LECTURE 7 (4 hours): BIAXIAL MINERALS
OPTICAL PROPERTIES OF BIAXIAL MINERALS

INTRODUCTION

In biaxial minerals there are two optical directions along which the velocities of light rays vibrating perpendicular to each other have equal velocities, and have same RI’s, hence biaxial.
RVS OF BIAXIAL CRYSTALS

RVS is very complex double surface in 3-D (FIG. 7.1); so sections to this surface are studied initially. In biaxial crystals that belong to orthorhombic, monoclinic and triclinic systems, there are three principle directions that are called optical directions that are perpendicular to each other. These are called X, Y and Z optical directions and have fixed optical properties. Only when propagation direction of light rays is parallel to these directions then the wave front is (r to the direction of propagation of light. In all other directions wave fronts will be oblique to the direction of propagation of light rays 
(FIG. 7.2).

Light rays travelling along X, Y and Z optical direction have fixed velocities for particular species of biaxial minerals, ie. 1/(, 1/( and 1/(, where at all times 1/(>1/(>1/( so 1/( is the fastest, 1/( slowest and 1/( has an intermediate velocity (TABLE 7.1). In other directions light rays have intermediate values between 1/( and 1/(. Light rays travelling parallel to the optical directions describe circular sections. Whereas the other two rays vibrating perpendicular to this optical direction describe elliptical sections when considered together with the original ray vibrating parallel to the optical direction 
(FIG. 7.3). The RVS can be best visualized as sections cut perpendicular to various optical directions (FIG. 7.4). In section X-Y, perpendicular direction is Z and 1/( vibrating parallel to it will describe a circle with smallest radius, and 1/( and 1/( both greater than 1/( will describe an ellipse. Here we have small circle enclosed by a larger ellipse (FIG. 7.4). In section Y-Z, perpendicular direction is X and 1/( vibrating parallel to it will describe a circle with largest radius and 1/( and 1/( both smaller than 1/( will describe an ellipse. Here we have large circle enclosing a smaller ellipse (FIG. 7.4). In section X-Z, perpendicular direction is Y and 1/( vibrating parallel to it will describe a circle with intermediate radius and 1/(>1/( and l/(<1/( will describe an ellipse intersecting the circlie at 4 points. Along the intersecting lines connecting these four points velocities of light rays vibrating perpendicular to each is equal to 1/(. These two directions are called optic axes of biaxial crystals. The acute angle between the optic axes is called optic axial angle 2V (FIG. 7.5).
The sign of biaxial mineral is determined by the position of acute birectrix (Bxa). If Bxa is X or FAST ray the mineral is negative, on the other hand if Bxa is Z or SLOW ray the mineral is said to be positive.

The plane X-Z is called the optic axial plane, and Y direction is called optic normal. 3-D diagram of positive RVS is show in Fig. 7.3 & 7.5.

INDICATRIX OF BIAXIAL CRYSTALS

Since there are three principle directions, there are three RI's of (, (, and ( along X, Y and Z optical direction, respectively, where (<(<(. The shape of the indicatrix is tri-axial ellipsoid (FIG. 7.6). All sections through tri-axial ellipsoid are ellipses, except two unique sections that are circular (FIG. 7.7). They are called circular sections, and perpendicular direction to these circular sections indicates the two optic axes (FIG. 7.7). Again the acute angle between the two optic axes is 2V, the section containing two optic axes is the optic axial plane and Y=( is the optic normal. If ( is the Bxa RI, the mineral is negative, in contrast if ( is the Bxa RI, the mineral is positive (FIG. 7.8).

ORIENTATION OF MINERAL SECTIONS
In biaxial minerals optical directions X, Y, Z have different orientations when compared with crystallographic direction a:b:c of the crystals.

In orthorhombic minerals a: b: c are perpendicular to each other and hence optical directions X, Y, Z are parallel to crystallographic axes, in any combinations, ie. a=X,Y,Z; b=X,Y,Z; c=X,Y,Z (FIG. 7.9 & 7.10). All sections will show parallel extinction (FIG. 7.11). Sections cut perpendicular to Y will have maximum birefringence. Sections cut perpendicular to X or Z will either give acute-bisextrix (Bxa) or obtuse-bisectrix (Bxo)-figure depending on the sign of crystal. Acute bisectrix figure is used to determine the sign of the crystal. Sections cut perpendicular to optic axes will give continuous extinction, and are also useful to determine the optic sign.

