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ATTENDANCE TABLE

Petrology and petrographic microscopy(by S.Nakada}

DATE 21 28 4 11 18 25 9 16 23 30 14 20
MONTH MC MC AP AP AP AP MY MY MY MY JN JN
A.Saavedra o 0 - V] o o +] o o - - [+]
0.Sanjines - =~ = = 0 @ o 0o o0 =~ o o]
M,Arduz Q - - - qQ Q - - - - - -
A.Sanchez c o © ~- © © o =~ - - ©o o
0.Velarde - ~ - - 0 - - 0 0 ] o -
H.Villena o 4] Q 0 - Q - - [ Q o o
G.Beccar - o - 0 - 0 0 © = = = =
F.Saavedra o o o o - o o o Q 0 o [}
E.Soria - - ] ¢ o Q o ¢ - o o -
G.5andi 0 2w = = = = = = = = = =
Chemical analysis for rocks and minerals, and its instrument
{by T.Mizota}
DATE 22 29 5 12 19 26 10 17 24 7 14
MONTH MC MC AP AP AP AP MY MY MY JN JN
0.Sanjines c @ o] o o0 o [ - o o
M.Arduz ¢ -~ 0 9 0, = = = = = =
A.Sanchez 0 - Q 0 0 0 0 - 0 0 0
0.Velarde 0 - 0 0 - o] 0 - o 0 o
H.Villena - v o o - - 0 - o Q o
G.Sandi 0 Q - - 0 [s] [+] 0 0 [s] 0

* X-ray fluorescence analysis lecture(24 May to 14 Jun)
X-RAY ANALYSIS FOR MINERALS(by T.Mizota)
DATE 16 23 6 13 20 27 4 18 25 1 8 15
MONTH MC MC AP AP AP AP MY MY MY JN JN JN
0.Sanjines o o o o o ¢ o o© o0 O
A.Sanchez 0 o o 0 o - 0 - o [+
0.Velarde o © - a o0 - = = 0 o
H.Villena o o o - 0 - o - 0 0
F.Saavedra o c - - - - - - 0o o
G.Sandi - 0 o] o o - 0 0 o 0
R.Gondoretti o o - - - . - = - - -
T.Hunoz R. - 0 o = = - p = - -

MC:March, AP:April, MY:May, JN:June
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(continued)

Thermal analysis, and liquid inclusion study(by M.Nambu
and K.Hayashi)

DATE 17 18 9 22 23
MONTH MC MC JN JN JN
0.5anjines c o o
A.Sanchez - = 0
H.Villena - - o
G.Sandl o o0 o
T.Hunoz R. 0 0 -
L.A.Rodrigo c 0o -
F.Saavedra - = 0

* 17 and 18 March by M.Nambu

Ore microscopy{by K.Hayashi)

DATE 28 12 19 26
MONTH AP MY MY MY
A.Saavedra o o o 0
0.Sanjines o - - 0
A.Sanchez 0 - o
F.Saavedra o 0 a o
G.5andi 0 Q 0 0

Economic Geology{by S.Kano)

DATE 25 8 15 22 6 13 20 27 13 10
MONTH MC AP AP AP MY MY MY MY JN JN
A.Saavedra 0 4] o o o - o - -
0.Sanjines o o o o 0 o ©o o o
A.Sanchez o 0 o o o - - 0 o
0.Velarde o =~ 0 0 - - - = fo!
H.Villena o =~ o - - - - = -
G.Beccar o ° - o o - - -
F.Saavedra o o0 0 o o o o o o
G.Sandi o 0 0 a o - - o o]
L.A.Rodrigo 6o ~ - = - = = = 0
F.Blanco o - - - - - - - -
J.Munoz R. 0 ~ - - 0 0 o o 0




Petrology and petrographic microscope

Setsuya Nakada

Outline of lecture entitled "Petrology and petrographic microscope”

These 12 two-hour lectures were held by Dr. S. Nakada from
March 21 to May 20, 1983. Optical principles and the operation of
petrographic microscope were mainly covered. The classifications
of igneous rocks, phase petrology, geochemistry of igneous rocks

were also lectured. The content is as follows.

lst: Japanese Quaternary volcanic rocks (including self-
introduction) ’

2nd to 4th: Optical principles of petrographic microscope

5th: Calculating method of C.I.P.W. norm J

6th: Classification of volecanic rocks and phase petrology(l)

7th to 8th: Phase petrology(2 to 3)

9th: Phase petrology{(4) and stereographic projection(l)

10th: Setereographic projection{(2) and classification of
granitic rocks(l)

11th: Classification granitic rocks(2) and geochemistry of

igneous rocks(l)

12th: Geochemistry of igneous rocks(2)

The text appearing below is a digest of optical principles of
petrographic micrscope, the immersion method, a method how to use
the universal stage, an easy experimental method to determine the
composition of plagioclase, and the calculating method of C.I.P.W.
norm. Two Japanese books(Tsuboi, 5.{195%9), Polarized microscope,

Iwanami Shoten, 305p; Miyashiro, A. and Kushiro, I,(1975),

Petrology II, Kyoritsu Zensho, 171p)} were referred to summarize

it.
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We know that the petrographic microscope(polarized microscope)

el

:is very useful instrument for the study of fine sclid materials in

- ey

the field of petrology. The petrographic microscope is so basic
that we can not start to study petrology without the instrument
‘and the knowledge on optical principle. We can also identify some

mlnerals by other methods; such as chemical analysis, X-ray

+F

 jargg

analysis etc. By optical observation, however, we can easily and

i

rapldly determine very fine minerals, small parts, inclusions and
Erock texture. The information on rock texture or structure
%bserved under the microscope is very important. Through that we
ikn understand the condition in which the rock or the mineral was
%ormed. By mineral composition or by the chemical composition of
fgock, we can not speculate where a given igneous rock was formed.
?herefore, even if many useful and convenient instruments are
invented, we must continue to use the petrographic microscope as
the most basic and important instrument for petrology and

‘mineralogy.
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Optical principles

1) Introduction

Optiecally transparent materials are divided into two
varieties: isotropic{cubic and amorphous) and anisotropic materials,
Furthermore the anisotropic materials are classified into uniaxial
and biaxial substances., Within the anisotropic substances, a light
from one source separates into two independent polarized lights,
with velocities of which are different, and for which the direct-

tions of their oscillation are normal to each other.

. ¢ axis
c axis ]
o
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ne

flp e
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o
w € £
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Fig.-1 Index surface of uniaxial crystal

Y

Fig.~-2 1Index surface of biaxial crystal



2) Index surface

¥

The INDEX SURFACE is very important for us to observe
minerals under the microscope. The INDEX SURFACE represents
refractive indices in any directions from one point in a given
‘substance. In the case of uniaxial crystal, we can draft the
INDEX SURFACE as shown in Figure-l. In the anisotropic materizls,
there are two distinct refractive indices in each direction. This
phenomenon is called DOUBLE REFRACTION or BIREFRINGENCE. The
degree of the BIREFRINGENCE is represented as "

It
ny-m,
of two indices in a given direction. On the other hand, the

]

direction in which there is no double refraction is called OPTIC

difference

‘AXTS. "Optically uniaxial" means that the material has one
;optical axis, while "optically biaxial" means two optical axes in
ZChe material. Optic axis in a uniaxial crystal is always parallel
.to the c-axis of the crystal. The index surface of biaxial
crystals can be drawn as shown in Figure-2. This is more complex
than that of uniaxial crystals. TFigure-2 shows the eighth of the
index surface. Here, X, Y and Z are the optical elasticity axes.
¢, B and Y are principal refractive indices(a<B<y). 2l is optical
angle(2V or 180°-2V) or optic axial angel. If 2 is greater than
90°, 180-28 is the angle 2Vx(negative). When 2{ is smaller than
90°, the character is positive {2Vz). Axes X and Z in Figure-2
mean bisectrix of optic axial angle. The plane including two
optic axes is called OPTIC AXTAL PLANE. The angle {i is represent-
‘ed by o, 8 and Yy as follows,

g = X [(Bre) (Bo) _ o[B8 (-8
sinfl = ¢ [ (v=wy * %% 7 B (v (-0

_ ¥ [(Br) (B-0)
and  tanfl =3 [ 6 (-8



3) Vibration direction of polarized light in uniaxial crystal

Extraordinary light vibrates within a plane including its
advancing direction and optic axis, and perpendicular to the
advancing direction (Figure~3). Ordinary light vibrates per-
pendicular to both of the above plane and the
advancing direction, Usually the vibration

direction of the faster light is referred

to as "X'", while that of the slower ome as
"Z'"., We can easily determine such vibra-

tion direction under the microscope. To

optic axis

determine the direction of X' or 2' is much
important for the determination of re-

fractive index or optic sign of crystal. Fig.=3 DBiot-Fresnel's
rule for uni-
axial crystal
4)  Vibration direction of pelarized light

in biaxial crystal

According to the Biot-Fresnel's rule, z
we can find vibration direction of a
polarized light which passes through one

point on idex surface (Figure-4).

