 
strongllsffu the directi~n of the principal zone. Now and then 
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pleochroic halos are present in the mineral. It can be easily 
isolated because of its insolubility even in cold. hydrofluoric 
acid. It is strongly attracted by an electro-magnct and is 
infusible before the blowpipe. 

Diaspore (8) 

Diaspore has been positively recognized only as a decomposition product 
in completely altered rhyolites, in the spreustein of nepheline syenites, in 
kaolin, in emery, and in other rocks bearing corundum. Its distribution 
other than this cannot be determined. Small crystals of it are rounded 
and rather elongated plates. Sharp cracks occur parallel to the direction 
of the a axis. It is occasionally colored and is then pleochroic. Its in
solubility allows it to be isolated. The development and negative char
acter of the principal zone distinguish it from sillimanite. Higher doublE' 
refraction and a good cleavage distinguish it from andalusite; parallel ex
tinction and the lack of fibrous fractUre from cyanite, and the double re
fraction and cleavage from sapphirine. It is most similar to lawsonite. 
~siue from its indices and double refraction, it may be distinguished from 

lawsonite by its infusibility. 

Cyanite (Disthene) (8) 

Oyanite forms broad, tabular individuals usually poorly 
bounded with oblique four- or six-sided cross sections. It 
often occurs with a light blue macroscopic color and perfect 
cleavage. It is also found in certain piezocontact rocks in 
radial aggregates or sheaves, which are macroscopically black 
and entirely filled with graphite dust-rhaetizite. Twins are 
very widespread, the macropinacoid being the twinning plane. 
Closely assembled cracks representing fibrous fracture parallel 
to the base are frequently observed, especially in bent sections. 
These are perpendicular to the sharp cracks representing cleav
age parallel to the macropinacoid and to the less regular cracks 
of the cleavage parallel to the brachypinacoid. A light bluish 
tint can frequently be discerned in thin sections. Pleochroism 
can also be recognized if some care is exerted. Deeper colors 
are rare and a plottled appearance is characteristic of their 
presence. 

Cleavage plates parallel to the macropinacoid are nearly 
perpendicular to the negative bisectrix of a large optic angle, 
Fig. 278. The axial plane forms an angle of about 30" with the 
cleavage cracks parallel to the brachypinacoid. This makes 
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the mineral easily distingu:ished from all other rock constituents. 
Cleavage plates from twins show a brilliant change of color in 
parallel polarized light, but no difference in extinction. The 
fact that macropinacoida.1 sectionR of twins show different colors 
in the two halves, but extinguish nearly at the same time, is the 
most characteristic feature of the mineral and prevents it from 
being confused with any other. 

The principal field of distribution of cyanite is in mica schists 
where it is frequentJy extremely rich in inclusions of other 
minerals. It is penetrated by microlites of rutile, tourmaline, 

and quartz grains in a sieve-like manner . 
.:l". It is often so filled with graphite dust 

FIG. 278. 

that it appears almost nontransparent. 
Then its determination in thin section 
is extremely difficult. In eruptive rocks, 
especially in cyanite granulites and in 
pegmatites, it is macroscopically visible 
and in thin section it is poor in inclu
sions and often distinctly blue. The 
most beautiful occurrences of the mineral 
-paragonite schists-belong here. It is 
frequently associated with staurolite in 
such rocks and is often in parallel growth 
with it. 

Cyanite, Cleavage Plate. 
In thin section it is quite similar to a 

whole series of minerals, such as sillimanite, andalusite, topaz, 
colorless epidote, diaspore, lawsonite, sapphirine, serendibite, and 
finally light blue hornblende. It is distinguished from all of 
them by its fibrous fracture, the oblique extinction ill sections 
perpendicular to the negative bisectrix or in the cleavage plates 
and by the nearly parallel extinction of macropinacoidal sectiOllEl 
of twins. 

Sapphirine (8) 

Sapphirine has been positively determined only in rooks from Greenland 
forming masses in gneiss and having the character of contact rocks. It 
DUty be found widely disseminated in the eclogites. The proptlrtioo of 
sapphirine in thin section are not "._very distinctive. It may be discovered 
~ it is blue or bluish~green, but its determination is very difficult if it is 
eol{)dess or occurs as poorly bounded' t&bular crystals in parallel, scaly 
a~:tJw~ which ~ very imperfectly radial. It must be isolated 
with ~fiuoric 8-Cid ill.. such case~ but even the;n it can be identified only 
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with difficulty. .It may be confused with all the minerals mentioned under 
cyanite. Lack of cleavage distinguishes it from most of them. It is 
distinguished from serendibite by lack of twin lamination, from corundum 
by its biaxial properties .. and from cordierite by its much higher indices of 
refraction. 

Serendiblte (8) 

This mineral has only been found in the skarn-like border between a 
pegmatite and limestone in Ceylon. The lack of cleavage, typical twinning 
lamination, large extinction, and the pleochroism-from nearly colorless 
to sky blue or indigo-are sufficient indication of its presence. 

Prismatine (Kornerupine) (8) 

Prismatine and kornerupine, which is closely related to it, are rare 
minerals in pegmatites and are associated with sapphirine. In thin section 
they are very similar to sillimanite in form and habit, but may be distinctly 
separated from it by the negative character of the principal zone. They 
are distinguished from apatite by higher double refraction, from tremolite 
and the brittle micas by parallel extinction in all sections, and from anda
lusite by the small (lptic angle. 

Astrophyllite (9) 

Astrophyllite is not rare in soda rocks as an-accessory constituent. It is 
macroscopically visible in micaceous individuals that are brittle and bronze 
colored or in star-shaped groups. In thin section it appears as laths with a 
perfect oleavage and strong pleochroism. It is distinguished from micas 
by its high indices of refraction, from the brittle micas by its high double 
refraction) and from yellowish-brown hornblende by the perfect cleavage, 
which 8ho'."s only in one direction in sections parallel to t·he front pinacoid. 

Brittle Mica Group (9) 

Many micaceous minerals are classed together under the term 
of the brittle micas. They are distinguished from mica and other 
flaky, micaceous minerals by greater hardness, decidedly higher 
indices of refraction and lower double refraction. 

The following table is arranged to show ~ comparison of the 
properties of these minerals. 
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Astrophyllite .. 

Brittle micas .. 

Margarite .... 
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Clinochlore .. 

HydrargiHite. _ Low. 

Talc ...... __ _ 

pyrophyllite .. 

Kaolin _ . . Low. Oblique. i Large. 

They possess a distinct cleavage parallcl to the basal pinacoid 
and one or more imperfect cleavages transverse to that. The 
optical properties of the brittle micas are not very constant. 
Differences in index of refraction are uncommonly distinctive 
and the differences in double refraction are not small. The 
optical character is sometimes positive and sometimes negative. 
The color is likewise quite variable. Some are colorless, ,vhile 
others are more or less deeply colored, and then pleochroic. They 
show stronger absorption of the ray vibrating perpendicular to 
the 'cleavage, which is uncommon for micaceous minerals. 

Certain varieties of chloritoid are undoubtedly triclinic. In 
cleavage plates of such varieties the optical plane lies unsym
metrical to the percussion figure. Other varieties approach the 
hexagonal system in their behavior. The specific gravity 
varies within just a. wide limits. Most of the brittle micas are 
v.ot attacked by acids, but some are comparatively easily dis
solved-pttrelite. Chemical analysis does not point to a common 
form. lot'the·brittle niicas so that the question of the relation-
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ship of the members must remain open. The two members 
given in the tables represent the end members of the series with 
ottrelite, brandisite, clintonite, sis1nondine, maBonite, seybertitc, 
etc., arranged intermediately. Nothing is known about the 
relative delimitations of these in rocks. 

The brittle micas are widely disseminated constituents in 
contact rocks, especially in cases of piezocontact metamorphism 
and are found but rarely in the inner contact zone) e.g., in the 
coarse crystalline silicate fcls in the Fasaatal and in certain 
eclogites. etc. On the other hand, they are the most character-

k 

istic constituents of the Quter contact 
zone and their principal field of dis
tribution is in such rocks as phyllites. 
They appear macroscopically in the 

Fw. 279.-Chloritoid, Cleavage Pla.te. FIG. 280.---Chloritoid, 
Section Pl1raUeI Plane of Symmetry. 

phyllites in elongated or disc-shaped knots-ottrelite-and occa
sionally also in sheaf-like and radial aggregates. They may be 
recognized by the greenish-black color and brilliant luster. 

Abundant inclusions are usually observed under the micro
scope, especially in the knots. These are often penetrated with 
quartz grains, giving them the sieve structure or filled with grapr
ita dust until they are nontransparent. Zonal structure,' hour
glass development, and abundant twinning lamination are often 
observed. Index of refraction, double refraction, and particu
larly the pleochroism of the larger individuals, are very important 
properties but, nevert.heless, t,hey are frequently confused with 
cyanite. The large tabular cross sections of theJatter show more 
distinct cleavage than the basal sections of the brittle micas. 
eyanite is also characterized by a larger optic angle. The brittle 
micas are often confnsed with bluish-green hornblende from 
which they can only be distinguished by observations in con
vergent light, particularly in cleavage plates, Fig. 279. 
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The brittle micas, as microscopic constituents, are much more 
widespread than the larger individuals. The development is 
such that they can hardly be determined positively. The nor
mal occurrence is .in small irregular particles, grouped in radial 
aggregates, in which the graphite content of the rock is so con
centrated that they are nontransparent. These individuals, 
which often cannot be seen at all until after they have been 
roasted in an oxidizing flame, are quite light colored and some
times entirely colorless. Twinning and cleavage can scarcely 
be recognized in them. They are constituents which can be 
determined more by the general character of the rock than by 
the properties of the mineral itself. They can be easily isolated 
from the rock because they are quite heavy and arc not attacked 
very much by hydrofluoric acid. 

Margarite (9) 

Margarite is undoubtedly much more widespread than it has been shown 
to "be up to the present time. It is a constant associate of emery and is 
also found in contact rocks rich in alumina. It is distinguished from mica 
by the index of refraction and double refraction, and from colorless chlorite 
by the former property. It can scarcely be distinguished from the brittle 
micas in thin section except by the very large optic angle. A lower hard
ness can be observed on the larger isolated individuals. 

Olivine Group (9) 

Olivine, or p€ridote, is by far the most frequent mineral of the 
olivine group. Forsterite and monticellite are rare and confined 
to contact-metamorphosed rocks. Fayalite, ferrous silicate, in 

crystals often with tridymite and 
alone in compact, dark brown 
masses, is characteristic in certain 
rocks and is probably of pneumato
lytic origin. Chemically, the mem
bers are quite similar, but their 
optical properties vary greatly. The 

FIG. 281. FIG. 282. indices of refraction and the double 
c:!::aIT(~:~, ~:u:~(~~~r refra.ction, likewise the positive optic 

angle, increase very appreciably with 
the content of iron, while ~he double refraction is very much 

_ lowered by the content of calcium, a8 noted in monticellite_ 
l.I:fI~'rich in iron<fuse more easily than those p(>or in iron. 
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Olivine with an average content of ferrous iron of from 11-13 
per cent. is thc most important member of the group. Hyalo
siderite is much richer in iron. Olivine is characteristic of the 
most basic eruptive rocks. It seldom possesses crystal form in 
the granular rocks of the peridotite series except when numerous 
individuals are intergrown poikiliticaUy in pyroxene. The 
same is true in gabbro, norite, and trap. On the other hand, it 
is one of the first products to form in porphyric rocks, especially 
in melaphyre and basalt, and less often in andesite, and then it is 
well bounded crystallographic ally. It is also found in large 
amounts in certain soda rocks. A mineral, which appears 
quite similar and is widespread in contact rocks, has a much 

c:=J 

FIo. 283.-0livine, Section 
Parallel {rOO). 

FIG. 284.-High 
Index of Mineral in Canada. Btllsam. 

lower content of iron and is classified as jorsterite. In general 
the crystals are short prismatic parallel to the vertical axis or 
tabular parallel to the macropinacoid, Fig. 281. They are lebs 
often tabular parallel to the brachypinacoid, Fig. 282, and that 
particularly in mixtures rich in lime. They show poorly defined 
cleavage cracks parallel to the direction of elongation and the 
plane of the optic axes is perpendicular to them, Fig. 283. Faces 
and edges are generally rounded and corroded, and indentations 
filled with the solidified magma are not rare,-Fig. 284. Basal 
5Cctions are generally eight-sided and show two unequal cleav
ages perpendicular to each other, "Fig. 285. The mineral is not 
often prismatic, except when it is rich in lime. Then the prin
cipal zone is parallel to the a axis and is positive. Olivine is 

18 
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occasionally found with a skeletal development as a constituent 
of the ground mass in rocks poor in olivine and containing 
abundant glass. Then it shows domatic or swallow-tail forms 
and various thread-like growths, Fig. 196, page 188. 

It may be remarked that olivine is present in numerous rocks 
of the basalt series in large sharp angular fragments and grains. 
These can be referred to the inclusions of olivine fcls ,,"hieh occur 
in these rocks. The entire olivine content of the rock may be 
traced back to crushing of these inclusions. In this form it is not 
equivalent to the other constituents of a basalt. 

Olivine is macroscopically bottle green (hyalosiderite 
reddish-brown to golden yellow) and has a distinctive con

choidal fracture. Under the micro
scope it is almost colorless, and 
transparent, but when heated in 

(010) air it always becomes reddish-
J)<H---t--:-*;----jb·'. brown. The ray vibrating parallel 

to the vertical axis is then less 
Etrongly absorbed. Hyalosiderite 
shows this property when fresh. 

FIG. 285.-0li'lrine, Basal Section. Sometimes twinning is noted proba-
bly parallel to 1011 i and this can 

also be developed in the form of laminations. It is very brittle 
and frequently shows the cataclastic structure under the influ
ence of mountain-forming processes. 

Its characteristic associate is chromite, which nearly always 
occurs as small) sharp crystals included in the olivine. Inclusions 
of other opaque ores and apatite are also found in olivine. Like
wise, the little brown tabular crystals, which are regularly 
arranged and fire so characteristic in hypersthene, oeCllr in olivine 
of certain gabbros so abundantly that the mineral appears black 
macroscopically and in thin section it is scarcely transparent. 
Glass and slag inclusions are not rare in basaltic rocks, and liquid 
inclusions are found in peridotites as well as in the olivine fels 
bombs of basalts. 

In certain gabbros olivine is surrounded by a wreath of 
amphibole arranged radial to the grain. If it borders on feld
spar thiB wreath is composed of common hornblende, but other
wise it is tremolite. All of. the olivine may finally be replaced 
by a confused fibrous aggregate of tremolite-pilite. This is 
frequ<m,tlf' considered to be a result of dynamometamorphism 
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and is genetically entirely different from serpentinization. It 
may be noted as contradictory to this hypothesis that tremolite 
is the most frequent by~product in the formation of serpentine. 

In basaltic rocks olivine ap
pears to be generally richer in 
iron and often shmvs a brilliant 
brmvn border of hyalosiderite 
,,:;ith a stronger double refrac
tion, Fig. 286. Similar borders 
seem to be of secondary origin, 
the olivine having been altered 
into a yellow to reddish-brown 
substance consisting of parallel 
fibers with very high indices of 
refraction. This has been de
scribed as goethite, but does 
not correspond to it in all of its Hyalosiderite Ro~~:~ !~:~nd Olivine, Lim-
properties. It probably is burgite. Limburg on KltisC1'!ltuhl. 

another ferric hydroxide. 
Alteration into scaly aggregates of talc or granular aggregates of 
carbonate, which is frequently very poor in magnesia, is noticed 
especially in melaphyres. Now and then biotite also results. 
By far the most frequent alteration of olivine is into serpentine, 

FIG. 287.-0livine 
Beginning Alteration 
to Chrysotile, Mesh 
Structure. 

which is generally accompanied by a separa
tion of iron ores. It gives the rock a green 
color, veined or streaked with various shades 
of red, brown, black, etc. 

Two kinds of serpentine formations are dis
tinguished in olivine, One begins on the border 
of the crystals and in the cleavage cracks and 
forms parallel fibrous aggregates perpendicular 
to them. It is called fibrous serpentine or 
chrysotile. New cracks result from the in
crease in volume accompanying the change 
and these are filled with fine fibrous aggre
gates of serpentine. This. gives rise to the 
typical mesh structure shown diagrammati

cally in Fig. 287, and as it appears in thin section, Fig. 218, 
page 199. Checked olivine may be present within the meshes 
or this may be entirely changed to a compact aggregate of 
serpentine. 
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In other rocks, stubachitc, one may note that the fresh olivine 
is crossed by numerous Iamelloo of flaky serpentine-anti
gorite. These are mostly orientated parallel to {Olll and form 
a system of laths cutting each other at an angle of about 60°, 

Fig. 288. The angular parts of 
the olivine lying between them 
alter into irregular, scaly aggre
gates of antigorite beginning at 
the laths and progressing out
ward. When. serpentinization 
is complete, the intersecting 
lamellm produce the so-called 
latt-/:ce structure. In both these 
cases the process of serpentini
zation cannot be looked upon 
as a lYeathering process; see 
Allgemeine Gesteinskunde, page 
152. Sometimes alteration of FIG. 288.-0livine Intergrown with 

Antigorite. Lattiee Structure. 
olivim'l very rich in iron, 

produces a flaky aggregate of serpentine orientated in a simpler 
manner. It has a rust brown color and is called Iddingsite, 
see under serpentine. 

The significance of fayalite as a rock constituent has not been investigated 
very much, but it is known principally in druses and in mineral veins. 
Possibly some of the formations called hyalosiderite belong to it. At any 
rate olivine in lamprophyric rocks is often very rich in iron on the border 
ha ving brownish color and showing increase in the double refraction. 

Titanium olivine is quite similar to it. It is macroscopically dark brown 
and yellow to orange in thin section. It is probably monoclinic, but occurs 
in grains laminated by t~inning and these appear similar to_ chondrodite. 
a=1.669, P=I.678, 7=1.702. r-a=0.033, 2V=63°, p<v, a orange, 
b=c light yellow. Sp. gr.=3.25. They can only be distinguished by the 
difference in extinction in sections showing twinning lamination and the 
optical orientation of such a section, as shown in Figs. 289 and 290. 

FOTsterite has only been observed in contact.metamorphosed limestones 
and dolomites. It is ,videly disseminated in them, but is generally not 
macroscopically visible. When the carbonate predominates it forms 
rounded, cpl<Jrless crystals, often containing quite large inclusions of iron 
spinel and calcite. If it or other mlica.tes are the principaJ constJtuents, 
it forms irregular grains with the properties of olivine. Eozoon results by 
serpentinizatio~ which takes pmce in the ordinary manner and is quite 

. widespread. 
-M ~ is analogous to forsterite m its distribution, but is much 

rarer~·\' 'nie loWer double' refraetion is especially noteworthy and distin-
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guishes it from aU other olivine Jninerals. It forms isolated, colorless 
round~d crystals in contact limestones and these often show incipient 
serpentinization. 

Confusion of titanium olivine with chroIne chondrodite has already been 
mentioned. Forsterite, colorless olivine, and tnonticellite often appear 
quite similar to diopside, but the latter shows sharper cleavage cracks, 
larger extinction, and has the optical plane orientated parallel to the 
principal zone. They can be distinguished from colorless humite only 
by a somewhat stronger dispersion of the optic axes if the cleavage does 

FIG. 289.-Dbondrodlte. 

Optica.l Orientation with Respoot to the Twinning. 

not appear. If the cleavage shows distinctly the optical plane in humite 
lies parallel to it, in the olivine minerals perpendicular. In other cases the 
olivine is distinguished by its solubility in hydrochloric acid and by its 
ability to assume 8. brown color, which increases with the content of iron, 
when it is roasted in an oxidizing flame. This latter property can serve 
also to distinguish olivine hom forsterite and monticellite. 

Pyroxene Group (10) 

Orthorhombic· and monoclinic pyroxenes frequently occur in 
parallel or lamellar intergrowths. The triclinic members p.lay 
no r61e among rock-forming minerals. From this fact the ori
entation of the orthorhombic pyroxenes in the table is so chosen 
that the acute prism angle lies to the front and the transverse 
axis is the shorter diagonal, although this is not the usual posi
tion. Prismatic cleavage is nearly always distinct and if other 
cleavages are present the one parallel to 1>he front pinacoid 
tends to be the most perfect. It occurs particularly in ortho
rhombic pyroxenes and in diaHage. Cleavage plates of the 
former parallel to this face are p"rallel to the optic plane, 
while those of the latter are almost perpendicular to an optic 
axis showing quite strong dispersion. A large extinction angle 
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FIG. 291.-_En_'_"'_ti_to.:_' ______ FlG. 292.-Hypersthene, 

Section Parallcl (100). 

b:,a)-+-,.--'~ ~I--c--rl -(,a 
(010) 

(010) 

'_""'':'--'-d,--'---I$ 

,t (100) (100) 

FIG.:293.~Enstatite and Hypersthene, FIG. 294.-Dial}age, 

Cross section. 

FIo. 205.-DioP9i~ (Dia.llage), FIG. 296.-Aegirine. 

Section Parallel Plane of ~etry. 
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characterizes the monoclinic pyroxenes with the exception of 
those rich in sodium. They are further distinguished from the 
orthorhombic members by a much higher double refraction and 
by pleochroism, which is particularly typical for orthorhombic 
pyroxenes. It is also noteworthy that, unlike the amphibole 
group, the double refraction increases with the content of sodium. 
The pyroxenes can be isolated quite easily from rocks by hydro
fluoric acid because they are very slowly attacked by it. One 
of the most important means for determining all pyroxenes is 
the very good cleavage parallel to the prism forming an angle 
pf approximately 90°. This distinguishes them from the am
phiboles with a more perfect prismatic cleavage forming an 
obtuse angle. 

(a) Orthorhombic Pyroxenes 

Enstatite and bronzite aTC low in iron and may show various 
shades of brown macroscopically. Hypersthene is high in iron 
and is black. They form large irregular individuals in the granu
lar rocks of the gabbro-peridotite series and in the olivine fcls 
inclusions in basalt, but hypersthene is not so common as the 
others. They show very perfect cleavage parallel to the macro
pinacoid, but always in displaced cracks, and generally have a 
metallic shimmer caused by parallel orientated inclusions of 
brown tabular crystals and laths (ilmenite?). This passes over 
into golden yellow upon beginning alteration into serpentine
bas/ite. MacroscopicallY, they are generally various shades of 
brown) but in thin section only those members rich in iron are 
colored, and then they show characteristic pleochroism, but no 
distinct difference in the intensity of the colors. Very frequently 
an indistinct twinning lamination occurs, which passes over into 
the formation of fine fibers. Likewise lamellar intergrowths 
with diallage can be distinctly discerned even in sections showing 
parallel extinction, because of the different optical orientation 
of orthorhombic and monoclinic pyroxenes. 

Well developed crystals, invisible macroscopically, are widely 
disseminated in porphyrites and andesites, ana in these hyper
sthene generally predominates. The crystals are short prismatic 
with rounded pyramidal ends and'in the vertical zone they are 
principally bounded by the end faces, Fig. 293. They are often 
rich in inclusions of light colored glass or slag. In these the 
cleavage is only prismatic and pleochroism becomes a char-
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acteristic property. Parallel intergrowths with monoclinic py
roxenes are found in which the latter form a shell around a 
center of the orthorhombic variety. Glass inclusions and the 
rounding of the edges are frequent, but orientated inclusions 
and fibrous structure are lacking. A second generation of hy
persthene in microlitic development is observed now and then 
in the ground mass of andesitic rocks. 

Alteration is comparatively frequent, especially that into ser
pentine which affects the orthorhombic pyroxenes, particularly 
when they ocCUr as constituents of serpentinized olivine rocks. 
An analogous alteration is also observed in the crystals in por
phyries. A parallel, scaly aggregate of antigorite is formed 
progressing from the transverse cracks outward, and the faces! 
parallel to which antigorite possesses perfect cleavage, lie parallel 
to the macropinacoid of the pyroxene. Cleavage plates of the 
pseudomorphs-bastite-thus formed, are perpendicular to the 
acute biseetrix and the optic angle varies as is characteristic for 
serpentine. The names diaclasite, protobastite, etc., refer to 
masses of serpentine with pyroxene which is still fresh. Horn
blende is formed now and then at the expense of orthorhombic 
pyroxene in granular rocks. 

Aside from the parallel extinction, orthorhombic pyroxenes are 
distinguished from the monoclinic members by a much lower 
double refraction and from aegirine by the positive character 
of the principal zone. They are distinguished from andalusite, 
olivine, etc., by a more distinct development of the cleavage and 
by the character of the principal zone, which is positive in ortho
rhombic pyroxenes, negative in andalusite, and variable in 
olivine. 

(b) Monoclinic Pyroxenes 

Monoclinic pyroxenes, free from sesquioxides, are called diop
sid~ normally. It is one of the most characteristic minerals in 
contact rocks rich in lime aDd occurs in short prisms or grains, 
which are macroscopically light grayish-green or less often sap
green. It is found in eclogites, as omphazite containing a little 
aluminium and in certain peridotites as chrome diopside con
taining chromium. It is sometimes blackish-green in heden
bergite rich in iron, which occurs only in the silicate aggregates 
known lllil'i/oarn. The wineral is generally colorless in thin sec
tion, <biit !nay show .. pale greenish tinge. The deeper colored 
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varieties are also green under the microscope and hedenbergite 
is deep green, but shows no pleochroism. The presence of pleo
chroism, except in the case of fassaite, seems to be connected 
with the presence of alkali silicates. 

Pyroxene similar to diopside is found in acid eruptive rocks 
from granite to diorite-malacolite-and especially in the basic 
differentiation products from minette to kersantite. In certain 
varieties of trap, a diopside occurs along with common augite, 
described below, but it is distinguished by a high content of 
magnesia-salite. A very small optic angle is observed in these 
occurrences. 

In general they form short prismatic crystals, Fig. 297, or 
tabular crystals parallel to the orthopinacoid, Fig. 298. The 
cleavage shows quite distinctly in thin section. They are more 
or less crystallographically hounded even where the common 
augite forms the interstitial material. The form of the pyrox-

FIG. 297.-Augite, 
ShortPrislllll.tiC. 

o· 
FIG. 298.-Augite, Tabular 

Pa.rallel (100). 

enes in the extrusive rocks of the acid and intermediate series 
is quite similar to the above. Pyroxenes are found as phenocrysts 
especially in andesites. Diallage includes those varieties which 
are distinguished from diopside by a low content of alumina. :t 
shows basal parting macroscopically as well as parting parallel 
to the orthopinacoid, and also twinning laminations parallel to 
it. It has a metallic chatoyancy and tbe individuals, which occur 
particularly in gabbro and peridotite, are quite distinctly visible 
macroscopically. Under the microscope it is often somewhat 
pleochroic and aside from its occasional fibrous properties, is 
marked by the regular arrangement of "mall, brown, tabular 
inclusions, mentioned under bronzite. It is not to be considered 
as an independent mineral species. 

Fa.saite, which is chemically quite closely related to diallage, 
plays a peculiar rOle. It is found principally as a constituent of 
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contact rocks, but is also quite important in monzonites. It 
corresponds to aegirine, described below, in its optical properties, 
especially in the pleochroism and strong inclined dispersion, but 
differs greatly in chemical constitution. The sharp pyramidal 
habit exhibited by the crystals in an extraordinary manner is 
distinctive for it. 

There is a series of gradual transition members from diopside 
to common Of basn.]tic augite, the latter being characterized by a 
higher content of alumina. The mineral is ahvays black macro
scopically, but under the microscope it generally has only a very 
pale, brO"\vni~h tint and is not normally pleochroic. Common 

FIG. 299.-Augire as Interstitial Material. 
Diabase. Armn, &{)t1a.nd. 

FIG. 300.-Simple Twinning 
Lamellro in Augite. 

augite is disseminated first of all in the basic eruptive rocks, and 
in porphyric rocks it often occurs in two generations and the 
first of these often forms phenocrysts of considerable size. The 
occurrence of diabase augite as interstitial material, Fig. 299, 
is especially distinct.ive. The formation of twins is quite common 
in common augite, especially in the form of isolated lamellre. 
Juxt~position and penetration twins are also found and the 
hourglass structure, which is frequently observed, is also looked 
upon as complicated twinning. The twinning lamell", are ar
ranged parallel to {100} and, therefore, in a pyramidal section 
they lie oblique to the cleavage parallel to the prism faces, 
Fig. 300. Many kinds of forms of growth, crystal skeletons, etc., 
are found in glassy eruptive rocks. 

A very lllrge extinction. angle is a characteristic of this augite 
and it Shows particularly in comparison with the hornblende, 
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which occurs as a border around such augite. If the small 
content of titanium, which is usually present, increases a dis
t.inct violet color generally appears in thin section. Such t.itan
ium augites are somewhat pleochroic. The ray vibrating parallel 
to b is colored deep violet. Sections with the most oblique 
extinction show the least pleochroism. Locally, reddish to 
brownish-red colors aTe observed, and these can be referred to a 
content of manganese. Hmvcvcr, some occurrences of greenish 
or brownish augites assume that color when roasted in air. 
The color of augite is rarely yellow. 

Alteration in diopslde and augite is very widespread. In the 
first case the decomposition gives rise to fibrous scaly aggregates, 
which are generally considered to he serpentine, but which 
seareely belong to it. Augites rieh in aluminium are generally 
changed to chlorite. Low doubly refracting aggregates of it 
are congregated on the bOI'ders and in deavage cracks of the 
individuals, and give rise to the formation of the greenstone 
facies of augite rocks. They are usually penetrated by grains of 
epidote and calcite, and frequently also by small needles of 
hornblende. They include small individuals of titanite, anatase, 
and opaque ores. It is note"\Yorthy that this alteration is every
where accompanied by the formation of pyrite. Sometimes an 
aggregate ·of quartz with carbonates and rust occurs instead of 
the green minerals in a rock that is entirely decomposed and 
changed to wacke. This kind of alteration appears in its entire 
distribution to be a direct antithesis to the first. 

Uralite is an especially interesting pseudomorph. It is gen
erally green, but sometimes bluish hornblende in the form of 
augite. It was generally considered as a product of paramor
phism, but it is a typical product of pneumatolytic hydatogenic 
activity in which anhydrous augite passes over into hornblende 
containing an hydroxyl. This is frequently accompanied by an 
intensive alteration of its entire composition. In porphyric 
rocks-uralite porphyrite-the form of the augite i. perfectly 
retained and the formation of fibrous hornblende attacks the 
whole crystal wjthout change of form. In grahular rocks on 
the other hand, e.g., in uralite gabbro, the newly developed 
hornblende grows like brushes spreading out over the crystals 
so that uralidzation, which frequently goes hand in hand with 
saussuritization, entirely obscures the structure of the rock. 

Although the alteration first mentioned is interpreted as 



284 PETROGRAPHIC METHODS 

weathering, the latter type is a typical result of dynamometamor
phism, see Allgemeine Gesteinskunde page 151. Recrystallization 
from magmatic waters may be the cause, and it cannot be doubted 
in the alteration to seladonite where an augite rock free from 
potassium is transformed into a green silicate rich in potassium. 
This occurs in a very characteristic manner in the melaphyres 
of the Fassatal. 

Augite is itself not farc as a secondary product, and forms 
the principal constituent of resorbed residues of hornblende 01' 

mica in extrusive rocks. It is a typical product"of crystallization 
from a magma after its extrusion upon the surface and the dark 
minerals formed during the intratelluric period of the magma are 
aggregates of augite grains mixed with opaque ores. 

Diopside is often uncommon,ly plastic when subjected to oro
genic pressure, and its prismatic individuals are frequently 
greatly bent. Augite and diallage are more inclined to the de
velopment of cataclastic structure, which strangely enough occurs 
just as perfectly developed in young eruptive rocks, which have 
not suffered any kind of deformation, and is therefore a protoclase. 

