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Geology 250 Mineralogy

Winter 2003

Laboratory # 6

Introduction to the polarizing microscope, observation of relief, the determination of index of refraction and isotropic minerals.

In this lab we will cover:


I.    Parts of the Petrographic Microscope


II.   Properties of Light and Refraction


III. Refractive Index


IV. Becke Line Method to Determine Relief.


V.   Isotropic Minerals

Please read the next few pages  before you come to lab next week.

I.
Parts of the Microscope (see figure 1)

A.
Substage Assemblage

1.
Light Source

2.
Diaphragm

3.
Condenser Lens

4.
Polarizer or Lower Nicol

B.
Upper Stage Assemblages

5.
Stage

6
Objectives Lenses

7.
Analyzer or Upper Nicol or Upper Polarizer

8.
Bertrand Lens

9.
Accessory Plates (e.g., gypsum plate, mica plate, and quartz wedge)

10. Oculars

**
Other Stuff

A.
Cost and Use of Equipment

1.
Carry the microscope by base and main spine.

2.
Move objectives by knurled ring, NOT BY LENS.

3. Don't pull bulb out while lit.

4. Remember these microscope belong to all of us and we should take good care of them

B.
Adjustments

1.
Center the stage with respect to the objectives.

2.
Focus cross hairs on ocular.

3.
Cross the nicols to test polarization.
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II.
Properties of Light and Refraction

A.
Wave nature of light:  Unpolarized vs plane-polarized light. 

B.
Index of Refraction  n = C / Cm
Where


n is index of refraction


C is speed of light in vacuum.


Cm is speed of light in the medium of interest.

Index of Referactive (n) or RI

1.  n characteristic for most minerals (Kerr  Table 10. 5, pages 193-198).

2.  Most minerals have n between 1.50 - 1.80.

3.  n can be measured directly by refractometer.

4.  Relief determination.

a.  Positive  ng > nm
b.  Zero  ng = nm
c.  Negative  ng < nm
Where 


ng = refractive index of grain (mineral )





nm = refractive index of medium (canada balsam or --)

C.  Snell's Law

The law is defined as:

n1 sinø1 = n2 sinø2
Where n is the refractive index and ø the corresponding angles as shown.

The refractive index is the ratio of the speed of light in a vacuum to the speed of light in a given medium.  So, if the top part of the diagram is air, n1 is the speed of light in air and if the bottom part is glass, n2 is the speed of light in glass,

both relative to the speed of light in a vacuum.
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D.  Becke Line method to determine relief. 

A Becke line is a band or rim of light visible along a grain/crystal boundary in plane-polarized light.  It is best seen using the intermediate power lens (or low power in some cases), on the edge of the grain, with the diaphragm stopped down a bit. 

1.  Upper nicol out.

2.  Diaphragm medium to small.

3.  Focus on grain.

4.  Lower stage (increase distance between stage and objective) Becke line moves into substance with greater refractive index.

5.  Decrease the distance between stage and objective , the Becke line will move into the substance with low refractive index.

6.  When ng = nm, then Becke line will be colored because of dispersion occurring at the grain boundary.

For Exercise:

1.  Put only few grains of unknowns on slide.

2.  Cover with cover slip.

3.  Place ONE drop of oil next cover slip so it seeps under it.


Pick an oil with an refractive index (n) somewhere in the middle initially and go up or down from there.

5. Use Becke line method to determine n of grains to the nearest 0.005

[You should be good at seeing Becke line and determining the RI of minerals.  This is one of the cheapest and easiest methods of knowing an unknown mineral.]

E.   Oblique method of relief determination-see handout

F.
Isotropic Medium

1.  Light travels with equal ease in all direction within the medium due to uniform optical properties—so only one n.

2.  Because light rays are unaffected, when the nicols are crossed, the grains of isotropic minerals will be dark.

3.  Isotropic media:  minerals of isometric crystal system (garnet, fluorite, etc.).

III.   Refractive Index (n)
Refractive Index (n) is an important diagnostic optical property of a mineral.  It is defined as the ratio of the speed of light in a vacuum to its speed in the mineral, or n = C/Cm, where C is the speed of light in vacuum about 2.9 x 108 m/second (about 187,264 miles per second).  The ratio is always greater than one.  Most minerals have n between 1.500 to 1.800.  There is a table in Kerr on page 196-198 that shows the R.I. of the most common minerals.
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Isotropic Minerals.  Because light travels at the same speed in all directions, they have one refractive index (n).  whereas in Anisotropic minerals, because light travels at different speeds in different crystallographic orientations, there is more than one refractive index.  Tables 10.8, 10.9, 10.10 in Kerr show the different R.I. of most common minerals.   