1. Consider one direction H of

an advancing light.

2. Consider two great circles

connecting the direction H with  Fig-4 Biot-Fresnel's
rule for biaxial

. S A B -
optic axe and B stereo erystal

graphically.

3. Here, we get a spherical triangle ABH. Slow polarized
light 2' vibrates in the direction of bisectrix of angle
ABH facing optic elasticity axis Z, Faster polarized
light X' vibrate; in the direction of bisectrix of the

external angle of H, and also perpendicular to Z'.



Bere, we can obtain the definitions of the optic elasticity axes;
that is, the vibration direction of the fastest light is the
direction of the optic elasticity axis X, and the vibration direc—
tion of the slowest light is the direction of Z. The direction
perpendicular to the both is that of Y. 1In Figure-5, vibration
direction of lights passing through the planes XY, YZ and ZX is
shownx

Uniaxial positive crystal is regarded as biaxial positive
crystal with 2Vz=0°, while uniaxial negative crystal is as biaxial
negative crystal with 2Vx=0°. Vibration direction of polarized
lights in unaxial crystal can be also determined with the Biot-
Fresnel's rule (Figure-3). In this case, an interior angle of

spherical triangle (AHB in Figure-4) would be zera,

5) Optical arientation

Optical orientation in a crystal means the relation of optic
elasticity axis, optic axis and crystal axis. Tetragonal and
hexagonal crystals belong to uniaxial group. In orthorhombic
crystal, each optic elasticity axis is parallel to each crystal
axis. In monoclinic crystal, one optic elasticity axis is
parallel to one of the crystal axes. In triclinie¢ crystals, the

optic elasticity axes are independent of the crystal axes.

) Observation of optically anisotropic crystal under the

microscope

When we observe optically anisotreopic crystals under éfossed
nicols, we observe four times of darkness during one rotation
of the microscopic stage. This phenomenon of darkness is called
EXTINCTION. The angle between two extinction positions is 90°.
The position where the stage is rotated at 45° from the extinction
position is called DIAGONAL POSITION.

Let's consider a light coming toward us perpendicular ta this

paper. PP' and QQ' are vibration directions of polarizer and
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analyzer, respectively, in Figure-6.

AA' and BB' represent vibration
directions of faster and slower
lights, respectively, in thin
section. The angle between AA'
and PP' is 0. When a polarized
light with the amplitude of A
enters into a polar, generally,
the amplitude of the passed

light is represented by AcosB:
that is, when & is zero, whole
iight can pass through, while

the light is intercepted by the
polar when 6=90°. An amplitude
of the vibration of the transmit-
ted light is determined by simple
"vector principle" which is
employed in the resolution of
forces, A polarized light
vibrating in the direction of

PP' separates into new two
polarized lights in an anisotropic
material. The two vibrate in the
direction of AA' and BB'. If the
amplitude of source-light is OP,
the amplitude of polarized lights
AA' and BB' are 0A and OB
respectively. After passing
through the anisotropic material,
the components of the two lights
in the direction QQ' can only pass

amplitudes are 0Q and 0Q'.

¥ 14

Fig.-5 Vibration direction of
lights and index surface
of biaxial crystal
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Fig.~6 Relationship of vibra-
tion directions between
nicols and mineral

through the analyzer. The
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Amplitude of the synthesized wave which we can observe is

written as,
12 o A2, t o 2 -
‘A A%sin28sin [ﬂd(n2 nl)/lo]

Whe;e A is an amplitude of source-light, d is thickness of thin
section, and Ao is wave length of light in air. A'? represents
the brightness of the synthesized wave. The way to introduce this
equation is not so difficult, but this explanation is omitted here.
This equation is very important.

When 6 is 0°, %/2, 7..., sin®26=0 and A'%=0

This is in the extinction condition.

When € is w/4, 3n/4, 57/4& ..., sin 22=26and A'2=maximum.

This is the diagonal position.
Furthermore, when § is constant, the brightness is determined by
“d(nz—nl)" and wave length of the source-light.

When d(n2—n1)=plo, A'2=p

When d(nz-nl)=(2p+1)lol2, A' 2=maximum.

(where p=1,2,3 ...)

We will now consider about how long the slow polarized light
is delayed against the fast polarized light during the passage
in anisotropic materials. Thickness of thin section is d, and wave
lengths of polarized lights are A; and A, for the fast and slow
lights ;esPectively. The fast light passes through the thin sec-—
tion by the oscillation of d/Al times, and the slow light does by
d/}\2 (Figure-7). The latter is delayed by the oscillation of
d(l/lz—lfkl) times against the former. When the slow light goes
out of the thin section, the fast light advances by the distance
of logdlkz—dlll). This term means the retardation distance of the
slow light against the fast light in the section. This is called
RETARDATION of thin section or crystal. Since A0/X2=n2 and A°/l1=
n,, we can write this term as R=d(n2-nl). This was already
understood in the representation of the brightness of light
passing through thin section under crossed nicols. Retardation is

represented in mu. For example, condider a thin section with



R/)to:l‘ by blue-colored light(A:=460 my). <In this case, the*bright-
ness of the blue-colored light in this section is zero;-that is,’”
the blue-colored light disappears in the.section. However, other
lights with wave length dlfferent from 460mp(for example yellow-
and red-colored 1lghts)do not dlsappear. When the thin section is
observed by white light the INTERFERENCE COLOR is observed to be
mixed color of yvellow and red. L ) '

Generally we can refer to retardation of thin section or
maximum birefringence in a crystal with the 1nterference color
chert of "michel-Levy"”. When colored minerals are observed under
crossed nicols, the color of the mineral must be taken into
consideration. When a color different from the interference color
chert is observed after the abave tfeatment, the color is called
ANOMALOUS INTERFERENCE COLOR or ABNORMAL INTERFERENCE COLOR. )
The reason why anomalous interference color appears, is‘changeable
retardation of the mineral depending on wave lengtﬁs-of a source-
light. ) -

7) How to determine the directions of X' and Z'

To determine the vi@;ation direction of two polaéized lights
in thin section of a given mineral, we move the section to the
extinction position under crossed nicols., Because the extinction
results from the caincidence of vibration direction of polarized
llght through the mineral with that of analyzer or polarlzer.

To determine whether the vibration direction is X' orvz‘;-we
may apply the principle of putting a thin'section upon‘anoﬁﬁer; ‘
that is, the usage of test plate. )

After a mineral is moved into the diagnoal position (one of
the vibration directions is NE), the test plate is inserted. "If‘
X' and 2' of the mineral are parallel to those of the test plate,
we observed the interference color by adding two retardations ,
{mineral and test plate). If X"and Z' of the mineral coincide
with Z' and X' of the test plate, respectively, the interferencé

color is given by the subtraction of the two retardations.” Thus,

-6 2—



we can.easily determine X' and -Z;.

in a given mineral in thin section.