The members of the series containing sodium, leading from 
augite or diopside to aegirine, are confined to the soda rocks, and 
are characterized as a whole by distinct pleochroism, which in the 
normal occurrences alternates between yellow and green shades, 
and is deeper green the richer they are in sodium. If they 
contain titanium, as is frequentJy the case in basalts, they show 
a violet color principally in the direction of b. The titanium 
augites containing sodium are strongly pleochroic and the hour
glass structure, mentioned on page 188, is especially conspicuous 
in them., The members containing sodium, as a ,yhole, fre
quently show fine zonal development in which the very narrow 
zones alternate with each other in an extremely regular manner. 
Sometimes a more or less intensely corroded and irregular grain 
is 'surrounded by shells, which are crystallographically well 
defined. In the soda rocks it may be observed that in the 
poorly bounded pyroxenes, which are frequently tabular parallel 
to the front pinacoid, the core is almost colorless, non-pleochroic, 
and is manifestly closely related to diopside. Toward the 
border it passes into aegirine augite and finally the outer zone 

-is aegirine. Intergrowths with hornblende are not at all rare 
but thentunlike the augite, hornblende containing sodium is in 
the em!tilt and the pyroxene grows around it. 
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With reference to extinction the monoclinic pyroxenes differ 
from each other in a distinctive manner. From diopside to 
common augite, and from this to aegirine) the angle between 
the positive bisectrix and the vertical axis becomes constantly 
greater, Fig. 301. 

The Roda pyroxenes show crystal form particularly in the 
porphyric rocks in which they occur in two generations. The 
large phenocrysts often show tabular development parallel to 
{ 100} while the second generation is 
always richer in sodium and is fine 
acicular showing a radial development. 
In other cases, the latter type forms 
short irregular specks, which are often 
so intergrown with small nepheline crys
tals that they are scarcely transparent. 
The soda pyroxenes, especially acm~'teJ 

which is generally spear-shaped, show 
extremely irregular forms, but not to 
the same degree as the corresponding 
amphiboles. Manifold crystal skeltons 
are found in glassy rocks. It cannot be 
positively determined whether the forms 

FIG. 301.-Extinction of 
Monoclitilc Pyrm-enes. 

of growth illustrated on page 188 are aegirine or hornblende. 
Sodium augite and the titanium augites, belonging to it, are 

characterized by a strong inclined dispersion, ,as a result of which 
sections parallel to the plane of symmetry give an extremely 
incomplete extinction, and in sections perpendicular to the optic 
axis very brilliant anomalous interference colors are seen. The 
difference in tbis respect from diopside is notable. It has a very 
small dispersion and, therefore, its extinction in the plane of 
symmetry is very complete. Alteration of the soda pyroxenes 
is rare. Sometimes aggregations of opaque ores, which are 
difficultly determinable, occur in place of them in entirely 
decomposed keratophyres. 

Although in general a regular relationship between the optical 
properties and the chemical composition of monoelinie pyroxenes 
cannot be denied, yet investigations to determine the chemical 
composition merely from the optical properties lead to rather 
negative results. Minerals of the aegirine-augite series, which 
are designated as jedorounte or violaile, are in a way not to be 
considered as an independent species, but chemical analysis 
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shows great deviations from what would be expected from the 
optical properties. The pyroxene group is built up in too com
plicated a manner in contradistinction to the plagioclase group, 
in which such conclusions appear to be well justified. 

Colorless pyroxenes are most frequently confused with olh"ine 
or epidote, but are distinguished from both by the position of the 
optical plane with respect to the zone of cleavage. The colored 
members are sometimes very similar to common hornblende and, 
if the depth of color is the same in each, the absorption of the 
latter in the principal zone is stronger. The extinction is less 
with the exception of aegirine, which can be recognized however 
by its sap green color, higher double refraction, and the negative 
character of the principal zone. Under certain circumstances, 
the cleavage angle of pyroxene approximates that of hornblende 
in oblique sections. If these sections have parallel extinction 
the optic plane lies in the bisector of tIle acute cleavage angle 
in pyroxene and, in general, in the bisector of the obtuse cleavage 
angle in hornblende. 

Soda pyroxenes poor in iron or free from iron are comparathTely rare as 
rock constituents. They are macroscopically white to green, but under the 
microscope generally colorless. Jadeite (NaAlSi~06) belongs especially to 
this group. It occurs only in fine columnar masses with properties like 
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saussurite, in the serpentine from Burmah, 
Turkestan, etc., but is widely known from the 
stone age when it was worked up. It is easily 
distinguished from the similar nephrite by its 
low fusibility. Further, spodumene must be 
mentioned. It occurs as a constituent of 
pegmatite in clear beautifully colored crystals, 
emerald green hiddenite and rose-red kuntzite, 
and as a constituent of other rocks, of granites 
and injected schists, in poorly dev'eloped gray
ish-green needles, which are purely accessory. 

Lawsonite (10) 

La.wsonite has been found as a constituent 
of certain eclogites. It forms large lobated 

FIG. 302.-La.wsonite, Section particles in them without any characteristic 
Parallel (OlO). microstructure. The mineral is also suspected 

in certain occurrences of saussurite, but the 
determination does not seem to be reliable because of the lack of 
characteristic properties of the mineral and its poor development, which 
aU the minerals in sauBsurite show. In such aggregates confusion with 
hombleu..cm or prehnite is natural, but it is distinguished from the other 
minerlWl of the aggrega.te ·by much stronger double refraction. Lawsonite 
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is distinguished from hornblende by its constant parallel extinction and 
the direction of the clea vage cracks in 11UI.cropinacoidal sections arid prl'hllite 
is distinguished by the characteristic rosette arrangement in its cross Sf'CH 

tions. Stronger double refraction and positive character of the principal 
zone distinguish it from andalusite and the position of the optical plalll' 
parallel to the cleavage from wollastonite, while the dist,ribution distin
guishes it from both. 

Amphibole Group (11) 

The miner~Is of the amphibole group hayc a very perfect 
cleavage parallel to the prism making an angle of about ]24°, 

They always show a prismatic development, Fig. 303, m 
but may be short, thick forms like the crystals of Pm 

pargasite or basaltic hornblende, Ol' the grains of 
common hornblende, They may be long, needle-like 
and fibrous, as is often the case in the light groen 
hornblendes of green schists and the secondary aggre-
gates in diabase. The crystal form is nearly alvmys 
observed in the principal ZOne and consists of the 
prism and clinopinacoid. The amphiboles have a FIG. 303. 

tendency to show a defective development on the Hornblende, 

ends, when they occur as phenocrysts in porph~YTics. com~:~:i.on. 
Compare with aegirine for the occurrence of very 
delicate crystal skeletons ~n certain pitchstones. Zonal structure 
and parallel growths of various members of the f'eries are ob
served, although they are not numbered among the character-

FIa. 304. FlO. 305. FlO. 306. 
Actin_oli_·te-'.. _____ """" __ ti,_H~o-m_b_l .. _d_e_. ____ G_la_uoophanc, 

Section Parnllel Plane of Symmetry. 
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istic features as is the case with the soda pyroxenes. See under 
pyroxenes for parallel growth with them. 

Unlike the pyroxenes, with which they can be confused in 
COIOf, index and double refraction, the amphiboles have a very 

A.'" small extinction angle of 
from 0° to 25° with the 
exception of the rare group 
of cataphorites. This is 

~=.&<E:---.._,---+-'----....::o,.~ shown in Fig, 308 in which 

FIG. 307.-Cro.s3 Section of Hornblende. 

the relationship of c: t is 
diagrammed for the most 
important members. This 
angle has a very small 
value in the amphiboles 

free from alkali, but in soda hornblende the angle c: n is small. 
The minerals of the amphibole group are generally deep colored 
and show various colors oven in thin section. "\oVith the ex
ception mentioned above, the ray vibrating in the principal zone 
is most strongly absorbed. The plane of the optic axes is nearly 
always parallel to the plane of symmetry. Only in the case of 
blue horllblendes rich in sodium are 
these two planes perpendicular. The 
chemical composition of the minerals 
belonging in this group is quite varia~ 
ble and is in general analogous to that 
of the pyroxenes, but differs from 
them in the content of the hydroxyl, 
which is never absent. In conse
quence of this fact, the deep seated 
rocks are the ones which contain the RleMCli.lttL-~K-' 
hornblende, while augite takes its 
place in the extrUllive rocks. It is 
further observed that hornblende is 
changed to augite by the action of 
heat, magmatic r.esorption, while hydro~ 
chemical processes have the opposite FIG. 3~~cE~;~::, Mono

effect and form uraHte. The specific 
gravity and indices of refraction are lower in hornblende than in 
,the pyroxenes, which have an analogous composition, but the 
amphiboll;ls "re more strongly magnetic. 

Pl_w&ic halos with brown colors are common. They are 
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also observed in uralite but not a trace of them can be found in 
the original pyroxene. The index and double refraction are 
higher in the halos. 

The amphiboles are not difficultly fusible and those rich in 
sodium even belong to the most easily fusible minerals. Green 
hornblende turns brown upon roasting gently, and it assumes the 
absorption and optical orientation of basaltic hornblende. 

A nthophyllite and gwrite, which are considered orthorhombic 
because of the parallel extinction, are found sporadically in 
amphibolites and are predominant in anthophyllite schist. 
They are also found in certain serpentines. They form flaky, 
columnar or tufted aggregates, and less often small acicular 
crystals. They possess a brownish color. Alteration into talc 
and serpentine is known. 

Tremolite usually appears in fine radiating needles with white 
or pale greenish color. These occur in granular limestone and 
dolomite, or in serpentine. In the latter rock there are all 
possible transitions from trem
olite to actinolite, which is 
always distinctly green macro
scopically, and in thin section 
it is generally somewhat 
colored, but is scarcely pleo
chroic. Both types are some
times found in larger prisms. 
The occurrence in serpentine, 
which is uncommonly wide
spread, especially in the micro
scopical development, nlust 
be looked upon as a secondary 
by-product in the formation FIG. 3~~!~~!~::~~~~::;:ntine, 
of serpentine. Sometimes the 
transition from olivine direct to such aggregates of amphibole 
with spheruJitic structure or that Bimilar to snow crystals is 
observed-pilite. An analogous development also occurs in 
nephrite, which is usually light green, macroocopically, and 
consists of a dense mat of actinolite needles. It represents the 
toughest of all rocks. Its occurrence is also connected with 
serpentine. Poorly developed individuals of tremolite and 
actinolite are often bent by mechanical streBses and are crushed 
into isolated columns, which show a parquetry appearance in ,. 
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cross section, Fig. 309. It is most similar to the normal occur
rence of prehnit<l and is distinguished by the obtuse angle of the 
fragments. These minerals also form fibrous individuals and 
pass over into asbestos. 

Macroscopic varieties, with a sap green color, which are often 
extremely fine fibrous and generally contain some alumina and 
occur as pseudomorphs after diallage, are called smaragdite. 
In thin section it is colorless to light green a.nd often shows the 
structure and inclusions of diallage quite distinctly. 

Among the amphiboles free from alumina, griinerite (Fe
Mg)SiO, is remarkable because of its similarity to epidote. 
n=1.7. r-a=0.03--O.056. u=b colorless, I light yellow. 
Sp. gr.=3.3. e:l =15°. 2E=95°. Optically positive. Usu
ally shows twinning lamination parallel to the orthopinacoid. 
Brownish cummingtonitc, (MgFe)SiO,,, may also be mentioned. 
o=b light yellow, I light brownish. c:c=15° and r-a=0.022. 
The petrographical importance of these is but little known. 

Edenite, an amphibole poor in iron and rich in alumina, is 
macroscopically light green, but generally colorless in thin section. 
It cannot be distinguished from those alrcady described. It 
is found in isolated, rounded and greatly corroded crystals with 
a short prismatic development in granular limestones and lime
silicate {els together with pargasite, which is richer in iron and is 
macroscopically darker, being green, or brown to black. It 
forms the transition to common green hornblende rich in alumina 
and ferrous iron. The latter appears blackish-green macro
scopically. It is found in compact, rarely elongated, prismatic 
grains in the acid and intermediate rocks of the normal series, 
and shows well develop<>d crystals in the porphyric forms of these. 
Very strong absorption is always distinctly observed, and iso
lated twinning lamellro parallel to the orthopinacoid are not 
rare. In contact rocks the cross sections of hornblende often 
sh'Ow a bluish-green color and transitions to carinthine, which 
is deep bluish-green in thin section, are observed especially in 
the sheaf-like aggregates of the Garbenschiefer. Hornblende 
showing a similar development is very widespread in amphi
bolites in which it sometimes forms short shreds and sometimes 
parallel columnar aggregates with frayed ends-sedgy horn-

.. blende. The latter form of ' development is very similar to the 
u~ .. lite. pseudomorphs after augite found in numerous basic 
eruptiv. rocks.. In such rocks the min?ral is often very light 
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colored and is developed in long needles. It is then very difficult 
to distinguish from similar occurrences of actinolite without mak
ing " thorough chemical investigation. The stronger absorption 
of the ray vibrating in the direction of elongation is nearly always 
distinctly observable in common hornblende. Green hornblende 
with snch a development is, along with chlorite, the most fre
quent green pigment of schistose rocks. 

A brownish-green variety of hornblende occurs in place of the 
green in porphyrite.. The crystals are short prismatic and the 
ray vibrating parallel to b is very distinctly brownish. This 
passes over into pure brown varieties rich in ferric iron, which are 
lighter or deeper colored corresponding to the content of iron. 
The lightest colored varieties of common, brown hornblende are 
macroscopically brownish-black, and they replace the green 
entirely in deep seated basic rocks, e.g., in gabbro. 'Vhen horn
blende is primary in such rocks it belongs to the brown variety. 
Secondary processes analogous to the formation of uralite alter 
the brown, primary hornblende into secondary green, sedgy horn
blende. Tonalite and certain granulites are the principal acid 
rocks which contain brown hornblende. It is also found as 
phenocrysts in numerous porphyric rocks and is especially char
acteristic for certain lamprophyres in which small needles of 
brown hornblende are the principal constituent of the ground 
mass. They are always replaced by augite in the ground mass of 
extrusive rocks. 

If titanium dioxide also occurs in varieties rich in iron, the 
mineral is macroscopically jet bl&ck and has a pitchy luster. 
The cleavage faces are exceptionally brilliant and in thin section 
the absorption in the principal zone is more complete, while the 
extinction diminishes to 0°. This series is designated as basaltt'c 
hornblende and contains up to 5 per cent. TiO,. It is widespread 
in numerous extrusive rocks in which the crystals are long or 
short prismatic, and are well developed. They are frequently 
zonal with a light center and darker borders. They show twin
ning parallel to the orthopinacoid most frequently and this some
times appears as isolated lamell", or as two equal parts of twins. 
The indices and double refraction are considerably higher than that 
of the other amphiboles. On the border it often shows a zone 
with stronger absorption. It has resulted from the action of the 
magma on the mineral .. fter it was formed-magmatic border. 
This leads to magmatic resorption in which pseudomorphs of 
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augite and magnetite after hornblende are formed. Finally 
even the form is destroyed. Thus, in the tuffs, large crystals of 
basaltic hornblende are present but in the extrusive rocks 
specks very rich in iron are found as a residue from them. The 
varieties richest in titanium, 6-7 per cent. Ti02J are called Kar-
8utite. 

Amphiboles containing aluminium and ferric oxide suffer the 
flame alterations as commOll augite, but not to the same extent. 
A distinction is made between chloritization, which is always 
accompanied by the formation of epidote, carbonates, and titan
ium minerals, and the alteration into quartz, carbonates, and 
rust. Amphiboles, like the pyroxenes, are resistive to acids. All 
green members assume a brown color and stronger absorption 
when heated in air. Those members richer in iron show the op
tical properties of basaltic hornblende after roasting. 

There are many members of the amphibole group that are rich 
in sodium. T,\'o groups may be distinguished. The one is poor 
in ferric iron and rich in alumina and occurs chiefly in contact 
rocks, especially in eclogites. The other is rich in ferric iron and 
is distributed principally in the rocks of the soda series. 

There are transition members from common, green hornblende 
to carinthine, which is macroscopically bluish-black, and.in thin 
section is deeply colored. The bluish-green color of the ray 
vibrating in the direction of elonga.tion is characteristic for it. 
It passes oyer into glaucophane or gastaldite, which is a very 
delicat.e blue in thin section. The latter minerals are charac.ter
istic constituents of eclogites.and rocks embedded in them. The 
columnar individuals with a dark violet blue color are often 
macroscopically visible. They are best recognized in thin section 
by the blue color and the splendid pleochroism. Zonal structure 
is found in them and some of the zones may have a very low 
dQuble refraction. It is not uncommon to see the center entirely 
colorless with a low double refraction and small extinction, and 
surrounded by a brilliant blue envelope. Crocidolite, which is 
externally not unlike glaucophane, but is always fibrous and 
richer in iron, often occurs as a secondary development in crevices 
in amphibolites and related rocks. It is distinguished by a 
comparatively high double refraction. It has" larger e>:tinction 
angle than the other soda hornblendes rich in iron, and the char
"ete~<!If'\he principal WOO is different. The ray vibrating in the 
piiJicipi!.1 zone is the most strongly absorbed, as is the case in 
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nearly the whole hornblende group. It is remarkable that the 
same phenomena are seen in crossite and in the other soda horn
blendes in which the optical plane is transverse to the plane 
of symmetry) and ·the optic normal forms an angle of 25° or less 
with the vertical axis. Even in this case the principal zone 
absorbs the rays most strongly. 

Another series branches off from the basaltic hornblende. 
It consists of soda amphiboles rich in ferric iron. Barkevikite, 
which stands next to it, is quite rich in titanium. It is brown and 
can only be distinguished by the larger extinction, C:l = about 
14°. It is found especially in nepheline syenites. A character
istic series of amphibole minerals, cataphorite, seems to be 
related to barkevikite. They aTe rarer, have larger extinction, 
c:<=3<HlO°, and a peculiar reddish color. They are distin
guished from all the other amphiboles by strong absorption 
transverse to the principal zone, lJ deep brownish-red to violet, 
, yellowish-green, a reddish-yellow, ~>,>o. Cataphorite is 
very frequently surrounded by ar/vedsonite, which is free from 
titanium and distinguished by a bluish-green color. Like the 
amphiboles free from sodium, it shows strong absorption in the 
principal zone, but this corresponds to the direction o. Arfved
sonite is likewise a widespread constituent of soda rocks and is 
often surrounded by a border of aegirine. 

Pure sodium iron silicate, riebeckite, occurs particularly in 
soda granites. The absorption in the principal zone is almost 
complete even in very thin sections. It forms irregular shreds 
that look quite like tourmaline, all.d were formerly determined 
as such. Aside from the cleavage, it is distinguished by the 
fact that it absorbs the light in a different direction, i.e., rie
beekite has stronger absorption in the principal zone. Altera
tion of this amphibole, like that of the pyroxenes, leads to the 
formation of blurred specks rich in opaque ores. 

Anthophyllite, tremolite, and edenite, as well as very weakly 
double refracting occurrences of glaucophane, are generally color
less in thin section. Actinolite, pargasite, and common green 
hornblende are green; carin thine and arfvedsonite are blulsh
green; glaucophane, crocidolite, crossite, and riebeckite are 
blue; griinerite and cummingtonite are yellowish; common 
brown hornblende, basaltic hornblende, and barkevikite are 
brown, while catophorite is reddish to violet. 

The extinction angle is as follows, Fig 308, page 288; c:c for 
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anthophyllite and gedrite (}O; basaltic hornblende 0-10°; glau
cophane 4-60; barkevikite and brown hornblende 12--14°; 
actinolite, pargasite 15-18°; green hornblende 20--25°; catapho
rite 30-60°; crocidolite 65-70°; arfvedsonite and crossite 76"; 
riebeckite 85-86°. Unlike the pyroxenes the double refraction 
and the strong dispersion of the optic axes decrease in those 
members rich in ferric iron and sodium. 

The extraordinarily manifold properties of the minerals of the 
amphibole group give rise to numerous confusions especially with 
the pyroxenes. Aside from the difference in the cleavage angle, 
hy which they can be distinguished in basal sections, they vary 
also in other properties. The pyroxenes have larger extinction, 
and when they are deeply colored, show less absorption than the 
amphiboles. Tremolite is similar to sillimanite, but the latter has 
parallel extinction in all sections, a very small optic angle, and 
simple cleavage in one direction transverse to the principal zone. 
It is also similar to wollastonite and epidote in which the optical 
plane is perpendicular to the principal zone, to diaspore which 
has a negative principal zone, to cyanite which is distinguished 
by the acute bisectrix being perpendicular to the cle.avage, and 
to lawsonite which always shows parallel extinction and becomes 
cloudy upon heating and fuses quite easily. Cleavage plates of 
the latter are parallel to the optical plane. Green hornblende is 
quite like tourmaline, but the latter has a stronger absorption 
perpendicular to the principal zone. It also resembles chlorite, 
which has much lower indices and double refraction, and 
chloritoid in which the optical plane lies transverse to the 
principal zone. Brown hornblende frequently resembles tour
maline; also orthite, staurolite, and aemite, but the last three 
are characterized by higher indices of refraction and weaker 
absorption. It is also like biotite which has lower indices of 
refraction, and also has the optical plane transverse to the 
principal zone and the interference figure is nearly uniaxial and 
appears symmetrical in cleavage plates. Blue hornblende is 
also often confused with tourmaline, and in rare instances it is 
similar to chloritoid. 

Triclinic aenigmatitel or co88yrite, is included in the amphibole group but 
does not really belong to it. It forms prismatic crystals and gra.ins showing 
tWinning laminations parallel to the brachypinacoid. It has a less perfect 
clea.vage,~l to the priED! making an angle of 114°. It occurs in erup
tive roCb nOb. in· sodium. Minute individuals ~re found in the ground 
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mass of basalts and are formed here by refusion of basaltic hornblende. 
Hardness is 5.5 and sp. gr. 3.8. The axial plane is nearly parallel to the 
brachypinacoid, and on it c:c is 45° f"'. On tbe macropinacoid it is 4°. 
2E=60oi positive; c blackish-brown or almost opaque, b deep brown, D 

lighter reddish-brown; very high indices of tefraction. Aerugma.tite js at
tacked by hot hydrochloric acid and fuses easily, forming a black glass. 
It is sirollar to lievrite in both these properties, but is more transparent. 

Dumortierite (11) 

Dumortierite is found in p€gmatites and occurs also as minute needles 
or tufts in certain contact rocks. The needles are recognized by their 
intense eolor and Rtrong pleochroism. It forms penetration twins according 
to the aragonitl:' law. It is surrounded by a pleochroic halo when it is 
included in cordierite. It gives an opalescent bead with microcosmic 
salt. Stronger absorption in the principal zone distinguishes it from 
piemontite and tourmalinel and the direction of the clea·vage in basal 
sections differentiates it from hornblende. It is decolorized by heating, 
whereas hornblende becomes brown and fuses. Its distribution has as 
yet not been investigated to any great extent. 

Axinite (12) 

Axinite is a rare product of contact metamorphism or of pneumatolytic 
activity, especially in coa.tse~grained dikes occurring in granite-Timurite. 
If it has crystal form the cross !)ections are wedge-shaped. If crystal form 
is lacking, it is very easily overlooked because it possesses few characteristic 
properties. Color and pleochroism are generally very delicate. It can be 
easily isolated and then it gives the greenish boron flame upon fusing. 

Rinkite (12) 

Rinkite is found as an accessory mineral in various soda rocks, especially 
in nepheline syenite, and is associated with other rare minerals such as 
mosandrite, lavenite, etc., and is generally penetrated by fluorite. It is 
rapidly decomposed by hydrochloric acid even in a slide, and silica con
taining titanium separates out. It fuses easily with intumescence and gives 
off fluorine. The positive bisectrix is nearly perpendicular to the cleavage 
plates, this being the best property to use for its determination. It w 
often transformed into yellowish, clouded aggregates. 

Sillimanite (12) 

Sillimanite forms colorless needles without tez:.minatiollB, and 
these are often finely shredded and have a silky luster macro
scopically. Radial aggregates, that »fa only transparent in thin 
section, are called fibrolite. It is found in contact rocks in heli
coidal bands wound in various ways and penetrating through 

* f.-front. 
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the other constituents of the rocks. Elongated sections are 
narrow lath-shaped and often bent, or fractured transversely. 

Basal sections only show good forms 
where the individuals are isolated. 
They are then extremely charaeteristic, 
Fig. 311. .It is disseminated principally 
in contact rocks rich in aluminium, in 
certain gneisses, and as isolated needles 
in granite. Alteration is not known. 

a=.? 

(100',& 

FIG. 310. FlO. 311. 

SilliIllllniw, Section 
Parollel (100). Pa.rallel (001). 

Concerning the microscopic distinction from apatite or trem
alite, see those minerals. The positive character of the principal 
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zone distinguishes it from andalusite 
and prismatine, parallel extinction from 
chloritoid, as also the position of the 
optical plane parallel to the cleavage, 

) and the a.bsence of twinning laminations. (100 
// \ 

\ ~I 
D.tolite (12) 

Datolite is only known as a secondary 
formation, chiefly in cavities in basic eruptive 
rocks. Its distribution as a rock constituent 
has not been in vestigated, but it may occur in 
certain contact rocks. It forms granular or 
fibrous aggregates parallel to the b axis
botryolite. In the latter the axial plane lies 
transverse to the fibers. It fUBes before the 
blowpipe to a clear glass and colors the flame 
gteen. The poWder has a strong alkaline 
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Flu. 312.-Da1:(llite, 
Section Parallel Plane of 

Symmetry. 

reACtion e~ before fusing. Daoolite is best determined by separating it 
from .-r6Ck puwder with heavy liquids, its specific gravity being 2.9, 
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and then treating it with hydrochloric acid. Alcohol is then poured upon 
the residue and if datoHte was present it wiII burn with a greenish flame. 

Mosandrite (12) 

Mosandrite is found as an accessory constituent in nepheline syenite 
in small tabular crystals associated with rinkite, etc., and penetrated 
by fluorite. It is brittle and, therefore, generally checked. Lath-shaped 
cross sections show twinning laminations. The mineral is often cha.ng(!d 
into earthy brown to opaque aggregates. J ohnstrupite is very similar to 
it but has lower indices of refraction. Mosandrite is easily fusible and 
forms a light colored bead. It gives a dark fed solution with hydrochloric 
acid and evolves chlorine. Strong inclined dispersion of the axes in cleavage 
plates distinguishes it from rinkite. 

Barite (Heavy Spar) (12) 

Barite forms granular or platy, rarely fibrous, aggregates without dis
tinct borders. They occur now and then filling crevices and cavities in 
rocks, as cement in sandstone, and particularly as concretions in marl and 
sand. These concretions are frequently filled with inclusions of sand, etc., 
and consist of imperfect, tabular crystals arranged in rosettes. If it forms 
the predomirutnt cement of a rocks it is recognized by the great weight of 
the same. Cleavage plates of the mineral are perpendicular to the negative 
obtuse bisectrix. If it occurs in subordinate amounts, it is easily over
looked. Its distribution as a rock constituent is, therefore, not accurately 
known. Aside from a different flame reaction} it is distinguished from 
celestite by a comparatively small optic angle and from quartz, feldspar, 
and similar colorless rock constituents by higher indices of refraction and 
insolubility in hydrofluoric acid. 

Andalusite (12) 

Andalusite is generally found in short, prismat.ic, rounded 
crystals in which very frequently the cleavage cannot be recog
nized. The individuals tend to arrange themselves in divergent 
radial groups or fingered aggregates. It is colorless in thin 
section or speckled with a pale reddish color, and is then pleo
chroic. It is found now and then in parallel intergrowths with 
sillimanite. The arrangement of graphite inclusions is especially 
characteristic--chiastolite, Figs. 313 and 314, also Fig. 211, page 
196. 

Andaluaite is very frequently altered to a compact aggregate 
of mica, but these pseudomorphs can be recognized by the 
arrangement of the graplJite inclusions. If this arrangement 
becomes more and more irregular and the outer form quite 
imperfect, these elongated mica aggregates filled with . graphite 
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dust are extremely difficult to determine. They are widely 
distributed in contact rocks and form a large part of the knots 
that appear macroscopically in such rocks. In most favorable 
eases a few unaltered, but corroded residues point to the original 
andalusite. Its chief distribution is in contact Tocks rich in 
aluminium. Andalusite is the lightest of the three modifications 

af4/ 
,f.. 

.FIG< 313. FIG. 314. -----------------Andalusite, Section Parallel to 
(001) (010) 

of aluminium silicate. It is, therefore, absent in rocks which 
have been formed under high pressure, especially in the contact 
rocks of the Central Alps. 

The negative character of the principal zone affords a dis
tinction of colorless andalusite from siIIimanite, and t4_e lower 
double refraction together with the orthorhombic properties of 
all sections distinguishes it from diopside. Red and"lusite may 
appear similar to hypersthene but they have opposite characters 
of the principal zone. It may also be confused with piemontite 
in which the optical plane lies. transverse to the cleavage. 

La.ulite (12) 

The petrographieal importance of lazulite has been very little in .. 
vestigated. Good crystals of it have been found in quartz veins in phyllites 
and in irnprepatio[lEJ in granula:r limestone--bluespar. High double re· 
fraction, ~oe of elea.~ ,and its pyramidal form distinguish it from 
other bltm minerals. 
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CaIpholite (12) 

Carpholite is known as a fibrous) secondary formation in crevices in altered 
rocks. Weaker absorption in the principal zone distinguishes it from 
most other yellowish minerals except tourmaline, which is uniaxial) and 
epidote in which the optical plane lies transverse to the cleavage. 

Prehnite (12) 

Prehnite belongs to those minerals whose petrographical im
portance is but little known. It is found in radial, flaky aggre
gates in cavities in eruptive rocks, or in compact aggrega.tes 
as a constituent of saussurite,-lotrite. It is also quite wide
spread as an alteration product of feldspar. No other mineral 
shows such variable properties as prehnite, and it can only be 
identified by the rosette structure in thin seetion8, which is ex
tremely characteristic. Double refraction} normal and anom
alous interference colors, position of the optical plane, size 
of the optic angle, and the lattice structure vary in the dif
ferent occurrences, so that even though the mineral can be de
termined macroscopically it presents many difficulties under the 
microscope. 

Celestite (12) 

Celestite is analogous to barite as a rock-forming mineral, except that it 
rarely forms individuals so rich in inclusions. See under bante for its 
distinction from that and other similar minerals. 

Aragonite (13) 

Aragonite is a rare constituent of rocks, but it occurs in columnar aggre
gates which are very difficult to tlistingmsh from fibrous caJcite. The 
principal characteristics by which it can be determined when accurate 
observation of the interference figure is not possible, are the lack of cleavage 
and the special reaction with cobalt solution, page 175. It is probably quite 
widespread as an original constituent of rocks, but it has been very ex
tensively transformed into calcite. Aragonite itself is found only in 
secondary deposits from hot springs, particularly as onyx. 

Wollastonite Group (13) 

Wollastonite forms colullllUtr to fia,ky individuals in which the axis of 
symmetry is the axis of elongation. Cross sections parallel to it are lath
shaped, and those perpendicular to it are somewhat elongated along the 
orthopinacoid and are bounded by from six to eight faces. The cleavage 
cracks are all parallel to the axis of symmetry, and in trallilverse sections 
two systems of very perfect cleavage cracks Dearly at right angles are soon 
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along with another set that is less distinct, Fig. 3Ui. Twinning parallel 
to the orthopinacoid is very common. It is recognized in transverse sec
tions by the extinction. Wollastonite is chiefly characteristic for granular 
limestone. In feldspar-bearing rocks it is only found in the neighborhood 
of such formations. When it occurs in eruptive rocks, it is probably the 
result of resorbed lime inclusions or it may form pseudomorphs after an
orthite. The moistened powder gives an alkaline reaction. It fuses be
fore the blowpipe to a crystalline slag. The ease with which it is attacked 
by hydrochloric acid distinguishes it from numerous other minerals with 

which it might be confused if the cross sec
tions are poorly developed. The mineral is 
always colorl~ss but is well characterized by 
the position of the optical plane transverse 
to the cleavage in sections showing parallel 
extinction, the comparatively small optic 
angle with distinet inclined dispersion, and 

B other optical and chemical properties. The 
lower indices of refraction and the solubility 
distinguish it from epidote minerals which 
are similArly orientated. 