Relief.  This another optical property of a mineral and it is the tendency for a mineral grain to stand out against a mounting medium.  Relief can be a positive, negative and zero.  If the refractive index of the mineral is greater than the mounting media (oil) then the relief is positive.  If the refractive index of the mineral is equal to that of the mounting media (oil) then the relief is zero.  If the refractive index of the mineral is less than that of the mounting media (oil) then it is a negative relief.  Students usually have a hard time visualizing a negative relief.  Examine the slides of Leucite and see the negative relief effect.  Positive relief and zero relief are easy to see.

Refraction and Reflection:  Light can be reflected or refracted at the interface/boundary surface depending on the angle of incidence.  When light enters from one medium to another medium it will be refracted depending on Snell's law.  For example if light is traveling from air to water, then the refracted beam is bent towards the normal.  See Snell's law on page 61 in Kerr.

Critical angle:  This is the angle at which the refracted beam is bent 90o away from the normal.  For angles of incidence greater than the critical angle there is a total reflection at the boundary and no light is transmitted.  Light traveling at the critical angle is transmitted along the boundary.  
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IV.  Becke Line Method of Relief   

Becke Lines:  These are caused by refraction effects, and concentrate light near the edges of the mineral.  The Becke line method is good for comparing the refractive index of the oil with that of the mineral.  When the stage is moved up or down, the Becke line(s) also move in and out of the mineral.  The direction of movement of the Becke Line is determined by lowering the stage with the Becke Line always moving into the material with the higher refractive index.  The Becke Line can be considered to form from a cone of light that extends upwards from the edge of the mineral grain.
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As you increase the distance between the stage and the objective lenses the Becke lines will move to the material with the highest refractive index.  If you decrease the distance between the stage and the objective lenses the Becke line will move to the material with smaller refractive index.

There are two photographs showing a grain of volcanic glass are on the next page.:

1.The grain in focus, with the Becke line lying at the grain boundary. 

2.The stage is raised up, such that the grain boundary is out of focus, but the Becke line is visible inside the grain. 
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When the RI of the mineral and the RI of the mounting material are equal, the Becke line splits into two lines, a blue line and an orange line. In order to see the Becke line the microscope is slightly out of focus, the grain appears fuzzy, and the two Becke lines are visible. The blue line lies outside the grain and the orange line lies inside the grain. As the stage is raised or lowered the two lines will shift through the grain boundary to lie inside and outside the grain, respectively.  

Excercise:

Using the mineral fluorite and an oil that has the same RI as the mineral, do the above experiment and turn in a photograph that shows blue and orange lines around the mineral.
Oblique method of refractive index determination:  If you have grains in an oil and partially insert the accessory plate, about 1/3 grains will be shaded either on the same side from where you are inserting the plate or on the opposite site depending on their refractive index compared with the oil.  
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V.   Isotropic minerals

Isotropic minerals are easy to recognize in thin section because they are the only group to go extinct under crossed polarized light (analyzer in).  In plane polarized light (analyzer out), these minerals can be identified by using properties such as cleavage, relief, and color.  Although there are at least 25 naturally occurring isotropic minerals, we will only look at a few of the more common ones in lab. 

Spinel Group:  (Mg, Fe+2, Zn,Mn) Al2O4 

Kerr, p, 230–32
7a-5, [10]

The spinel group contains a large number of minerals including optically opaque magnetite and chromite (nearly opaque).  The generally transparent minerals of the spinel series of the spinel group are represented in the slides.  The spinel series are often deep green, but other colors are also possible.

a)  Look carefully at spinle slides for a dark green mineral--this is spinel (MgAl2O4).  What is the relief of spinel?  Is the spinel mostly euhedral or anhedral?  What is its textural relationship to other minerals in this slide?

b)  Look at the chromite slide (M147 [10] describe the chromite (relief, color, form, etc.)