8) Optical sign of elongation

The anglé between the conspi-

cuous outline of the mineral and

one of the vibration direction Fig. 7 Schematic illustration

is called the extinction angle of retardation

n (Figure-8). When Nn=90° or 0°, the
section shows STRATGHT EXTINCTION. p
Wwhilen is not equal to 0° or 90°,
the section shows OBLIQUE EXTINC-

TION. S "
When a mineral is elongated
in one directiop and shows the ////
straight extinction in a thin Of - Q
section, we usually use tg{@s of - ////

NEGATIVE ELONGATION Dr‘POSITIVE
ELONGATION. This term is

different from the optical

character of crystal. When the P’
dlrecﬁlon 0E*th§ elongation is Fig. 8 Oblique extinction
parallel ‘to Z', we ‘'say that the
mineral shows positive elongation. The contrary means negative

elongation.

ay



: 'test plate
R'R J\ R=Rl

: ’ » ’ : 4 4"
X 74 R ‘ﬁ.x p
Pl Pk J
Tt T Y Tyt
R L

Fig.-9 Addition and subtraction relation of retardations
between test plate and mineral. This is important
to determine the vibration directions of X' and z'.
Left: addition, and right: subtraction.

A A "/\

F1
F2
v l R

Fig.-10 Ray refraction along a boundary of two substances with
different refractive indices(N2 is greater than N1).
Upward moving of focus from F2 to Fl causes moving of
bright zone(represented by arrows with narrow intervals)
to the right—hand side,

.
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9) Rule of Becke's line(Becke line)

We can observe a little bright line or zone along the bound-
ary between the minerals in thin section under the microscope,
especially when light is stopped down. This line is called BECKE's
LINE or BECKE LINE. By the usage of this line, we can assign
which mineral or substance has higher refractive index. '"The
increase of the distance between the thin section and the objective
lens results the movement of the Becke's line into the material
with higher refractive index(Figure-10). On the other hand, the
decrease of the distance causes the movement into the mineral with
lower refractive index.”" This rule is applied also to measuring

refractive index by the immersion method.

Refractive
index

2y

of 1
D400 500 600 700

Aglme)

Fig.~1la Dispersion of refractive indices, birfringence and
2y in a biaxial crsystal
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Fig.-1lb Consocopic figure of a biaxial crystal. Red-colored
isogyres show greater 2V than violet-colored isogyres,
indicating that 2V for red-colored light is smaller
than for violet-colored light.

10) Optical dispersion

Depending on the difference of wave length, the optical
orientation or characte; in mineral may change(Figure-1lla). This
phenomenon is called OPTICAL DISPERSION. The change of the orien-
tation in optic axis may occur(optic axial dispersion). If 2V for
red-colored light is larger than the angle for violet-colored
light, the phenomenon 1s discribed as r<v(Figure-1llb). The reverse

case is v,

11) Pleochroism and absorption

When a light passes through a medium, it is absorbed and the
brightness reduced. The degree of the absorption depends on the
kind of minerals, and on the wave length of used light. For
example, when a material absorbs a vred-colored light, the material
is colored in blue under white light.

In an isotepic material, the degree of the absorption is

eqaul in any direction. Therefore, color of the isotropic material

-6 6 -



is equal-in -any direction under white light. In the case of the
anisotroplc material, two polarized lights advancing in one direc-
tion suffer different degrees of absorption. A light vibrating
along X' shows different color from that shown by a light vibrat-
ing along Z'. This character is called PLEOCHROISM.

We can assign.the color of the light vibrating along X' and
Z' by:taking off the analyzer and by fitting X' or Z' of the
crystal with the vibration direction of polarizer.

In the case of biaxial mineral, we always describe the colors
of light vibrating along the optic elasticity axes, X, Y, and Z.
The color is called AXIS COLOR. We describe the axis color of Z
for amphibole, for example, because the description of amphibole
is always expressed with pleochrosim (Z axial color) and with

extinction angle (cAZ or cAX).

Fig.~12 One example of conoscopic figure and vibration
directions of X' and Z' in each point of biaxial
crystal. This crystal is cut perpendicular to Z
(or X}.

12) Conoscopic figure

In orthoscopic figure, parallel ray passes through perpen-

dicular to a thin section. In conoscopic figure, however, we
observe the convergent light passing through a thin section.

Normally the conoscopic figure is magnified by both of bertrand
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and eyepiece lenses. We use ray inclining by 30° as maximum from
the central axis of microscopic tube in conoscopic figure, while
orthoscopic figure is observed with the parallel ray normal to the
thin section. The latter is represented only by central point in
conoscopic figure.

The conoscopic figure is composed of ISOCHROMATIC CURVES and
ISOCYERS. The isochromatic .curves appear due to the same reason
as interference colors in the orthoscopic figure. That is; each
isochromatic curve represents the trace of the same retardation.
The isogyers are explained by the same phenomenon with the extine-
tion in the orthoscopic figure. The points where vibration direecr

tions of lights coincide with those of polarizer and analyzer, are
dark, being independent on the degree of retardation of them. The

mode of isogyer for every section can be easily understood with
the Biot-Fresnel's rule stereographically (Figure-12). MELATOPE
is a point in the isogyer, which represents the direction of optic
axis (R=0). Without melatope inpgonoscopic figure, it is very
difficult to determine the charaétgr (biaxial positive or negative)
of the mineral. When 2V is very small, we apt to misunderstand
that the mineral is uﬁﬁaxial. For example, sphene has very small
2V, and the conoscopic figure resembles very much to that of uni-

axial crystal.

~ b
-
\ : \ cover-glass chip

“mineral powder

Fig.-13 TIllustration of immersion method
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Fig.-14 Mechanism of refractometers

Immersion method

The immersion method permits measurement of the refractive
index by comparing refractive iﬁdex of a ecrystal with that of
liquid with known refractive index. The goal of the immersion
method 1is to find a liquid with known refractive index which

matches that of the unknown crystal.



D In case of optically isotropic substance

Refractive index of the optically isotropic substance does
not vary in any direction, but varies depending on wave length of

light used. . ; ‘

{(a) Fragments of the substance are powdered in a mortar.

A little amount of the powder is-dispersed on a glass slide.

(b) On the chip of cover gldss, inmersion liquid* is dropped.
The chip is turned upside down and covers the powder on the

glass slide(Figure~13). The powder must be immersed in the

liquid between the two glasses.

*Many immersion liquids with variable refractive indices
must be prepared and measured with the refractometer

{(Abbe type or K type), before use. Abbe type refracto-
meters cannot measure refractive indices larger than 1.700.
The mechanisms of these refractometers are shown in Figure-
14. Refractive index of the immersion liquid depends on

the temperature and wave lengths of the used light.

The liquid is prepared as a mixture of some kinds of heavy
liquids. Since heavy quuias are very harmful to cur health, we
must pay our attention to the treatment. When we wash off the
liquid from the prism of the refractometer, we must use a volatile
solvent such as benzene(CgHg), as shown in Figure-15. Do not mop
up the prism by control wool! Do not use cover and slide glasses

once wetted with the immersion liquid.

CS HG I
d C e g

e refractometer -
prism

cotton
wool

Fig.,-15 Method of washing prism of the refractometer
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(c) Observing the Becke's line around the unknown crystal, we
can compare the refractive indices of the crystal with those of

the liquid.

(d) Based on the result from {(c), we try other liquids succes-

sively by the same way described in (a).

(e) Even if we cannot find the liquid whose index is coincide
with that of the crystal, we can determine that the index of
the crystal is between indices of two liquids, which have very-

near indices.
n'<n<n" or n={n'+n")/2 + (n"-n')/2

By this method we can determine the index down to four
decimal places(0.000X), if we use monochromatic light. In

general, we may determine three figures (0.00X).

w £ =3 w
nl O ————— - ey
nyé—m—m—e  ------- i

uniaxial(s) uniaxial(-)
a 3 r
n1 — - ——— -
Ny ----—--@-—29
biaxial

Fig.-16 Variational ranges of two refractive indices (nl and
and nz) of uniaxial and biaxial crystals.