Pcctolite is related to wollastonite. It 
FIG. 3l5.-Wollastonite, occurs in fibrous, radial aggregates as a 

Section Parallel Pfune of Symmetry. secondary formation in crevices of eruptive 
rocks rich in lime and in amphibolites 

derived from them, and now and then as an alteration product of feldspar 
in soda rocks. It is distinguished from wollastonite by the orientation 
of the optical plane parallel to the positive principal zone and the higher 
double refraction. Cleavage plates are almost perpendicular to the obtuse 
bisectrix. 

Rosenbusckite is still rarer. It forms colorless to yellowlsh, radial, fibrous 
aggregates in nepheline syenites. In it the optical plane is parallel to the 
principal zone which is negative. It is characteristically accompanied by 
fluorite. It is distinguished from similar minerals by the negative character 
of the principAl zone and by its solubility. 

Humite Group (13) 

The minerals of the humite grollp cannot be distinguished from one an
other macroscopically and frequently also microscopically. They are found 
mostly in contact limestones or dolomites in rounded grains in which the 
cleavage is very poorly developed. They often show irregular cracks. 
Twinning la:mination parallel to the basal pinacoid is COllllXlon in chondro-
dite and clinohumite. If the humites are colorless, they are very similar 
to ali vine from which they can only be distinguished by the extremely 
low dispersion and by the position of the optical plane, which is parallel to 
the cleavage in h~ite. The direction of extinction in the monoclinic 
members, ahowing eleavage cracks or twinning lamination also serves to 
di8~tAOm from olivine. See under olivine for the distinction between 
0010,..,4 ~tl •• ",,<I titanium olivine. The humi_tes often pass over into 
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serpentine with the formation of the mesh structure. Brucite also reESults 
from such alterations. They become white, but do not fuse before the blow
pipe. 
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FIG. 316.-Humite, Flo. 317.-Clinohumioo, FlO. 318.--Chondrodite, 
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Topaz (13) 

Topaz forms short, prismatic crystals and grains which show 
perfect cleavage in the elongated sections by the presence of a 
few very sharp cracks. Cleavage plates are perpendicular to the 
acute, positive bisectrix. The optic angle is generally quite large,_ 
but is variable. The mineral is also found in columnar or radial 
aggregates-pycnite--where it has been formed from other 
minerals by the activity of fumaroles, a8 in the topaz quartz 
porphyries, occurring in connection with tin ore v~ins. In these 
the character of the principal zone is positive. The mineral is 
known in the associated granites as a primary constituent, but 
otherwise it is always secondary and points to very intensive 
post-volcanic processes. 

Topaz is always colorless in thin section and is distinguished 
from quartz by higher relief. Distinction from sillimanite may 
be very difficult, but the latter is characterized by higher indices 
and double refraction, and by the cleavage parallel to tbe prin
cipal zone. Topaz can be easily isolated from a rock on account 
of its high specific gravity and resistance to acids. It is infusible 
before the blowpipe, but turns white and at the same time 
aakes up. 

Anhydrite £14) 

Anhydrite itself forms a rock consisting of granular, or less 
often columnar aggregates, that change easily into gypsum. It 
is often colored blue or red, macroBcQpically, but in thin section 
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it is always colorless and has three cleavages differently devel
oped. Its solubility in water is characteristic, and gypsum 
crystallizes out upon evaporation. It is very similar to musco
vite in thin section but the latter has but one distinct cleavage. 
The mineral is confined to sedimentary rocks and is often found 
in very coarse-grained aggregates in the crevices of such rocks. 

Mica Group (14) 

A very large series of minerals is characterized by an excep
tionally perfect cleavage in one direction, so tllat they have a 
flaky or scaly appearance. The outer form of the small plates is 
almost without exception hexagonal. A table of the members 
of this group, that are important in rocks, can be found on page 
270. The mica group is the most important of these. 

The members of the mica group, which are important in rocks, 
are potassium mica-muscovite, magnesium micas-phlogopite 
and biotite, and the lithium micas, which are classed 
together under the name lithionite. The determination of the 
crystal system of mica is generally not possible by optical 
methods. Most of them show parallel extinction although they 
are monoclinic, and apparently uniaxial varieties are very 
common. If an optic angle can be determined distinctly, it 
may be observed that the negative, acute bisectrix coincides 
almost exactly with the vertical axis, while in the uniaxial 
varieties this is the direction of the optic axis. 

Cleavage plates of mica are perpendicular or almost perpen
dicular to the acute, negative bisectrix. The true optic angle is 
small to medium large) from approximately 0° in most magnesium 
micas to 3HO° in normal muscovite, but rarely larger. In con
vergent light, therefore, the optic axes appear symmetrically 
within the field of vision. Transverse sections give brilliant 
interference colors in consequence of the high double refraction, 
and 'they extingnish almost exactly parallel to the numerous, 
sharp cleavage cracks. When such sections are colored, they 
are distinctly pleochroic. Basal sections are entirely different, 
making it difficult for the beginner to determine it. This varia
tion aids the experienced observer, however, to recognize it. 
Such sections are either entir.ely dark between crossed nicols, 
or they show .low interference colors corresponding to the 
small difl'_nce r-{3, which never exceeds 0.008. In addition 
to thiw"nothi11g is seen of the cleavage, and the colored members 
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of the group are rarely pleochroic. However, in convergent 
polarized light a remarkably distinct interference figure is always 
obtained. 

The optical plane sometimes lies perpendicular to the plane of 
symmetry-mica of the fir~t order, Fig. 319, and sometimes' in 
the plane of symmetry-mica of the second order, Fig. 320. Musco
vite belongs to the first type and most of the biotite. to the second. 
The orientation can be recognized by means of the percussion 
figure which is shown in the figures for all the minerals belonging 
in this group. Twinning is very widespread and generally 
parallel to the basal pinacoid. It is not often observed in 

,I If 
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FIG. 31ft FIo. 320. 

Mica Orientated by Percuasion Figure. 
First Order. Second Order. 

transverse sections because of. the parallel extinction, but it can 
be recognized in thick c1eaval;e plates by means of the distorted 
interference figure. Micas are elastic and are perfectly flexible 
under . the influence of orogenic stresses. They, therefore, 
occur in variously bent forms, Fig. 204, page 192. Now and then 
they are torn apart parallel to the gliding plane, which is trans
verse to the cleavage, and the alteration to chlorite proceeds 
outward preferably from such parting structures. 

Colored micas always show great differences in absorption, and 
the browns possess this to a higher degree than the rarer greens. 
The rays vibrating in the cleavage plane are always the most 
strongly absorbed, and generally show no difference among 
themselves. For this reason cleavage plates are generally not 
pleochroic. Biotites with entirely a-llomalous properties occurin 
soda rocks, but they are very rare. Here, they have quite a large 
optic angle and quite an appreciable angle of extinction and 
also show a distinct difference in absorption between ti and c. 
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In pleochroic halos, which are found in the micas in all rocks, 
the direction of the stronger, often complete absorption, is like
wise parallel to the cleavage cracks. Indices of refraction and 
double refraction are higher in them. 

The micas always contain the hydroxyl group. They are more 
widespread among the intrusive rocks than among the extrusive. 
In the latter they are often magmatic ally resorbed in a manner 
analogous to that described for hornblende. The specific gravity 
is high but they cannot be isolated by heavy liquids on account 
of their flaky development. See page 155 for a method of sepa
rating mica from other minerals. Members rich in iron are 
easily attracted by an electro-magnet. Light colored micas are 
only slowly attacked by hydrofluoric acid, but the darker ones 
are decolorized by hydrochloric acid and gradually lose their 
double refraction. The fusibility is quite variable from the 
difficultly fusible muscovite to the easily fusible lithia micas. It 
may also be noted that the micas like all aluminium silicates be
come blue \vhen roasted with cobalt nitrate, and this is the 
only real positive reaction, without making thorough (·hemical 
tests, for distinguishing between mica and talc. 

}'!uscQvite, Fig. 321, is rare as a primary constituent of eruptive 
rocks. It occurs in very large crystals in granitic pegmatites 

A ~B 
and forms irregular flakes in 
binary granites, which are recog
nized macroscopically by the 
brilliant luster. It is also found 
abundantly in" fresh plagioclase 
in the central granite. Here it 
forms minute, well-defined, and 

FlG. 321.-:Muscovi~, OrthopinBooid. regularly arranged scales, which 
can only be considered as pnmary 

inclusions. The appearance of secondary mica, which may 
develop from any of the feldspars, is entirely different. It is 
sometimes in larger scales, !¥hich follow the cleavage cracks, 
etc., and form veins or bands with irregular properties. More 
often it is a dense, confused, scaly formation imbedded in the 
clouded substance of the feldspar or entirely replacing it. 
Similar aggregates, that are _macroscopically always dense, 
OQcur as pseudomorphs after nepheline, scapolite, andalusite, 
etc. Th~iJ:"lIroperties indicate that they belong to the Beneite. 
described 1ieIow: Small "flakes of muscovite are found also in 
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the ground mass of quartz porphyries that have been somewhat 
altered and they can only be secondary. 

Muscovite is far more widespread in contact rocks, especially 
those formed by piezocontact metamorphism. It is shown in 
the Allgemeine Gesteinskunde, page 138, how mica schist occurs 
under these conditions in place of the normal hornfels. Mus
covite is the most frequent cause of the schistose structure of the 
crystalline schists formed by contact metamorphism. When 
light mica occurs in isolated individuals that are poorly developed 
but are macroscopically distinct. the schistosity is generally 
very imperfect. This phenomenon is seen in many injected 
schists, especially in 'amphibolite and eclogite, but in the latter 
rock the mica does not appear to belong to muscovite, but is a 
mica whose properties have not been accurately determined. 

The mica in these rocks tends to bind itself into membranes 
with a silvery luster, which wrap around all the other rock con
stituents as in a mica schist. 
In the phyllites these mem
branes become finer and finer 
and are folded in various 
ways, Fig. 322. Then tbe 
single flakes cannot be seen 
with the naked eye and the 
mica can only be recognized 
by the silky luster of the 
rock. Such fine, scaly aggre
gates of mica, related by a 
series of transition members 
to true muscovite, are calIed 
sericite. They have properties 
different from muscovite, chief 
among which are the smaller 

FlG. 322.-Folded Berieite Membrane. 
Quartz Phyllite, Sunk, Sooiennark. 

optic angle and a greater susceptibility to the action of acids. 
This mineral forms the principal constituent of a widespread 

series of sericite schists, that have extremely thin layers, and 
are mostly white with a silky luster .. They are rocks in which a 
feW phenocryst. (,f corroded quartz can be distinctly see~, Fig. 
199, page 189. These can only be lo!;'ked upon as altered quartz 
porphyry. Granite, gneiss, etc., suffer similar sericitization now 
and then, especially in the neighborbood of faults and when 
certain ore veins are formed in the crevices thus produced. 

20 
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Rocks rich in sericite are apparently quite similar to fine, 
scaly talc, and this is increased by the greasy feeling of them. 
It is interesting to note that nearly all such occurrences were 
formerly designated as talc schists, and even to-day, sericite 
schists are generally included with talc schists. Aggregates of 
soda mica-paragonite-are outwardly very similar to sericite. 
They are well-known because of the content of staurolite and 
cyanite. They replace the granite pegmatites in the Central 
Alps. Nothing is known of a further distribution of this mineral. 
Dense light green or yellowish aggregates of mica with properties 
similar to soapstone are kumvn in small masses in the schists of 
the Central Alps and in other places under analogous conditions. 
They are called onkosine, pragratite, cossaite, damourite, margar
odite, etc., and consist of aggregates that are composed of various 
sorts of minerals '\vhich cannot be distinguished from sericite. 

Muscovite is always a mica of the first order but is often in 
parallel intergrowth with biotite. Characteristic intergrowth 
with quartz resembling palm leaves occurs in pegmatitic rocks 
and called mica pal me. Alteration of muscovite is not known. 

® (010) 

) 

FIG. 323. 
Biotite (Phlogopite), 

Clea.vage Plate. 

It is therefore often found unaltered in 
clastic rocks, but ,vithout accurate investi
gation it can be confused with bleached 
biotite. 

Phlogopite, Fig. 323, is a typical mineral 
of contact-metamorphosed limestones and 
dolomites, and occurs principally in rounded 
crystals or those elongated along the verti
cal axis. Macroscopically, it is usually 
very light brown. Large t~bular crystals 
of commercial importance are found in the 

granite pegmatites, which cut through carbonate rocks. It is 
always colorless in thin section and distinguished from muscovite 
by the fact that it is usually nearly uniaxial, and that the cleavage 
cracks do not have a tendency to be so sharp. Oblique extinc
tion is observed. N eedle-like- inclusions-sillimanite and rutile 
-tend to arrange themselves diagonal to the rays of the per
cussion figure and upon alteration, which occurs now -and then, 
Bagenitic intergrowths of rutile are Been along with scaly aggre
gates. The distribution of phlogopite in rocks is but little 
known. 

Biotitl> .~ lll~ch more. widespread. It is macroscopically 
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brown to black and often has a bronzy luster. Dark green 
varieties are rarer. Deep reddish-brown rubellane of the basic, 
extrusive rocks is generally burned and strongly resorbed by the 
magma. A few rarer varieties are the micas of the first order
anomite-and these frequently have an extinction of 4-5°, and 
a somewhat larger optic angle. Most of the biotites are micas 
of the second order-meroxene and lepidomelane. The latter is 
particularly rich in iron and titanium, and the absorption of the 
rays vibrating parallel to the cleavage is almost complete in 
thin sections. In rarer varieties, which occur especially in the 
group of soda rocks, the optic angle is quite large, up to 35°, 
and at the same time an important extinction, up to 10°, makes 
it.~ appearance. Transverse sections show distinct twinning 
laminations and a difference between the two rays vibrating 
nearly in the cleavage plane, b golden yellow, f reddish-brown. 

Most of the biotites are brown in thin section with different 
degrees of intensity. Less often they are colored yellowish
brown, red brown or finally green, a yellowish, Ii = c green. 
Biotite is widely disseminated in eruptive rocks and contact 
rocks of all sorts. The best developed crystals, apparently 
hexagonal, are found in glassy extrusive rocks while in other 
extrusive rocks they are magmatically resorbed. They are the 
more resorbed the more crystalline the rock. Inclusions of 
apatite and zircon are frequent and the former are without, the 
latter with pleochroic halos, Fig. 216, page 197. Sagenitic inter
growths of rutile are also common. In granulitic rocks the cross 
sections are often completely perforated by rounded grains of 
quartz. The flakes themselves have rounded outline in contact 
rocks, and skeletal development is occasionally observed as well. 
They do not combine to form membranes as frequently ap 
sericite does. They never form such fine crystalline films. On 
the other hand, biotite flakes pentrate the other constituents of a 
hornfels in a helicoidal manner and in schistose rocks, the flakes 
are often placed transverse t.o t.he schistosit.y. They are then 
often filled with graphite, etc., and do not show a thin tabular de
velopment, but often a distinct prismatic growth, Fig. 324, in 
contradistinction to the biotite flakes which lie in the structure 
plane of the rock. 

It is found in parallel intergrowth with mnscovite in binary 
granites, gneisses, etc., and with chlorite in the .central granites. 
Perfect freshness of the biotite prevents conf11l!ion with the 
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alteration of mica to chlorite, which is so common. It is often 
intergrown with hornblende and pyroxene, or a narrow homo
geneous border surrounds an irregular grain of opaque ore, par
ticularly in gabbro. 

Alteration is very common. The simplest process is bleaching 
in which the mineral loses its color and fresh appearance, and 
passes over into a colorless mica with a somewhat lower double 

refraction. Chloritization is 
mOfe frequent. Proceeding 
inward from the edges and 
along gliding planes, the min
eral is changed to lamellar 
chlorite. The separation of ti
tanium minerals, then quartz, 
carbonates, iron ores, epidote, 
etc., allow the process of 
alteration to be followed 
closely. Sometimes rutile is 
observed in the form of 
sagenite, the crystals inter

FIG. 324.-13iotire, Transverse to Schistocity, secting each other at an angle 
Prismatic. g=;e!:~;~:t, Maurertal, of 60°. This rutile is a by-

product of the formation of 
chlorite or the bleaching process. In certain cases almandine 
or olivine are altered into biotite. 

The lithionites are sometimes light, and sometimes dark col
ored. They are constituents of lithionite granite and can only 
be distinguished from muscovite or biotite by chemital reactions, 
especially the flame reaction, and by the greater fusibility. Dark 
lithia micas have a variable optic angle up to about 65°, a'D.d are 
micas of the second order. They are observed first of all in the 
lithionite granites, which occur in combination with tin ore veins, 
and tMy are here the principal micas. The colorless, as well as the 
brown, are often completely filled with pleochroic haJos, which 
occur around inclusions of rutile, zircon, and cassiterite. Mica 
very rich in iron, macroscopically black-raven mica-is found 
in certain soda rocks. 

See the introduction to this section for a distinction between 
the.real micas and a series of minerals with a similar development. 
Special attention is called to the use of the clea vage plates in 
the investigation, Jor this is sometimes the ~nly means of dis-
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tinction, e.g., muscovite from pyrophyllite, although the latter 
has a much larger optic angle. Therefore the phenomena, which 
the cleavage plates of mica and micaceous minerals show, a.re 
considered first in the diagrams; see also the table. page 270. 
This method on the other hand does not give results in the case 
of dense aggregates of talc. Here chemical reaction, page 168, 
must find a place. Diaspore may appear similar to colorless 
micas on account of the coincidence of the interference colors, 
but it is characterized by higher indices of refraction. Also 
anhydrite, which has more than one cleavage not all equal, is 
similar to colorless mica. The most perfect cleavage planes of 
that mineral aTe perpendicular to the obtuse negative bisectrix. 
Minerals of the amphibqle group, tourmaline, and orthite aTe 
confused with colored micas, but all these minerals have higher 
indices of refraotion and poorer cleavages. The hydrofluosilicic 
acid reaction, page 163, is valuable under all circumstances for 
determining the micas. + 

Chrome mica.-fuchsite-must also be mentioned. It occurs in emerald 
green flakes in contact rocks. It has a variable optic angle. a pale sky
blue, {t = t siskin green. 

Seltu10nite js appended to the mica group. It is an alkali silicate similar 
to mica. and occurs as a rock constituent in basic eruptive rocks and 
tuffs. It is sometimes in the veins in them, sometimes as pseudomorphs 
after augite, and sometimes as an impregnation in the rock. It is dark green 
in color, has dense, earthy properties---green earth-and is very 80ft. 
Sp. gr. =2 . &-2 .8. It is apparently uniaxial, negative, tl pale yellowish~ 
green, t deep green. Double refraction is somewhat lower than that of 
the micas. Glauconite with a simiLa.r composition is distinguished from it 
by its oocurrence, which appears to be confined to the sedhhentary rocka
green sand. It is found in small dark green spheres, which appear macro
scopically like grains of gun powder and is often collected into masses as a1' 
agent of petrifaction. especially of foraminifera. Its structure is generally 
confused even microscopically. Distinct flaky, radial aggregates, showing 
marked pleochroism from light yellow to deep green, are rare. It is also 
negative but is biaxial, 2E=30-40°. r-a=O.020. Both axe difficultly 
soluble in hot hydrochloric acid. Chrome ocher appears very similar and is 
likewise brilliant green. It is nea.rly uniaxial, negative, ft yellowish to 
colorless, lr = t brilliant green. It is found particularly as a halo around 
chrome spinel in serpentine. 

It is not determined whetheJ;" the I!DruLU greenish-yellow, radial, fibrous 
spheres with a. perfect des. vage that occur in quartz schists and alum schists 
and are caned astrolite, belong here or not. Aside from a lower doub1e re~ 
fraction, they possess properties very similar to mica. The number of 
names, which micaceous aggregates have received, is so large that they 
cannot be discussed in this text. 
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Chlorite Group and Serpentine (14) 
The minerals of the chlorite group in the narrower sense can 

but rarely be recognized macroscopically as rock constituents and 
are generally dark green. Perfect micaceous cleavage, low 
hardness and flexibility of the flakes are characteristic. They 
are generally so fine scaly that the individual flakes cannot be 
recognized distinctly. They have a somewhat parallel arrange
ment giving to the rock a soft velvety luster. The normal 
chlorites, i.e., those members of the series rich in iron, together 
with sedgy hornblende, constitute the most frequent green pig
ments of crystalline rocks, and ll'll;merou8 greenstones, green
schists, etc., owe their color to it. Leuchtenbergite, which is free 
from iron and colorless, is very rare and is scarcely ever visihle 
macroscopically while the dark red to viqlet members containing 
ehromium, Cotschubeyite and cammererite or rhodochrome are con
fined to secondary formations in serpentines rich in chromite. 

Distinction is made under the microscope between pennine, 
which is sometimes positive and sometimes negative, uniaxial 
with parallel extinction and frequently shows anomalous lavender 
Llue to rust brown interference colors, and c1inochlore. The 
latter has higher double refraction, is biaxial, and always positive. 
It shows normal interference colors and on account of its not 
insignificant oblique extinction it often shows twinning lamina
tion according to the mica law in thin section. These minerals 
arc very light in thin section, but are generally distinctly colored 
and, whether they are positive or negative, they show stronger 
absorption of the rays vibrating in the cleavage plane. Colorless 
cross sections of a mineral with properties similar to chlorite 
and often with quite anomalous interference colors "ppear 
occasionally in the rocks chiefly as a decomposition product of 
silicates poor in iron. It has been identified as leuchtenbergite. 
Cotschnbeyite corresponds to clinochlore in its optical behavior 
while ciimmererite frequently has anomalous interference colors 
and is similar to pennine. Both are hyacinth red parallel to 
c = f and perpendicular to c deep violet. Deep blue chlorite, 
erinite, has been observed as a rock constituent. It is yellow
ish parallel to c=a and cobalt blue perpendicular to c. 

Pleochroic halos with brown colors are common in chlorites. 
Searcelya trace of an interference figure can be observed in cleav
age plate(!!: ~ account of the deep color and the low double 
refraction. . When roasted in air the chlorites become deep brown 
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and show great differences in absorption, but they fuse with 
difficulty. They can be etched out of rocks with hydrochloric 
acid, but leave gelatinous silica behind. 

Coarse, scaly aggregates of chlorite are found as secondary 
veins in serpentine and as a facies of that rock. These aggregatkls 
frequently contain large crystals of magnetite and occur as irregu
lar non-schistose masses. They consist principally of anomalous 
pennine which often has a radial flaky ap
pearance, Fig. 325. The same species is 
also common as an alteration product of 
basic silicates and sometimes forms pseu
domorphs after biotite. These are always 
penetrated by titanium minerals and have 
abundant pleochroic halos. Sometimes it 
forms irregular scaly aggregates, which FIG. 325. 

have developed from hornblende or Pennine Cleavage Plate. 

pyroxene; also from almandine, feldspar, 
etc. The same formation is found in greenstones and propyl
lites as a fine pigment throughout the whole rock. It is not 
definable optically and is called viridite. In piezocrystalline 
rocks, especially in the central granites, large poorly developed 
flakes of pennine are undoubtedly primary constituents. These 
often grow parallel with biotite, but are distinguished from 
secondary chlorites by a lack of by-products and by the perfect 
clearness of the mica . 

.(}Io 

FIG. 826. Fra. 827. 

Clinoohlore, 
Parallel Cleavage. Parallel Plane of Symmetry. 

The tabular individuals of chlorite occurring in green contact 
rocks of all kinds, amphibolite, eclogite, green schist and chlorite 
schist, belong chiefly to clinochlore, Figs. 326 and 327. It shows 
twinning lamination and normal interference colors. In denser 
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formations approaching phyllites, a mineral similar to chlorite 
occurs but is distinguished from clinochlore by higher indices of 
refraction but they do not reach those of the brittle micas al
though they approach them. 

The table, page 270, shows the distinction between the chlorites and other 
micaceous minerals. A series of dark green minerals, generally with low 
but sometimes with high double refraction, r- a=O.02, is appended to 
the chlorites. They are called delessite, ripidolite, etc., and some of them 
at least are chlorites rich in iron. Likewise silicates very rich in iron with 
the general habit of chlorite are found frequently as predominant constit
uents of sediments particularly of oolite. They are called thUTingite, 
owenite, chamOSite, etc., and form scaly cleavable aggregates with a specific 
gravity of about 3 . 2. They are similar to chlorite in all the optical proper
ties, being negative with a small optic angle and having a positive principal 
zone. 

The relations between the chlorite minerals and serpentine 
have as yet not been thoroughly determined. There is no doubt 
that flaky serpentine or antigorite is quite analogous to the 
chlorites in its optical behavior and the chemical composition of 
chlorite rich in magnesium has been explained by an isomorphous 
mixture of magnesium aluminium silicate called amesite with 
magnesium silicate, serpentine. Besides the serpentine minerals, 
which belong here, there is a fibrous serpentine or chrysotile, tha.t 
has no relation whatever to the chlorite group. 

The serpentine minerals are not known in individual crystals. 
All occurrences so designated are pseudomorphs. Antigorite in 
deep green, flaky masses and chrysotile in yellowish-green, fine, 
fibrous masses with a silky luster and fine enough to spin, are 
observed in crevices of serpentine consisting for the most part of 
very fine aggregates of that mineral. The principal ~ field of 
distribution of the mineral is in those rocks, which are macro
scopically compact with a fine splintery fracture and streaked 
with ·dark green or red, rarely with honey yellow. 

The appearance of the two varieties of serpentine under the 
microscope is quite variable in spite of the similarity with respect 
to index and double refraction. Both are generally eolorless in 
thin section and are therefore not pleochroic. If pleochroic 
varieties are thought to have been found, villar.ite, chemical 
observation will not confirm it' and the mineral is undoubtedly 
chlorite, wW.ch is 00 often mixed with serpentine. Figs. 328 and 
329 $h,. 'tII>i 'optical constants of the two types of serpentine and 
in these the d~rence in habit appears distinctly. However, the 



DESCRIPTIVE SECTION 313 

que'stion is by no means clear in all respects and there are un
doubtedly forms of development in genuine serpentine, which 
could not be classified under either of the diagrams. 

New names ·cannot be given to these dense aggregates simply 
because they have different habit as has been done in the anti
gorite varieties, picrosml'ne, metaxt'te, picrolite, etc., and likewise 
the microscopic forms of aggregation, e.g., the radial, which has 
lately given rise to the name radiotine, cannot 
be recognized as sufficient ground for evolv
ing a new name, 

Serpentine is undoubtedly very rare as a 
primary constituent of rocks. Antigorite as 
such has been men-
tioned and shown 
in Fig. 288, page A C-AJi B 

276. It occurs in ~! '~t: parallel growth 
with olivine. Han / ., 
olivine rock is in- 4'1 

tergrown with FIG. 328. 

\~ 
II o<'A 

FIG. 329. 
antigorite, which 
represents a typi-

Optical Orientation of 
Antigorite. Chrysoti1e. 

cal formation of 
piezocrystallization, stubachite, later suffers more or less com
plete serpentinization by thermal precesses, a very fine, scaly, 
irregular aggregate of secondary serpentine is developed 
hetween the lath-shaped crystals of the primary antigorite. 
The secondary serpentine is dense and compact and scarcely 
acts upon polarized light while the laths of fresh antigorite 
appear like a lattice .,in it, lattice structure, Fig. 330, and often 
fine, granular residues of olivine that are scarcely transparent 
are seen. This development is to be sure very typical, but by 
no means constant. It gives way to radial fibrous and con
fused, almost structureless .masses. The various antigorite 
""rpentines are characteristic for regions in which the rocks 
have been formed under the influence of piezocrystallization. 
They are predominant under such circumstances, but are excep
tional under normal eonditions. 

The .. ppearanee of crysotile serpentine is unlike that of anti
gorite. It forms fibrous masses perpendicular to the edges and 
filling out the cracks of olivine thus causing the mineral to crack 
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further and these cracks are again filled with fine fibrous aggre
gates. So the proceSR goes on until the characteristic appearance 
of the mesh structure is seen, :Fig. 331. Small grains of more or 
less .looT olivine may be present in it or the whole may be altered 
to serpentine. In the veins of such fibrous serpentine there 
are generally two differents kinds of substances, which appear 
quite similar. On the outer border the axes of the fibers are 
positive and the middle portion is also fibrous with the crystals 
perpendicular to the sides of the vein, but the principal zone is 
negative. 

Serpentine as a rock is always developed from peridotites. 
Other rocks, e.g., pyroxenite and amphibolite, never turn to 
serpentine. It is always a product of thermal activity, see 

FIG. 330.-Berpentine with Lattice Struc- FIG. 33l.-Serpentine with Mesh Structure. 
ture. Eackbrettl in Stubachtal. Trogen near Eof, Fichtelgebirge. 

Allgemeine Gesteinskunde, page 152. Now and then pyroxenes 
low in aluminium in such rocks are effected by this process of 
alteration and a pseudomorph of antigorite is formed from it, 
bastite. Generally, however, these minerals remain unchanged 
and in the serpentines of the Central Alps a few individuals of 
pyroxene constitute the only residue of the original rock and this 
gave rise to the opinion that the whole rock was an altered 
pyroxenite-pyroxene serpentine. By-products are very wide
spread in the formation of serpentine from olivine. Besides iron 
ores; which al"i\'ays occur, chlorite, talc and actinolite are formed. 
The lattel;\,1IliW>ria~ has been falsely considered as the parent 
substance of rer~ntine,~hornblende serpentine. 
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The pseudomorph formations are also formed in rocks in which 
olivine is a subordinate constituent as in the contact-metamor
phosed carbonate rocks where the serpentine is generally poor in 
iron and is yellowish-green to sulphur yellow-precious serpen
tine-but it is sometimes dark green to pure black. The latter 
color is found especially in certain ophicalcites called eozoon. 
Besides forstcritc, humite may be the parent material in such 
roeks and in both cases the serpentine shows the typical mesh 
structure. More rarely it is formed from periclase and the 
cubical cleavage shows even macroscopically. In the pseudo
morphs the antigorite flakes lie parallel to the cube faces and 
overlap each ot.her jn such a manner th.at no double refraction 
can be observed in thin section. Fresh fragments of the original 
mineral are sometimes seen as small rounded inclusions in calcite 
grains. 

Sometimes pseudomorphs after an olivine rich in iron are 
found in olivine-bearing porphyric plagioclase rocks. These have 
a cleavage like that of mica and are similar to bastite. They are 
didtinctly green in thin section and pleochroic, r green, b and a 
yellow. They also have quite a strong double refraction, 
r - ,,= 0 .025. They are serpentine. very rich in iron. The 
eolor and pleochroism become more intense upon oxidation and 
when such pseudomorphs become brown they show very signifi
cant difference in absorption from brownish-red to yellowish 
I> b> a, iddingsite or bowlingite. Similar substances are found 
ill the same rock occnrring principally with the mesh structure 
and when they are brown the serpentines rich in iron can be 
made deeper brown and strongly pleochroic by roasting in the 
air. The common serpentines remain unchanged by this treat
ment so long as they de not lose their water. Serpentine 'can be 
distinguished from chlorite, which appears very similar to it, by 
roasting with cobalt solution when the latter becomes blue. 
Sometimes it is necessary to dissolve the eerpentine out with 
hydrochloric acid in order to expose accessory minera.ls concealed 
h~ it. 

Black serpentine mentioned a.bove must be briefly described here. It 
occurs in many ophicalcites. In thin section, it .generally forms a mass 
like graphite, but a few individuals are prominent from their larger dimen
sions. They show complete absorption even in the thinnest sections parallel 
to the principa.l z.one and 'Perpendicular to it they are completely colorless. 
HydrosiIicates containing nickel belong in this: group. They occur as a 
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secondary development in crevices in serpentine and represent one of the 
most important nickel ores, numeite, gcnthite, pimelite, etc. They aTe 

fibrous scaly substances with brilliant green to yellowish-green color, Bp. 
gr. 2.6-2.9. Optically positive with medium double refraction and 
positive principal zone. They turn black before the blowpipe and a'te 
attacked by acids with difficulty. 