Volcanic Glass:   

Kerr, p. 469

BH-250-9 [6] and BH51 [9] 

Look at a variety of thin sections and make notes on characteristics as follows:

a)  What is the relief of the glass with respect to the mounting medium?  Is the R.I. higher or lower in the glass.

b)  What color is the glass?

c)  Scan the entire slide and note the overall rock texture.  Does the glass look uniform across the slide, or is there evidence of either a fragmental texture (e.g. a pyroclastic rock) or other textures?

d)  Are there any characteristic structures within the glass such as fracture pattern, mineral inclusions, or vesicles (bubbles)?

Perovskite:  CaTiO3    

Kerr, p. 233 

‘Pervoskite’ [7] 

Examine the slides of Perovskite.  It is a relatively rare mineral.  It only occurs in silica poor rocks.  This is governed by the reaction CaTiO3 + SiO2 = CaTiSiO5 (sphene), thus it can never occur with quartz.  Perovskite is listed as pseudo isotropic so it will not go completely extinct under crossed polars.  Look at the relief of perovskite, n = 2.34.  This is one of the highest relief minerals you will see.

a)  Note the patterns displayed on the mineral when you cross the polarizers.  How do they change with rotation of the stage?  What are they?

Garnet group:  (Ca, Mg, Fe, Mn)3 (Al, Cr, Fe)2 (SiO4)3  

Kerr, p. 387–389 

BH-250-2 [6], BH-250-3 , BH-250-10 [6], BH-250-20 [6], BH-250-26 [6], and BH58 [6]

Garnet occurs in most commonly in metamorphic rocks although it can also occur in granites.  There are many different types of garnets.  Certain properties such as color, density and refractive index are unique to each type of garnet. 

a)  What is the relief of garnet?  How does it compare to spinel or perovskite?

b)  Garnet is commonly porphyroblastic in metamorphic rocks.  Note the little inclusions in the garnets.  What do these tell you about the way garnet grows?

Leucite:  KAlSi2O6    

Kerr, page 319
BH53 [7]

Leucite is a potassium rich mineral that is found in potassium rich, silica undersaturated volcanic rocks, commonly as large distinctive euhedral phenocrysts.  Check the relief and R.I. compared to the balsam.  Examine these slides carefully and be sure you can locate the Leucite.  How can you be sure this isotropic groundmass material is Leucite?  How can you differentiate Leucite from Analcite?

Note:

1. some of the leucte show a reaction rim.  What is a reaction rim?

2. There is titanaugite in these thin-sections.  What is a titanaugite?

Fluorite:  CaF2     

Kerr, p. 222

M69-SC [9]

Examine the slides and find the Fluorite.  What are the typical shapes of the mineral in this rock?  Is it euhedral, subhedral or anhedral?  What is the relief with respect to Quartz?  Is the cleavage obvious?  How many directions?

Sodolite:  3NaAlSiO4.NaCl

Kerr 424

BH-250-33 [6]
Examine the slides of sodolate.  This is a common mineral in Soda-Rich igneous rocks such as syenites and trachytes.

Haüyne:  3NaAlSiO4 (CaSO4)    

Kerr, p. 324

“Haüyne” [1]

Haüyne is a blue feldspathoid of the sodalite group.  Haüyne occurs in soda-rich volcanic rocks such as phonolites and contact metamorphic limestones.

a)    Look at the thin section that contains this mineral and study its properties.

For exercise

For exercise:

1.   Study all the isotropic minerals discussed in lab.

3. Obtain a volcanic glass from your instructor and determine the RI of the mineral (glass), using the different oils that we have in the lab.  Using the camera mounted on the microscope, take pictures of the becke lines and turn them with your RI determination. 

4. Identify the isotropic minerals in the thin-sections provided by your instructor. Include all properties that helped you identify these minerals.

Tactics for identifying minerals in thin-section

Important:
-Do not blindly collect optical information hoping that you will magically produce a match. Instead, use each piece of information to:

+ Eliminate possible minerals.