2) To determine the principal refractive indices g and w, or

o, B and Y.
We find vibration directions, X' and Z', of an anisatropic

crystal, and we can measure n, and n, of the crystal. Turning the
crystal into the extinction condition(one of vibration directions
(X' or Z'; that is, n or nz)is parallel to N-8), we observe the

Becke's line.



(a) Uniaxial (positive) substance
n, is constant(w), not depending on the direction of

crystal, white n, varies from w to €. £ is determined as the

maximum value among the observed indices of n2(Figure—16).

(b} Uniaxial(negative) substance

n, is constant(w), not depending on the direction of
crystal, while ny varies from w to g. € is determined as the

minimum value among the observed indices of n.

(c) Biaxial substance

Both oy and n, vary in all directions of the crystal. The
minimum value of 0y is o, and the observed maximum value is B.
On the other hand, the minimum value of n, is also B, and the

maximum value is Y.

n,max = B = nzmin.

A crystal which is usually black under crossed nicols
(Retardation is zero) directly gives the refractive index of B.
Based on the determined indices, we can calculate 2V of the
crystal and the optic sign(see the chapter of index surface of

optical principle).

Fig.~17a Construction of universal stage.. 1: inner vertical
axis, 2: N-§ axis, 4: E-y axis, and 5: rotation of
microscopic stage,
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Fig.-17b Thin section sandwitched between two glass hemispheres.

L: immersion oil or glycerin, $: thin section, and
G: glass plate

parafin or manicure

slide Cover glass
glass

i—

Fig.-18 TIllustration of treatment of thin section to protect
glasses from oil in the universal state.

Universal Stape

As the stage of microscope votates within one plane, optic
character of a crystal perpendicular to the stage is only able to
be known. However, as the thin section rotates around more than
three axes in the universal stage, we can determine the character
in any direction of the crystal. The main structure of the
universal stage is shown in Figure-~17., There are four circles, 1,
2, 3, and 4, which can rotate independently. Thin section is put
between two glass hemispheres in the center, being wetted with
immersion il or glycerime. All axes of rotation must intersect
at one point at the center of the glass sphere. Avaiable set of
glass hemispheres is chosen, to obtain the refractive index near

to that of the crystal in observation.
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1) Setting thin section in the universal stage
d corners of cover glass on

As shown in Figure-18, edges an
the thin section must be sealed with manicure or melted parafin to

aviod damage of the glass hemisphere and to protect Canada balsam

in thin section from oil. A thin section is set in the universal

stages as shown in Figure-17. The centering must be done at first

in the microscopic tube, and next in the inmer vertical axis of

the universal stage, and then in the east-west axis.

2)  Measurement of the directions, X, Y and Z of a crystal

When a thin section rotates around the axis within a plane
perpendicular to the microscopic tube, there are some rules as

follows,

(a) If the rotation axis is parallel to one of the optical
elasticity axes, the extinction condition of the erystal is not

disturbed by the rotatiom.

(b) 1f the rotation axis is not parallel to any elasticity
axis, the extinction condition of the crystal is always dis-

turbed by the rotation. .. .
Observing method in the universal stage is as follows,

1. Tasten the E-W axis of the universal stage parallel to the
vibration direction of analyser(or polarizer).

2. Observed crystal is brought into the extinction comecition by
the rotation around the I.V. axis.

3. By using the E~W axis, the section is inclined into one side
(the extinction is disturbed).

4, By using the N-§5 axis, the crystal is-brought into the
extinction condition, : R

5. By using the E~W axis again, the section is inclined into
the side against the treatment in 3. The extinction condi- :

tion is disturbed.
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6. By'the rotation around the I.V. axis, the section into the
extinction condition.

7. ﬁy the E-W axis, the section is inclined into the side
against the treatment of 5. The extinction out.

8. By the N-§ axis, -~ - -,

g, By the E-W axis, -~ - - .

Like this, by the two rotations around the I.V. and N-S axes,
the section is brought into the extinction orientation, while we
check whether the extinction disappears or not by any rotation
around the E-W axis,

Repeating this treatment, the extinction becomes to be not
disturbed by any rotation around the E~W axis. Then, one of the
gelasticity axes is parallel to the E-W axis. This orientation
can be read with the angles of the axes, 1.V, and N-S5. To
determine which of the elasticity axes is parallel to the E-W
axis, the test plate is inserted after turning the microscopic
stage clockwise by 45° in the same condition{(in the diagonal

condition).

(1) If the optic elasticity axis is X, additional condition of

retardation is observed.
(2) 1If the optic elasticity axis is Z, subtraction is.

(3) If the optic elasticity axis is Y, both addition and sub-
traction conditions are observed during the rotation around the

E-W axis.

After the determination of one ela;ticity axis, another axis
is given by the same way(l to 9). Last one axis is given dia-

grammatically on the stereogram.

3) Heasurement of optic angle

According to the above method, Y axis is brought parallel to
the E-W axis. After turning the stage at 45°, the section is

rotated around the E-W axis. In this case, the crystal becomes



dark when the optic axis is parallel to the microscopic tube. If
we observe twe times of darkness during the one rotation of the

E-W axis, the angle between the two darknesses is optic angle. The
optic sign of the crystal is determined by the angle and the
associated effect with test plate check. When we observe only oﬁe
optic axis, we can determine diagrammatically the optic angle and

sign, using the orientation of X or Z axis.

4) Correction of angles determined with the universal stage

Except for the case in which the refractive index of the
glass hemisphere is consistent with that of crystal, the angle
measured in the universal stage does not represent directly the
angle of mineral. As shown Figure-19, we know the true value of
angle(8') from the measured value(B), using the equation: nsinb=
n'sin®'. Generally this correction is not necessary when the
refractive index of the used glass sphere is near that of the
crystal and when the inclination angle of the section is smaller
than 30°.

Fig.-19 Pass of light rhrough glass hemispheres and thin
section in universal stage, Refractive indices of
glass and mineral are n and n' respectively.
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Optital determination of plagioclase composition

Plagioclase is the most common mineral in igneous rocks.
here, two convenient methods to determine the composition of
plagioclase are explained,

Fig.-20 Chip of plagioclase crushed in mortar.
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Fig.-21 Chemical composition{(mol-ratic)} of plagioclase and

the refractive indices on cleavage planes. Dashed
line is for high-temperature form, Solid line is
for low-temperature form. After Tsuboi(1959);
Polarized microscope, Iwanami Shoten.
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1) Refractive index of ny on (010} or {001) e

Cleavages of plagioclase are parallel to (001) and (010), as

shown in Figure-20. The lower refractive index, nl(X'), is nearly
equal to each other on both cleavage planes (Figure-21). Using
the chips surrounded by the cleavages, we can determine the compo-
sition in immersion method, without distinguishing (001) from

(010). We measure the refractive index only of the fast light
x').

Xl

Fig.-22 Symmetrical extinction of plagicclase on the both
sides of albite twin plane (010).
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Fig.-23 Chemical composition of plagioclase (mol-ratio) and
the extinction angle on the plane normal to (010)
plane. Dashed line is for high-temperature form, while
solid line is for low-temperature form. After Suwa
et al. (1968); Proc. Japan Acad., 44, 1090-1095.
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2) Maximum symmetrical extinction angle, X'A(010)

e

Any section of albite-twinned plagiocclase cut perpendicular
to (010) shows two sets of twin lamellae having equal extinction
angle, X'A(010}, in both side from the trace (010). But, if the
section is cut not perpendicular to (010); that is, the trace of
the cleavages is not sharp, the extinction angles in both sides are
not equal. The symmetrical extinction angle varies with the orien-
tatioﬁ éf cutting. The maximum angle has been determined in terms
of the composition. We can easily obtain the condition in which
cleavagé (010) is parallel to the microscopic tube and perpen-
dicular to the E-W axis in the universal stage. After setting the
cleavage parallel to the tube, we determine maximum symmetrical

angle by rotations around the E-W axis and the microscopic stage.

Calculating method of C.I.P.W. norm.

There are two calculating methods of normative minerals.
One is C.I.P.W. norm which is very popular, and the other is
Rittmann's which is used only in Eurcpe. The latter is very
complicated and includes many human operations, and may lose the
original meanings of analysis. Here calculating method of C.I.P.W.

norm is explained.