Hydrargillit. (14) 

Hydrargillite is formed occasionally in the decomposition of various 
feldspars especially in the formation of bauxite. It has also been found in 
spreustein and a few occurrences of emery. The aggregates appear fibrous 
in thin section and are extremely difficult to determine because various 
occurrences have different optical properties. Strong double refraction, 
negative principal zone and oblique extinction are characteristic and dis
tinguish the mineral from brucite, kaolin, talc, muscovite, leucbtenbergite, 
etc., which appear similar to it. Diaspore occurs ",ith it and is recognized 
by much higher indices of refraction. Chemical reactions, such as the blue 
color upon roasting with cobalt solution and the lack of silica, are sometimes 
employed to determine the diaspore. 

Flo. 332.-Hydrargillite. FIG. 333.-Talc. Clea.vage Plate. 
Cleavage Plate. 

Talc (15) 

Talc as a rock-forming mineral has, by no means, the signifi
cance. which geology in general a,cribes to it. Most of the 
occurrences so designated are scaly aggregates of sericite as 
mentioned above. Talc has .. much more greasy feel, hut the 
two cannot be differentiated under the microscope. Chemical 
investigation alone furnishes a clue for the distinction and this 
may be either the hydrofiuosilicic acid reaction, page 163, or 
roasting the mineral with cobalt solution, when sericite becomes 
brllliant blue. 

Talc .~!iII·in !leneral "","usist predominantly of fine, confused, 
8csly aggregates of talc; such as talc schists, soapstone, potstone, 

" 
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etc. They are very soft. and can be carved or turned, but upon 
roasting they attain a hardness greater than that of quartz. 
They are always anomalous formations, which have resulted 
from intense chemical processes sometimes in the neighborbood 
of the most acid eruptive rocks, the granites, and sometimes they 
have formed from the most basic rocks, the peridotites, in which 
frequently the whole rock is changed to talc without any residue. 
Rhombohedrons of magnesite, prisms of actinolit-e and micro
lites of rutile are frequently by-products occurring in the yellow
ish, grayish, or greenish aggregates of talc. Talc is found occa
sionally as a subordinate constituent in occurrences that scarcely 
deserve the name of rock, such as listwlinite and duelho. It also 
occurs in magnesite and numerous serpentines. 

Pyropbyllite (15) 

The distribution of pyrophyllite as a rock constituent cannot be estimated 
beaRus£, it is very difficult to distinguish it from muscovite in thin section 
except that it has a larger optic nngle. In cases of doubt a decision can be 
reached by means of the bydrofluosilicic acid reaction. It is sometimes 
formed as a by-product in the process of kaolinization and other similar 

,(1'), V(OlO) 
~ 

FIG. 334. FIG. 335. --_---
l'yrophyllite, 

Cl<'Avage Plate. Macropinacoill. 

replacement proeesses. It OCClIrs in isolated scales and rarely in dense 
a.ggregates of agalmatolite similar to soapstone. '''hen roasted with coLalt 
solution they become blue. It is more frequently found as a fine, scaly 
coating on clay slates in which it often occurs in silvery aggr!lgates covering 
creviees 01' 8.S an agent of petrifaction, of grapholites, gUmbelite, for example. _te (15)' 

Limpid, tabular crystals of bertrandite have been found in certain peg
matites. It occurs also as a. constituent of granites, aplites, etc., but is 
very diffieult to determine on account of its gre~t similarity to muscovite. 
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It is very difficult to find in any case because its specific gravity is about 
the same as that of the principal constituents occurring in the rocks and 
it cannot be separated. The hydrofiuosilicic acid reaction is of value to 
distinguish it from muscoyite. 

Wagneri!e (15) 

\Vagnerite is probably much more widespread than it is at present 
RUpposcd to be. It is only known as an associate of siderite in phyllitic 
rocks. Its optical properties are not very characteristic, but it may be 
isolated quite easily on account of its high specific gravity. The reaction 
for phosphate is a good test for it. 

Kaolin (15) 

Feldspar rocks alter to kaolin by post-volcanic processes and 
the alteration affects the plagioclase first and later the ortho
dase, while microcline resists it almost entirely. Kaolin forms 
extremely fine, scaly aggregates, which so far as is positively 

,i- '" 
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FIG. 336. Fla. 337. ---------------Kaolin, 
Cleavage Pla.te. Plane of Symmetry. 

known, are always porous and are scarcely ever observed in thin 
section, The usual alteration products bf feldspar, which cause 
the cioudiness that is so widespread in them, do not belong to 
kaolin as is commonly supposed, but are distinguished from it 
even in the densest aggregates by a much more brilliant inter
ference color, It is probably sericite, 

When the presence of kaolin can be positively proved, the 
rocks are so much altered that the kaolin, which is easily sus
pended in water, can be isolated by simply washing and it can 
be id.entijieQ by chemical tests. The mineral is quite important 
as 8 eotilltitnellt of secondary deposits of kaolin sandstone and 
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kaolin clay. It is by no means positively determined to what 
extent it occurs in plastic and non-plastic clays because the clay 
substance, that is always present in these sediments and is 
called kaolin, in many cases, does not prove to be kaolin by 
chemical analysis. The same is true for its distribution in the 
normal products of weathering and in soils, in which kaolin was 
assumed as a constituent, without further investigation. It is 
doubtful whether the scaly mineral in such occurrences can be 
distinguished from kaolin or not, although it differs from kaolin 
greatly in chemical composition, being an alkali mineral. Differ
entiation may be accomplished by an application of the method 
of Schroeder van der Kolk, Part I, page 38. 

Nontronite (15) 

Nontronite is not a rare constituent of greatly altered eruptive and con
tact rocks. It may be formed from any mineral whether it bears ferric 
oxide or not, and Occurs especially in rocks that have been so shattered that 
the inner texture is entirely porous. It sometimes forms a scaly sulphur 
yellow coating in crevices of rocks or it penetrates the whole rock in a 
regular manner and forms earthy pseudomorphs after it. Greenish-yellow 
masses with a choncoid.al fracture and impregnated with opal, chloropal, 
are not rare in such cases. Kontronite is nearly always determined as 
epidote on account of its color and double refraction but is distinguished 
from it by much lower indices of refraction. 

A mineral very similar to nontronite in appearance and optical properties 
is very common as a crust in crevices especially on the surface of rocks con
taining pyrite. This is copiapite, a basic ferrous sulphate, that is decom~ 
posed in water. 

Hydromagnesite (15) 

Hydromagnesite is found in dense masses as pseudomorphs after minerals 
rich in magnesium and also iD flaky or fibrous aggregates in crevices of rocks 
rich in magnesium. It generally shows twinning lamination similar to 
that of plagioclase. The aggregates are very fine, fibrous and irregular 
and can be recognized with difficulty. Effervescence shows its presence in 
a thin section if other carbonates are not present. 

Cordierite (15) 

Cordierite forms crystals with short" prismatic habit that are 
usually quite distinctly visible macroscopically in granites, 
qnartz porphyries and other extrusive rocks, but become miero
lites in fritted sandstones. They are frequently in the form of 
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penetration twins appearing in cross section as shown in Fig. 
338. The edges are generally rounded and the crystals corroded 
in varied manners. It is also found quite widespread in the 
form of grains in clay slate hornfels, and these often show de
cided twinning lamination. A portion of the knotty aggregates 
in a spotted slate" K notenschiefer, consists of poorly developed 

individuals of cordierite very rich in in
clusions. In these rocks it is colorless in 

I thin section and is frequently penetrated 
by long slender needles of sillimanite, 
Fig. 212, page 196. It also contains a 
large number of inclusions of rutile and 
zircon with typical yellow pleochroic 
halos in which the double refraction is 

FIG. 3t~!::-~::~~~~~~ction lower, but the dispersion of the optic 
axes and the indices of refraction arc 

higher and tho ray vibrating parallel to c appears brilliant yellow. 
If such characteristic inclusions are lacking in colorless cor

dierite it is distinguished from quartz by observation in con
vergent light, by special chemical reactions, page 174, and by 
the beginning alteration of cordierite into greenish micaceous 
aggregates, which begins on the borders or at the inclusions. 
The pseudomorphs sometimes consist of parallel aggregates, 
gigantolite, and sometimes of irregular masses similar to snow 
crystals in polarized light, pinite. The pleochroic halos often 
remain as brown specks after the alteration. Cordierite often 
appears very similar to plagioclase on account of its twinning 
laminstion. 1f the ChJlTllcteTistjcs mentioned 3·bove are lacking, 
its determination in thin section may become very difficult. The 
hydrofluosilicic acid reaction affords positive proof of the rinera!. 
'Vhen it occurs as a fresh constituent of extrusive rocks or in 
tuffs it is generally decidedly blue in thin section and then shows 
distinctive pleochroism. It becomes nontransparent before the 
blowpipe and melts with difficwty. 

Wavellite (15) 

Wavellite is not rare in crevices of sedimentary rocks in which it forms 
perfectly radial aggregates. It has apparently resulted from decom
position of organic. phosphates. Its ~ distribution has never been deter~ 
mined rnicro8C~pically, but the extra.ordinarily typical form of aggregation 

•• - ' ..... li;; ~ •••• ._ ,,_,. H ~ _____ L ___ ... _ "'-- ~_.--tity 



DESCRIPTIVE SECTION 

Gypsum (15) 

321 

Gypsum is a prominent constituent of numerous members of 
the halite formittions, but it is also found in ""dimentary rocks 
other than the"". Its origin from anhydrite can be determined 
in many cases. It is also found as a product of solfataras and 
sulphur springs and is sometimes formed from carbonate rocks or 
occurs as impregnations in volcanic tuffs. In the latter case 
it is generally accompanied by sulphur. 
Gypsum is often found as a secondary 
formation in the iron caps of sulphide ore 
deposits and in calcareous rocks where 
sulphides have been altered. 

Rocks consisting predominantly of 
gypsum are very Boft and are generally 
crossed by numerous veins of fibrous 
gypsum. The color is white or gray, due 
to carbonaceous substance, or yellow to 
red, due to ferric hydroxide. If gypsum 
occurs as a subordinate constituent of 
rocks it can only be recognized when 
cleavage plates with pearly luster appear 
distinctly. It is difficult to determine FIG. 3!~.;!=. Plane 

under the microscope. Twinning lamina-
tion and fibrous fracture, which are distinctly visible in crystalline 
aggregates, are rarely observed in the denser varieties. Positive 
evidence of the presence of gypsum in rocks is obtained by leach
ing the rock with water when small microscopic crystals of 
gypsum are formed from the solution. 

Fp.ldspar Group (16) 

The feldspars are the most widespread rock-fonning minerals. 
Accurate investigation of them is especially interesting on 800-

count of their importance because they form the basis for classi
fying the eruptive rocks. Separation of monoclinic orthoclase 
from triclinic plagioclase is far from sufficient lor the modern 
petrographical classification. It is also recognized that a natural 
petrographical system founded on a chemical basis, is not possible 
without determining the exact properties of the feldspar. For 
the"" reasons many investigators have act about to determine 
the composition of these minerals in an optical way without the 

21 
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aiu of chemical analyses, which at best require much time and 
aYe oftrn not possible. Many methods, giving results in a more 
01' less direct manner, have been ,vorked out so that limv an 
experienced petrographer ean determine quite accurately with 
the mirl'OfH'Opc. the chemici11 properties of a plagioelase in thin 
section. 

The dimensiolls of roek-forming felrlspnrs are extremely 
variable. Orthoclase crystals ~everal cubic meters in size occur 
in certain pep;mntites, and crystals from the size of an egg to those 
the HjZ(, of a man's hend occur in gnmite porphyries. All possible 
dimensions arc founu from these down to the minutest microlites 
of vcry p:lassy roe1.;:R. The mic]'olites arc often so small that even 
in u t,hin pection fl€yeral indh,jduals may overlap earh other. 
The plaf!;ioclascs develop into large crystals much less than 
orthoclase and in roost imltances they cannot ue determined 
ma.Gros{~opicalJy. 

The crystallographic development of orthoclase is in the main 
not very different from that of plagioclase. The combination 
occurring mOf'1 frequently on adularia crystals, "Viz .. a prism with 

FTr..340. FIG. 341. FIG. 342. 

a rear hemidome, Fig. 340. appears to ue the typical form of 
an orthoclase and the cross sections are principally rhomuic
rhombporphyry, Fig, 343. They are sometimes rounded and 
someti'ines elongated like a lancet. Another type of development 
particularly common on orthocl~~e shows the above combination 
modified by the addition of a side pinacoid which truncates the 
sharp edges of the prism, Fig. 341. The basal pinacoid and a 
number of other end faces are often present. Fig. 178, page 181, 
shows the appearance of cross sections of the more isometric 
individuals. The side pinacoid may become more and more 
domin~nt in:"'the combination and the crystals assume a thick 
or thin ts,blllilr habit. Tliis is seen charact~ristically in cross 
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sections of plagiodase rirh in lime, Fig. 344. Finally a type 
elongated parallel to the a axis iR quit,e ,yjJespreaci, Fig. 342. 
Cross sections of it appeal' quadratic in orthoclase and nearly 
quadratic in plaf!:ioelase, about 93°, Fig. 371, page 338, because 
of the equal development of the hasaI and side pinacoids. 

The cleavage of the feldspars is about the same in the different 
members, but in thin section h occurs in various 1-yays, according 
to the condition of the feldspar. A system of long sharp cracks, 
parallel to the base and lOBS perfect ones parallel to the side pina
coid arc Roell in thin sections of the fresh unaltered. occurrences 

:FIG. 343.~RhQmbporpbyry. KoLsaas 
Dear Cristiania. 

FIG. 344.-LabrndoritePotphYl'ite ll-ith 
Tubular Plagiocla£!e. 

of the Central Alpine granites and schists. Parting pamllel to 
the orthopinacoid often appears more distinctly in fresh sanidine. 
Cleavage is less perfect .-in the clouded occurrences aBd is often 
indicated in thin section more by the arrangement of deeomposi
tion products than by real cracks. When the rock is crushed. the 
feldspars cleave very differently. In orthoclase cleavage plates 
parallel to the baec predominate, while in plagioclase plates 
parallel to the side pinacoid are most common because of the 
lamellar development parallel to it. Microscopic investigation 
of these cleavage plates in parallel and convergent polarized 
light affords considerable data for determining the feldspar. 

Alteration is extremely common and those feldspars, that are 
colorless when fresh, assume 9. clouded appearance and often be
come deeply colored. In thin section the color can be seen to be 
due to inclusions. Orthoclase usually appears with deep red 
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and brown colors while plagioclase is usually not so intensely 
colored and is more apt to be yellow or greenish. In zonal 
crystals the alteration often begins in the center and proceeds 
outward along the cleavage cracks or it attacks the various zones 
differently. The usual cloudiness is produced in orthoclase as 
well as in plagioclase by fine, scaly aggregates of sericite. Kaolin, 
on the other hand, is entirely independent genetically and is 
wholly a local alteration. 

Mechanical structures are not very widespread in the feld
spars. The occurrence of fractured feldspar crystals in normal 
extrusive rocks is characterized as protoclase. The twinning 
lamellre of plagioclase are often bent by orogenic processes while 
orthoclase frequently assumes a lattice structure similar to 
microcIine. Both may be crushed and assume the cataclase 
structure. 

The feldspars are divided into two groups: 
a. Alkali feldspars; orthoclase, microcline, anorthoclase. 
b. Soda lime feldspars or plagioclase. 

A. The AlkaJi Feldspars 

The alkali feldspars occur as rock constituents in three forms 
and two of these are monoclinic, orthoclase and ssnidine. They 
are distinguished by the size of the optic angle which in ortho-

"" 
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Flo. 345. FIG. 346. 

Orthoolase CIea.vap Plates. 
Parallel Base. Parallel Plane of SYtrUD.etry# 

cI...., is very large 'and in sanidi;'e is always much smaller and is 
often .zero., .<Further, the plane of the optic axes in orthoclase i8 
always ~dicuJar 0 the plane of symmetry and in sanidine it 
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is sometimes parallel, Figs. 345 to 348. In the last case, strong 
inclined dispersion of the optic axes is especially noticeable and 
this is characteristic for sanidine. When orthoclase is slowly 
heated, it IDay be noted that the optic angle gradually diminishes 
to zero and at about 5000 the axes separate again in a plane per
pendicular to the first. When heated for a long time at a tem
perature above 600Q the orientation remains the same even upon 
cooling. The geological conclusions concerning the. temperature 

.lit 

At
FIG. 347. 

Sa.nidine, Cleavage Plates, 
Parallel BMe. Parallel Plane of Symmetry. 

at which the rocks are formed, drawn from this phenomenon, 
have been shown to be entirely intenable. Triclinic microcline 
is the third form of alkali feldspar. 

Orthoclase sometimes develops in well outlined crystals which 
are generally distinctly visible macroscopically and may attain 
considerable size, especially in granite porphyry. Sometimes the 
crystals are somewhat rounded. The small microlitic individuals 
in the ground mass of trachytes, etc., may have perfect crystal
lographic outline especially in rocks containing glass. The 
crystals show the variable habits sketched above. The cross 
sections are six-sided or rectangular to long lath-shaped. The 
last form is common, especially in the IDinute individuals in the 
ground mass of trachytes, etc. Fig. 183, p. 184, shows the lath
shaped cross sections of this type with fluidal arrangement and 
the brittlene.ss of sanidi,:,e phenocryets also appears distinctly in 
this figure. 

Twins are extremely widespread and generally two individuals 
lie side by side separated by a more or 16.88 straight line. Twins 
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according to the Carlsbad law are most common. The ortho
pinacoid is the t'tvinning plane and the development may be such 

that this is also the composition plane, 
Fig. 349,01'/ as is more frequently the 
case, the t.wo individuals are grown 
together with the clinopinacoid for 
the composition plane, Fig. 350. The 
Baveno is another, less common 
hyinning law. Here the clinodome 
lOll} i~ the twinning plane. This 
type is found particularly in the crys
tats developed. prismatic along the a 
uxis. Fig. 351 shows a eross section 
of it. The two i1Hlividuals are almost 

FIG. 349.--Carlsbad Twin, Section exactly at 90° to each other and 
Parallel Clinopinacoid. therefore extinguish simultaneously, 

but equivalent vibration directions 
are crOHRed in them. Twinning parallel to the base 
and tu other forms occur nOiY and then but are gener- W 
ally very difficult to determine. Frequently the C 

crystab shmv zonal development. Zonal arrange- m b 

ment of inclusions is often observed in fresh indi- -
viduals. The zonal structure appears more distinctly " 
when the crystals are weathored because the different FlG."a:JO. 

zones alter differently. Orthoclase, 

Hegular intergrowth of orthoclase with other min- ca;::.d 
erals iR frequent, above all with plap;ioclase. The 

(001) 

(010) 

latter may penetrate orthoclase 
throughout in parallel position so 
that a fine network of acid plagioclase 
with orthoclase results-pcrthite-Fig. 
352, or the reverse may be true
antiperthite. A section perpendicular 
to ·that shown in Fig. 352 appears 
wholly fibrous even in ordinary light. 
In other cases a few irtegular elon

FIG. ~a~~!~V:~:::c:,i~tion gated spindles of plagioclase are reg-
ularly intergrown with orthoclase. 

81lCh intergrowths are widespread in purely microscopic dimen
sion~J"'"thite-and. finally they become so fine that their 
presefice can be recognized only by the imperfect extinction of 
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the cross sections-crypiuperthite. Orthoclase sometimes oceun; 
as a border around plagioclase crystals, but the rcyerse of this is 
a raTe Qccurence. 

Graphic intcrgrowth of orthoclase and quartz is vcry impor
tant. Long parallel rods of quartz penetrate through the feld
spar crystals and the cross sections of the quartz show n.n angular 
outline similar to writing, }'ig. 353. This intergrowth is very 
frequent in aplites and in the ground mass of quartz porphyry, 
but often in microscopic uimcnsions. Then it is called micTopcg
matite. In many cases this hecomes more and morc indistinct. 

Fea. 352.-PerthJUc lntcrgrowth of 
Orthoclase a.nd Plagioclase. 

}'w. 353.-1ficropegmatite. Aplite, Col 
ae Tourmalet, P:!.'renees. 

It forms an extremely fine aggregate often appearing somewhat 
radial-granophyre-until finally it passes over into a dense 
aggregate of particles that are only transparent in the thinnest 
sections and very little or no effect at all can be observed on 
polarized light-microfelsite. 

In another kind of intergrowth of quartz with feldspar the 
cross sections of the quartz rods are rounded and wOl'm-like
myrmicoidal structure, Fig. 259, p. 248. This is beautifully seen 
in rounded grains in granite, granulite, and quartz diorite and in 
injected schists and it can frequently be positively proved that 
in this intergrowth the feldspar is a plagioclase. ... 

Inclusions are not very common in orthoclase, but all of the 
other rock constituents may be found as inclusions in it. The 
phenocrysts of a granite porphyry may be quite rich in such 
foreign minerals. Biotite flakes and quartz crystals can be seen 
with the naked eye and these sometimes show the zonal arrange-
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mont. Liquid inclusions are comparatively rare. Glass and 
slag inclusions are observed abundantly in glassy extrusive rocks. 
The regularly arranged small red plates which cause the copper 
red iridescence of sunstone are also to be mentioned. They 
are generally considered to be hematite, but this has not been 
definitely proved. 

Orthoclase, as a constituent of granite and quartz porphyry, 
is o~e of the most widespread minerals and is very important as 
a source of potassium for the Boils. It is also very common in 
injected schists, but is rarer in contact rocks. It is only a subor
dinate constituent of clastic rocks in which it is rather fresh. 

In central grauite the orthoclase is entirely fresh and is 
characterized by a very perfect cleavage-adularia. The form 
known as sanidine is likewise often glassy, but it has a more 
conooidal fracture. Ordinary orthoclase is in a state of altera
t'ion, which sometimes begins on the edge, sometimes in the 
center and sometimes in certain zones. It gives rise to cloudy, 

FIG. 354.-MicrooJine, Lattice Structure. 
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Fla. 355.-Miorociine, Explanation 
of Le.ttice Structure. 

scaly aggregates assembled" chiefly along the cleavage cracks. 
Ordinary alteration gives rise to sericitic substances, the double 
refraction of which can be'recognized even in the very fine, scaly 
particles. Kaolinization is a very different process from this 
and is entirely local. The aggregates resulting from it have 
scarcely any double refraction at all and are generally 80 crumbly 
that they arjl"''!t observed in a thin section because they rall out 
during thegnn(ling. 
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Microcline is very similar to orthoclase macroscopically hut 
they can be differentiated under the microscope by different 
behavior in polarized light. The former can always be recog
nized beyond a doubt by the characteristic twinning lamination 
known as lattice structure, Fig. 354. This distinctive property 
appears to be the result of lamellar twinning according to the 
albite law. The lamellre do not lie side by side as in the case of 
the plagioclases, but cut each other i'; the manner shown in Fig. 
355. The triclinic character of microcline appears on the cleav
age plates which have an extinction of 15° and show an unsym
metrical interference figure, Fig. 356. 
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FlG. 356.-MiCl'OOline. FIG, 357.-Anorthoclase. 

Cleavage Plate Parallel Base. 

The twinning mentioned for orthoclase is also observed on 
microcline and likewise the intergrowth with albite--microcline 
perthite. It is sometimes found in very large crystals occurring 
in pegmatites of the granite series or of the soda rocks. It often 
occurs with a very brilliant red or green color-amazonstone. 
It is widespread as " rock constituent in granites and injected 
schists but only the microscope reveals it as the last mineral 
to separate out. It only shows crystal form in the neighborhood 
of cavities. It is entirely lacking in extrusive rocks but the 
orthoclase of these rocks sometimes shows the J;llicrocline struc
ture·as a result of pressure. Microcllne is also very common in 
granular soda rocks but its properti~s are much less regular. 

Its great resistance to weathering is noteworthy. It is often 
found unaltered in soil and in kaolinized granite when the other 
feldspars have been entirely destroyed. 

Soda orthoclase or anorthoclase is also triclinie, Fig. 357. It 
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is confined to the soda rocks in '\,"hioh it replaces orthoclase. In 
some of these rocks it shows a characteristic rhombic form, 
previously mentioned, \vhile in others it shows the same develop
ment as orthoclase. A brilliant bluish iridescence is quite com
mon. It may be observed in thin section that anorthoclase is 
united to cryptoperthite oy all posfl'ible transition stages. 'Twin
ning is exceptionally common. Hcnrever, the lamellar structure 

according to the different laws 
is HO fine that it only appears 
distinctly in thin section. 
The laminated sections do 
Hot have sharp boundaries 
between the parts and these 
finally ,?:rade oyer into horno
i!CllPOUS sections. The char
acteristic denticulated laths 
in the ground mass of certain 
Roda trachytes, :Fig. 358, are 
('specially distinctive. Be
f,'ides the above phenomena, 
anorthoclase is distinguished 
from orthoclase by a smaller 

extinction on the basal pinacoid and a larger extinction on the 
side pinacoid running up to 10°. It also has a smaller optic angle. 

All alkali feluspars are not attacked by acids except hydro
fluoric, but it dissolves them quite rapidly. They melt with 
difficulty. They are distinguished from the plagioclases by 
Im\~er indices of refraction, even when the twinning lamination 
is lacking in the latter. Investigation of the powder immersed 
in bcnzonitrile (n = 1.526) is very useful to distinguish the feld
spa.rs. Orthoclase has lower indices of refraction in all directions 
than the liquid; anorthoclase and microcline are a little lower in 
one dire~tion and only a trifle higher in the other; all the plagio
clases have higher indices in all directions. The alkali feldspars 
are easily distinguished in thin section from quartz, cordierite, 
scapolite, nephelite, etc., by their indices of refraction being 
lower than that of Canada balsam. 

h. Soda-lime Feldspars or Plagioclase 

The plagiQel.t'l!e group consists of crystallized triclinic mixtures 
of soda feldspar or albite,. Ab, with lime feldspar or anorthite, 
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An. It has as yet not been positively determined ,,,hether t.he 
plagioclases represent a continuous isomorphous series in which 

1<'10. 359.~Albitc. FlO. 360.-0ligoclase. FIG. 36L-Andcsine. 

FrG. 362.-La.bradorite. FIG. 363,-Bytownite. FIG. 364.-Auorthiu". 

the two silicates may grow together in any proportions, or 
wllether only certain compounds with definite composition are 
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formed. The latter appears the more probable. At any rate, 
certain types given in the table are much more common than 
mixtures that might be placed between them. Phenocrysts in 
porphyric rocks are well bounded crystallographically as are 
often the microlitic individuals of the ground mass, especially if 
the rock "ontains glass. The plagioclases show isometric forms 
only in the more acid rocks. In other rocks they are partly 

FIG. 36S.-8tereographic Projection of the Optical Cons1:.fl.nta of the Plagioela.ses. 

lTismatic along the a axis and partly tabular parallel to the side 
)inacoid, particularly in the more basic varieties. Their cross 
ections ate predominantly lath-shaped, Fig. 366. 

The basal and brachypinacoids, the two principal cleavage 
lirections, form an angle of about 93!o. The base is grooved by 
'egular parallel striations produced by the ever present twinning 
amination parallel to the brachypinacoid-albite law, Fig. 367. 
Phese striations on the most perfect cleavage face are the only 
lseful macroscopic diBtinction from orthoclase, if the latter does 
lOt have i:ts cMl'Scteristic red or brownish color, which does not 
'ccur in p~_; The twiiming lamination ¥! also the best 
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characteristic under the microscope. It is rarely recognized in 
thin sections by the reentrant angles, Fig. 368, but it shows up in 
polarized light by the different extinction of the lamellre. If it is 
lacking, as is frequently the case in basic plagioclase of eruptive 
rocks and very often in contact 
rocks, the determination of the 
feldspar is very difficult. The 
lamination is quite variable, 
sometimes broad and some
times narrow. The former ap
pears to be the more common 
in plagioclase rich in lime and 
the latter in those consisting 
predominantly of soda. A fine 
system of lamellre may alter
nate with one band which oc
cupies most of the crystal. The Fm. 3 ••. -Lath~hapOO Plagi~_ in 

section is regularly laminated Trap, Reykjavik, Iceland. 

in one case, and in the other, 
there are a few fine lamellre, while the rest of the crystal ap
pears homogeneous. Sometimes the atripes pass clear through 
the individual and sometimes they narrow down and pinch out 
entirely. Where orogenic pressure has acted on the plagioclase 
the lamellre may be bent or hroken and may be displaced. 

() 
F;1O. 367.-Plagioclase. 

Albite TwWnin&: 
Lam_ 

(001} 

/JfOJ 

FlG. 368.-Twin Lamination s.fter tbe 
Albite Law in a ~ti.on P&rallel 

to the Maeropinacoid. 

In addition to this most freq uent t~inning there is often another, 
likewise lamellar, according to the. pericline law. The b axis is 
the twinlling axis. This second system of lamellre crosses the 
first nnder variable angles, but approximates a right angle in the 
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zone of the b axis, Fig. 371, page 338. Such polysynthetic twin
ning may lw combined with one of the lawFl for orthoclase, most 
frequently the Carlsbad, and the appearance becomes quite com
plicated. Globular and star-shaped intergrowths of many indi
viduals a1'(' found in (,E'Tiain rocks, particularly andesites and 
trphrites. By their regularity, they give thp impression of a 
very complicated gro'V.rth of twins. 

rrhe occurrence of isomorphouR layers is extraordinarily frE'
quent in intermediate eruptive roeks and is very troublesome in 
the exact determination of the plagioelase. The different zones, 
which are sometimes very narI'o,,,, extinguish differently. The 
center always consists of a more basic plagioclase than the outer 
zones, T\vinning lamination continues undisturbed throughout 
all the zones, Irregular penetration of different plagioclases 
also occurR in eruptive rocks. Zonal structure is very wide
spread in contact rocks, but here the order is reversed and the 
center is more acid than the rest. See page 326 for intergrowths 
with orthoclase. 

The plagioclases are alwaYR colorless in thin section. They 
are very fresh, particularly in unaltered (;xtrusive rocks ,,,here 
they haye the appearance of sanidine. This has been distin
guished as microtine. Ahundant inclusion::; of dark gIasR, often 
with zonal arrangement, are very COlllmon in glassy rocks. Most 
of the acid pJagioclasps in certain Cfmtral .. Upine granites and 
tonalites are fresh and transparent, but they are often filled with 
a large number of microlites so that they appear clouded macro
scopically and become transparent only in yery thin slides. The 
microlites arc well bounded crystallographically, Fig. 274, page 
264, and generally they are orientated at random in the fresh 
mass of the feldspar. Sometimes'they are muscovite, sometimes 
sillimanite or garnet, but in most cases they are members of the 
epidote gr.oup poor in iron. These plagioclases are light reddish 
in color when they contain garnet, but the epidote minerals pro
duce a light greenish-yellow color. 

Plagioclase is generally clouded in the eruptive rocks and its 
alteration is quite analogous to that of orthoclase except that 
plagioclase containing lime is mor~ easily attacked, and epidote, 
calcite, chlorite, etc., frequently oCcur as by-products of the 
alteration. Pseudomorphs of hydrargillite after plagioclase have 
been found l~ in greatly ;;Itered rocks and replacement by 
zeolite is not at all uncommon in soda rocks. -Brown tabular 
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microlites with parallel orientation occur as inclusions, particu
larly in basic plagioclase. These are often the cause of the oha
toyancy. Such feldspar8 sometim('s appear bl'ownish-blaek mae
roscopically, hut under the mieroseopf' they seem to be filled with 
dust. This n.ppearanee may also depend u}Jon Bimilar inclusions 
minutely divided. 

The 1\vo end members of the plagiocla~e series afe the rarest 
as rock constituent-H. Albite is the commonest. repl'et:lcntativC' 
of the series in granite pegmatites,. in \"hieh it is the last mineral 
to crystuJlize. It occurs as a rock constituent in perthitic inter.:. 
grmvth with orthoclase, but aside from this it is a rare exception 
in granites. It occurs more frequently in acid members of the 
soda series, in which it. is often the only feldspar. Clouded indi
viduals of it are present in the corresponding cxtrush'c rocks, 
especially in keratophyres. Oli,e:odase to andesine are the usual 
plagioclases in acid and intermediate eruptive rocks. Lahra
dOl·;te if! sometimes quite widespread, for example, in monzo
nite. It is the typical fc·ldspar of gabhro and trap, sometime8 
passing over into bytmvIlit.e .. hut rarely inj,o anorthite. In 
general, phenol'rystf! in por
phyrites and andesites ap
proach labradorite, while more 
acid plagioclase prcuominatet:i 
in the ground mass. 