In monoclinic minerals axial angle (() between c and a are greater than 90°. Here, b=Y and therefore c and a do not correspond to Z and X. Hence, there will be obliqııe extinction (FIG. 7.12) at sections perpendicular or oblique to b=Y axis. Sections perpendicular to b=Y axis will also show maximum birefringence and maximum extinction angle either Z∧c, X∧a, X∧c, or Z∧a. Sections parallel to b=Y will give parallel extinction. Some monoclinic minerals with two sets of prismatic cleavage, cut //l to c-axis will show symmetrical extinction (FIG. 7.12). Most sections will have similar behavior as that of orthorhombic crystals with regards to birefringence and optic sign.

In triclinic minerals none of the axial angles are equal to 90°. Therefore optical directions do not correspond to a:b:c, and hence all sections will show oblique extinctions compared to crystal outline or cleavages. Most sections will have similar behavior as that of orthorhombic and monoclinic crystals with regards to birefringence and optic sign.

OPTIC FIGURE AND DETERMINATION OF OPTIC SIGN
Two types of mineral sections are useful for determination of optic sign of biaxial minerals.

Sections cut (r to Bxa: Again conoscopic viewing is necessary, ie., with convergent polarized light, high power objective and analyser and Bertrand Lens are in-position, to obtain the optic figure (FIG. 7.13). In these sections optic figure has two different positions.

At 90° position (FIG. 7.14) there is a black cross like that of uniaxial minerals, but in biaxial minerals one arm of the isogyres is much thicker and contains Y optical direction. The other arm is much thinner especially at points where optic axes are emerging. This arm contains the optic axial plane and the distance between two optic axes indicates 2V. Where to arms cross is the point where acute birectrix emerges aligned parallel to the optic axis of the microscope. If the birefringence of the mineral is high or if the section of the mineral grain is thick there appears isochromes concentric around the optic axes. This 90° position is not used for the determination of the mineral’s optic sign.

At 45° position (FIG. 7.14 & 7.15) the cross separates into two hyperbolas each one occupying opposing quadrants of the microscopic view. The 45° position, where hyperbolas occupy NE and SW quadrant is the most useful for determination of the optic sign. In this position Y optical direction or optic normal is aligned NW-SE. Optic axial plane is aligned NE-SW, where optic axial plane intersecting the hyperbolas, are the position of optic axes and the distance between them is related to 2V. If 2V is small hyperbolas are very close, infact when 2V=0( uniaxial-like figure is obtained. If 2V is great (ie., 2V=60°) hyperbolas will lie outside the field of view (FIG. 7.16). Isochromes are aligned concentrically about both optic axes. 2nd to higher order interference bands are common to both optic axes and appear like dumbells, constricted along optic normal (FIG. 7.14 & 7.15).

Optic sign of the biaxial mineral is best determined by comparing a 3-D view of the RVS and optic figure observed in the microscope where both are oriented parallel to each other (FIG. 7.17 & 7.18). Optic sign is determined by comparing ray velocities of l/( and l/( with that of l/( at the central portion of the optic figure and behind the isogyre in NE quadrant, and hence determining the Bxa, as to whether it is X or Z. Assuming we have a positive biaxial mineral, the acute bisectrix is Z and is vertical, X is horizontal and lying NE-SW and Y is also horizontal lying NW-SE. In the central portion of the optic figure l/( vibrates NE-SW and l/( vibrates NW-SE. At the optic axis toward NE both rays vibrating perpendicular to each other have the same velocity l/( hence extinction occurs. Beyond the hyperbola l/( changes to l/(. So here, l/( vibrates NE-SW and l/( vibrates NW-SE. When an accessory plate with NE-SW direction having SLOW ray inserted, l/( that is the FAST ray also vibrating NE-SW will have SLOW- FAST interaction and SUBTRUCTION of interference colour results. At the hyperbola due to accessory plate's l (, retardation black is replaced with red, when gypsum-plate is used or white if mica-plate is used with ¼( retardation, respectively. Inside the hyperbola toward NE l/( which is the SLOW ray is vibrating NE and will have SLOW-SLOW interaction with accessory plates NE SLOW direction and ADDITION of interference colours results, and hence, Bxa is Z and the biaxial mineral is positive.Biaxial negative crystals produce opposite effect when accessory plate is inserted.