Table-1 Calculation method of C.I.P.W. normative minerals

{A_lzﬁf EE&] IFeO-MnO-NiO[
N
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Rules of the calculating method are composed of five parts.

1) Caleulation of molecular amount .

(a) Results of chemical analysis are usually given in wt4 of

oxides. Each oxide wtZ must be divided by the molecular weight,
and we obtain "molecular amount" of oxides. :
(b) The very small amount of MnO and NiO were added to Fe0.

(these oxides are not treated as independent components). When

BaQ and SrO were analyzed, the molecular amounts are also added

to Ca0.

(¢} There is a rule in which a molecular amount of less than

0.002 can be negligible. L

2) Calculation of accessory minerals

Among the normative minerals, at first we calculate amounts

of minerals which occur rarely in igneous rocks.

(a} After addition of the molecular amcunt of TiO2 into the
same amount of Fe(, we make ilmenite (FeO-TiOz). In normal
case, Fe0 is greater than Ti02. If TiO2 remains, we will
obtain titanite (CaO-TiOz-SiOQ) after calculation of anorthite
in 3).

(b) After addition of the molecular amount of P205 into that

of Cal by 3.3 times of P205, we make apatite (3(3CaO-P205)
Ca-FZ). We may not analyze F.

(c) When C12 was analyzed, we make halite (N32C12), adding the

molecular amount of Cl2 into the same amount of NaZO.

(d) When 80, was analyzed, we make thenardite (Na20-503),
adding the molecular amount of SO3 into the same amount of
NaZO.

(e) When 8 (not 503) was analyzed, we make ﬁyrite (FeSz), adding

the molecular amount of $ into the same amount of 0 in FeO.
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(£} When Cr,0, was analyzed, we make chromite (FeO-Crzoa),

adding the molecular amount of Cry0, into the same amount of FeO.
(g) When T was analyzed, we make fluorite (CaFZ), adding the
molecular amount of F into the same amount of CaQ, without being

concerned about the 0 in Ca0.

(h) When ZrO2 was analyzed, we get zircon (ZrOz-SiOZ), adding

the molecular amount of ZrO2 into the same amount of Sioz.

(i)} When CO2 was analyzed, we make calcite (CaO-COz) if the
analyzed rock contains calcite, or sedium carbonate (Nazo-
COZ)’ if the rock contains canerinite.

3 Calculation of major minerals

Using the molecular amounts of oxides which remain after the

above procedures, we calculate major normative minerals.

(a) At first, we calculate orthoclase (KZO-A1203-65102).

After this, there are two cases: K20 remains or A1203 remains.

If KZO remains (rare case), we calculate K20-Si02.‘ When A1203

remains, go to next step.
(b) We make albite (NaZO-A1203-GSiOZ), adding a part or all of

the residual Al,.0 iqto NaZO. When Na

293 0 remains, we go to the

2
step (d).

(c) Next we make anorthite (CaD-A1203-28i02), adding a part or
all redidual A120
step (e).

3 into Ca0. When Ca0 remains, we go to the

(d) When Na,
adding it into a part of FeZDB. Adding the residual Fe,0, into

0 remains, we make acmite (NaZO-Fe203-4Si02),

part or all of FeQ, we obtain magnetite (FeO-Fe203). When

Fe203 remains, we make hematite (Fe203). Normally, Fe0 remains.

{e) We often have the residual Ca0 in the step {(c), and
residual FeO in the step (d). These two oxides and MgO are

used to make pyroxene and olivine. TFirst, we calculate diopside
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(Ca0- {Mg,Fe)0.2810 ) Keeping the ratio of the residual FeO .

against Mg0, we add FeO and MgO to Ca0 to make diop51de (Cao=,
FeO+Mg0) . o o
(f) When Ca0 remains after the above procedure, we make,
wollastonite (Ca0-5i0, y. When FeO and MgO remain, we make ..
hypersthene ({Mg,Fe)0-810, ) and/or olivine (2(Mg,Fe)O- 810, ).

The presence of hypersthene or olivine, or both, depends on the
amount of residual 5i0,, which is explained below. We must '
calculate dipside, hypersthene and olivine, the ratios, Fe0 to

MgO, of which are equal to each other.

4)  Partition of S$i0p into the minerals

(a) $i0, is partitioned into the acressory and the major
minerals calculated above. However, in the calculation of the
final step (£} in 3), we add 510, ta all residues of Mg0 and
Fe0 in order to obtain hypersthene. When §i0, remains, we get

quartz,

(b) When SiO2 is insufficient, we try to make olivine together
with hypersthene, as described below. We consider the molecular

amount of hypersthene as "hy" and that of olivine as "ol".

hy=2{residual Si02)—(residua1 (Mg,Fe)O)
ol=(residual (Mg,Fe)0)~-(residual 5102)
where residuals mean the amounts remaining before making

hypersthene.

(c) Even after using all of (Mg,Fe)O for making olivine, some-
times, lack of 8102 occurs (hy 1s less than zero in the above
equation). In this case, we must make perofskite (CaO-TiOz),

if titanite was calculated in (a) of 3).

(d) 1f SiO2 is insufficient yet, we make nepheline (Na 0. A1203'
2Si02) together with new amount of albite, after canceling old

amount of albite, as follows.
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ab=((residual §i0,)-2(residual Na,0))/4
be=(residual NaZO)—ab

.

(e). I1f SiO2 is furthermore lacked, we make leucite (KZO-A1203-
48102), after cance%iqg old amount of orthoclase. The procedure

is in very rare case.

or={((residual 3102)-4(residua1 K,0))/2
le=(residual KZO)—or

(f) In the case of extreme insufficient of SiOz, di or wo will
be canceled, and we obtain calcium orthosilicate and olivine.

Furhtermore, we will make kaliophilite after lc is canceled.

1

Table-2 Molecular weight of C.I.P.W. normative minerals

Normative mineral Chemical formular Mol.wt. Abb.
Quartz 5105 60.06 Q
Corundum Al;04 101.94 c
Zircon Zr03+5105 183.28 Z
Orthoclase Kp0+41704-6510, 556.50 otr
Albite Nag0+A1504 6510, 524.29 ab
Anorthite Ca0+415042510; 278.14 an
Leucite K20°Al503-4550; 436.38 le
Nepheline Naz0+Aly04+251i0; 284.05 ne
Kaliophilite K10°A1,05+28i0p 316.26 kp
Thenardite Na,0-504 1462.05 th
Halide NasCig 116.91 hl
Sodium carbonate Nag0-COy 195.99 ne
Acmite Nap0+Fey04-4510y 461.91 ac
Sodium metasilicate Nay0-510; 122.05 ns
Potassium mezasilicate V,0-510; 154.26 ks
Diopside Ca0-{Mg,Fe}0-2510, - di
Hypersthene (Mg ,Fe)0-51i0; - hy
Wollastonite Ca0+51i0; 116.14 wo
Enstatite Mg0+5i0, 100.38 en
Ferrosilite Fe0-510, 131.50 fs
0livine 2(Mg,Fe)0+5i0; - ol
Farsterite 2Mg0-510; 150.70 fo
Fayalite 2FeD-$10, 203.74 fa
Calcium orthosilicate 2€a0-Si0; 172.22 cs
Magnetite FeD-Fep03 231.52 ot
Chromite Fe+Cry0; 223.86 ca
Hematite Fay04 159.68 ha
Ilmenite Fe0+Ti0; 151.74 il
Titanite CaQ-T109-510 196.04 241
Perofskite Ca0+Ti02 135.98 pt
Rutlle Ti0, 79.90 Tu
Apatite 3{3Ca0-P;05) CaF I=x336.31 ap
Fluorite CaF, 78.08 ft
Calcite Ca0-C0sg 100.09 ce
Pyrite FeSy 119.96 pr
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5)  Calculation of weight per cents of the minerals