1.  Use tables in book 


2.  Write down, or keep in mind, as many alternative minerals (candidates) as you can.

+Determine what optical information you need next.

1.  What information will eliminate yet more minerals?


2.  Try to identify the information that will eliminate the most minerals possible, then obtain it.

+Determine what tests are necessary and how much help they will be in obtaining the information you want.

1.  Do not waste time doing unnecessary tests!


An example:  Looking at many uniaxial mineral grains in conoscopic view to try to find a centered optic axis figure without first looking for grains with minimum birefringence.

________________________________________________________________________

TOOLS YOU ALREADY HAVE/NEED.

-Use Mineral Associations to help determine unknown minerals.  (handout given in class)

-Use Crystallographic systems and models to:


1.  Explain what is seen in thin-section.


2.  Predict what possible shapes, cleavages, and orientations a particular mineral will have in the section.

Note:  Procedure outlined in the textbook and in these notes include many useful tests for determining optical information.  To use these tests in the right way, and without redundancy, means that you need to understand how each test works (let your TA or instructor know if you don't understand a test!).

Tactics:
1.  Plane Polarized light


Start in plane polarized light on low to medium power (objective) with the light source not at maximum brightness.  Scan the slide and get a rough feel for what is present (i.e., how many different minerals, texture, veins, alteration, metamorphic, igneous, sedimentary or anything that might help).  Cross and uncross the polars and rotate the stage as needed to record the following information (usually starting off with one mineral):


a.
Color and Pleochroism (if any).


b.
Relief (low, moderate, high--relative to balsam n ~ 1.54).



-if possible, determine whether relief is negative or positive.


c.
Mineral grain shape, texture (if any), and alteration (if any)



- anhedral, subhedral, or euhedral?


d.
Is the mineral Isotropic or anisotropic.

e.
Is twinning present? If so what type? (Use cross polars to check).


f.
Cleavage, Fractures.

2.
If the mineral in question is isotropic:


a.  Make sure!!!  Check for the absence of an interference figure and make sure all grains go extinct under cross-polars.


b. Go to the identification charts and try to determine the mineral from the properties listed above.

3.
If the mineral in question is anisotropic:

a.  Scan the slide for the grain with the lowest interference color.


Obtain an optic axis figure (if possible) then determine whether the mineral is uniaxial or biaxial.

4.
If the mineral is Uniaxial:

a.  Conoscopic-Determine optic sign using optic axis figure test or flash figure test .  Use the same grain(s), used in 3(a), with lowest birefringence.


b.  Orthoscopic-Record color (PPL<pleochroic>and XPL) and relief of nw.  Check Becke line to estimate nw.  Once again, use the grain, or grains, with the lowest birefringence (looking down c-axis).


c.  Find a grain with the highest birefringence color.  Determine the maximum birefringence of the mineral using color chart (assuming that the thickness of the thin-section is standard).  Place ne parallel to the slow ray of the accessory (ROT-1) plate, then determine the color (PPL<pleochroic>and XPL) and relief of ne.


d.  If the mineral is elongated or has cleavage:


-Determine sign of elongation (length slow or length fast)


-If crystallographic direction can be identified-determine optic axis orientation (where is the C-axis?).  Use flash figure test or other tests as needed.  Compare results with the known crystal model.


-Record orientation of cleavage (parallel to C-axis, etc.) angle between cleavages (if more than one), and how well developed (poor, fair to good, very good, and perfect cleavages).

5.  If the mineral is biaxial:
  Use the same procedure as for uniaxial BUT with the modification below.


a.  Find a centered optic axis figure (look for low birefringence grain).Determine optic sign.

It is possible to use an acute bisectrix to find the sign.  (Obtuse bisectrix will give you a different optic sign, so you have to make sure if you are looking down the x or z axis.


b. Determine 2V.  (See handout to estimate the 2V).


c.  Record Dispersion (type and degree if any).


d.  Return to orthoscopic view, record the color (PPL<pleochroic>) and relief of the grain (Gives value of nb).


e.  Find a grain with Maximum birefringence:


-Using optic figures and the accessory plate, determine the fast and slow directions (na and ng ), their respective reliefs, & the pleochroic colors (if any) associated with X and Z.


f.  If the mineral has cleavage:


-Measure extinction angles (0-120o) on several grains and take the maximum value.


g.  If the mineral is elongated determine sign of elongation.