Plagioclase is much fresher 
in contact rocks and is usually 
clear and transparent. Its 
lack of twinning lamella> has 
been mentioned above. It 
shows good crystal form only 
in granular carbonate rocks in 
which i:'lOlated microscopic in-
dividuals of albite are very F~~~~:i,~~~;~:~~di~:~ ~~:i!'st~c7u~:,I-
widespread, or in the lime-
sili(~ate fels formed near them. Here anorthite often forms large 
individuals. The Knoten in eertain Alpine graphite schists are 
often composed of rounded crystals _of albite. These are more 
commonly granular aggregates with beautifully developed mosaic 
structure, Fig. 369. They are often very rich in inclusions. 

Under the influence of piezocontact metamorphism1 those 
pia.gioclases rich in lime decompose into calcium-aluminium sili-
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cates like clinozoisite, garnet, etc., and into a granular mosaic 
of clear plagioclase low in lime. The higher the pressure during 
the recrystallization the more the latter approaches albite. It 
ii'l, therefore, almost always pure albite in the schistose masses 
of the Alps. Under lower pressure the plagioclase si!llply recrys
tallizes so that in the normal contact metamorphism of diabase 
the original lath-shaped crystals retain their outward form, but 
consist of a granular aggregate of the same feldspar. 

Another type of alteration, effecting especially basic plagio
clase in eruptive rocks, is quite analogous in its entire character 
to piezocontact metamorphism. This is saussuritization and is 
usually accompanied by uralitization of the pyroxene. Macro
scopically the saussurite appears to have the form of the feldspar, 
but it has no trace of cleavage but consists of dense, hard, heavy 
aggregates with splintery to conchoidal fracture and is character
ized by great tenacity. Its color is greenish or yellowish, passing 
over into almost pure white. It has a clouded appearance under 
the microscope even in very thin slides because of the small size 
of the irregula·r individuals with high indices of refraction. These 
minerals are most frequently members of the epidote and garnet 
groups poor in iron, vesuvianite, lawsonite, prehnite often 
penetrated by hornblende needles or flakes of chlorite. The 
host of all this aggregate seems to be plagioclase similar to albite. 
A definite conclusion concerning the composition of saussurite 
is very difficult because of the poor development of the various 
constituents and the similarity of their optical properties. Pseu
domorphs of chlorite or talc after different feldspars are found 
locally as rare formations. 

Acid plagioclase is effected by acids just as the alkali feldspars 
are. Basic plagioclase is readily attacked by hot hydrochloric 
acid and the richer in lime it is the more easily it is gelatinized. 
Acid members are rather difficultly fusible before the blowpipe 
and the"basic are almost infusible. 

In many cases it is desirable to determine the plagioclase accurately 
because of the importance of this mineral in the classification of the eruptive 
rocks. The most reliable means for this purpose is quantitative chemical 
analysis, but it requires a great deal of time and frequently enough pure 
material cannot be obtained for it. D.etermination of the silica ~on~nt 
alone ,would be quite useful as will be seen from column 6, Table,. 16. The 
difficulty here is ~y:he same as in the preceding case. 

A Du.robe.~\:Ot~ta.tive ebemiea.l tests can be made on small fragments 
that can be"es.my i£w?1Ated in.a pure condition from the rock, but they do 
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not give very definite results. Thus attempts have been made to estimate 
the soda content of a feldspar by the color produced by the mineral in a 
flame or by the relative amounts of sodiwn fluosilicate and eal~ium fluo~ 
silicate in the residue after the mineral has been decomposed by hydrofluoric 
acid. The end members may be distinguished by their behavior toward 
hydrochloric acid. Determination of the specific gravity, column 7, gives 
better results than the above methods. A very pure minute grain can be 
used for this purpose. 

A few of the numerous optical methods fo1:' the determina.tion of the plagio~ 
clase are much more reliable than all the above testa, The optical orienta~ 
tiOD of the plagioclases is known in a general way, although there is Borne 
dhm.greement about minor details so that determinations by different 
methods have given different results. This does not appear to be due to 
the method used alone but is dependent, to a. certain extent at least, upon 
varying optical properties CAused hy uncontrollable contingencies. Optics] 
methods cannot replace quantitative chemical analysis if there is suitable 
material for it. They often give better results than the latter, however, 
under the conditions in which a petrographer finds them. 

The optical properties of the plagioclases have been thoroughly in
vestigated because of the importance of these minerals in the classification 
of the eruptive rocks. Figs. 359 to 364, page 331, 
and the projection in Fig. 365 give a ~ner8.1 survey 
of these properties. A and B in these figures are 
the optic axes and a, p, r are the principal vibra
tion directions. The index 1, Fig. 365, refers to 
albite, 2 to oligoclase, etc., corresponding to the 
six figures 359 to 364. In genera1, mean values 
are used as the basis for construction so that there 
are small deviations from the true relationships, but 
a synopsis of the whole can be obtained from the 
figure. 

It is understood that in all the determinations 
with these figures or with table 16 belonging to 
them, the orientation of the section, if it is not a 
cleavage piece, is determined much more accurately 
in convergent polarized light than in paraUellight, 
but for other purposes only measurements in paral~ 
leI polarized light yield good results. The optic 
angle of plagioclase is so large that its measure
ment and the determination of the optical charac- FIG. 370.-Sign of the Ex-
tel' even with an immersion SYliltero give doubtful tinction in Plagiuc1aae. 
results. The dispersion is so weak that it cannot 
be positively determined in thin section. The double refraCtion is almost the 
same for a.ll members except the most basic. Theoo properties are therefore 
of no .use to distinguish the different members of the plagioclase group. 

The most important optica-llUethods for determining them are tht' fol
lowing: 

1. The oldest and simplest is the method of determining the extinction 
angle on cleaV1\ge plates parallel top-10m} and M- {OlO}; ... ~ble 16, 
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coilimns 16 and 17. The significance of the sign in this determination is 
explained by Fig. 370. Thh~ method gives results rapidly if the individU81s 
of plagioclase are large and fresh. It can also be used on very small in
dividuals under certain circumstances. A small fragment of rock is crushed 
between two object glasses and the resultant fine sand is used for the in
vestigation. The best cleavage is parallel to the basal pinacoid, but the 
clea vage plates are more often parallel to the brachypinacoid on account 
of the lame-lIar development of the crystal parallel to this facc. The 
interferenrn;' figurf's of such plates are not characteristic except for the end 
members. 

2. All scctions perpendicular to the bracbypinacoid, i.e., thc twinning 
plane of the albite law, show extinction of the individuals symmetrical t.o 
the trace of the twinning plane. Such sections may be recognized in a slide 

IDOl) by the .'lymmctrical ('xtinction of the two 
parts. The maximum extinction in this 
zone, column 21, can be found approxi
mately by meJ1Suring a large number of 
sections f'lhowing symmetrical extinction 
in a slide. These measurements give 
valuable result,s, particularly with minute 
individuals in the ground mass of ('x
trusive rocksJ provided that all the 

FIG. 371.-0rientatioll of 3 Plagioclase plagioclase crosS sections do not have 
Crystal Elongated along thea Axis. about the same orientation on account of 

flowage of the magma. 
Sectioll:;'! perpcndi('ular to thc a axis, colmnn 20, also ha ve a special signifi

cance. These sections are rhombic, nearly quadratic, in outline on the 
small individuals due to equal development of the hasal and brachypina
coids, Fig. 371. Cleavage parallel to the base and the albite twinning 
lamellre are both perpendieular to these s('ctions, The extinction on such 
sections is a splendid means for determining: plagioclase microlites that can 
scarcely he determined by other methods. If the positive or negative 
direction of the extinction cannot be determined the results may have a 
two-fold meaning, at least with the acid plagioclases. ~ 

3. Fouque }l:{ethod.-Determination of the extinction angle in 
sections in which the optical orientation can be easily and quite 
accurately determined by investigation in convergent polarized 
light, is~very important. The best sections are those perpendic
ular to one of the two bisectrices, columns 18 and 19. Sections, 
orientated favorably enough, can be found quite readily with a 
little practice, in almost any slide. The index of refraction of the 
plagioclase is compared with that of the Canada balsam and then 
by studying the figures 359 to 364, an idea of the direction of the 
cleavage or twinning lamellre in the"section in question is obtained. 
Sections are t4~ found corresponding to this conception, these 
showi?-g" "!l>\~l'ference colot about half as high as the highest 
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color possible in plagioclase. When a. section is found as nearly 
perpendicular to a bisectrix as possible, its character is deter
mined with a gypsum test plate, regardless of whether it is the 
acute or obtuse bisectrix. On sections perpendicular to the 
negative bisectrix, the angle between the optic plane and the 
trace of the hvinning plane can always be measured. This is 
apparent in Figs. 359 to 364. Sections perpendicular to the 
positive bisectrix give the angle between the cleavage parallel 
to the base and the optic plane, while the twinning lamellre are 
so oblique that they cannot be observed at all or are not very 
sharp. Column 18 gives the angles between the optic plane and 
the twinning lamf'llre of the albite law and the values in column 19 
are the angles bet,,-een the optic plane and the cleavage parallel 
to the base. Both of these values together furnish a distinctive 
characteristic for a feldspar, while only one of them is not suffi
cient for the determination, in many caRes, 

4. In double twins where the alhite and Carlsbad laws occur simultan~ 
eousJy, there are fOllr conjugate extinction angles for the different parts in 
each section where these two laws appear distinctly. If 1 and 2 are the two 
individuals twinned according to the Carlsbad law, each contains albite 
lamella> I' and 2', Each member of the plagioclase series hM a character
istic value for 2 and 2' corresponding to a certain value for 1 and 1', This 
can be deduced from the stereogl'aphic projection. To take this up in 
detail would lead too far for this text. 

5. The mean value of a number of extinction angles, measured from the 
twinning plane on several random sections in a slid(-, also furnishes some
what of an indication of the kind of plagioclase. Thus more than half of 
aU sections of anorthite show an extinction between 31 0 and 500 and oligo
clase between 0° and 5°. It follows from this that the twinning lamellre 
are not distinctly seen in t.he latter case where the difference in extinction 
of the two parts is so small, while in the former case the twinning appears 
very distinctly, 

6. As shown in Fig. 365, one of the optic axes in basic plagioclase is not 
very much inclined to the vertical axis. The point at which this axis emerges 
in each component of a double twin according to albite and Carlsbad laws 
can be determined from the interference figure if the section is not greatly 
inclined to the vertical axis. cp and .l can be determined from this 'with 
respect to the tl\':inning plane and these values can. be uaed to determine 
the plagioclase from Fig. 365 in which the values are indicated. Such 
sections of the members richer in sodium do not show the emergence of an 
optic axis. This method therefore has very"little practical significance. 

7. Schroeder van deT Kolk Method.-One method, which often 
gives rise to good results, is based upon the difference in the 
indices of refraction for the different plagioclase.. Whether the 
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plagioclase is acid, intermediate or basic can be very rapidly 
determined by comparing its index with that of Canada balsam. 
More accurate results caD be obtained, .especially with inter
mediate members, if the different elasticity axes of the plagio
clase are compared with the two vibration directions of the 
quartz grains lying beside it, column 8, Table 16. This method is 
especially valuable for the investigation of rock powders, sands, 
and soils in which the minutest flecks of the feldspar are sufficient 
to obtain perfect results. A series of liquids can be arranged in 
well stoppered phials. The liquids must not decompose to(} 
easily and they must not be of such a nature as to be impaired 
very much by use. They are so chosen that the index of refrac
tion of the liquid lies between those of two principal members of 
the plagioclase series. A grain of the feldspar to be investigated 
is placed upon an object glass in a drop of the liquid, the index of 
refraction of which has been previously determined. The cover
glass is laid on and the illuminating cone of light is narrowed 
down as much as possible. Then the index of refraction of the 
two vibration directions of the plagioclase is compared with that 
of the liquid. 

The liquids used are organic because solutions of inorganic 
salts, described in Part I, page 37, change their indices rapidly 
upon evaporation. The purity of the liquids and therefore the 
indices of refraction are rather variable so that the indicators 
must be tested with a Bertrand refractometer and the true index 
determined before the series is made up. The values given below 
were determined by Weinschenk for liquids obtained from Ben
der and Robein in Munich. The variations for different tests 
from other sources amounted to about ±O.002 to 0.004. 

The following serve to distinguish: 

Alkali feldspar from plagioclase: Benzonitrile ..... . n=1.526 
Albite from oligoclase: Eugenol.. . . , .......... n "" 1. 540 

'. f d' { Bromtoluol.... . . . n -1. 550 
Obgoclase roman esme: Nitrobenzol .. ___ .. _ .. . n=I.552 
Andesine from labradorite: Azlethol. . n -1. 558 
Labradorite from bytownite: Monobrom benzol. ___ n = 1. 560 
Bytownite from anorthite: Orthotoluidine ... _ . ... . n= 1. 575 

It is necessary to carry out these investigations in sodium 
ligh~ on account <>f the strong dispersion of the liquids and the 
great differe_ in dispersion between them and the feldspars. 
The abova~ are given'for sodium light. ' 
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8. The Fedorow universal stage was originally constructed for determining 
the feldspars; see Part I, page 127. The universal stage is placed on the stage 
of the mioroscope, with its principal axis of rotation exactly parallel to the 
vibration direction of one of the nicols. The horizontal axis of the inner 
stage will then lie parallel to the other vibration direction. The thin sec
tion is placed on a small round object glass and fastened <m the glass stage 
with a drop of glycerine. The feldspar to be investigated is centered and a 
plano-con vex: lens is placed over it and one under the sta.ge, contact being 
made with glycerine. Then the glass stage is rotated until the trace of the 
twinning plane is parallel to the horizontal axis of the inner stage. Then 
it is rotated on this axis until the two individuals of the albite law have the 
same interference color, i.e., they extinguiSh symmetrically with respect to 
the twinning plane. The angle of rotation is read and plotted in the stereo
graphic projection. Then the inner stage is rotated on both of its axes 
until one part of the twin remains dark when the nicols are rotated. The 
pole or the axis which emerges perpendicularly is read. The pole of the 
other optic axis is determined in a similar manner. The p()Sition of A and B 
and of a, p and r relative to the twinning plane in the albite law is thus 
determined and the plagioclase can be determined directly from that. 

9. A Wallerant total reflectometer, Part I, page 40, can also be used to 
determine the plagioclase. The polarize~ is pushed out and the critical 
angle of total reflection is measured. 

Biaxial Zeolites (17) 

All zeolites are colorless of themselves, but they are sometimes colored 
yellowish-brown to red by inclusions of ferric hydrates or brownish by 
organic substances. They all have low indices of refraction, lower than 
Canada balsam. The double refraction corresponds somewhat to that of 
quartz. It is much lower in phillipsite and harmotome and unUBually 
high in tholllBonite. The latter does not appear Bimilar to the other 
zeolites in thin Be<ltion and can be determined as such only by its solubility 
in hydrochloric acid and by its becoming cloudy when slightly heated. 
Laumontite is another of the zeolites given in the table, which is somewhat 
peculiar. It gives up a part of its water at ordinary temperature and is, 
therefore, always cloudy. Some other zeolites show the same phenomenon. 

The zeolites rarely form granular aggregates, but phillipsite and harmo
tome may. Most of them appear tabular like heulandite or radial like 
epistUbite and desmine. 'When they are ma.croscopically "Visible they nearly 
always show the latter form of aggregates and this together with the perfect 
olea vage is sufficient for the determination. 

Since the indices and double refraction of the various zeOlites are about 
constant, the optical character of the principal zone can be used to distinguish 
some of them, particularly natrolite from 'Scolesite. The latter is also 
charaeterized by a small optic angle and strong dispersion of the optic axes. 
Mesolite stands between these two chemically and also takes an intermediate 
position with respect to the optical properties. 

ObHque extinction serv88 ~ distinguish monoclinic .eo1ites from the 
orthorhombic. It is small in the minerals of the stilbite group and natrolite, 
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medium in scolesite, laumontite and phillipsite and quite large in harmo
tome. Differentiation of the zeolites is, however, very difficult and their 
significance as rock constituents has by no means been determined. 

All zeolites are typical products of thermal activity. They occur chiefly 
in amygdaloids, especially near the contacts of eruptive rocks and frequently 
form beautiful crystals. They are not rare as infiltrations in tuffs and arc 
also found in sediments in the neighborhood of eruptive rocks. Whatever 
their occurrence, the principal associate is chalcedony and the other modifi
cations of silica. The difficulty of distinguishing the zeolites from each other 
il> increased by the presence of these minerals, which are very similar opti
cally. The det.ermination is much easier when t.hey occur as secondary de
positr; in cavities than when they occur in decomposed soda rocks. In the 
latter case all kind" of zeolites occur in aggregates similar to ice flowers or in 
dense pseudomorphs after nephf'linf', ]eucite, sodalite minerals and feldspar. 
These are classed togetilC'r as spreustein. Ddermination of the different 
zeolites is impossible in such an ocrurrence. They can be shown to be zeo
lites by tkcir solubility in hydrochloric acid and hy the cloudiness of the 
section when it, is heated VNy gently. 
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MINERALS. TABLE 1 

~ID' J~ I~s:ubi=J_~~~J ~~~~i~~i~~i:~~z~ 
Gray Only soluble Optical anoma· i only the principal con.stituents are I I 

I "Chemil::al Composition" frequently 

Violet 2.38 in cone. BUr;· lies ! given and the formula is simplified so 

Brown I' phuric acid Lanrlnation I :~::t ~em:~=tit~:~yn o~ tb: 
i~:: 2.37 ::~~~~~~: \ oo,,:;:n I =~~alc~~~n, Ir;,.:::m~~~::~ sg: 
Almost 

colorless to 
l'eddish 

i acid charooal ~u~;~t!~:=.n~l:.. ~:::u=~~; 
1.76 i Often rich in '"" triclinic. The symbols for the c!aav-

1~1 I Si:b~=~:re ! ~::f;~r:;~wri~~aer:~~b~f: 
paronthe.sis indicates imperfoot oleav-

I I K,lyphite I! age, without them only distinot oleav-
Light red I. 1.750 I DifficultJy 

. /1 BOluble in hy_ . horder : age, and underscored it is perfect 
, cleavage. Sp. gr.=spooifiogravity, and 

Variab16 I drochloric acidi ' H at the tap of a column is for bard-
Frequently 1.750 Easily I Optical anoma- i ness. 

colorle88 to attacked '\ lies l The values given forspecificgravity, 
lteddish \ 1 784 I after melting Di:::n:to 11 index of refraction (n. or a, P. r) and 
Brownim double refraction are only average 

-----1 values and may vary greatly especi-

\ 

ally in mixed isomOl'phous groups 
Brown 1 856 I Zonal structure I When such values have boon aoouratc-

I 

ly measured, as in the case of l!Capoli~ 

Brown approx Not attacked I ::;:!o:~!e maximum and mini-

2 0 :l~nds~:, I Color also may vary within "'ide 

I 
carbonate I limits in one and the Bame mineral 

1. 750 Decom~ed 1 ~~o~:o~~o:e~~e~~ m~:~ i:i= 

I 
by potaM'um ·1 ----1 and then only tho!:!"e.that can be 01> 

Colorless i 1.720 bisulphate t served in thin 8OOtion. Pleochroism u 
----1---1-----11-----1 even more variable than the regulru 

I Often altered to color of the mineral When it iI; 
T ~:~ 1.736 I Du;-C:ly I serpentine and 1 characteristic and more or lese con· .... . .. - I 80 U I bruCIte I stant it is indicated under the indice~ 

____ ·1___ of refraction. Otherwise the ahsorp-

1 667 Dlfficultly Optical anomalies tiOD. formula. which is much man 
. I lIoluble , Lattice struct.lin:l \ C01lBtant, is given. The character oj 

-----1---\ Gives powdered Optical anomalieil' :~i::e::c~~ ~!~~t~~: 
1 509 / silica WIth bY- Lattice structure principal zone under Chz. 

[ 

drochlonc acid Incluaiona In the column '~Optical Orienta,. 
tion" the b axis is always given in bi-

1.49 axiallll'yl!tals.ltcanthenbeaeenata 
to Variable Orten fluidal. glance whether the plane of the optic 

1 63 a.x~ ia parallel or perpendicular to thE 
____ "1___ plane ()f symmetry in monoclinic min· 

I 
Forms gel&.tin~ Op1i.eal erala. Theextinotionangleilsgeneral· 

1.488 oussilicainhy- anomalies ly meuured from the ftrtieal axis; , 
drocllloric acid Segments after the number indieates that it L 

Oolorleea 

Colorless 

Colorless 
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Pago Group :M:ineral~ 

Sodalite 

I Noselite 
22a 

i Hallyne 

;a ., 
~ 

Chemical 
composition 

+ NaCI 

+NaA~;(h 

+ (N!l.2Ca)SOl 

-,---------

225 FJuoritl' CuF., 

A 

Clcll.v-

(110) 

[SOTRO 

Development :Sp 

, Dodecahedral 
Granular 

j --, ___ _ 

111 Granular 



DESCRIPTIVE SECTION 347 

TABLE 2 MINERALS.-Continued. 

Color 

fellow, 

1.504 

Solubility Remarks 

I I R~gularly arrung
"d rod-like in-

Form gelntin- elusions 
GUI'! silica Black corrosion 

with hydro- borders 
chloric acid Often aliered to 

j. zeolite. i 
____ i __ ' ____ IhffiCUlUy fUSlhl"1 

i Index of refnH'-

Colorlel3ll 1.46 

----I 

Colorless 
Violet 

1.434 

cion variable 
Soluble ill 
potassium 
hydroxide 

! Often tlollomalou,> I 
duuhlerefra('jioll 

---~----

With sulphur- i 
I ic acid it giV('~ I Phosphorescenl 
I off hydrofluoriC when heated 

I acid vapor : 

I ' 

Explanation of the Tables-Continued. 

toward thelront oTin the obtuse angle 
[3; r mealls to the rllUl': The expr('S-oo 
.'lions ., difficultly soluble" and "iIl801-
uhle" refer to hydrochloric ucid WI a 
solvent ullIl?IIsotherwiseilidicated. Tlle 
next column indicates the most impor
tant plwnomena that a.rc sometimes 
observed. ThUll "opticnl anomalies" 
only means that th(' mineral i.E some
times anomalou~ aud not that it al
ways oc('ur.;; tba.t way. 1'hf" meaning of 
the various columns ill table 15, which 
includes the ft'ldspars, may be detf"r
nlincd from the text. Rpma:rk .. in 
Jla.renthcsesreler to rarer and different
ly developed varieties except in the 
cleavage column u.s expillined a.bove 
Imd in ille absorption column where 
the P!trpntheses indicate that, the at... 
sorpti()n is not acharacteristiceatmark 
of ilia mineral. p';n or ~'5p in the 
dispersion ('olumn indicates that the 
dispersion of the optIC axes is extra
ordinarily strong. 
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ROCK-FORMING MINERALS, OTHER THAN THE CUBIC, 

INDEX OF REFRACTION, DOUBLE 
--,~----

<0.005 to 0.010 to 0.015 to 0.020 
Doubl. "",~tioo + I I 
:=-0' """,tioo • I I 

<1.55 

1.55 
to 

1.60 

+ '~Eit~I-;;----,==---I=: 
! Nepheline 

I 
I Chaloedony 
, Carmerite 
i Zeolites _.., 

..... Zeolites 

1-----'------I Apopbylli" ' 

Quaru I I' + Penrune Chrysotile Wagnerite Alunite 
Clinocblore ->- I, ..... Clinochlore ,i Hydrargillite 

'--,----1-----
Scapolire _.., 

I 

Mac,arit, ! 

- , :;;in 
------+-!-~-:"-~-~~-,,-.-I ~;:~+ 1!~B~;,Orit' !-~-:"'-bn-.!.-':.-+--

1.60 I 
1~~5 -- Apatite !-----I 

. Melilite t I Andalusite . Toul'lnaline \,. 
Eucolite Wollastonite i Monticellite ¥ 

------1-----1------:: I ~w~m" 
_+_II_i:'_h_i~_.~_' __ +.-_t_.ti_.te __ 1 Mo,andri'" I ~.=!"'. 

1.65 

Dumortierite to 
1.70 

1,_~_~_~_:~_':,_~_·te __ I_G_,h_lem,_.te __ +x-an-th-Opb-ylli-.t-.-,i

l 

~:=:t: ______ I-0rthite\, ~~~te ,1:l'1nmntinn-

1.70 
to 

1.80 

>1.80 

+ CChlilnOOn~tom."dite +->- ~!:::;:~ryl ..... Clinozoisite 
8erendibite ..... Chlorltoid 

Vesuvianite 
Sapphirine Corundum 

Wurtnte 

Epidote ... 
Cyanite .... 
Hyperathene 

+- Cyanite 
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,CEPT THE FELDSPARS, AItRANGED ACCORDING TO 

!:FItACTION, AND OPTICAL CHAItACTER. TABLE 3 

=T~=F--
! 

---I~ .. " ---I 
i ThOllllJorute to 

W 0.075 I W 0 100 I >0.100 

--I~--I-~-

-I 

:_l-----:,-----�---~ -----1----

I 
I Anhydrite 

1---------1----------1----

I
, I' ~ So,polite I 

lit.;! Pyri>phYUite I T I 

.dite I' .::~ /1 !I.e I 
hyUite 

~ Rosenbuschite ~:': 1----____ 1 ___ _ 

~nde I I=~~: Mica t 
ita f Lazulite 

! Diopside Olivine 
uw Jadeite 

---I'-F-"-"tert-. .,--:-----·I-----' 

--' ----I 

Aegirine augite 

'Tourmaline 
Datolite 

Astl'Opbyllite 

Aragonite 

Xenotime 

+ Epidote 

_I 
u_ l_r_:.,_~_:_:_.te __ I_·~-=-b-~-:-d·-I-----1 Caaliterite Ru1ile 

Zircon Pseudobrookite Brookite 
TitaDite... + Titanite 

Fayalite Anatase Goethite Sulph1ll' 

___ .~ __ ~._~ ____ , _________ Badde __ Ie"'_· .. _I~ __ _ 
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Page e Mill('rals 

" 

227 Rutile 

PETROGRAPHIC METHODS 

Chemical 
cOlllpasitiOll 

UNIAXIAL 

Color 

BroWl 
110 PrismatIc i 4 25 YeUowi 

(lOO) Granular Grayish-

:_._. _________ ,_~ ____ ~_!_I violet 

·1 
J11 I ~:;u~:r I 3.85 ! 

Colorle 
Blue 

Yellowi 
220 Annta~p 

CaRsiterile 

230 'Wnrtzil(' 

T 
001 'pyranddal 

T 
Granular 

(100) pyramidal, 6.9 
, ,Yellow 

I 6.51 ~~~~: 

------~-----~ ----~I-I--

Zn8 H 1010 J'iuroll~ 3.98 I 
Yellow 
Brown 

-~------- -----------~--~ --'-,--
I 

Zircon T ,i~J I PriSlljati(' 4.7 ! 7·/)1 Colotl, 

_: __ - _______________ -1_ '-'--
Xenojjme 

y ~OJ phosphate 
cont.a.tlling SO~ 

T 
Colorl 
Light 

reddl 

--,--------~---'--~,--~--i--I-i--
I I 'I ' 

Granular , i I' Color! 
232 Corundum Al~OJ H I p~:~~::;u i 4.0 I 9: Blu 

-~,-'----- '--:-~'I,-sho,t -'--1-'1: Col " 

233 I i Vpsuvianitl' : Calciu:~~:inium T I ,prismatic 3.45 /6.5 (~' 
I Granular: I I 

-1
1
- 1--'1 I-!~I-I-I-
g {Tehl(>lllte CaaAhSlOIO I tabular I 3.0 I' 

, - f I ' Isometric 
I " __ ~_ : Color 

2.'33 ~ I T I OOl , I 5.5, (Yell a I' I I 01 

ii I Melihte ! Ca.ShOIO : ,', Thin 2.9 ' 

! <1l 1 J I ,"",ul", I 

, I--i--I-I-I-
I,p<eclousi II ilB" 
I ~ fToctnnallDe I I j :,; 0 Q,te 

234 j -:= ,___ Alununmm 8lhcate H Pnstnatic I to i 7 51 Yello: 
; c,n""mng B,O. Amcul", I 3 2,; I I Bro-

j!i. St.h", [ I I V1G 
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801ubility 

