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Biaxial Minerals

Definition: Are minerals with 2 optic axes; i.e. 2 directions along which the light shows no birefringence and vibrates in a circular section with a unique constant refractive index. (known as ().

· Biaxial minerals are ones that crystallize in the orthorhombic, monoclinic and triclinic systems.

· Biaxial minerals have 3 indeces of refraction: (, (, and (, listed in order of increasing values (i.e. ( is always > ( > ().

· The maximum birefringence of a biaxial mineral will be: ( - (. 

· Light incident along one of the two optic axes will vibrate in one direction only with a refractive index value given by the radius of the circular section (() to which it is perpendicular. If ( has a value closer to ( than to ( , the mineral is biaxial positive, and vice versa. 

· A light ray incident at any angle to the optic axes will still split into 2 rays. However, unlike in the case of uniaxial minerals, both rays are extraordinary. One of these extraordinary rays will vibrate with a refractive index of a value between ( and ( (called (’), the other between ( and ( (called (’).

The Biaxial indicatrix

· A triaxial ellipsoid, with axes X, Y and Z coinciding with, and proportional to (, (, and (, respectively (Fig. 1).

· The XZ plane = optic plane, Y is known as the optic norm.

· All sections through this ellipsoid are ellipses, except 2 circular sections, each of which is perpendicular to one of the optic axes.

· The angle between the two optic axes is known as the optic angle “2V” (Fig. 1).

· The axis of the indicatrix which bisects the acute angle 2V is known as the acute bisectrix (Bxa), the one bisecting the obtuse angle is known as the obtuse bisectrix (Bxo).  

Types of biaxial minerals (Optic sign)

· A biaxial positive crystal is one in which ( >> ( > (, and in which Z is Bxa.

· A biaxial negative crystal is one in which ( > ( >> (, and in which X is Bxa.

· A biaxial mineral in which 2V = 90° is considered neutral.

Relationship between 2V and the refractive indeces

The value of 2V can be calculated using the following formula

Cos2 Vz = (2 (( - ()/(2 (( -()

where Vz is half the value of 2V that is bisected by Z. Therefore, if V > 45°, the crystal is negative, and if V < 45°, it is positive (Fig. 1d & c, respectively). Solutions of this simple relation are presented in figure 2, known as the Mertie diagram. If three of the values (, (, (, and 2V are known, then the fourth can be graphically determined (Fig. 2).

The use of the indicatrix to determine the indeces of refraction and vibration directions

Objective 1: Given the wave normal in a random direction, determine (a) the indeces of refraction, (b) vibration directions, and (c) ray paths. Follow the steps outlined in Figure 3. Note that in this case, you will have 2 extraordinary rays emerging (unlike in uniaxial minerals).

Objective 2: Given the ray direction, find (a) the indeces of refraction, (b) vibration directions, and (c) wave norms for the 2 extraordinary rays. Follow the steps outlined in Figure 4.

Optical orientation and extinction in biaxial minerals

· A biaxial crystal will go extinct when the two principal vibration directions (e.g. X & Z) are parallel to the directions of the polarizer and analyzer. 

· Orthorhombic minerals: Any indicatrix axis may coincide with any crystallographic axis (Fig. 5a). Therefore, all orthorhombic crystals usually yield straight extinction!
· Monoclinic minerals: One of the indicatrix axes always coincides with the b crystallographic axis, the other 2 axes will make an angle with a and c. Monoclinic crystals therefore show oblique extinction in most sections.

· Triclinic minerals: Indicatrix axes do not coincide with any of the crystallographic axes. In thin sections, extinction angles are therefore quite variable according to the orientation of the section direction (Fig. 5c).

Interference figures

1. Acute bisectrix figures:

· Isogyres, melatopes, and isochromatic curves (Fig. 6).

· Explanation: Why isochromatic curves form (Figs. 7) and the Biot Fresnel Law for determining the vibration directions (Figs. 8 & 9).

2. Centered optic axis figure (Figs. 10 & 11)

3. Obtuse bisectrix figure (Fig. 12).

4. Optic norm (flash) figure (Fig. 13).

Determination of the optic sign from a biaxial interference figure:

· Acute bisectrix figure (Fig. 14)

· Optic axis figure 

Estimating the value of 2V for a biaxial mineral:

· 2V vs. 2E (Fig. 15).
· E and V are related through the equation: 

Sin E = ( sin V

· The Mallard method: Using an acute bisectrix figure (Fig. 16a), the distance between the melatopes (2D) is proportional to 2V. This distance increases as the refractive index of the mineral ( increases (see above equation and Figs. 16b & 17a). The value of 2V (or V) can be determined using the equation:
Sin V = D/K. (
Where K is known as Mallard’s constant, and is a function of the numerical aperture of the objective lens used.
· Tobi’s method: Requires knowledge of the numerical aperture (NA) of the lens used, and the value of (. The distance between the 2 melatopes (2D) is then measured, and 2V can be read directly off of the graph (Figs. 17a & b). Note that if NA is not known, then an apparent angle (2E) can only be estimated (Fig. 17c) A maximum value for 2V is then obtained.

· Optic axis figures: curvature of the isogyre increases as 2V decreases: (Fig. 18). This phenomenon can be used to estimate the value of 2V. Less accurate than estimates obtained using the acute bisectrix figure.
Sign of elongation:
Although the sign of elongation is not as useful in biaxial minerals as it is in uniaxial ones, it is nonetheless important in understanding the optic orientation diagrams, and may be useful for identifying some minerals.

· If X is parallel to the long dimension of the mineral, the mineral is lengthfast.

· If Z is parallel to the long dimension of the mineral, the mineral is lengthslow.

· If Y is parallel to the long dimension of the mineral, the mineral is either lengthfast or lengthslow (Fig. 19).

Dispersion:

Dispersion is the property responsible for the mineral acquiring anomalous interference colors.

· Optic axis dispersion (Fig. 20)

· Bisectrix dispersion: inclined, horizontal (also known as parallel), or crossed bisectrix dispersion (Fig. 21).

· Orthorhombic minerals exhibit optic axis dispersion only (Fig. 20).

· Monoclinic minerals exhibit inclined, horizontal or crossed bisectrix dispersion.

· Tips for identifying the crystal system from the dispersion in an interference figure:

· If the dispersion pattern is symmetrical with 2 mirror images, then the mineral is orthorhombic.

· If the pattern is symmetrical with one mirror plane only or with a diad only, then the mineral is monoclinic.

· If the pattern shows no symmetry, then the mineral is triclinic.