----------Constantly match optic information to tables----------

**** See page 181 in Kerr for key to mineral tables, then use them!! ****

Notes:

Notes:

Geology 250 Mineralogy

Winter 2003

Laboratory # 7

Uniaxial Mineral Optics

Purpose:  This lab will introduce you to some of the important optical properties of uniaxial minerals.  Optically uniaxial minerals are those that belong to the tetragonal and hexagonal crystal systems.  These minerals appear anisotropic in all orientations but one: that being the section cut perpendicular to the optic axis of the mineral, the c-axis. 

In this lab you will;

A.  Observe and estimate birefringence. 

B.  Examine and describe uniaxial interference figures in oriented thin sections.

C.  Learn to find interference figures in randomly oriented crystals in thin sections 

D.  Learn to use the accessory plate to determine the optical sign of uniaxial minerals.

E.   Uniaxial Flash Interference Figure

F.  Other common Uniaxial minerals

A. BIREFRINGENCE
In uniaxial minerals light is transmitted as two discrete rays that are polarized in mutually perpendicular planes.  One ray refracts according to Snell's Law and is called the ordinary ray, or the o-ray . The other does not refract according to Snell's Law and is called the extraordinary, or e-ray. The refractive indices in the directions these two rays travel are different and is manifested in the interference colors produced in the microscope under crossed polars.  Birefringence of a crystal is the numerical difference between the maximum and the minimum indices of refraction. Interference colors are a function of birefringence and the thickness and orientation of a crystal.  In thin sections of known thickness the birefringence of a mineral can be estimated by the maximum interference color observed in that mineral and can aid in the identification of minerals.

I.  Look at one of the slides labeled BH-250-27 [6] (Baraboo) and BH56 [13] under crossed polars.  What is the highest interference color that you can see for the dominant mineral (quartz)? (You might look at a couple different slides.)  

i.  Assume that this slide is cut to standard thickness, 30 Microns. Use the Michel-Levy chart in your text (the one with the pretty rainbows of colors) to estimate the birefringence of quartz. What is the value you get? 

ii.  How does this value compare with the one listed in your text or Bloss or Kerr? 

iii. If you could identify quartz by other means so you were sure you were looking at it, how could you tell if a quartz-bearing thin section was too thick? 

II.  Quartz has low birefringence.  The next slide you will look at will contain a mineral of moderate birefringence.  Since uniaxial minerals of moderate birefringence are relatively rare, we will use a common biaxial mineral, Pyroxene.  Look at one of the slides labeled, BH-250-9 and locate a phenocryst that appears quite colorful under crossed polars.  Some of these phenocryst are pyroxenes (Ask your TA to Show you).  What are the highest interference colors you can find in Pyroxene?  What value of birefringence does this correspond to (assuming standard slide thickness)?

III.  Next, look at a slide labeled 88-A9 [11] (ask your TA to show you a Calcite grain.) Calcite is uniaxial mineral and in the thin sections under crossed polars it is the mineral that displays a whitish or pastel and almost iridescent interference color.  What do you think are the highest order interference colors in calcite?  What are the lowest?  What can you say about the magnitude of birefringence of Calcite? 

IV.  Look at calcite in plane polarized light (analyzer out).  Compare the relief of calcite to that of balsam as you rotate the stage.  What do you see?  What does this tell you about the birefringence of calcite?

Note: 88-A9 also contains

i.  Olivine

ii  Ludwigite

Check these two minerals in Kerr and see if you can identify them.

B.  Uniaxial interference figures 
When uniaxial minerals are viewed with the microscope in conoscopic configuration, interference figures are seen.  Interference figures consist of isogyres and isochromatic curves and are very helpful in determining the optic sign and the optic orientation of a mineral. 