0.287 'I + + Insoluble 

TABLE 4 

Remarks 

Adamantine luster 
in reflected light 

Freqllently twinned 
and larninawd 

Absorptiun t>w 

Min('raJs 

Rutile 

, , ' 
~~~-- ~--,~ ~.~- .~~~--~ ------

OIt-cn adamantine ! 
lust",! in rcfif'cted! 

493 2.55-1 0.061 (+. Insoluble light Anatase 

997 

>1.9~ I.(IW + 

In~oluhl(' 

Easily soluble in 
cold hydrochlo-

I ric acid 

Mottit,U ('olor 
Ab~[)rptioll w>! 

Adamantine luster 
in reflected light 

Zonal structure 
Absorption t>w 

Absorption e > w 

Cassiterite 

Wurtzite 

---------
t:'p. gr. = 4.0 in i 
some varieties 

.931 ! 1.9U3 I 0.062 + Inflolubl{l Not d<'(lomposed in: Zircon 
I I a bead of microcos~ , 
~ I III i c s a1 t 

__ 1 __ 1 _______ • --,----- -~--~. ~~--

Ii! Often decompos{'d ill 

.721 ! 1.816 0.095 + + I Iusoluble ~~~~cks, then H Xenotime 

Clouded 
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UNIAXIAL 

Ch.mi"'" I c".·""I! el~V-I! D"~::-'I-s -. -i :--1 0010' 
oompOlrition syatem age • ment p gr i ' Minerals ! 

i ________ ~__ L_i ___ _ 

----)' - I e •• p,o" I II Ii Loog II 1)1 0010<1 .. 
236 I Apatite (Cl,F> H I pnsmatic 3.16 5 (Browr 

, ' I Grams ---,~ 
--I 1 I" i 

I , Calcite I ca.ca, I H i I G=~' I 272 3 1 

\'II-!i '\ \ eol~l 
I 
~ II Dolomite I, CaMg(C03h I H I ~---~-: 

238 ~ I ; -----1-- wil I ~.:::,O-I __ '_I 
11~:::_! MgOD, H i I G,.ou'" ,~;~ __ _ 

_ ,J-=--I F,eO. I H 1 __ , ~?i!~ '\:_!J ~':~ 
. ! I Eudiajyt' [I Sill"", ,ontaini .. I I, I 1 Ool~'. 
242! :, (Eucolite) zr02 and Ce~03 H I (0001) I Grams SOl 5.0\ (Reddi 

--;;-- I ,-----
e I Marialite I' Na,Al,Si.OHCl T I ", I Prismatic 

242 is ----'1 110 Granular 1 Meioni'te CaIAleSi602~ T Columnar 

2.55 I 

to I 5.5 
2.75

1 
I 

ColorlE 

243 'II I, Aluoi", ! KAI.(OH).(SO.), I H '_::_ ":::::r 2.7 \ 4 001.,10 

243 1 Beryl BeaA12Sit018 H (0001)\ Prismatic ;.7 \ 8 ?ni: 

~~I._-i B,uci'" Mg(OH)o, H I ()()Ol I Tabu"" 2.35 2.51 Colo" 

"4 8iO~ 

1

--,--1---
,H ~n;:::. 2.65 7 

Flo. 
fibroua 

2.60 6.5 

H Tabular 2.3 
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IN I ERALs.-c,-o_nt~~n_u'_d_·I_~I_ 
[ r-a i Chm I ~ Solubility 

I! I 
Remarks 

353 

TABLE 5 
--- - ~-- ----

I Min.,.', 

--=T:~r~~~r~;I __ E_","_' _Y_'O_'U_h_"_l::-,~-ti-'OEn->~-Wh-'n-'li--~A~tit: 

1

0172 1-1 1.659 
EfIervescesin 

cold acid frequent I Calcite 

, I ' 
1 

~~:g ~me~R i 
_____ (Absorptionw>E) ; ___ _ 

~~;~i,-_-I I '[ (Absorption w>!) \ Dolomite 
I I Index and double re- i, ___ _ -----[--1 I fraction inerease I 

warm acid lton 
Magnesite :> 1.717 0.202 -, I Effervesce in ~ththecontentof [' 

~ --::- -::--_-1,,1-- Frequently altered to'--S'-d'-rl-te-
limonite 

~~ ~ + I ! Gl!latinizeswith Absorption when Eudill.lyte 
7) (1 620) (0 (03) I (-) I hydro~hloric co~ored ~ >e (Eucolite) 

I aCid 'l-E-~_;Iy-fu-&-b-"---!-----
-----I 1 I Not attacked by I 

I I 
hydrochloric . . . Marialite 

2 1. 555 0 013 _ \ _. acid P;:~::.:te ;~e~ver 1'1 ____ _ 

8 1.~7 0 .~39 ! Easily deoom- ::t;:!N~th HF \ _, ________ i I PO:~~~ :~ro- ______ , __ "'_'o_n_'''_ 

II : Difficultly solu- I' 

acid after ignition 
Alunite 2 1.592 0.020 + I I hie in sulphuric Soluble in water 

-------1--1-----1---------
2 1.577 0.005 _ [_ Insoluble ,o_'_ten_.p_p_ .... _n_tIy __ I ___ B_."_I __ 

"1_ biaxial 

----- \1 Anomalous interfer-
e 1.581 0.021 +, _ Eaail I bl enee colors 

(7) y so u e Brown with AgN03 
Brucite 

4 1.553 0.009 

~-. --1-
:2 1.543 0.011 I + i ---1-'_1

-

'. 1.478/ 0.0021 + 1-

Generally apparent-
Entirely soluble ly biaxial2V up to Chalcedony 

in hyd,?Huorl, 140" - i 
acid I-----

Frequently .twins I 
Anomalous lUterfer-[ Tridymite 

I 
!IDee, eegmsnts 
2E about 65° 



354 PETROGRAPHIC METHODS 

UNIAXIA 

o 
Page 2 Minerals 

" 
Chemical Crystal Cleav~ Develop-

Sp. gr. H Co composition I system "'" ! 

249 ! -I Hoph.lin. (1010) Short 
NaAlSiO, H pristnatic 2.60 6 Colo 

(0001) 
Granular 

-~--------

001 Scaly 2.35 i 5 Colo 

--~,---------~,--~-,---,~-~:~-

250 
, , 

--~,----------

i 
250 I Cancrinite 

~[l,AI8i04+C02 

and 1i\.J. 

II 

H 1010 : Columnar 2.45 5.5 
(OOOl); 

Colo 

Colo 

---,------,--~~--~-,----~----

251 
Hydro- HSo.~AbSbOI2+ 

nephelite I ;) aq. 
(Re.uite) I 

i 
H (10101 ~ Confused ; I columnar 

.1 
2.2;:) i 

I 

Coiol 
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lINERALS.-Continued. 

8 1 

I 

5 I 1.537 ; 0.002 
1 1 

-,~~:~~! 

out 1.50 Low 

1.522 0.025 

+ 
H 

(+) 

-I~-,~~;~-! 

4 i 1.496 0.012 + 

TABLE 6 

Solubility Remarks Minerals 

-, 
Gelatinizeseaaily I 

'I with hydrochlo- 1 Fre~uently al~d I Nepheline 
I ric acid i Optical anomalies ! ___ _ 

, Forms powdered I Cloudy after igni-

(+) si;~~e~y~:t- ~~;;~:::81:0~~!~'- Apophyllite 
I ohlaTio acid Segm!:'nts 1 ____ _ 

, Gelatinizes with DfOOl) anomalous in- : 
hydrochloric terference 8eg- Chaba~te 

acid menta --___ 1------ ____ _ 

Gela.tinites with I C~oo:dy after igni-

i c:::: inC!;r;::: I ~equentlY altered , Cancrinite 

I chIone acid I I :;~~~n:rph after I 

+ Gelatinizes with I P~:~~~:n:rph after I HYd~~~ePhe-
, hydrochloric acid (Spreustein) (Ranite) 
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BIAXIAL 
-~------------~ 

, 'I I I I ~ i Mm",", I Ch.m"," I ":!T I CI •• y- Davelop- i Sp I H: Colo, 1 
5 i oompomUon ~J::': ago m.nt I"' Ii, 

Brookite 

-~I-----I- i-' --~--i--'--
I I I i Browni"'- I I 

i 0 010 I Ta~~l~111 i 4. 0 tI I Yel:~ I 2.583 f 2.~ 
! I : (r>li=a) I I 

l~-'---~~--i-

I
i Fine ameu- ,Brown 

I Goethite I Fe02H II 0 010 IIat' JjIOlO) 4.4 i 5 ~ Yellowish: Above 

! i I I 

~i == I ".~" I 0 I '"'°1 T'r~~ II l~T:-1 t:;~~t i
l

--

I

I i~ 
-1---1----: 'I i Py"mid," :-:-:I~i---

, Sulphur I I MO ~ Granular 12 , 05
1 2 Yellowish: 1.950 2.( 

~---I--- I I Ptiamati, 1-1'-1 O.oon'''' to :---
Ba,~deley- I 

lte i Zr02 001 i along the 6.0 I 6.5 brown High 

----1---- -~I~,-l-,~i--,-
I i I Flatpris-: I I C I Ii: 
I I 110 rna-tic II i I' II Y~l~~ i1.888 ;1 Lf 

Ca(SiTi)O~ M (134.") {1231 or i 3.5 ~ 6 Reddish to i tI 

i I I IllO} I (1:>11>8) 11.913 I 1.9 

-j-------i--I--:/ P::::, ;-I'-I~::::~:.:r.I--I-
1 

HCaFe~e I 

'I: Li.vrite 1 Siz09 0 I (OW) Columnar 4. 0 6 lel to a on~ About 

_, ____ I ____ ~I __ ~I_~I T:~:~~ __ B~- ' __ _ 
i

ii Mon.;'te I Cepo. M I 001 I t"11~}11 5 15 5 5, ~::::::::: 1. 796 1.1 

-i----I-----I.--I--~---:::---I (6)r-lI) ___ _ 

I e::ng I Prismatic Yellow to :&right ~.~ 

_I 
:r.:.venite ZrOl. no. M (100) Ta~:lar 11 a.s 6 oolorless )"oU()W YeU 

NbO 111lO} c:>b>& is] 

, ·--~.-~~--~ ______ I ___ ~ 

!
. c:;;-rt· ;·iI;,AI"'· 0 (010) Il:.o~tri' 3731.0 Liaht_n /1.747 iJ, 

4 . erams" OolorleBII Reddish I Ul 

Titanite 



L.M1 0.045 

About 
iaDBe O,oaJ 

.. .71"' .. ·1 0000 - . 
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+ 
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TABLE 7 
.. ----.- -1------

Remarks I Minerals 

I 

I 
I 

u>p I c:t=4"f 
b-. 

",,0 c:D-2G"r 
b-Ii 

I p,>u 

I u'>p 
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Page 

Zoisite a: 

Zoisite {3 
HCa,AhSi.O\., 

Clinozois-
ite 

'0 _______ _ 

258 j I ~pido.te HCadAIFcb 
I ., i (l'lstazlte) I Sb01J 

Crys_ 
, tal 'Cleav-' Develop- I Sp. I H 

sys- I age I' ment " gr. 

o 
100 

and 
(001) 

Prismatic 
along the 

b axitl 

i' J _._------ M 
001 Granular 

and 
Picmont

ite 

, 
OrthHt> 'HCa,(AlF"eCpl., 

(A!la,nite) SilO!'1 

(100) 
1l5~ 0 

BIAXIAL 

I 1.697 i 1.699 

--1--
: i About 

, __ r~ 

L 718 1.720 
to to 

Yellowish 1.731 1.754 
Greenish 
C>'6>O I 

,-------,--
Red 

Violet 
Yellow 
,<b>1I 

i Orange Violet 

i About 
j 1.78 

Brown 
(Pale red

diBh) 
t>b>G 

__ :___ ' ' i I ! I 
--~_;_;II-i~'--I--

266 Staurolite I HFeAl,SI201'l 0 (010) PrISm angle to 7 5 dish brown 1 736 1 741 

--------- ____ ,~I~I_I~ __ I_-

, D'a"po,O ! ' Platy II '/ i ·1 ColorlelJ8! ' :_i __ i __ '_o_,~ AIQ,H 0 _:_~~I_:_II (Blui~) ~I-= 
I i I 

267 Cyanite Ah8iO. T, 

-.-1--1----, 

sapphirinel Mg5AI 11Sh027 
1 i , 

268 M 

-!- ,I 

: Aluminium 
269 I i Serendi- I silicate 000- , Tr 

_1_:--=-)!, ';:\:~~'I 
i i .' 

~6!) i i Priamatfue
l 

MgAJ~iOe 0 

I 

100 I Prismatic , 
-I II,: i i 

(010) : Tahular II 3.6.4-7

1

, 

om. {lOO{ I i 
CoIOTless 

Bluish 

1,712 
Color

I ... 

1.720 
Palo 
violet 

__ ' ___ ;_~:_i ____ . __ : __ 
I ' I I Tabulariil I I Veryl>8le r 1.706 1.709 

i {OlO} 3.5

1

' 7,5: blue to blu- 1.1 Color- . V 
Granular I I ish green 1eB8 I ery 

I 
~~::: I=~il P~. 1--1 ~":t 

1--,---1--1--
100 I Prismatic I' J I Colorle811 1 I 

(810) I Co~~ar 3.3
1 

6.5 Yellowish 1.669 I 1.680 

I ,I I 
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TABLE 8 

2E 
Disper

aion 
OPti~:!:~ien- , Solubility Remarks Minerals 

702 0.005 I + 
--~--:----'----·--i----

, Very I + +: 500 >u I e= r 

--I~---:--:-:~i-- :>p'l "~2~' 
723 i 0.00.'5 I ' -! C:a about 30" 
to I to 

Anomalous 
, interference , ZOlsite a 
color, Obscure :---

: 1:::I,:~7~n ! Zoisite p 

, 
Gelatinize I \ 

illlICI I 

I-
I Clinozois

i" 

i--
768 0.061 

after I 

_ 700 I P >u I' C:~:3; r melting! II (:~::;::e) 
~ i I t:aabout30° 

--1--1--"-----. -1
1
--.--, C:ll=20to~ i---

'mine I + Van- I I b- b ' ~~~:~7!;~ \ 'Piemont-
+ abl" I ':a ab~ut 30" : ence color;; \ ' ite 

-,--,------·------:----------1---
! 0.002 : I c:a=36'" r Diffi('ult[y t:>urroulJdt'd: thi 
I to ! - _ 70° I b= b soluble in by pleochroic I (~l~ .tc) I 0.030 i 11:& about 30°, Hel , halo i amta 

I--~--!-! 85° Weak c= c i---!~!---
746 1 0.01O! + i +. ~~o p>u I b= a ; InsoJuble I ;:t:s I Staurolite 

--'-----'----1 :-----

I ' " " 
750 0.048' + I - 85°' ,u>p' ~= b Insoluble' ! Diaspore 

-!--,--!-----!-----~ __ • ___ I ___ . __ -

728 
ale 
lua 

0.012 
to 

0.016 

I I I Twinning Ii I 
p >u I) about I {100]: Insoluble ! Fib~~: ~rac-! Cyanite 

c:t= +30
0 

I : ture II ' 
I {OOII 

82" 

--,: __ ._--'-------_._--_._--

7~1 0.005 69" I /»p c:o;!~" f ,i IDBOiuble J Infusible I Sapphirine 

:__:j __ : __ '_' __ 'I __ : ___ 11 • i • , 

i Always twin I Serendi-
o 006 + Large I: e 0 about 40" Insoluble I lamellae bOte 

I I : I i I I I 1nf";bl, I • -[--1---1--,--:--1---- , I 
00' [0.013 - I-I i 65" I P >u I ~ : ~ IO'OI"blol In'''''bl. I P .... ~tin. 



360 PETROGRAPHIC METHODS 

BIAXIAl 

P ... : ~ Ii Mln,,,I, Ch,.ru,a! I' ':~ i,' Ol"v-I' Dev,lop- I 8P,I H Ii Colo, _._L: __ ____ ~_ . ,ompooition ~: i ag. m,nt 1""1 

269
1 ! A'''"phyl- !~,7~':~- I ° 110~ p~::': 13.: 3 511 B~;~ I ~::: I ci 

I lite : tainingTi02 lib 11_11_I~j~_ 
I I !., i T, i i Blwsh-green I Olive- ] 

2691'
~- ,Chloritoid ,'ii, I I 3 5 6 5 I Colorless ~ !~~ ~;:~ DOl Tabular II I I b > It > t L green I 

01 f containing I-~ (IIC) 1~1} I-I--C-I-I-I--~ 
~ Xantho-: (FeMgCa)O I P ty i 0 or ass 

• L M 31/ 5 L.lghtgreen 1649 1 _I__:_I p"yill',: i 1 __ I ____ ' __ o_>_b_-_'_, __ _ 

'" I I-·! "::::- · H= "l -~ I 
-li~i-Fo-nt-"I-re: Mg,SiO, 'i l-i~I-=-I--'~ 

:s OhvlDe I (MgFe)2SiO~ I 1
3

.
2

1 [I 661 ] 
I e I OH) Shor~pri&- ito . 

272 1 0 I 0 matic lie ,3.6 ____ ~! __ ~ 
I 8 . I (1()(). Yellow I 
! ~ Fayalite I Fe2SiO~ I Grams 6.5 Brownish I 1.824 J 

I : ___ ,____ I ''6>t=a , 

I
, Mo~:~cel- Ca."\fgSi04 ~II-;;:,-;;::;:-I~I'~ 

ii, 



DESCRIPTIVE SECTION 

MINERALS.-Continued. 

--- ~~:t -+-I-~II'-- ~~ 
1.697 ---+-1 ~ About-- Distinct 

0.036 (-) I 9Qc i ~~~) --1-
1

- 1-:--

1.874 0.050 - 150. i p>u 
( r 

~I~I---I-~I-~I 

a= C 
Gelatinize 

Blowly 
with cold 

HCI 

361 

TABLE 9 

Alteration 
into 

serpentine 

ForsteritA 

Olivine 

Fayallte 

Monticel 
Ute 



362 PETROGRAPHIC METHODS 

BIAXIAL 

1 a.! 
1t6 I 2 ! Mineral!! 

Chemical 
compositiOfl 

Crys- ; 
I tal !Cleav-! Develop- r Sp. H 

]0 

Enstlltikl 
(Bronzite) : 

Hyper
sthene 

MgSi03 

(),IgF'e)SiO:; 

Diopside (MgCaFe)Si03 

Diallage 

Fassaite 

Augite 

Aea:irine~ 

augite ! 

! Aeguine i 
. (Acmite) ! 

Spodu~ 

(:\fgFe) (A1Fe)o 
BiOs 

sys- : age ! gr. I 
Color 

tem 

o 
110 

1()() 

(010) 

110 
87" 

Short prif\
matic along 
the e Ilxis ' 

3.1' 
to 

3.5' 

3.3 

----,. 

i 
1166011:065 

_____ i I ~16 1 725 

Red-I Y ~!~W-
Bro,", n brown brown 

I 
----------

Colorless 
Green 

~carcely 

pleochroic 

Greenish 
Brownish 

1.671 
to 

1.699 

1.679 
Green

ish 

1.678 
to 

1.706 

1.681 
Yellov.

hili 

i Yellow-
" Green I Green green 

i----
I 

Greenish II 't698 1.~04 
;_! Brownish _1,;06 I~~ 

I Green ! 
I Violet with i G i Bright 

i Ti02 

i-------~ 
•

1 content of I reen green 

I • 1. 763 Light 
! I Sap green Grass-- green 
iii (Brown) I green (Light 
! I:! (Bro'\VIl) brown) 

,----:-1----------
Prismatic I : I ' 
to tabular i3.116.51 CQlorless 1.660 1.666 

i 1l1100} i 

-I I ;Tabular!!; i I 
I I 010 I lOOt}. i~_J·8.5 
,: La.wsonite,' H1ClIAuShOu 0 i Prismatic ,,_ . I CoJ01'JtIBS 1.66.5 1.669 

, i 001 II, 
--' ---~------~-----.. -- -,--------------------'---'--
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TABLE 10 MINERALS.-Continued. 

." : Chm ,Chzll 2V 

---, ----

670 
to 0.010 
729 to 
'ay- 0.013 

Optical 
orientation 

c= r 
b- • 

Solu
bility 

Remarks 

~ Infusible 

" For 
1'1;'0=10 % 

Minerals 

Ensta-
tile 

(Bronz.ite) 

700 
to 0.029 p>u 

C:f=39"-44or' Difficultly 
fusible 

Diopside 

727 I 
b- b 

:~~ 0.024 
+ c:C=40"f 

b~ b 

Twinning : 

, la~e~ and ; Diallage 
partIng" {100)1 

and (001) ! 

0.024 

--,-- ------:-,'-_-45-
0
-'- lJ:~:~)~~Y Su:ongdis- !--,-

b= b even in peTmon of the Fassalte 

723 0.022 
to to 
728 0.025 

, 

Vrui
al)le i 

~:;-I ! ; 

-,--1---:----
813 I ' , 

1I0w-1 
!!h I 0.050 ! - : - 64" 

:,n'i i 

676 i 0.016 + i + 60c ! I u>p 

0:(=54" f 
b~b 

c:,-25" 
b-b 

! 'I I -1--'-:-/-1-, __ 1 __ -

6841 0.019j +, 84
0 p>' 

i I : 

HF 

Gelatin-

bisectrices 

:Frcquently a 
few twinning Augite 

~j---

StrOllS: dis-
: persion of the i 
I bisectrices 

Easily 
fusible 

Easilyfmrible 
with intumes-

Aegirine-
aucite 

Aegirine 
(Acmite) 

Spodu-

izes with: Ea."Iily fusible Lawsonite 
I Rel after Twins 
I melting 



364 PETROGRAPHIC METHODS 

BIAXI, 

p ... i ~ ! Mi."",~ i Ch.mica! ,.i ~~ Ii Cl_v-I Dovolop- I Sp'I' H I Colo, I 
.1 " ,.i I' composition sys- age went I gr. I 
< i wm I j i ! 

---I-II-p-A:-:I-:';.-'I-s;M-o~~-:~-_ -1- 0 :; III ~;o-l~mn-~-1~4-,1-3'-1 [-I ~-C~-t-~~-·~~i~J 
I I (Gedrita) ta.iAI~Oll.g (1) Flaky I I I Redd' h I 

I 

- ~ (010) Fascicular I (C>.~II) I 
. A,tinoIi" : (MgF.Ca) --/--!----:-I-I Colo"." ---I 
i('l'remoli:oo), SiGa 1 i I 1

3
.
0 

Ligbtgreen 1.607 

1
·--: I I I-I I Light",,". 1--:-::--

Pargasite :(MgFeCa) r (Browrusb) 

1---1 AhSiOs I ! 1----
1
--'-

i . . IGreen,Bluish-i 1.629 
I Green ,i 3.1 I green Brown-r 

hornblende II to ~~~r~; l~~ 

(MgFeCa) ~I ::~:~ ,3.2 il-B,ow. I-
Y

'
l 

[-

,,~ Brown (AlFe) z- 0 • 5 5 -
hornblende . 8106 ~ I C IIXlS ~ C = b > II lowiah 

287 ;aj ' ___ 1 6 i _______ _ 
i Red broWQ 

! Baaaltic Contains 3.3 I Y~r:~- ly:~ 

295 

hornblende I: TiO: Deep brown lowisb-
c>b>o brown 

Gla.,.-I NaAI
phane ShOt 

eroO'do-I' lite 

~i 

Riebeckite I 

Arfved
sonite 

Fibro .. 
Resembles 
aabeetoe 

3.1 

100 Acicular U c 3.3 7 

1.621 
~t 

Light blue yeUow-
• ish 

Light blue 

Violet 
Blue 

Blue 

1.678 
Bluish
violet 
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TABLE 11 
-,--~-,~--~~--~----~-----

I ,a i Ohm I au! 2V I-E I D:::-I Ori~;;::~ I :~; i R,m"k. I !fin""". 

I iii I I 

-57_L_~-;!-2~.c,11~---:1 vJ
1

---::

r 

~~---I---!I'-:=~roic--I ;:m~ 
hIe I - large I (P>U). b-. I i halos (Gedrite) 

-~I- I,' 1--1--
! I[ ivery-weaklY. Actinolite 

34 0.027 ' 80° > I c:t:=HY'-20" f I ! pleochroic at 1 (Trem~ 
, 1) P b-. I' I b6l:lt lite) 

----- :.i """ ' 1

1

[ 0:(=18°1 II Short. thick: p •• _-te 
35 0,019 + : I.N I 97" p>u b- It pnlmls I ...... ~ 

;----- i--I 1----:---
I I I c:'~12'-20' f 1 ! I' Gr ... 

0.024 I I 84' lb. I hornblende 

:_~: + i-:- - I' I PI~":I':::" 1_ 
Ab(lut : !' c; (_14" f I Brown 
0.025 I l b= {J ; A~tack?d I hornblende ____ I - 1 : I ~thdif-

1 I .---- u>p I' ficulty --------

i I li,~ I c: (=10"-0" f r:::~:n.·c :aasaItic 
0.072 I ou I b {J S di&- hornblende 

___ I 1

1

-1- I - : ~::!on ---

~. 0.018 III I' ~ I w \ ·';:"f' : ____ 11 G.~:-
I

e: a _18"_20" f 1 Ea8ily fus-i Crocido-0.025 + 95" 

__ I __ + __ b-_· __ I I~~ 
rh- I-- -I Very c:.-5', I 0.003 U >P b-" I Strong dis- :Riebeckite 

:-. _ -Low 1
11

--'-1' [I large I "=~!:e i __ _ 
:,: "~:lr' I V~::'1y ".:,'.::-

~-=-1~1~130" 54' p>u ~:; I 1"",lubl. ilb~:'~1 D';::-
1 1 I I !nIOOble 
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366 

Minera.ls ' 

PETROGRAPHIC METHODS 

BIAXIAL 

I Cl'YI'I~ 

Chemical tal i Cleav-/ Develop-
composition ment 

Sp. I' H ! Color 

tern 

_ --: .' i ~.lulllinium - I - Wedge shape,! . _. COl::~ 1.672 I 1:67 

29<) AXlllltc Bl.h~atelcOll- Tr, (110) i Granular: 3.3 6Ji, Light liolet ,colorleSI'II! ~glh 
talllmg Joton: I! VlO€ 

-----------1--1--'---1--- -------.--
Cerium "jJjeate I ; 100 ,I Thick tabu-I ColorJess ) 

295 Rillkite 1?:Z:,t::l~11 I M i -! /~I\ 1

3 .46 1) ~~lb~S: 1.665 11.66 
------ --- ---1--:---1-------'--'--

295 Sillimanite AhSiO" 0 i 100 c 3.24 6.6 Colo.dess 1.656 1.65 

-- -------1----:--;------,---------,--

296 

297 

Datolite 

MOllan
drlte 

HCaBSiO;; 

Similar to 
rinkite. Con
tains Zr02 

M 

i Granu!ar i '3 0' 5 
I Fibrous lib:' . 
, 

i . 
100 I Tabular il 3 1 4 

Colo:rless 1.626 1.65 

Colorless , 1:646 i 1.64' 

(Yellowish) ! (~:;n- (B~~~ 
: {IOO} I'! 

------'-------,---1-----'---------1--

Barite I,! BaSO; (}) ~?l G;l:~;lr. 4.5 3.5 Colorless 1.637, 1.63 
! 110 {DOl} , 

297 

--'-----'--- --i----I-------,-
? 7 A d I t AI S () I 0 110 Prismatic 3 2 7 5 Colorless I 1 622 I 1 63 

~ _ __:_:::_~ __ ' __ j_:_ __ I' _' _!_'_ _: Rodd,,. _::__I erno' 

I IFM I I, 1603 1'.' 298 LMUli" I H;h;'O~) , M i Py,.m,dal i 3 0' 5 1 Blue I 0:'::- , ~"' 

--,----,. '1·~IOlO) ill' ACIf~ula1" 1

1

'-2' -5 'I-YellOW --~ 
299 : carPholitej H.MnAhSi~OlO ~ M Fme fibrous I YelloWIsh 

--'--1 I /-1--:-_'_-1--
, I I Tabular II I ' 

I
' H~Ca2Al2 I 0 I 001 I fOOl} I' .1. 5 Colorless I 1 616 1-621 

Prebnite ShOa ' (001) 1 Fibrous V-ery 

i Rosettes 

----,-,----,---1--
299 ! <Ccl6Rtite' SrBO. j 0 (~~) 1 C;;~~:!:r 13.9513 • .5: Colorless I 1.622 ! 1.62· 

_I __ ~ ___ l ___ _I_ ______________ I _ 

299 
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MINERALS.-("ontinued. 
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TABLE 12 

r-a 

Color- 0.009 ~ - I 72° I I u>p 
less < 

Insoluble i Teat for 
boron Axinite 

1.681 \ - i -I -

--·~~'~-~-~,--~-·-i--~- --~--------
Twinning 

1.681 i 0.016 80" u':>p C:~:~O r c~::~s~ Ja~~~ I) i Rinkite 

__ i~~~_~ ~ __ ~~_, ____ . ____ , Fuseseasily ! __ _ 

1.677 0.021 

1.670 0.044 74' I p>u 
Oelatinizes; 

readily in 
Hel 

Test for 
boron 

I 
I Datolite 

--,----~~~-~--~-,------______ I~~-

l.658 " 

light I 0.012 
ellow) 

70' 
c:O=2" 
b-b 

--,---------~-~~~-

, Eatiilyde
! composed 
I 

Twinning 
lamellro II 

(lOO) 
Fuses easily 

Mosan
drite 

I 
I Soluble in 

.649 0.012 I 37° 63° u>p: :: ~ warm Barite 
: ': H2S0. 

-I-----~·-I-----~-~--
.643 I 0.011 : _ _! 84°,; c= a Insohfble i P_le::i:s

oiC 
! An~u-

tess! , : : b=!J i Chiastvlite I Slte 

~-I-~;,~-~:~--~·~~i--------\ Dooclorizes :---

639 I ' ,I I c:o=90 r Attack;ed: giving off wa I 
hI "0.036: - -' 69° I ~,u,>p I b- b I with dif- '00 . :: Lazulite 

ue ! i ' ficulty , r u~:: 19I1l-

~-I~-~-~~-'--'~~i c:c=30 Attacked i---- Carpho-

,lol'le&! I 0.022 - + 60° I b~ II V.~:1~- I lite 

~-I-~I--~~--~--,I ,--------
: Gelatin- ~ 'Optical : 

;:::le j 0 033 I + - Vanable II ~: ~ : ~~:;: I anomalies ! Prehnite 
I I 1 I melting ! Parquet forms i --1-- I Soluble "~i---

631 0 009 + About, ~: • i only in < Colors flame I Celeatite 

:__ __ I_·~. ___ i____ 90

0 

_~ __ ~ _____ ~hot H~O. \ _..00 __ 1'---__ 



368 PETROGRAPHIC METHODS 

BIAXIAL 

~--I -. -I Chew"," 1 ~ 101,,,·1 D.velop- I' Bprl'-H ,I, -~-'o' --I: 
P"'I·~"M'"&""I I ~. I" '-' composition Sys- age I ment I gr. I ! 

I I t~ I I!; 

:~ ~--::I! C~. ~-: ---I Coli1~::r~[1 Colod'M 11=i~ 
I ,Ro,"" Sill':"'::;' 00.' 1 Radialb .11 :11=I=r--1 Ab,' 

1

1').1 buschite j Z~26!°2 (100) &XIS . 1. 

~ I ,,--I -;.----1-'--1,--
2 ~ W llast I M: 100 Columnar ! 

99 i ~ I '1,. .n"I' CaSiO, (102) II b""" 2.8'1 5 11.621 1.6 

I ~ C10l) 

I ~ 1---: ------I;~!-' Colorl6S$ --1-'-
1 I I CCoN",U~ I 100 Sh •• f-li.k. 2.81: 4.5 '[' AI> 

_Ii_I' P'"tolito 1 M.,::Uh I-o-_:_~I-II--_,!-i~ 
go Ho='" 8,"0" 

c I Clino- -M-.. -CF-O-U-h-I-- 3.1 I Il.M7 1.6 
300 h S' 0 001 Rounded to 6.5 Cotorle&'J 1 to " 

i J I' Ch::~: I Mg,~~), M «ain, 3,2 y,Uo""h Y~i~;' ~~: 
1 dite I Sl,O. 1 __ 1' ____ 1 __ 

301 II i T.pa, I AJ,SiO, I 0 001 g;,::n= Ii ",;,411 8 II Col.,,_ I' 1 !07 1': 
__ 1 __ 1____ (FOH)_, _1_ II c &XIS 3 6 - 1 629 1 6 
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TABLE 13 

I

ii I I I I -------1 
r--a i Chm I"'" '. 2V I 2E Di~per-I Optical I Solu- I Remarks j Minerals Ii' Slon I' onentatlon I billty I 1 

1 , : I ' I I 

1.6861 OI~T~T~T=--1310 I-:-::j--~;~ ~,~i-[---[A".Onite 
-1-1-1--,- 1 : I --I ~";;: 1~I:j A:~:tl_1 ' '~~3;' I I Eailly 'u:\ b~::~ 

I
I i! II, i

l ! Re(l.dily I:co:·~:_e. 
1.635 0.014 I - 1 ~ ! AO" \700 

II p>u I Q:G;:-~br I ~:l~~~ Iino wm:;ton-
Ii' , 

--1----1-)--1--;--;---- I 'f' . 

I About I' + 1 + I 600 I 1 I ",.~5°' 'I' !,am:';:'''':,- 1 P",tolite I 0.038 . I I i b_, I aU" to !IOO) I 
-I • ,I I I ,-6 )--!---,--

1:;9 I I I I AbJ I o>p 1

1

,.-":~9: , I. G"ati~_IIU'""b" \ c::7u:-
0,0321 + 70" I' I Very b= ( i u;e readily 1 ,to 

1_ I w,.k 1----1 ,..;th HCl , TwIO_.\---
I 'I" 'I' ' .. dt-30" f I I la=~ Cho~dro. 
I I 1 ,b-' I I II!OOI) dlte 

~.618 ~I-- I' 67°/12601 : i~I---
to to I + + to to I p >u ~: b I Insoluble I by clea~. Topu 

1.637 0.008 j 50" 86" I negative 
_____ . I , , ___ ---'--___ '---__ 



370 PETROGRAPHIC METHODS 

Minerals I Chemical 
I COlllpogition 

I Cry&- I 
tal r Cleav-I Dev"lop

sys-- I age I 
tern J I 

i , 
Sp. H! 
g<. 

BIAXI} 

Color 

I 
301 Anhydrite ! 

-1---
CaS04 

I 
001 

, 0 010 , Granular 2.95' 3 Colorless 1.570 I 

I; ---
1~' ___ I __ , ____ i __ I_ 

! ! 
Muscovite Colorless 

\ 

ks 
I I Phlogopite: 

, ~ , 1 

, 

\0 
3.0 

Colorless 
Light 

brownish 

_, I_'~-~b~>~. ____ _ !r~ 1---',' 
302 ';;! 

i Biotite 

Lithionite 

! ).1 
I 

i 

001 
, Tahular I: 

{Gal) 
Scaly \ 3.0\ 2.5 I, 

to I 
:3.:l 

~~::: I ]580 ·'1' 

c=b)';:o J , 

: lito Drown 1.562 
i I : (= b)';:o 

----:---I,---,I',--I-il---'I','--
i H.(MgFeh 
I Pennine i A.bS~09 

! I 'Tabular II 12 6i Green, Ii c 11.576 
, 'I {DOl) i ~ I light yellow I 

1---1 :\f S~:Z~O :3.0: I tol~r~:Il! 1.:5 
~IClino-' om: ill i 
e i chlore : : I' - ! 

310 ~ 1 i i," \' i 'I 

]\---1 ' 
a i Antir*ite I i

l

:-- -::-1-1-1-----=-
; i I '2 ~ I Colorless 

1

·--_1 H4(MgFe)s i O? 1--:--- to: 35 1 LIgh1:
een-I'--I-

I 
ShOu I 27 I 

I 110 I \ Ra<ely green , 

I I C\ttJ«>ill. I I~':o~t\ Fib,.", I 
--II-I-~-· ,---:---- DOl \ Scaly I , 1---

1
--1-

316 II" ~nte ~ :j\ ' 4~¥OHh 1I I I Fibrous i 2.4[ 2.5i Colorlasa I 1.536 

, I I \ , 
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TABLE 14 MINERALS.-Gontinued. 

+ 
1.614 I 0.044 +! : 430 ! 71 0 

f '>p 

__ '1 __ '1_1,_1_ 1_' 

: 30° 55° 1.6031 0.041 " 1 to m, p>/J 
50° 90°! ___ -

I 0° 
1.575 0.034 to 

W 

1.638 0.058 

Optical 
orientation 

. 
I 

bility '1 Solu-

I 

Remarks 

I' Difficultly 1'I.e8dj!y al- I 

Mineram 

I soluble in '00('(':: gyp- : Anhydrite 
I water 

j--- I I--
I Twin lami-

nation paral- Muscovite 
lei {ool} : 

i generally not :---
observed I 
FW:l:n:\~~Y ; Phlogopite 

,~~ 

Biotite 

Pleochroic, 

halO>~ i 

'Headily Lithionite 

fusible, 

, Very variablp ,---
!opticaUy I 

~~~:~;:ce I Pennine 
, colora I 

/I~~ 
IPleochroic / i 
! haloB / . 