Sections cut (r to Optic Axes: These sections appear isotropic when viewed orthoscopically. Under conoscopic examination there appears only one hyperbola if 2V is not too small. In these sections one of the optic axis of the biaxial mineral is aligned parallel to the optic axis of the microscope and is at the crossed hairs of the ocular. When the hyperbola aligned 45° position as its arms in the NW-SE quadrant its apex points towards the acute bisectrix that will be outside the field of view. NE-SW direction is similarly optic axial plane and optic normal or Y direction is perpendicular to it at the Bxa is again outside the field of view. If we have a biaxial negative crystal, outside hyperbola vibrate l/( and l/(, whereas inside the hyperbola vibrate l/( and l/(. As the accessory plate is inserted SLOW-SLOW interaction occurs outside the hyperbola resulting in ADDITION and SLOW-FAST interaction occurs inside hyperbola resulting in SUBTRACTION. Subtraction indicates l/( vibrates parallel to the Bxa hence the crystal is negative (FIG. 7.19).
These sectiona are also very important to estimate the value of 2V. If 2V=0 hyperbola's arms are 90° to each other and the other hyperbola also appears at the crossed-hairs to produce a uniaxial-like figure. If 2V=90° hyperbola is observed at 45° position as a straight line. The curvature of the hyperbola's arm indicates the value of 2V (FIG. 7.20).
Sections cut //l to Bxo: In these sections hyperbolas are well outside the field of view, and their apices are away from each other. As the microscope stage is rotated hyperbolas come momentarily into the field of view and quickly dissapear. This is a flash figure. These sections are not useful for determination of optic sign.

Sections cut //l to Optic Normal: These sections will have the highest birefringence when observed orthoscopically. Under conoscopic examination these sections may also show flash figure and they are not useful for determination of optic sign. In eccentric biaxial interference figures arms of isogyres will always curve as they cross the field of view during the rotation of the microscope stage (FIG. 7.21).
SIGN OF ELONGATION

The biaxial minerals of the orthorhombic, monoclinic and triclinic symmetry systems can be elongated parallel to all crystallographic axes, but commoniy parallel to 
c-axis. Therefore, when c=Z or c∧Z=small angle, inserting accessory plate when mineral is aligned NE-SW, if ADDITION of interference colour occurs then the mineral has POSITIVE ELONGATION or SLOW ALONG. However if c=X or c∧X=small angle, upon insertion of accessory plate SUBTRUCTION of interference colours results then the mineral has NEGATIVE ELONGATION or is FAST ALONG.

Some biaxial mineral like Epi group is alongated along b==Y direction. Depending on the sections of the crystals these minerals will have variable sign of elongation since components vibrating perpendicular to Y could be Z resulting POSITIVE ELONGATION or could be X resulting NEGATIVE ELONGATION (FIG. 7.22).
OTHER OPTICAL PROPERTIES OF BIAXIAL MINERALS:
Shape: Euhedral crystals may produce hexagonal (Hor), octagonal (Pyx) basal sections, and rectangular elongated prismatic sections.

Colour: Coloured minerals like Amp and Bio show excellent pleochroism of two or three different colours. Sections perpendicular to optic axes show no pleochroism (FIG. 7.22)
Cleavage: Perfect cleavage in l-, 2- or 3-directions may be present.

Relief: Variable low (Feld), very high (Kya). Mus may show twinkling.

RI: Very important most mineral RI>CB, A-Feld<CB.

Birefringence: Low (Feld)(very high (Tit), Chl may show anomalous birefringence.

Extinction: Parallel in orthorhombic minerals; oblique and parallel in monoclinic and always oblique in triclinic minerals. Minerals with 2 cleavages may show symmetrical extinction (eg. Hor & Pyx). Mottled extinction is observed in mica group minerals.

Compositional Zoning: Various groups of minerals may show excellent compositional zoning eg., Plag, Pyx, Amp, Epi etc.

Exsolution: Exsolution lamellae of Cl-Pyx, 0-Pyx, Alb, Ort etc. in host crystals of 0-Pyx, Cl-Pyx, Ort (Perthite) and Ab (Anti-perthite), respectively, is distinct.

Twinning: Simple twinning with single compositional plane in A-Felds, Pyx, Amp etc., and polysynthetic twinning with several compositional planes in Plag group is common.

Sign of Elongation: Variable with length-fast and length-slow minerals. Epi group shows ±elongation (FIG. 7.22).

Optic Angle: Variable with 2V ranging 0°(Bio)(90°(some Plag species).

Optic Sign: Variable poitive and negative. Also variable within solid solution series such as Plag and Oli group.
Intergrowth: Several mineral pairs show interesting intergrowth: Q & A-Feld graphic; Qua & Plag myrmekitic, and Bio-Pyx or Jad-Zoi symplectic.

Inclusion: Some minerals have abundant inciusions (eg.. Hor) to give sieve texture.

Alterations: Sometimes characteristic feature to identify the mineral species, eg. Serp or after Oli or Pyx, Chl after Hor or Bio, ‘pinnite’ after Cord, Kao after A-Feld etc.