Now, we obtain the molecular amount of normative minerals.
Normaliy the amounts are recalculated in weight proportion. We
multiply the malecular amount of each mineral by the molecular
weight listed in Table~2. In this calculation, H20 was omitted.
The total weight of such normative minerals and H20 is generally
a little smaller than, but very close to, the total weight of
oxides in original analysis. If we obtain the total weights of
normative minerals, which are extremely different from the original
total weight, the calculation may be wrong. We should also show
the proportions of wo, en, fs, fo and fa in diopside, hypersthene

and olivine.
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Wet-chemical analysis -of silicate minerals and rocks

Tadato Mizota

Wet-chemical analysis is valuable as a fundamental technique
of chemical analyses. This method allows us to learn the basic
treatments and principles of the analysis. Especially, this is
suitable to understand methods of chemical treatment of a sample
and preparation of standard solutions from reagents. These are
necessary to handle modern equipments for chemical analysis. Wet-
analysis including gravimetry is the most precise method for all
analyses of main constituents in a sample. The process of decom-
position of the sample is so important for chemical analysis in
the fields of mineralogy, petreology and economic geology that it
has been learned through the course of silicate analysis in this
lecture. The lecture treated the method of analysis on the follow-
ing elements: Si, Ti, Al, Feo', Fe ', un, Ca, Mg, Na, K, P, and

Hy0 content. The contents are as follows:

Introductory, significance of wet-chemical analysis

Sample preparation, rocks and minerals

Qutline of the analysis, Main flowsheet and partial analysis

Details for main flowsheet, Determination of each element

Partial analysis

Standard solutions and calculation method for the analysis

Flame-photometry and atomic absorption spectrophotometry

o

Qo0 =~ O W o~ L N
-

Spectrophotometry (colorimetry)

Exercise: Units for chemical analysis

The X-ray fluorescence analysis was lectured partially.

The flowsheet of the analysis is described in detail in the
part 11 of the volume in reference to analyses of granodiorite
porphyry and K-feldspar performed in the training course of wet-~

chemical analysis.



X-ray powder diffraction analysis for minerals

Tadato Mizota

X~ray diffraction is utilized for identifaction of minerals
by pattern fitting on diffraction chart, determination of precise
cell dimensions of minerals, and measurement of diffraction
intensities of X-ray from crystalline or sometimes amorphous
materials. The method is now essential for those who are special-
ized in economic geclogy. In this lecture, special attention was
paid to give understanding for diffraction geometry. Preceding
to complete recognition or various applicatiom of X-ray to our
field as a strong tool, we must understand the concepts of a
reciprocal lattice and Ewald's reflection (diffraction) sphere.
The early half of the lecture involved these and treated only
X-ray powder diffraction with practical examples. Tt is important
also te calculate unit cell dimensions and Bragg's d-values for
data processing of ¥-ray diffraction experiment. For this purpose,
we must use electric computer, The latter half of the course
consisted of computer programming to calculate cell dimensions
for all the crystal systems by the least squares method with h k 1
d-values obtained from X-ray powder diffraction experiment. PC-
1500 computer was used with the BASIC language for the programming
and calculation.

The contents of the lecture were given as follows.
1. Crystallographic preparation for X-ray diffraction

1. X-ray - erystal interaction

2. Reciprocal lattice

3. Interplaner distances

4. Unit cell dimensions, Least squares method by using many
d-values

5. Calculation of matrix



2. Computer programming {BASIC)

1. To calculate area of a circle with radius R
Computexr language and grammar

2. Calculation of d-values from given cell dimensions
d-values of pyroxene

Reciprocal lattice and d* relation

3. Programming of unit cell dimensions by the least squares

method
1. Flowchart
2. LSUC/IGE program list
3. Weight
4

« M and delta matrix calculation with weight

4., Standard deviations

1. Propagation of standard deviations by calculations

The program list is shown below with the method of use. In
this program, the weight for each data is neglected for calcula-
tion. NEC PC-8801 microcomputer system were introduced into the
institute, after the lectures were completed. The conversion of
the program into other computer system is simple, if the program
is written in BASIC.
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PROGRAM LSUC/IGE

1:REM LEAST sSQU
ARS FOR UNIT C
ELL

2:DIM BS(6)

3:CSIZE 1

4:DIM H(30),K(30
),L(30},D(30),
DS(30),A(30,6)
M(6,7),C(6),F
5(6),E{(6),X(6)
,S{6)

5:INPUT '"SAMPLE?
] : SAS

6:LPRINT "SAMPLE
—-=1:5A8%

7:B$(1)=""CUBIC":
BS$(2)=""TETRAGO
NAL":B$(3)="HE
KAGONALY

8:BS$(4)="0ORTHORH
OMBIC":B$(5)="
MONOCLINIC" :BS
{6)="TRICLINIC

10 : INPUT “CRYSTAL
SYSTEM=?";5Y

12 :INPUT "WAVE LE
NGTH=?";LE

14+ INPUT "NUMBER
OF DATA=?":N
22:FOR I=1 TO N
24 s INPUT "HKL-D?"
),D(1)
26:LPRINT I;")";H
(1);K(I);L(1);
(1)
28:D5(1)=1/D{1)/D
(1)
30:NEXT 1
35:LPRINT "™

Initial data

Sample name

[ Crystal system
cubie. 1 St
tetra 2
hexa 3
ortho. 4
mono 5

L tricl 6
Input

Rkrd

list

‘ A-matpiz

40:1F §y>=2 THEN 6
0

42 :FOR I=1 TO N

44:A(1,1)=H(1)~2+
K(I)~24L{1}~2

4B6:NEXT I J

48:R=1

50:G0T0 110 .

60:IF SY>=3 THEN 7
0

62:FOR I=1 TO N

64:A(L,1)=H(I)~2+
K(1)~2:4(1,2)=
L(I)~2

66 :MEXT 1 J

67:R=2

$8:G0TO 110 )

70:IF 5Y>=4 THEN 8
0

71:FOR I=1 TO N

F2:A(1,1)=H{1)~2¢
K(I)~24K (I)*H{
1)

74:A(1,2)=L(1)~2

75:NEXT I

76:R=2 /

78:GOT 110

80:FOR I=1 TO N

82:A(I,1)=H(I)~2.
A(L,2)=K(I)"2.
A(I,3)=L(I)A2-

B4:NEXT 1

85:R=3 J

N

88:TF SY=4 THEN 11}

0

90:FOR I=1 TO N

92:A(I,4)=2%H(I)*
L(1)

94 :NEXT I

96:R=4 )

9B:IF Sy=5 THEN 11)
0

100:FOR I=1 TO N

102:A(T,5)=2%H(I)*
K(I):A(1,6)=2%
K(I)*L(1)

106 :NEXT I

108:R=6 ;

110:LPRINT "'CRYSTA
L SYSTEM=":BS$(
sY)

115:LPRINT ""

— 88~

Cubie .

- Tetragonal

- Hexagonal

. Orthorhombic

r Monoclinie

vt Triclinic




Y-matriz

120:FOR J1=
122:FOR J2=
124 :MM=0

126 :FOR I=1 TQ N

e

TO R
TO R

128 :MM=MMFA(T,JL)* -

A(T,J2}
130:NEXT I
132:M(J1,32)=MM
134 :NEXT J2
136 :NEXT J1

&I-matrim

140:Q=R+1

142:FOR J1=1 TO R

144 : MM=0

146 :FOR 1=1 TO N

148 :MM=MM+A(I,J1)*
DS{(1)

150 :NEXT I

152 :M{J1,Q)=MM

154 tNEXT J1

Sweep out method

155:1F SYy=1 THEN 20
2

160:81=2:52=]

162:FOR J1=S1 TO R

164:GOSUB 190

166 :NEXT J1

168:51=81+1:52=52+
1

170:IF §1=Q THEN 17
I3

172:G0T0 162

1746 :81=R~1:52=R

176:FOR J1=81 T0 1
STEP -1

178:G0SUB 190

180 :NEXT JI

182:81=51-1:52=52-
1

184:1F $1=0 THEW 20
2

186:GOTO 176

190:REM "sUB1SOY

182:PP=M{J1,82) /M(
§2,82)

194:FOR 1=82 TO .