Geb,tin- I // Twin-; Clinochlor 
ize with / ning lam- . 

ECI ellreII lOOll! __ _ 

c=tl i 
1 b- , Pseudomorph' Anticorite 

I ! ;!:~li:;:: 1 __ _ 

J ,: fW'tlllCE' coJo.r.s I 

I 
0- , ~ v"" diffi-
b';;; a I cultcy. fusible: Cbry&otilE 

I---I--i---
I--I ! Twinning ! 

i 001:8-65"f : Soluble in ! hunelhe 1 Hydrar-

I 
b-. I bot H2S04'1' U IOOI} 1 giUite 

Infusible. 
I 



372 PETROGRAPHIC METHODS 

BIAXIAL 

-I j 1-' i ~_~_~al_on_i ~_1 ru_.:._:v_1 ~ I ~. i 
!~-- I 1'-----';-----'-----:--

6 'ToJ, , H,Mg,Si.O', M i 001 i S,oJy 2.7 Col0d.M, 1.539 1.58. 

_ _l ___ I____ 1--:----1-----------

Color fI 

I P"';~bYl-1 HAlSi,o, 0 I 001 1 ~~:;,'u. 2.81 1 COlo"~·1 
--j 1010 -11

---

1

---

I Ber,tr811d'
l 

H2BetSh09 i 0 I 001 ~:~a~} 2.6 6 Colorless i 1.57 

Jte I I I 110, {OlOl I ! 
_~j___ __I __ i ___ ~·_I ____ i ___ _ 

l iWagn.rite MgiF'PO. i M! I_:::_~I~I~I~~ 
- -=-1--;.:;;::- H,Al,s"O, I ' ()(jl 1 2 5' 2 5 Colo"." 1 1 55 

~ :1-N---I-----1 M I!~I Scaly ~ 11- 1
---- ""ht About 

~ I' ::;0-, HJ'e2Si20~ I -- 2 7 2 Yellow n 1 6 
~ I (110) ! ' I ye ow Greenish-

--:--j---'-I~---I----I----
I m'!"::te I (~~~;~ I M ~..; I Oolu=", 215! Colo"", I ~bo;.t 

--1--- I' II -~ Colorless I~ 1.540 
Cordierite J Mg2AI,8bOl~ 0 Granular 2 65 7 Light blue IColorless Blue 

--li-"II I 1-------1

-
Wavellite Al;P!OB+12aq.i 0 110 ~=tic 2.4 3.5 ColorleBl'l I 1.626 

I I , --'---1 ~-' --------1--
G""""I, CaSO,+2aq. M (100) ~:au:: 2.3 Colorless II 1.521 1.$2.3 

, 111 I , 

1.58 
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TABLE 15 MINERALS.-Continued. 
'_,--,---,------.-----------, 

,-·H+ ~I~I.=~I-·i_-l-
.589 0.050 I -I + I ~ Ismoj,' p>' II ~:~ I At;:~ .. ID:=£,1 Tal, 

I 17° I I' difficulty by cobalt 
, I I I solution 

-----I:---I-I-I~I--I Simi'Mto -

0.041 ,- + 1620 [ 109° ii, P>': ~: ~ [~:~~~ I ~;~;:!e: pyr~eYl-
I 

I silicic acid 

- H'"h 1--:-1,,-1-
1

1

--

1 

.-a I 'I----·-I-B'-"'-.n-'-
- _ i 75° u>p b_ 11 I Insoluble InfuSlble I ite 

_____ , ___ i __ !_I~! I ' __ 1 __ 
.582 0.013 i + 1 + [' Ii 26° I, p>u: c= t I Easily i Very diffi- ! Wagnerite 

1 1 b_ b : ~'ubl. \ 'U'UY'U'ibl'l 

-----I---,--A-bo-uti--:-- c:II-20or Isotublein If 'bI . K lin 

0.008 + , 900 liP>' I b_, ,Ihot H'SO'I~I __ 'O __ 
-~!----I ' ,---ill 0:(=6° 1 .Gelat~n- Fusible to, . 
illow 0.02 I -:- : 60° b= Ia \ u:~~th black slag ! NontrQIUte 

--'[--1 1 1 I, '--'-

I 0;0";'33° 'I ~:~~~- '\ Twinning i Hymn-
About + .About 1 I lamination I 
0.02 I i 120

0 i b= c I e~:;71 1111(0) magnesite 

---!-I--I-I-I-I I Att~k" P",,,.Hon I 
iO~e88 0.009 - I Variable [I u>p ~: ~ wl~;~ffi- II Pl!:C:~C Cordierite 

halos = 0.025 + -:---I~I~1 ~:! \~----fw'-
I ii I Difficultly (ill) Fi~ 

.53' O.Oto I + I BOO \'04
0\IOOli'''

1 

.'~:~O, \~:::;;'inlb'Fm;;~'\ G..,um 
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BIAXIAL 

,0 

I i Indices eOffi- I I 
Ab:An %SiOz i Sp. gr.' P~~ar:th : a : p 

; I 
i ~-~---i~-

(w!~r~:;tz 1151911524 
2.56 

U) 11 5221 526 

-A-n-nrt-h-n'-1~-~-(N-·'~K-)o\.l-'-'''-O-' =====i====:-2~58-, ~ < w 11.52'1',52' 
Albite NaAl~ia08 Ab I 68<;1 2.62 ',' ) "I 532,1 534 , a I' J' 

Albit.- '--1--1--1 P < w '1-1-

olia:oclase ~baAnl : 65'/0 2.64 r 1.534(538 

r>w; a<w 11.537;1.541 

Orthoclase r 
----, (Ji.Na)A1Sh08 ~--! 65% 

Microcline 

. " , , , e 
Olia:oclase 61% 3" I " 1 

.. 
".i I _0_1ig_n_o1o_,,_-_ - _ andesine 

----1-'-
I i I I 

I Ab~Anl I 80% ! 2.65 r=e; lX=W 11.544:1.548 

, Ab3~n2 : 58% 2.67 I r>E; £1'< t 11.54911.553 Andesine 

ALlAn! I 5S% II~! 11.55511.558 
Ab2A.n3 r 53% I 2.70 I Prj >,. 1.5OOi1.563 
___ ! __ I~_' I j'_ 
!_A_b_'An_' : 48% ! 2.72' _ ~~ __ I1.5641.569 

44~ 2.75 (e for Quartz )1 57511 583 
II. -1.b53)· i' 

~ -----__ ~__:_ __ ' --' -
An 
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TABLE 16 

18 19 20 21 22 

Minerals 

1.( i l.a 
Zone 

..LOW! 

, 

0" ! 0" Orthoclase 
I 

: 0007' i ! ' 'I' 
529 i' ! ~ 1880 P >u , + 1.5~<>: + 5~<> ,88" 10" I Microcline 

-I !-I---: --I--'--I--'--!------
530 I II - i 45° P >u : +2" 1 +9° i 88i

o I 9" 1 I 
-1--1- 1--.--,--1-.-

1 

: 

Anorthocla.ae 

Albite 540! I + 1770 u>p I +4" I +191" I 74° i 19!" -15'" -160 I 

-I ,-.-'--1---: I . i 1 ----

542

1

: :.' + 1

840 
:.1 u>p .: +2!" I +l1~o i SHe 1

130 
.1. _6° j _8" i o~:~~:e 

545 i-=--;:T-~~';-:-,~I~I~I-;:--: 0", +5°1 Oligoclase 

552 I 0.008 i----=-I~;_;:_i ---o,-II--:;i~,i~ 'I~ +4°; +10" i OligGClase-
! i!' I I __ 8n_d._'in_'_ 

557 i~-~;T:-;:;-!---=--W-! _8" '68" 7"! +13" I +190 I Andesine 

563 !~:-:;;T-~;~-:--=;--r~;-,~ -;;:-!~I~i Labradorite 

568 :-=--:~!~i-~:--=:-i~'~!-:;i-:;I 
574 ::-!----=-I~I~-=-i--=::-I--.::-I--;-,-:,-I~I-:::-: Bytownito 

-:-:-I---I--:--!-I-I-: ----

Labradorite
bytownite 

588! 0,013 - 1770 i p>u I' _370 
' _36" 1550 II 48' 1+430 i +56": 

! ' : ! I,! i 

-'-------

Anorthite 



341 

376 PETROGRAPHIC METHODS 

BIAXIAL 

I Cey~: 1 I 1 ' 
Chemical I tal ! Cleo.v-I Develop- ,Sp. I H i Color p 

composition 1 eye- . age i ment I gr. I I 
~m :' I I i, ___ --'-__ _J__ 

, 

:l' I 
>1. I 'I 1221 I 

M ~6i~~ Spherulitic 1-14 51 Colorless ---

'I I ' 
I ' ___ ,]_1 ___ 1.503 ~ 

~ Phillipsite I .(CaK2)Ah I ShOl.+5 aq. 

Harroo- 1 (BaK2)Ah 
tome SibOH+,5 aq. 

, 

Laumont.- i 
it< I 

! 

CaAbSi.012 I I 010 I ii, 
M ,110 I Pril:lmatic ,2.4:

1

3.5
1
,1 Colorless 11.513 1.~ 

+4aq. I~,_. _______ _ 
Thomson-I (CaNa~)Ab : 0 j 010 i Tabular II 12.3! 5 i Colorless 1.497 1.5' 

ita I ShOs+2i- aq. I (100) I {loo} I : ! 

i ~! 'c:';:;:" 1:--1--
1

1 
C:::II~~ Ii 2211 ,---- 1 498 1.4 

1 

(CaNa!)Al M 010" Colorless 
.~ Desmine. 2 Tabular II 2 15

1

' 'I 1 494 1.4 ~ 81601&+6 aq. I I (Olo) I 
I -C-.Al-,-Si-'O-,,-' I '-""-di-al--I- ----_I Epi,tiIbite i +5 aq. 1 ____ ; Flbrous ~I~ ____ 11 502 ~ 

•
_ I Nstrolite I I I J 1 478 1 4 

I =1:")'1: ~I::!" ~=I+' 
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TABLE 17 

__ I_r~ H+ ~_j ~ I_::---I _~~J - i-
__ 0.003 'li_+ _ _:_I_:_I __ I .• V"Y '~:~O" G.latin_!Reodily):ll Phillip,ito 

I ; wea.k ----I iz~~tb I .~ ---
I I 0:8=60° I Difficutt- ~ Harmo-

.508 0.Q0.5: + 85°. :, i b-b Iy tome 

---·---1-1-)--1 
.525 000121' _ + .. 11 550 )i u"'>p Ii 0:0=70° f Qel~~~zesl' ~:c:::: Laurotenn .. 

. b-b HCI In"nrw.",,! ' 

-----I--)-i :Aboutl" ,i 0-0 OelatIDUleBl FuaeaWlth ITholll$O.U-
.525 0.028! : ~ \ I I rJ,?p b= WIth. mtume&- 1 't,e 

II + I' _ I 1:
0 

,:1 ii' ,'< 10':::i""1 .' 
.605 0.007: 15~0 i Cro_ i ' n;: ~~.. -;;g: I .:;:~~~ H':,and-

.500 0.006 II' -1- 33
0 I 52

0 
.1 u>p I,. '~:~o r I Give r Orten rn~'" Deomine powdered i aggrega es 

I I 
J;lilica 1 -----'--.--0-1·--1-- c:t-=9c r iwithHCI I Twinned Epistil-

.512 0.010 i-I! + ,to~oQ i : U>P: b=b I \! 1100) bite 

:;I~-+--=-~i-;- u>p "b~_Ob-5° 1 :'..::' ... ~ 

[~"g~t 1== 1 __ 1 __ 1 IG';!"I ~;li~g M,onlite 

I O.~ I - -1_1:0 I_:J _' ·;-';~~L ___ L~:__ 8o&omte 
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TABLE 18 

ROCK MINERALS GROUPED ACCORDING TO COLOR. 

Grayish-violet: Pcrovskite, tourmaline, futile, titanium augite, cataphor
i te, axinite. 

Violet: Dumortierite, piemontite, cotschubeyite, <wmmererite, fluorite. 

Blue: Riebeckite, arfvedsonite, carinthine, dumortierite, chlorite (erinite), 
lazurite, tourmaline, glaucophane, hao.yne-noselite, luzulite, chloritoid, 
serendibite, crocidolite, corundum, fuchsite, cordierite, anatase, cyanite, 
sapphirine, sodalite, beryl, diaspore. 

Green: Green hornblende, aegirine, tourmaline, glauconite, seladonite, 
biotite, aegirine-augite, fas\mite, ehrome epidote, iron spinel, pargasite, brittle 
mica, chlorite, lime garnet, actinolite, diopside, baddeleyite, chrysoberyl, 
$crpentine. 

Orange and Yellow: Brookite, wurtzite, sphalerite, astrophyllite, biotite, 
brown hornblende, rutile, cassiterite, lavenite, hurnite group, stauro1ite, 
chrome epidote, rosenbuschite, monazite, glass, carpholite, baddeleyite, 
fayalite, nontronite, sulphur, epidote, griinerite, cummingtonite, tourma
line, apatite, meIilite, lime garnet, anatase, titanite, rinkite, mosandrlte, 
prismatine, siderite. 

Red: Hematite, piemontite, chrome chlorite, thulite, hypersthene, cas
siterite, cataphorite, titanite, andalusite, garnet, orthite, clinozoisite, man
ganvesuvianite, eudialyte, xenotime. 

Brown: Lievrlte, cossyrite, ilmenite, chromite, pseudobrookite, brookite, 
basaltic hornblende, biotite, llthionite, tourmaline, rutile, melanite, orthite, 
chrome spinel, perovskite, wurtzite, sphalerite, barkievikite, hyalosiderite, 
astrophyllite, fayalite, staurolite, brown hornblende, glass, baddeleyite, 
hypersthene, lime garnet, monazite, diallage, titanite, pargasite, antho-
phyllite, au~gite, brittle mica. 

N. B. In a general way the minerals are arranged above according to 
diminishing intensity of color. Those at the beginning of a series are in 
some instances not very transparent while those at the end scarcely show any 
color at all in thin section. Rare varieties are introduced here when the 
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TABLE l8.-Continued. 

I. INTERFERENCE FIGURES ARE OBSERVED IN CLEAVAGE 
PLATES. 

1. Unia.xial and Nearly Uniaxial: 

a, Perpendicular to the optic axis: Brittl~ mica =t= J eudialyte +, alunite 
+, phlogopite -, biotite -, pennine ±, brucite + J talc - I apophyllite +, 
heulandite +. 

b. Oblique to the optic axis: Calcite, dolomite, magnesite, siderite, by
drargillite. 

c. Parallel to the optic axis: Rutile, wurtzite, zircon, xenotime, scapolite, 
cancrinite. 

2. Biaxial: 

a. Perpendicular to the acute bisectrix. approximate optic angle in paren
thesis: Brittle mica ± (not very large), margarite - (large), prehnite + 
(quite variable), topaz + (quite large, variable), celestite + (about 90°), 
muscovite - (about 70°), sericite - (about 2.5°), phlogopite and biotite -
(very small), lithionite - (variable), clinochlore + (variable), antigorite -
(variable), talc - (about 25°), pyrophyllite - (> 100°), hydromagnesite 
+ (120°), heulandite + (small), thomsonite + (about 90°), goethite + 
(crossed optic planes). 

b. Perpendicular to the obtuse bisectrix: Zoisite (3 -, astrophyllite - J 

anthophyllite -, pectolite - J barite -, anhydrite -. 

c. Parallel to the optic plane: Zoisite a, diaspore, lawsonite, sillimanite, 
humite, bertrandite, gypsum, laumontite, desmine, epistilbite. 

d. SLightly inclined to the acute bisectrix but perpendicular to the optic 
plane: Monazite + (25"), baddeleyite - (very large), rinkite + (77°), 
cyanite - (very large), cllnochlore + (variable). 

e. Greatly inclined to the acute bisectrix and perpendicular to the optic plane: 
Hydrargillite, clinozoisite. 

f. Nearly perpendicular to an axis: Epidote, diallage, wollastonite. 

g. Inclined to the optic plane: Brittle mica, amphibole, augitel wavellite, 
kaolin. 

II. TWINNING LA.MINATIONS. 

(Those indicated with * do not often show lsmination on account of the 
small extinction angle). Leucite, rutile, perovskite, calcite, dolomite, 
baddeleyite, zoisite, *clinozoisite, *epidote, orthite, cyanite, chloritoid, 
margarite, serendibite, diallage, rinkite, mosandrite, prehnite, wollaston~ 

ite, pectolite, humite group, *miC8., clinochlore, hydrargillite, gypsum, 
hydromagnesite, microcline, pla.gi()clase, epistilbite, mesolite, soolesite. 
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TABLE 18.-Continued. 

m MINERALS THAT FREQUENTLY SHOW ANOMALOUS 
INTERFERENCE COLOR. 

Chrysoheryl, clinozoisite, zoisite a, pennine, gehlenite, melilite, vesuvian
ite, brucite, dumortierite, prehnite, lime garnet, chloritoid, fassaite, titanium 
augite, la.umontite, sanidine. 

IV. PLEOCHROIC HALOS. 

Found in: Amphibole, andalusite, chlorite, mica, cordierite, brittle mica, 
staurolite, tourmaline. . 

Found around: Dumortierite, orthite, rutile, titanite, xenotime, cassi
terite, zircon. 

V. USUAL CRYSTALLOGRAPIDC HABIT OF NON-CUBIC MINERALS. 

1. Isometric (pyramidal, thick tabular, short prismatic, granular): 
Anatase, cassiterite, xenotime, gehlenite, carbonates, scapolite, alunite, 
chabazite, quartz, nepheline, titanite, sulphur, monazite, chrysoberyl, 
diaspore, forsterite, olivine, fayalite, monticellite, axinite, rinkite, lazulite, 
barite, humite group, celestite, topaz, a.nhydrite, cordierite. 

2. Tabular: Ana.tase, corundum, melilite, brucite, tridymite, apophyllite; 
brookite, pseudobrookite, serendibite, astrophyllite, cyanite, brittle mica, 
margarite, sappmrine, spodumene, axinite, mosancirite, micas, chlorite 
group, antigorite, bertrandite, hydrargillite, talc, kaolin, heulandite. 

3. Prismatic: Rutile, cassiterite, zircon, xenotime, corundum, vesuvian~ 
ite, tourmaline, apatite, scapolite, beryl, baddeleyite, lievrite, titanite, epi
dote group, hi.venite, prismatine, staurolite, cyanite, pyroxene group, am
phibole group, andalusite, aragonite, wollastonite group, wagnerite. 

4. Columnar (acicular): Tourmaline, apatite, cancrinite, hydronephe1ite, 
gcethite, lievrite, acmite, tremolite, actinolite, sillimanite, datolite, dumor
tierite, aragonite, wollastonite group, topaz, celestite, hydromagnesite, 
desmine, natrolite. 

5. Fibrous: Wurtzite, chalcedony, sillimanite, crocidolite, prehnite, 
carpholite, rlatolite, chrysotile, wavellite, hydrargillite, pyrophyllite, gypsum, 
zeolites. 

VI. CLASSIFICATION OF A FEW IIIINERALS ACCORDING TO 
DECREASING MAGNETISM. {AFTER DOELTER.) 

Metallio iron, magnetite, pyrrhotite; ilmenite, lievrite, hematite; chro-. 
mite, siderite, alma.ndine, limonite, augite rich in iron, iron spinel, arived
sonite; htirnblen<!~te poor in iron, epidote, pyrope; tourmaline, bronz
ito, vesuvi.,~'~J)auroll~ 8ntinolite, olivinet pyritej biotite, chlorite, 
rutilEt; ha-oyn:~' diopsi:c., mllBCO'rite, naphellne, leuoite, d'olomite, feldspars. 

" . 
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TABLE 18.-Continued. 

VII. CLASSIFICATION OF ROCK-FORMING MINERALS ACCORDING 
TO SOLUBILITY. 

1. Insoluble in hydrofluoric acid: Magnetite, chromite, hematite, 
ilmenite,' graphite, carbonaceous substance, perovskite, spinel group, pris
matine, astrophyllite, fluorite, rutile, anatase, cassiterite, zirCOD, xenotime, 
chrysoberyl, cor\ln~um, baddeleyite, tourmaline, serendibite, beryl, brookite, 
staurolite, diaspore, cyanite, chloritoid, xanthophyllite, sapphirine, axinite, 
sillimanite, dumortierite, andalusite, topaz, bertrandite. 

2. Attacked by hydrochloric acid with difficulty: Hematite, ilmenite, 
sphalerite, boracite, garnet, vesllvianite, pseudobrookite, gcethite, titanite, 
orthite, ottrelite, lavenite, carpholite, lazulite, hydrargillite, labradorite. 

3. With hydrochloric acid give powdered silica: Leucite, meionite, 
apophyllite, rinkite, mosandrite, anorthite, desmine, epistilbite. 

4. With hydrochloric acid give gelatinous silica: Analcite, sodalite group, 
gehlenite, melilit.e, eudiaJyte, nepheline, hydroiIephelit~ lievrite. for
sterite, olivine, fayalite, monticcllite, datolite, rosenbuschite, wollastonite, 
pectolite, humite group, chlorite group, serpentine, heulandite, natrolite, 
chabazite, phillipsite, harmoto.me, laumontite, thomsonite, mesolite, scolesite. 

5. Soluble in hydrochloric acid: Pyrrhotite, wurlzite, magnetite, peri
clase, apatite, *calcite, *dolomite, *magnesite, *siderite, brucite, *cancrinite, 
monazite (white residue), wagnerite, wavellite, *aragonite, *hydromagnesite. 

Those marked * evolve carbonic acid with effervescence. 

6. Soluble in caustic potash: Opal (quartz), chalcedony, tridymite, 
sulphur, kaolin (white residue). 

VIII. CLASSIFICATION OF THE MINERALS ACCORDING TO THEIR 
FUSIBILITY BEFORE THE BLOWPIPE. 

1. Easily "fusible (Kobell's scale 1-3): Almandine, gl'osaularite, lievrite, 
- sulphur, ls.venite, aegirine, aegirine augite, spodumene, glaucophane, 

riebeckite, arfvedsonite, . crocidolite, axinite, rinkite, datolite, mosandrlte, 
rosenbuschite, pectolite, lithionitel phillipsite, scolesite. 

2. Fairly easily fusible (3-4): Pyrope, hessonite, topazolite, melanite, 
a.nalcite, tourmaline, 6udialyte, scapolite, elmolite, apophyllite, chabazite, 
cancrinite, hydronephelite, epidote group, astrophyllite, aqgite, fassaite, 
lawsonite, tremolite, actinolite, hornolende, prehnite, celestite, lepidome
lane, anhydrite, nontronite, gypsu!., anorthoclase, basic plagioclase, 
heulandite, desmine, natrolite, thomsonite, epiAtilbite. 

3~ Difticultlyiusible (4-5): Boracite, sodblite, me1ilite, nepheline, mona .. 
zite, chloritoid, ~ayaliteJ hypersthene, diopsitie, diallage, carpholite, wolJ.afr 
ton.ite,. muscovite, phlogopite, biotite, c.li..oochlore, orthoclase, mierocline, 
_-:.3 _1_-: ...... 1. .... #> h<>~rnn+n.m.,. 
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TABLE IS.-Continued. 

4. Only fusible on the edges (5-6): Magnetite, sphalerite, wurtzite, 
hailyne, noselite, fluorite, gehlenite, apatite, beryl, pseudobrookite, baddel
eyite, titanite, margarite, monticellite, hyalosiderite, enstatite, antho~ 

phyllite, barite, hurnite group, pennine, serpentine, cordierite, wagnerite. 

5. Infusible: Perovskite, spinel, periclase, leucite, opal, futile, anatase, 
cassiterite, zircon, xenotime, corundum, carbonates, alunite, brucite, quartz, 
chalcedony, tridymite, brookite, chrysoberyl, gcethite, serendibite, pris
matine, staurolite, diaspore, cyanite, xanthophyllite, sapphirine, forsterite, 
olivine, sillimanite, dumortierite, lazulite, andalusite, aragonite, topaz, 
bertrandite, hydrargillite, talc, pyrophyllite, kaolin, hydromagnesite, 
wavellitc. 

IX. FINE POWDER GIVES ALKALINE REACTION. 

Albite, analcite, andesine, anorthite, apophyllite, axinite, biotite, bytown~ 
ite, datolite, desmine, epidote, heulandite, hydronepbeliw, lime garnet, 
cIinochlore, cIinozoisite, labradorite, Ieucite, lithionite, margarite, micro
cline, muscovite, natrolite, nepheline, oligoc1as~, orthoclase, penrune, prehn
ite, serpentine, talc, tremolite, vesuvianite, wollastonite, zoisite. 
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X. ROCK-FORMING MINERALS ARRANGED ACCORDING TO 
SPIlCIFIC GRAVITY. 

Metallic iron ... "" 7.8 Chloritoid. . 3. 5 
Galena .. .... 7.5 Titanite.. 3.5 
Cassiterite .. 6.9 Se.pphirine. . . 3 . 5 
Baddeleyite .. 5.8 Aegirine. . 3 . 5 
Hematite ... 5.25 Arfvedsonite.. 3.5 
Ma.gnet.ite ... 5.2 Triphyline.. 3.5 
Ilmenite. .5.2-4.8 Hypersthene.. 3.5 
Pyrite ... 5.0 Diaspore. . 3.45 
Pseudobrookite .. 5.0 Riukite. 3.45 
Zircon. 4.7 GroMularite. . 3 .45 
Pyrrhotite .. 4.6 Vesuvianite... 3.45 
Xenotime ... 4.6 1Voehlerite... 3.4 
Chromite .. 4.5 Barkicvikite 3.4 
Koppite .. 4.5 Serendibite 3.4 
Barite. 4.5 Epidote... 3.4 
Melanite .. 4.3 Augite.. 3.35 
Almandine. " 4.3 Astrophyllite.. 3.35 
Pyrochlore ... ..... 4.3 Prisrnatine. . 3.35 
Goethite .. 4.3 Jadeite.. .. ...... 3.35 
Rutile. 4.25 Clinozoisite. . 3.35 
Chalcopyrite .. 4.2 Methylene iodide.. 3.32 
Chrome spinel. 4.1 Zoisite. . 3.3 
Topazolite. 4.1 Diallage.. 3.3 
Dysanalyte .. 4.1 Olivine.. 3.3 
Brookite .. . .. 4.1-3.9 Bronzite. 3. 3 
Sphalerite ..... 4.0 Basaltic hornblende.. . 3.3 
Wurtzite .. 4.0 Axinite.. 3.3 
Lievrite .. 4.0 Riebeckite. . . . . 3. 3 
Perovskite.. 4.0 Dumortierite. . ... 3.3 
COTundum.. 4.0 Rosenbusehite. 3.3 
Celestite.. 3.95 Diopside...... 3.3 
Iron spinel 3.9 Klein's solution. . . .. 3.28 
Siderite. . . 3.9 Cornerupine....... . ... 3.25 
Anatase... 8.9 Sillimanite.. 3.25 
Hessonite 3.8 Forsterite. .. .. .. 3.25 
Staurolite ... ,. . .... 3.8--3.6 Tourmaline. . .. 3.25-3.0 
Pyrope.... .. .. 3.75 Croeidolite.. 3.2 
Chrysoberyl. . . 3. 7 Fluorite 3.2 
Periclase. , . 3.65 Andalusite.. 3.2 
CYll.nite... 3.6 ~ Monticellite. 3.2 
Ardennite, . . ........... ' 3.6 Fuggerite ................... 3.2 
Orthite.................. 3.6 Common hornblende.. ,.3.2-3.1 
Spinel.. 3.6 Rumite ................. 3.2-3.1 
L8.venite....... . ... 3.6 Chondrodite.. . . ...... 3.2-3.1 
Fayalite.. '" .... 3.6 Clinohumite ...... , ...... 3.2-3.1 
Topaz. . . . . . ...... 3.6-3.4 Fassaite, ......... , ...... 3.2-3.0 
Rohrbach solution .. .. . .. ... 3. 53 Biotlte .................. 3(2-3.0 
"Diamond .................. ' 3.5 Litbionite ............... 3.2-2.8 
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TABLE 19.-Continued. 
X. ROCK-FORMING MINERALS ARRANGED ACCORDING TO 

SPECIFIC GRA VITY.-G'ontinued. 
Thoulet solution ... 3.18 Serpentine .. , . ...... 2.7-2.5 
Apatite ... 3.15 Labradorite .. 2.69 
Enstatite. 3.1 Andesine 2.67 
Lazulite .. . 3.1 Quartz .. . 2.65 
Magnesite . . 3.1 Cordierite . . 2.65 
Spodumene. 3.1 Ktypeite. 2.65 
LawBonite . . 3.1 Glass. .2.66-2.2 
Euclase .. 3.1 Oligoclase. 2.64 
Xanthophyllite. 3.1 Albite .. 2.60 
Anthophyllite. 3.1 Chalcedony. 2.6 
Glaucophane. 3.1 Bertrandite . . 2.6 
Mosandrite .. 3.1 Nepheline .. 2.6 
Eucolite .. . 3.05 Anorthoclase . . 2.58 
Actinolite. 3.0 Orthoclase .. 2.56 
Phlogopite .. 3.0 Microcline. 2.56 
Wagnerite . . 3.0 Leucite. 2.5 
Datolite. 3.0 HaOyne .. . 2.5 
Boracite. 3.0 Kaolin 2.5 
Cryolite. 3.0 Harmotome . . 2.5 
Phenacite. 3.0 Cancrinite .. . 2.45 
Margarite. 3.0 Hydrargillite . . 2.4 
Acetylene bromide .. 3·0 WaveUite .. 2.4 
Dolomite .. 2.95 Brucite ... 2.4 
Carpholite. 2.95 Laumontite . . 2.4 
Aragonite .. . 2.95 Apophyllite .. 2.35 
Anhydrite .... 2.95 Sodalite .. 2.3 
Melilite .. . 2.9 Graphite .. 2.3 
Prehnite. 2.9 Trldymite 2.3 
Pectolite . . 2.9 Gypsum . . 2.3 
Tremolite. 2.9 Glauconite . . 2.3 
Chlorite . . . .2.9-2.6 Scolesite .. . 2.3 
Conchite .... ..... 2.85 Thomsonite . 2.3 
Wollastonite . . 2.85 Epistilbite. 2.20 
Paragonite . . 2.80 Analcite .. 2.2 
Muscovite .. . 2.85 Hydronephe1ite. 2.2 
Iddingsite .. 2.80 Natrolite. 2.2 
PyIophyHite ... 2.8 Opal .... 2.2 
Anorthite .. 2.70 Henlandite .. 2.2 
Sea.polite .. .2.76-2.6 ·Phillipsite ... 2.2 
Bytownite. . .... 2.72 Desmine ... 2.15 
Caleite .... 2.72 Hydromagnesite .. .... 2.15 
Alunite 2.7 Chabaaite ..... ....... 2.1 
BeryL .... .... 2.7 liaJite . ........ 2.1 
Tale ....... ... 2.7 Gmelinite .... " ........ , 2.1 
Pennine .. ........... 2.7 Sulphur ..... . ...... 2.0 

~:!!ut:?:~<~~~ :: : : : : : : :'. ~~ Meerschaum ............. ~ .. 2.0 
CoaIs .•....... : .........• < 2.0 
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a-dimethyl glyoxime, 167 

Abbe, drawing apparatus, 134 
test plate, 24 
total refiectometer, 39 

Abnormal interference color.s, 78 
Accessory apparatus, 125 
Achromatic, 3 
Acmite, 285 
Actinolite, 289 
Aoute bisectrix, 59 
Adjustment of the cross hairs, 28 
Adjustment of the nicols, 28 
Adularia, 328 
Aegirine, 284 
Aegirine augite, 284 
Aenigmatite, 294 
Agalmatolite, 317 
Aggregate, 185 
Aggregate polarization, 186 
Afaunschiefer, 205 
Albite, 330 
Albite law, 332 
Alid.de,40 
Alkali feldspar, 324 
Allanite, 261 
Allotriomorphic, 181 
Almandite, 215 
Alum, separation by. 151 
Aluminium, chemical test for, 168 
Aluminium fluosilicate, 164 
Alunite, 243 
Amazon stone, 329 
Amesitc, 312 
Ammonium, chemical test for, 165 
Ammonium metavanadinate, 170 
Ammonium phosphomolybdate, 171 
Amphibole, alteration of, 292 

color of, in a slide, 293 
extinetion of, 293 
group, 287 

Analcite, 222 
Analyses by washing, 152 
Analyzer, 13, 51 
Anastigmatic lens, 3 
Anatase, 229 
Andalusite, 297 
Andesine, 335 
Angle of aperture of objectives, 98 
Anhydrite, 301 
AniJ!;matite, 256 
Ani~otropic, 52 
Anomite, 307 
Anorthite, 330 
Anorthoclase, 329 
Anthophyllite, 289 
Antigorite, 276, 312 
Antiperthite, 326 
Apatite, 236 
Apertometer, Abbe, 25 
Aperture, 6 
Aperture and magnification, 25 
Aphanitic, 183 
ApIanatic,3 
Aplanatic and achromatic, test for, 

24 
Apochromatic, 5 
ApophylJite, 250 
Apparatus for separating rock pow~ 

del', 155 
Apparent optic angle, 112 
Aragonite, 299 
Arfvedsonite, 293 
Astrolite, 309 
Astrophyllite, 269 
Attractive crystals, 51 
Augite, 282 
Authigenetie, 228 
AutoIDbrphic, 181 
Awaruite, 206 
Axinite, 295 
Axioliteo, 186 

385 
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Babinet compensator, 91 
n.culite, 44, 189 
Baddeleyite, 255 
Barite, 297 
Barium, chemical test for, 166 
Barium fiuosilicate, 164 
Barium oxalate, 166 
Barkevikite, 293 
Basaltic augite, 282 
Basaltic hornblende, 287, 291 
Bastite, 279, 314 
Baveno law, 326 
Becke's method, 33 
Beckelite, 213 
Belonite, 183 
Bertrand lens, 98, 113 
Bertrand plate, 72 
Bertrandite, 317 
~eryl, 243 
Beryllium, chemical test for, 166 
Biaxial crystals, 58 

negative, 59 
positive, 59 

Biaxial interference figUI'e, 97, 107, 
et sequa 

Biaxial zeolites, 341 
Binocular microscope, 41 
Biot, quartz plate, 73 

rotating quartz, 92 
Biotite, 302 
Birefractometer, 91 
Bisectrices, 59 
Bituminous matter, 212 
Blue spar, 298 
Bohemian garnet, 216 
Bone substance, 237 
Boracite, 219 
Boron, chemical test for, 169 
Botryolite,. 296 
Bowlingite, 315 
Bra.nliWite, 271 
Bra.vais double plate, 72 
Breislakite, 256 
Brewster's cross, 123 
Btewster lens, 2 
Brezina double plate, 71 
Brilliaut green, 175 
Brittle .tnioa ~, 269 
Bl'Onzite, ~~;.'.~'!.I:" 

Brookite, 254 
Brown hornblende, 291 
Brucite, 244 
Bruecke lens, 3 
Bytownite, 335 

Caesium) chemical test for, 165 
Caesium alum, 169 
Calcination, 176 
Calcite, 238 
Calcium, chemical test fat, 165 
Calcium fluOsilicate, 164 
Caldton double plate, 71 
Cammererite, 310 
Canada balsam, 143 
Cancrinite, 250 
Carbon, chemical test for, 169 
Carbonaceous matter, 210 

distinction from graphite, 211 
Carinthine, 290 
Carlsbad law, 326 
Garpholite, 299 
Carrara, 239 
Cassiterite, 230 
Cataclase, 192 
Cataphorite, 288, 293 
Cedar oil, 143 
Celestite, 299 
Centering screws, 14 
Centering the stage, 26 
Cerium, chemical test fo)", 168 
C.erium epidote, 261 
Ceylon, 210 
Chabazite, 250 
Chalcedony, 248 
Chalcopyrite, 205 
Chamosite, 812 
Character of the double refraction 

in biaxial mine)"aJs, 115 
in uniaxial minerala, 105 

Qharacter of the principal zoue, 
determination ol, 93 

Characteristic angles, measurement 
of,42 

Characteristic colors, 49 
Chatoyancy, 196 
Chemical methods of inveJtigation, 

162 
Chemical microscope, 130 
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Chemical reactions, alulninium fluo-
silicate, 164 

barium fluosilicate, 164 
calcium fluosilicate, 164 
:8uoBtlicic acid, 163 
lithium :8uosilicate, 164 
magnesium fluosili~ate, 164 
potassium fluosilicate, 163 
sodium fluosilicate, 163 
strontium fluosilica.te, 164 

Chemical tests for aluminium, 168 
ammonium, 165 
barium, 166 
beryllium, 166 
boron, 169 
caesium, 165 
calcium, 165 
carbon, 169 
cerium, 168 
~hlorine, 171 
chromium, 168 
cobalt, 167 
didymium, 168 
erbium, 168 
fluorine, 171 
iron, 167 
lanthanum, 168 
lithium, 165 
magnesium, 166 
manganese, 168 
molybdenum, HiS 
neodymium, 168 
nickel,167 
niobium, 170 
phosphorus, 171 
pota.ssium, 165 
praseodymium, 16S 
rubidium, 165 
silicon,I()9 
sodium, 164 
strOl\tium, 166 
sulphur, 171 
tantalum, 170 
thorium, 168 
tin,_ 170 
titanium, 110 
tungsten, 168 
vanadium, 170 

Chemical tests for, yttrium, 168 
zirconium, 170 

ChiaErt.olitc, 297 
Chlorine, chemical test for, 171 
Chlorite group, 310 
Chloritoid, 271 
C""hloropal, 319 
Chlorous acid, separation by, 150 
Chondrodit.e, 300 
Chromatic aberration, 2 
Chrome, diopside, 280 

epidote, 261 
mica, 309 
ocher, 207, 309 
spinel,218 
zoisite, 261 

Chromite, 207 
Chromium, chemical test for, 168 
Chromoscope for interference COl(}rs, 

84 
Chrysoberyl, 257 
Chrysotile, 275, 312 
Cinnamon stonc, 216 
Circular polarization, 104 

strength of, 104 
Cleavage, 179, 190 

determination of, 41 
distinct, 44, 191 
fibrous, 191 
imperfect, 44, 191 
perfect, 44, 191 

Clinochlore, 310 
Clinohumite, 300 
Clinozoisite, 259 
Clintonite, 211 
Cobalt, chemical test for, 167 
Coddington lens, 2 
Color, 48 
Colors of the axes, 61 
Common, garnet, 215 

hornblende, 287 
spinel,218 

Comparator, quartz wedge, 81 
Compensators, 88 ' 

use of, 93 
COlnpO'und microscope, diagram. of 

rays through, 4 
Concentric structure, 194 
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Condenser, 7, 19 
Congo red, 173 
Convergent light, 95 

field of vision in, 96 
methods of observation in, 97 

Copiapite, 319 
Cordiente, 319 
Corundum, . .232 
Cossaite, 306 
Cossyritc, 294 
Cot.schubeyite, 310 
COllseranite, 242 
C(nTer-gl.\l-&~, 22 
Crocidolitc, 292 

Dispersion, 60 
colors, 79, 110 
of the optic axes, 109 
of ordinary light, 2 

Disthene, 267 
Dolomite, 238, 240 
Dolomite ash, 241 
DD}.1bJe J'NJ'.artiD.Dr 5J 

in calcite, 52 
recognition of, 66 
strength of, 73 
of uniaxial crystals, 56 

Draw.ing apparatus, Abbe, ]34 

Grofls sections of biaxial minerals, 
252 

Nachet, ]35 
Dry system, 6 
Duelho,317 

of cubic minerals, 212 
of uniaxial minerals, 225 

Crossed dispersion, 112 
Crossed nicols, 65 
Crossite, 294 
Cryptoperthite, 327 
Crystal sandstone, 246 
Cr;rstallites, 44, 189 
Crystallizing microscope, la{) 
Cummingtonite, 290 
Cumulite, 44, 189 
Cutting and polishing machine, 145 
Cyarute, 267 

Damourite, 306 
Datolite, 296 
De..Je.s,gjte, 312 
Demantoid, 217 
Desmine, 34( 
Determination of index of refraction 

by raising the tube) 33 
Development of :tock constituents, 

181' 
Diaba.se augite, 282 
Diac1aBite, 280 
Diallage, 281 
Diaspore, 267 
Diatoms, 26 
Di"chroism,62 
Dichroscppic ocular, 61 
Didymium; cheiniea!,test for, 168 
Dilute eolor$; {!fe";, " 
DiphYT&, 242 'ii", 

Duke de Chaulnes' method, 46 
DUIDortierite, 295 
Dysanalyte, 213 

Edenite, 290 
Eichstaedt apparatus, 152 
Eighth undulation plate, 107 
Elaeolite, 249 
Elasticity, axes of, 58 

direction of greatest, 57 
direction of least, 57 
direction of medium, 58 

Electro-magnet, 160 
Ellipsoid of rotation, 57 
Emerald, 244 
Emery, 232 
Eost8t;te, 279 
Eozoon, 276 
Eozoon canadensis, 240 
Epidosite, 264 
Epidote, 261 
Epidote fels, 264 
Epidote group, 258 
Epistilbite, 341 
Eroium, chemical test for, 168 
Erinite, 310 
Eucolite, 242 
Eudialyte, 242 
Eugenol, 143 
Eutaxite, 222 
Eutectic mixture, 186 

.. Exner refractometer} 38 
Extinction, curve for diopside, 10 
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Extinction, directions, 67 
oblique, 69 
parallel, 69 
position of, 67 
symmetrical, 69 

Extraordinary ray, 52 

Fassaite, 281 
Fayalite, 272 
Fedorow, mica. wedge, 90 

universal stage, 127 
Fedorowite, 285 
Feldspar, alteration of, 323 

cleavage of, 323 
development of, 322 
dimensions of, 322 
group, 321 

Felsite, 222 
Ferrite, 208 
Fibrolite, 295 
Fluorine, chemical test for, 171 
Fluorite, 225 
FluosiHcic acid, chemical reactions 

with, 163 
Foraminifera, 187 
Form, determination of, 41 
Forsterite, 272, 276 
Fouque method for determining the 

plagioclase, 338 
Fourlings, 120 
Fraunhofer lens, 3 
Fresners hypothesiS, 54 
Fritting, 22{} 
Fuehsin,175 
Fuchsite, 309 
Fuggerite, 234 

Galena., 205-
Garbenschiefer, 290 
Garnet group~ 214 
Gas inclusions, 47 
Gostaldite, J!92 
G&US8 mirror, 43 
Gedrite, 289 
Geblenite group, 233 
<lonthlte, 8Ui 
Giooockite, 2iO 
Gigantolito, 820 

GIa .. , 220 
GlAss inclusions, 48 
Glauconite, 309 
Glaucophane,- 292 
Globulite, 44, 189 
Goethite, 254 
Goniometer, reflection, 43 
Granophyre, 248, 327 
Granospherite, 187 
Graphite, 209 
Graphitic acid, 210 
Graphitite, 209 
Graphitoid, 209 
Gra_pholite, 311 
Gre<:n earth, 309 
Gret'ln hornblende, 289 
GreE:ln sand, 309 
Greisen, 225 
Grellough binocular microscope, 

41 
Grossularite, 217 
Grothite, 256 
Griinerite, 290 
Gumbelite, 317 
Gypsum, 321 

Haidinger lens, 61 
Bainite, 257 
Half shadow polarizer, 73 
Hardness, determination of, 179 
Harmotome, 341 
Hatiyne, 223 

special test for, 174 
Heating apparatus, 129 
Heavy molten liquids, 159 
Heavy Qrganic liquids, 156 
Heavy solutions, 157 
Heavy spar, 297 
Hedenbergite, 280 
Helicoidal structure, 196 
Hematite, 207 
Hepar test, 171 
He.rcynite, 218 
BtlssoniteJ 217 
Heuhmdite, 341 
Hiddenite, 286 
HorU:Q-nta.l dispersion, 111 
Hourglass _, 188 

IftllUboldite, -283 
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Humitc,300 
Humite group, 300 
Hyalomelane, 221 
Hyaiosiderite, 273, 274 
Hydatogcnic activity, 283 
Hydatopyrogenic, 194 
Hydrargillite, 316 
HydrochlQric acid, separation by, 

150 
Hydrofluoric acid, separation by, 

149 
Hydrofluosilicic acid, separation by, 

150 
Hydromagnesite, 319 
Hydronephelite, 251 
Hypersthene, 279 
Hypidiomorphic development, 181 

Iddingsite, 276, 315 
Idiomorphic development, 181 
Illuminating apparatus, 19 
Ilmenite, 208 
llvaite, 256 
Immersion system, 6 
Inclined dispersion, 111 
Inclusions, 47, 194 

carboh dioxide, 194 
gas, 47 
glass, 48 
liquid, 48 

Index of refraction, determination 
by immersion method, 36 

determination by the method of 
Schroeder van der Kolk, 38 

determination by using center 
screen, 39 

law of, 30 
methods of determining, 30 

IndoJ,212 • 
Interference colors, 74 

abnormal, 78 
measurement of the double 

refraction hy, 79 
modifica.tion of, 77 
order of, 76 
subnonna~ 78 
s~nonna~ 78 

~~ pi.taTh.;!~0h." 74 

Interference figure, biaxial, 107. <t 

seq"" 
of Jow double refracting min

erals, 103 
uniaxial, 100 

Interior conioal refraction, 83 
Interstitial material, 182 
Investigation, chemical methods of, 

162 
physical methods of, 177 

Iodocrase, 233 
Iron oap, 321 
Iron, 206 

chemical test for, 167 
Iron spinel, 218 
Isotropic substances, 52 
Itaeolumite, 246 
I vaarite, 217 

Jadeite, 286 
Johnstrupite, 297 

Kaolin, 318 
Karsutitc, 292 
Kclyphitc, 216 
Klein's lens, 113 
Klein's solution, 158 
Knopitc, 213 
Knotenschiefer, 320 
I{obell staurosoope, 71 
Koppite, 213 
Kornerupine, 269 
Kreittonite, 218 
Ktypeite, 241 
Kuntzite, 286 

Labradorite, 335 
Lantha.num, chemical test for, 168 
Lapis lazuli, 224 
Lasaul x method, 97 
Lattioe lamination, 122, 185 
Lattice stru.cture, in micracline, ~ 

in olivin(l', 276 
of serpentine, 313 

Lamnonite, 341 
L~enitel 257 
Lawsonite, 286 
LalOUlite,298 
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Lead chloride, 159 
Leeson's prism, 42 
Le~t handed crystals, 104 
Lens, 1 
Lens stand, 161 
Lepidomelane, 307 
Leuchtenbergite, 243, 310 
Leucite, 219 
Leuclte basalt, 219 
Leucite syenite, 219 
Leucite tephrite, 219 
Leucitophyre, 219 
Leucoxene, 208, 228 
Lherzolite, 218 
Liebenerite, 250 
Lievrite .. 256 
Lime garnets, 217 
Limonite, 254 
Limurite, 295 
Linck's solution, 175 
Liquid inclusions, 48 
Listwanite, 317 
Lithionite, 302 
Lithium, chemical test for, 165 
Lithium fluosilicate, 164 
Lithium rica, 302 
Lotrite, 299-
LUSBatite, 248 
Lutezite, 248 

Magmatic corrosion, 189 
Magmatic resorption, 288 
Magnesite, 241 
Magnesium, chemical test for, 166 
Magnesium ammonium phosphate, 

167 
Magnesium fluosilicate, 164 
Magnesium mica, 302 
Magnetic separation, 160 
Magnetite, 206 
Magnetites and, 206 
Malachite green, 173 
Malacqlite, 281 
Ma-lacon, 231 
M.u..rd law, 113 
MangaD~e, chemical test fOT, 168 
Morgarite, 44, 189, 272 
Ma.rgarodite .. 306 
Marlalite, 242 

Masonite, 271 
Mastic, 146 
Measurement of double refraction, 79 
Mechanical stAge, 18 
Meionite, 242 
Melanite, 217 
Melilit e,233 
Mercurous nitrate, 159 
Meroxene, 307 
Mesh structure in oli vine, 275 
MesoIite, 341 
Mesostasis, 182 
Metaxite, 313 
Methods of investigation. 162 
Methods of sepal'atiod, 148 
Methylr-.ne iodine, 156 
Mica, alteration of, 308 

first order, 303 
group, 302 
palroe, 306 
second order, 303 
t-est plate, 90 
wedge, 90 

Microcline, 329 
perthite, 329 

Microfelsite, 222, 248, 327 
Microlites, 183 
Micrometer, obj~ct, 45 

ocular, 45 
Micropegmatite, 247, 327 
Microperthlte, 326 
!\'1icrophotographic apparatus, 132 
:Miero.scope, electric heating, 131 
Microscope goniometer, 125 
.Mierotine, 334 
Microtome, 21 
Mulybdenite, 206 
M()lybdenum, chemical test for, 168 
Monazite, 257 
M~)nticelliteJ 272, 276 
M()rtar structure, 1 9 1 
M6rtel structure, 191 
Mosaic stromure, 187 
Mosandrite, 297 
Muscovite, 302 ~ 
Myrmecitic interg1'Qwth, 248 
Mynn~coida1, 327 

Nachet dnwing apparatus,~ 135 
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Natrolite, 341 
Needle iron ore, 254 
Negative crysta.ls, 57, 105, 195 
Neodymium, chemical test for, 168 
Nepheline, 249 

special test for, 174 
Nephrite, 233, 286, 289 
Nickel, (lhemical test for, 167 
Nicol,l1 

construction of, 10 
Niobium, chemical teet for, 170 
Nontronite, 319 
N oselite, 224 

special test for, 174 
Numeite, 316 
Numerical aperture, 6 
Nummulites, 187 
Kutrition canals, 237 

Object, clamp, 19 
glasses, 2:J 
marker, 19 
micrometer, 4,1) 

Objective holders, 5 
Obsidian, 220 
Obtuse bisectrix, 59 
Ocellary structure, 193 

in leueiro, 220 
Ocular, diaphragm, 99 

goniometer, 43 
micrometer, 45 
Planimeter, 46 
Ramsden, 46 

Oldhamite, 213 
Oligoclase, 335 
Olivine, 272 
Olivine group, 272 
Omphazite, ~O 
Onion structure, 221 
Onkosine, 306 
Onyx, 299 
Oolite, 186-
Opal,224 

Optic angle, measurement of, 112 
scale, 114 

Optic axis, 55 
Optic normal, 59 
Optical anomalies, 123 
Optical anomalies in garnet, 214 
Optical sketch of a crystal, 138 
Ordinary light, observations in, 30 
Ordinary ray, 52 
Organic acids, separation by, 150 
Organic liquids, heavy, 156 
Orthite, 261 
Orthoclase, 324 
Orthorhombic dispersion, lIt} 
Orthoscope, N oerremberg, 9 
Ottre1ite, 270 
Owenite, 312 

Palimsest structure, 198 
Pa.ragonite, 306 
Paragonite schist, 268 
Paranel polarized light, observations 

in, 51 
Pararoorph, 123, 198 
Pargasite, 287, 290 
Parting, 191 
Pectolite, 300 
Peg structure, 234 
Pennine, 310 
Periclase, 219 
Pericline law, 333 
Peridote, 272 
PeriIIlorph, 197 
Peripheral development, 192 
Periscopic ocular, 5 
Perlite, 220 
Perovskite, 213 
Perthite, 326 
Petrographic methods, S~ 

135 
Phillipsite, 341; 
Phlogopite, 302 
PhosphQrite, 237 
Phosphorus, chemical test for, 
Pho'iographic eamera, 133 
Physical methods of ;"v_. 

177 

Opal sandstone, 224 
Opaque bodies, 49 
Opulte, 207 . 
Ophioalci.t<i,!n5 .' if". 
C\n+i ..... n' ... t..."_hQ:,;<, '~0.~71'" p' 'Pipnt.it.A 21R 
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Picrosmine, 313 
Piemontite, 261 
Pilite, 274, 289 
Pimelite,'316 
Pistamte, 261 
Pitchstone, 220 
Plagioclase, 330 
Plane of the optic axes, 59 
Plane of polarization, 7 
Plane of vibration of pollirized light, 8 
Plane polarized light, 7 
Planimeter ocular, 46 
Pleochroic halos, 64, 197 

in hornblende, 288 
Pleochroism, 61 

artificial, 64 
Pleonast, 218 
Pleurosigma angulatum, 26 
Poikilitic intergrowth, 192 
Polariscope, Noerremberg, 9 
Polarization, angle of, 9 

by reflection, 9 
by refraction, 9 

Polarizer, 19, 51 
Polarizing apparatus, 7 
Polarizing microscope, Bausch & 

Lomb,18 
Nachet,14 
polymeter, 17 
Reichert, 15 
Seibert, 12 
Voigt & Hochgesang, 16 

Porfido rosso antico, 261 
Positive crystals, 57 
Potassium antimonate, 169 
Potassium, chemical test for, 165 
PotassiuDl ferrocyanide, 167 
Potassium fiuoborate, 169 
Potassium fluosilicate, 163 
Potassium mercuric iodide, 37 
Potassium mica, 302 
Potassium platinochloride, 165 
Potassium sulphocyanide, 167 
Potstone, 316 
Pragratite, 306 
Praseodymium, chemical test for, 

168 
Precious garnet, 215 

Precious spinel, 218 
Precipitates on thin section, 175 
Predazzite, 219, 244 
Prehnite, 299 
Principal rays, 180 
Principal section, 53 
Principal zone, 63 
Prismatine, 269 
Projection apparatus, 133 
Protobastite, 280 
Proto<!lase, 191, 324 
Prussian blue, 167 
Pseudobrookite, 255 
Pseudochalcedony, 249 
l'seudochroism, 49 
Pseudodichroism, 65 
Pseudomorphs, 198 
Pumice, 221 
Pycnite, 301 
Pyrenaite, 217 
Pyrite, 204 
Pyrochlore, 213 
Pyrope, 216 
Pyrophyllite, 317 
Pyrox.ene group, 277 
Pyroxenes, monoclinic, 280 

orthorhombic, 279 
Pyrrhite, 213 
Pyrrhotite, 205 

Quarter undulation plate, 90 
Quartz, 244 

augen, 245 
vermicule, 248 
wedge, 90 

Quartzine, 248 

Radde color scale, 49, 63 
Radio active minerals, 64 
Radiotine, 313 
Ramsden ocular, 46., 99 
Ranite, 251 
Raven mica, 308 
Real'image, 1 
Red I. test plate, 90 
Red II. teat plate, 90 
Reflected light, observations in, 49 
Reflection iii the tube of the micro--
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Refraction, 51 
Refractometer, Exner, 38 
Relation of optical chara.cter to 

character of the principal 
zone, 94 

Repellant crystals, 57 
Resolving power of objectives, 6 
Rhaetizite, 267 
Rhodochrome, 310 
Rhombohedral carbonates, 238 
Rhumb porphyry, 322 
Riebeckite, 293 
Right handed crystals, 104 
Rinkite, 295 
Ripidolite, 312 
Rock constituents, size of, 183 
Rock gTinding machine, 21 
Rock powder, 143 • 
Rock 'salt, 219 
Rohrbach solution, 159 
Rosenbuschite, 300 
Rotlttion apparatus, 125 

C. Klein, 128 
Rubella-ne, 307 
Rubidium, chetnical test for, 16.1> 
Ruby, 232 
Ruby mica, 254 
Ruin development, 188 
Rutile, 227 

Sagenite, 228, 308 
SaUte, 281 
Sanidine, 324, 328 
SapoDlae, 146 
Sapphire, 232 
Sapphirine, 268 
SauSBurite, 263, 336 
Saussuritization, 336 
Scale for specific gravity, 154 
Scapolite group, 242 
Sohafl'gotsch, Count, 157 
Schor},234 
Schorlomite,217 
Schroeder van der Kolk method for 

determining the plagio-
ewe, 339 

Schungite, 211 
Schwarz;ma='. optic _Ie scale, 

Sco1esite, 341 
,Sedgy hornblendel 290 
Seladonite, 284, "309 
Sesniti"ve red tint, 76 
Sensitive tint plate, 72 
Separating funnel, 156 
Separation according to specific 

gravity, 153 
Separation, chemical methods of, 

148 
magnetic, 160 
physica.l methods of, 152 

Separation of rock constituents by 
alum, 151 

chlorous acids, 150 
hydrochloric a.cid, ISO 
hydrofiouric acid, 149 
hydrofluosilicic acid, 150 
organic acid, 150 
sodium hydroxide, 151 
sulphuriC acid, 151 

Serendibite, 269 
Sericite, 305 
Sericite schist, 306 
Serpentine, 312 
Seyberite,271 
Siderite, 241 
Sieve structure, 197 
Silicon, chemical test for, 169 
Silicon tetrafluoride, 169 
Sillimanite, 295 
Silver nitrate, 159 
Sismondine, 271 
Size, measurement of, 45 
Skarn, 217, 280 
Skatol,212 
Skeletal crystals, 44 
Slag inclusions, 195 
Smaragdite, 290 
Soa.pstone, 316 
Soda hornblende, 288 
So<W.-lime feldspar, 330 
Sodalite, 223 
SodJilite group, 223 
Sodtilite, special test for, 174 
Sods. miCB., 300 
Soda orthoclase, 329 
Sodium, chemical test- 'for, ~ 
,... ..... ".. .. ..... 
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Sodium hydroxide, separation by, 
151 

Sodium saltpeter nicols, 11 
Sodium trithiocarbonate, 167 
Sodium uranylaoetate, 164 
Solenhoiener schist, 238 
Sonnenstein, 208 
Source of light for microscopic ob

servations, 7 
SpeciaJ. reactions, 112 
Special tests for HaUyne, 174 

Nepheline, 174 
Noselite, 174 
Scapolite, 174 
Sodalite, 174 

Specific gravity scale, 154 
Spectra-polarizer, Abbe, 7 
Spessartite, 216 
Sphalerite, 213 
Sphene, 256 
Spherinal aberration, 2 
Spherosiderite, 241 
Spherulites, 186 
Spinel group, 218 
Spodumene, 286 
SpreUBtein, 223, 250, 251 
Staining methods, 173 
Stanhope lens, 2 
Staurolite, 266 
Stauroscopes, 71 
Steinheil triplet, 3 
Stereoscopic microscope, 41 
Stereoscopic ocular, 41 
Stilbite group, 341 
Stink quartz, 246' 
Strontium, chemica,} test for, 166 
Strontium fluosilicate, 164 
Structure, concentric, 194 

dodecahedral in garnet, 215 
helicoidsl, 196 
hourglass, 188 
mosaic, 187 
')nion-like, 221 
palimBest, 198 
peg in melilite, 234 
.000, 197 
sieve, 197 

St"bachite, 276, 313 
Q • .,1.._ ... _ .. 1 :..+"""""_"'_ ,.n.l,._ 'TfoI: 

Sulphur, 255 
chemical test for, 171 

Sulphuric acid, separation by, 151 
Summary of petrographic methods, 

135 
Sunstone, 208, 328 
Supernormal interference colors, 78 
Surface color, 60 
Surirella gemma, 26 

Table of interference colors, 75 
Tacbylite, 221 
Talc, 316 
Tantalum, chemical test for, 170 
Tetrabrom acetylene, 156 
Thallium mercurous nitrate, 159 
Thallium silver nitrate, 159 
Thickness, measureDlent of, 45 
Thin sections, preparation of, 144 
Thomsonite; 341 
Thorium, chemical test for, 168 
Thoulet 8olution, 157 
Tbulite, 261 
Thuringite, 312 
Tin, chemical test for, 170 
Titanite, 255 
Titanium, chemical test for, 170 
Titanium magnetite, 206 
Titanium olivine, 276 
Tomlinson, W. H., 144 
Topaz, 301 
Topazolite, 217 
Total reflection, 31 

_ critical angle of, 31 
Total refractometer, Abbe, 39 
Total refiectometer, Wallerant, 40 
Tourmaline, 234 

hemimorphic development of, 
235 

sUDS,235 
tongs, 10 

Tremolite, 289 
Trichite, 44, 189 
Tl'i.ehroic I 62 
Tridymite, 249 
TriIIings, 121 
Tungsten, ehemical test for, I, 
Turner'. test, 169 
Twnn .. 1"lll 
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Twins, cruciform, 184 
juxtaposition, 184 
penetration, 184 
uniaxial with inclined axes, 120 

Twin, compensator, 9"2 
lamination, 122 
polarizer, 73 

Twinning, 184 
lamination in leucite, 220 
repea.ted, 185 

Ultramicroscopy, 7 
Ultra violet rays, 7 
Undulatory extinction, 191 
Uniaxial crystals, 55 
Uniaxial interference figure, 100 
Uniaxial interference figure 'with 

parallel nicols, 100 
Uniaxial minerals in convergent 

light, 99 
Uralite, 283 
Uralite gabbro, 283 
Uralite porphyrite, 283 
Uralitization, 283 
UWllTo,,1te, 217 

Vanadium, chemical t.est fOT, 170 
Velocity of light, 8 
Verant lens, 3 
Vertical illuminator, 49 
Vesuvianite, 233 
Vibration directions, determination 

of position of, 67 
Vibration of -polarized light, 8 
Villarsite, 312 
Violaite, 285 

Violet I, test plate, 72 
¥indite, 311 
Virtua.l image, 1 

Wache,283 
Wagnerite, 318 
Wallerant total refiectometer, 40 
Water, test for, 172 
Waveliite, 320 
Wave surface of uniaxial crystals, 

56 
Wavy, extinction 191 
·Westphal balance, 177 
White of the higher order, 77 
·Woehlerite, 257 
Wollastonite, 299 
"Wollastonite group, 299 
Wright wedge, 93 
Wurtzite, 230 

XenimoTphic, 181 
Xenotime, 231 

Yttrium, chemical test for, 168 

Zeolites, biaxial, 341 
Zinc chloridel 159 
Zinc spinel, 218 
Zircon, 230 
Zircon syenite, 230 
Zirconium, chemi.cal test for, 170 
Zi.rkelite, 213 
Zoisitca, 260 
Zoisite P, 260-
Zonal development, 188 
Zonal structure in plagiocla~, 334 
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