196=M(J1,I)=M(J1?1) Subroutine
) "M (Sz y I) *PP

197:NEXT I

198 :RETURN J

X|-matriz

202:LPRINT "X{(1}"
209 :LPRINT '™
212:FOR I=4 TOQ R
214:X(1)=0
216:NEXT T
218:FCR I=1 TO R
220:X(1)=M(1,Q)/M(
1,1)
221:LPRINT "X(";
USING "###";1;
"y="3;USING "##
. HEH (D)
222 :NEXT I
225:LPRINT "*

Preparation to caleulate

unit cell constants

-89~

230:1F SY>=2 THEN 2
36

232:X(2)=X(1) :X(3)
=X(1)

234:60T0 230

236:1F S5Y>=3 THEN 2
42

238:X(3)=X(2):X(2)
=X(1)

240:GOTO 250

242 :TF SY»=4 THEN 2
45

245:5(6)=X(1)/2:X(
3}=X(2):X(2)=X
(1)

245:1F SY=4 THEN 25
)]

246:1F S5Y=6 THEN 24
9

247 :X(5)=X(4) :X(4)
=0

248:GOT0 250

249:21=X(4):122=X(5
Y :123=X{6) 11 {4)
=23:X(5)=21:X(
fy=22



Caleulate reciprocal and

direct cell dimenstons

250

252

254

256:

258:

260

262

264

266

268

270

:C(1)=SqR (X(1)

3:C(2)=SQR {X(
2)):C(3)=5QR (

x(3))
:C(A)=X(4)!C(2)

jc(3):5(4)=5QR
(1-C(4)~2)

:c(5)=x(5)/c(1)

Jc(3):5(5)=5QR
(1-C(5)~2)
c(6)y=x(6)/C(1)
JC{2):8(6)=5QR
(1-C(6)~2)
vS=C{1)*C(2)*C
(3)*sQr (1-C(4
)~2-C(5)~2-C(b
}n242%C(4)%C(5
¥*c(6))

1E(1)=C(2)*C(3)

*5(4) /VS

:E(2)=C(3)*C(1)

*5(3) /VS

tE{3)=C(1)*C(2)

%5(6) /VS

{E(4)=(C(5)*C(6

¥-C{&))/8(5)/§
(6)

:E(5)=(C(8)*C(4

¥-C(5))/s(6)/s
(4)
E{6)=(C(&)*C(5
)-C(6))/s(4)/5
(5}

cost

cosB

cosy

272:

276

278:
280:

282:
290:
302:

Fs(l)'—‘"A "np
$(2)=“B “:F$
(3)="C ":F$(

4)="C0SA" :F$ (3
)="'CcoSB" :F$(6)
="'cosG"

:LPRING "UNIT C

ELL DIMS REC
IPROCAL CELL"
FOR I=1 TO 6
LPRINT F$(I);

USING "L

HH S E(T) 5(T)
NEXT I

USING

LPRINT "

Caleulate d-values

305:

310:
320:

322

325

330

340:

350:

—_ 0.0 w

LPRINT " H K
L D(0BS) D{
caLg)"
FOR T=1 TO N
TT=(H(1)*C (1))
~2+(R(1)*C(2))
~24-(L{1)*C(3))
~2424%H{1}*K (1)
*C (6)*C{1L)*C(2

)
STT=TTH2*K (1) *L

(1)*C{&)*C(2)*
C{3)+25L (1) *H(
I)*C(5)*C(3)*C
L

:DS(1)=1/5QR (T

T)

:LPRINT USING "

BV SH (D) 3K (D)
;L(1) :USING "4
L HHH DL
DS(1})

NEXT 1

345:CS1ZE 2

END

Print out cell dimensions -

Print out

dfcbg)
dfecale)



1)

2) .‘

3

4)
5)

6)

RUN “[ENTER]

Sami)le Name

Crystal.System (cubic 1, tetragonal -2, hexagonal 3,

“ Data Input

orthorhombic 4, monoclinic 5, triclinic 6) | ENTER

Wave ‘length in A | ENTER

number of data (N} | ENTER

» [EREER]
A
-

N: less than 30



Ore microscopy

Kenichiro Hayashi

An ore microscope is a kind of polarized microscope equipped
with an incident illumination system to observe polished samples
of ore under reflecting light. The basic system of ore microscope
is composed of a rotating stage, objective lens, eyelenses, illumi-
nation source, reflector, polarizer and analyser. The sample
should be provided through final polishing with diamond paste after
several steps of preliminary grindings. In this lecture, method
of the sample preparation, by using equipments installed in the
Institute of Economic Geology, UMSA, has been described in detail.
The fundamental optical properties were lectured such as color,
reflectivity, reflection pleochroism which are observed under
parallel nicols, and anisotropy and internal reflection under
crossed nicoles. Furthermore, to the best identification of
minerals, however, various techniques including examinations of
polishing hardness, morphology, cleavage, twinning, etc. are
necessary. Micro-hardness test and micro-reflectance measurement
can be performed by means of ore microscope attached with corres-
ponding accessories. Vickers hardness measurement and photo-
spectrometry for reflectivity measurement have been described.

The texture of ore is important to discuss the origin of the
deposit, because they reflect the formation conditions of minerals
or deposit and successive changes which the ore suffered.

Euhedral or subhedral morphology of minerals in orthomagmatic
deposit, and zoning texture, colloform structure etc. observed in
vein-type deposit are of tlie primary mineralization. Replacement,
exsolution, deformation and metamorphic textures show secondary
effects of postdepositional stage.

Fluid inclusions are often seen in minerals from hydrothermal

origin. These are classified into primary, secondary and



pseudosecondary types in the stage of trapping, and liquid,

gaseous, polyphase and COz-hearing types in constituents observed

under room temperature. The filling temperature which means homa-

genization temperature of two-phases in fluid inclusion at high

temperature suggests that of formation. The theory and correcticn

method of temperature have shown in terms of geothermometry.

The content of the lectures are listed below.

Introduction

Significance of ore microscopy for economic geology

Instrument
Mechanics and optical system: rotatable stage, lenses, illumi~

nation system, reflector, polarizer and analyser.

Sample preparation

Casting, grinding and polishing

Mineral identification

Optical properties: color, reflectivity, isotropism and
anisotropism, internal reflection

Hardness and ore microscopy: polishing hardness, scratch
hardness, micro-indentation hardness

Cleavage and parting

Quantitative measurement of reflectivity

Techniques: standard sample, background reflection, correction
method

Application for determination of mineral composition and

distinction of minute difference in structures

Hardness

Vickers hardness

Textures of ore minerals
Primary texture, secondary texture by replacement, secondary

texture resulting from cooling

-93-



Fluid inclusion study
Nature and origin of fluid inclusion

Classification of fluid inclusions, gaseous, liquid, polyphase

Mechanism of formation

Sample preparation and observation method

Fluid inclusion as geothermometer

P-V-T diagram of water and fluid inclusion

SIZE & SHAPE

25
o For STRUERS's

tomal AP
~lomm ou tic palisher DAP-2

Cylindered shape
COLD MOUNTING

v @ semple
d label
Surface should be i With BUEHLER's
coated by @ eporide resin - ros
arease or oll vogcuum system MD-200
COMPRESSION MOLDING

With BUEHLER's
SIMPLIMET Il

with BUEHLER's
phenodic resin

=300 kg/cm?

Heater
250*C, Smin.

Fig.-24 RecommeQded method to prepare samples for ore micro-
scope with the instruments in the Institute of
Economic Geology at U.M.S.A.
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The flowsheet of sample polishing for ore micrscopy is shown

below.
SAMPLE I1f the gpecimen is friable or fractured,
it shoud be casted into resin.
grinding (sic #100-200)
cleaning (water)
grinding (sic #400-600)
cleJning (waterx)
grinding {siC #800-1000)
cleaning (water or with ultrasonic cleaner)
Pre-polishing (SiC #2000-3000 on glass plate, addi-
tional SiC is prohibited during this
stage of polishing)
cleaning (water with ultrasonic cleaner)
~ polishing  (DP-paste A 1 um, with lubricant on MOL
with ADP-2 — cloth)

cleaning (water or with ultrasonic cleaner)

polishing  (DP-paste C 1/4 pm, with lubricant on
NAP cloth)

cleaning {water or with ultrasonic cleaner)

L.polishing* (o A1203 #3000 with distilled water om
NAP cloth)

cleaning (water)

MICROSCOPE EXAMINATION

* This step is not always necessary.



Thermodynamics for Economic Geology

Shimpei Kano

The lecture has been carried out mainly on the basis of the
textbook, "Thermodynamics', written by G.N. Lewis and M. Randall
and revised by K.S. Pitzer and L. Brewner (1961), McGraw-Hill, New
York.

Consepts in thermodynamics are important for investigators of
economic geology to understand stability relations among minerals
at definite conditions of formation in a deposit or to explain field
observations and laboratary results on ore minerals. Modern
economic geology includes alsc synthetic work of minerals to
clarlify relations among temperature and pressure of formation
and chemical composition of the mineral. This enhances us also
to become familier with thermodynamics to explain the results or
to plan the experimental works. The lecture consists of basic

treatments in clasical thermodynamiecs, as follows.

I Definitions
The consept of "system': closed system, homogeneous system
and heterogeneous system
Extensive and intensive properties
State functions

Equilibrium, process, and reaction
I1 Molar properties

IIT The first low of thermodynamics
Mechanical equivalent of heat
The low of conservation.of energy
Internal energy
Pressure and temperature
Heat and work, Enthalpy
Heat capacity at constant volume or at constant temperature

Units of energy and correlated units



v

Vi

VII

VIII

Application of the first law to the perfect gas
Work and heat of isothermal and reversible expansion
Work of reversible and adiabatic expansion

The relation between Cp and Cv

Heat capacities of pure substance and heats of reaction

Heat capacity values

Heat of reaction: Thermo-chemical reactions

Combination of equations

Standard state and heat of formation

Effect of temperature upon heat of reaction, relatijion bhetween

enthalpy and heat capacity, Kirchhoff's equation

The Second law of thermodynamics
Entropy, the definition and nature
The law of dissipation of energy

Reversible and irreversible process

Entropy and related equations as state function of thermo-
dynamics

Entropy with volume and pressure changes

Helmholtz free energy

Gibbs' free energy

Spontaneous change

Clapeyron equation

Numerical calculaticn of Entropy -

Entropy changes: fusion, vaporization, expansion and chemical
reaction

Entropy change with temperature

Absolute value of entropy

_ 7 -



IV The third law of thermodynamics
Practical formulation of absolute entropy

Standard entropy

X Free energy
Free energy of formation

Equilibrium and free energy

=98~
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MeiTbhic, KBRIEA. Sanchez LFEWMRPTHS,

B#N5 84E9 A3 A Taquesi—-MururataiidoERERO TN & FEE (B
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tfe, KIEMEEE Zoned PlutonZTRL TRk D, =/ ~0AW L LLEBICHEAED
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BifNS 84E9 A6 B~ 9 A . F 1EARWHIREAUGESROFNTLE & ABRE (FA, E.
Soria), LEOHBEEHLD LT, HLWKNEREHAN - BNT BT L, LIRFEDH
Kl HEREOERAT THRET 2 LTMET DB, Ok, FIVEARBNOSa jama
KU AT D T b, REBERANALE I RGBT TS5, 4, Sajama X
I DT SRR, ARERF _BICERRLTSS,

WM5 BE9A26 H~28R  CochabambaMindipendencia(Cerro Sa—
ppo YD T AN ) BEIRO NN L XNRE (K, A, #, G. Sandi) o FKEE
BRI PATEREE ( 4R KWHALL LD TH B, BIRPOSeda 1 teldEA Kl
Iharyy, TEEETIFEO 12TH5, WBIETHE, SodaliteOETSHSHNephe—
linite(nepheline Syanite) REMETHETH 5 foff, RELEERR T
HFnatrol:te Bk SENLTWE, ARMRRREEPTES,
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SAMPLING LOCALITIES AND

Sajama Volcano

SN83090701  18°07'20"S 68°56'45"W

SNB3090702  18°07'10"S 68°56'00"W

SNB3090703  18°07'153"S 68°55'45"W

SN83090704 18°07'20"S 68°55'40"W

SNB3090705  18°07'25"S 6B8°55'40'"W

SNB3090706 18°07'30"s 68°55'50"W

SN83090707  18°07'25"S 68°55'50"W

SNB3090708  18°07'30"s 68°56'10"W

SN83090801  18°06790"s 68°58°10"W

Punuta Volcano

SNB3090802  18°01'20"s  68°57'45™W

SNB83090803  18°00'15"S 68°57'40"S
n 3| " n

Canasita Volcano

SN83090804  17°55'357S  69°10'40"W

SNB83090805  17°487'20"s 69°17'50"W

Anallajchi Volcano

SNB3090601 17°59'05"s 68°48720"W

Sorkhe Volcano

SN83090902 17°24'30"s  65°17'10"W

Tertiary

SN83090901 17°28'15"s  69°19'20"yW

Huayna Potosi{Songo) granite complex

~ 8N83052101

5N83052102

SN83052103

SNB3052104 shown in figure

SN83052105

SN83052106

SN83052107

Progreso II, Cerro Sappo

SNB3092701 16°53'05"s  67°53'00"W
- 20 1} "

SAMPLE DESCRIPTION

Hornblende dacite(lava)
Biotite dacite(lava)

Biotite dacite(lava)

Biotite dacite(lava)

Bictite dacite(ignimbrite)
Biotite dacite(lava)

Riotite dacite(lava)
Hornblende dacite(lava}
Augite hornblende dacite{lava)

Pyroxene andesite(lava)
Porphyritic dacite(lava)
Aphyric andesite(lava}

Pyroxene andesite(lava)
Biotite rhyolite(ignimbrite)

Porphyritic dacite(lava)
Porphyritic dacite(lava)

Pyroxene andesite{lava)

Graywacke(Cancaniri F.} |
Biotite granite(Chloritized)
Blotite granite

Biotite granite

Biotite granite

Biotite granite(Chloritized)
Muscovite granite

Sodalite-carbonate rock
Katrolite-canerinite rock
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Huayna Potosi

Granitic rocks
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1 km S—edimentary rocks

*Sora Patilla

J
_____9.(.- SN 83052101

“Milluni &

1M Huayna Potosi(Soengo) Bt ORBERIEHES
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F2all OruroWSan Jose R San PedrollBMiT2biotite granodiorite
DHBHEER( lower nicol @4 ), EklCsanidine DX ZEMBREIN,
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F3all FUEHRVWESLSarama ki (biotite dacite) ORIBEER( lower
nical &), PELEHO sphene DERHFHMEINS, WS 2m,

#3bH FiOcrossed nicols TOFMBEN, BXRASAMNT spherulite
texture TELTH 5,
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#4388 CochabambaMProgreso HFWHF sodalite ODPFEHABEEH( lower nical
D), ElMsodalite,fiFhicarbonate mineral, MEOHRICED
gt ( 7 ) SELTW A, HfEEA 2m,

M4bE CochabambaMProgreso I MUFET & H ) SHIROTHFEI (crossed
nicols), HMIROMPHELMNEHEInatrolites FRIC A £ AL BAK S Wish

teancrinites DURSH A2 2tm,
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x1000¢cps
S $ 3 Cu, 30kV10mA

S:sodalite

L,Mw—J uni.ll

100 09 30¢ 40°
23L1|I|!I|I1ll|l|rl||||

S50 Sodalite dXEHHEEITHERE( Co - Ka), H7H | _EFE—5 (LAAF).

x1_000cps

N ]
Cu,30kV1OmA
fN:natrolite
L5 N G:gibbsite
Ne:nepheline
N N
N N
N Ne
NG

F6H T AYBOXBHREFRL( Cu-Ka), MK 1 EHB—0 (LMAE),
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