Steps:


1.  Cross the nicols, and find a mineral with low birefringence.


2.  Focus the mineral using higher objective (40X).

3. Insert condensing lens (For conoscopic view)

4. Insert Bertrand lens or remove ocular.

I.  Following the above steps obtain an interference figures from BH-250-35 (quartz) perpendicular to C slides and Calcite BH-250-36 perpendicular to C slides.  (Take a picture of your figures and turn in to you TA or instructor.)

Note that there are two components to the uniaxial interference figure. 

They are the bands of extinction, the dark zones, called isogyres, and bands of equal colors, termed isochromatic curves.  Now rotate the stage.  If the crystal section is oriented perfectly perpendicular to the optic axis, the figure will remain stationary.  If the crystal is oriented at some angle to the optic axis, the interference figure will rotate with the stage. 



a.  Does your figure rotate as you rotate the stage?


b. What interference color do you observe when viewing the calcite in orthoscopic configuration?  

II.  Sketch the optic axis figure you see in the calcite section.  Be sure to show the number of alternating dark and light colored isochromatic curves you see and the orientation of the isogyres.

C. FINDING OPTIC AXIS FIGURES IN RANDOMLY ORIENTED MINERALS 

I.  In most rocks and minerals, the orientation of crystals will be random and you will have to search for one that is oriented properly so you can obtain an interference figure.  You will find oriented minerals but the chances are few.  Examine one of the Quartz thin sections BH-250-27.  Your goal here is to find a grain that will a yield uniaxial figure that is oriented perpendicular to the c-axis similar to BH-250-36.  What should you look for? 

II.  Sketch what you see. How many isochromatic curves are present?  How does this relate to what you know about the birefringence of quartz?

III. Next  examine one of the Calcite slides  88-C5 or 88-C9 and find a grain that yield uniaxial figure oriented perpendicular to the c-axis. What should you look for? Sketch what you see.

D. DETERMINATION OF OPTIC SIGN 
By convention, if n > n the mineral is optically positive and if n < n, it is negative. 

The accessory plate on your microscope is termed a mica plate.  Clear the microscope stage of any slide, insert the mica plate, and cross the polars.  You will see a first order red, a color sometimes referred to as the sensitive tint.  

The mica plate is oriented so that the fast direction, the lower n, lies along the axis of the plate and the slow direction, higher n, lies at a right angle to the long axis of the plate.  

Note that the plate is oriented at 45 degrees to the polars.

1. Sketch a uniaxial optic axis figure.   Show the orientation of the e-rays and the o-rays in this figure.  Explain qualitatively the color changes that occur in a positive optic axis figure when the mica plate is inserted.

2.  Examine the slides with oriented quartz BH-250-36, and calcite BH-250-35 and  determine the optic signs of these minerals using the mica plate.

3.  Next, go back to the thin section of quartz and calcite-rich rock, BH 250-27, and 88-C5.  Find grains that are oriented so you can determine optic sign.  Are your results consistent with what you saw in question 2 above?

4.  In the thin sections you will look at it is not always possible to find a perfectly or nearly perfectly oriented crystal.  The best optic axis figure you may find might be highly off-center so you can see only one arm of an isogyre.  In this case, how can you determine the optic sign?  Explain using appropriate sketches.

E. Uniaxial Flash Interference Figure 

In the previous pages of this lab you had the opportunity to examine the characteristics of the uniaxial optic axis interference figure and to determine some of the optical properties of Quartz, and Calcite two important uniaxial minerals that will be encountered in many rock types.  By  now you have seen quartz and calcite and you should start identifying these two minerals on your own in unfamiliar thin sections.  If you are still uncertain about these two minerals you may want to review their optical properties and look at the thin sections of these minerals that are in the lab.

Purpose: The purpose of this part of the lab is to introduce you to the characteristics and uses of the uniaxial flash interference figure and to also show you of additional uniaxial minerals with which you need to become familiar.

On sections of uniaxial minerals cut parallel to the c-axis an interference figure, termed the flash figure can be seen.  This figure, the optics of which are described in Bloss page 119, superficially resembles some of the biaxial interference figures you will see in the next lab.  However, the isogyres of the uniaxial figure move rapidly out of the field of view on rotation of the stage.  Hence the name "flash figure".

Four oriented slides are available for observing well centered flash figure, are labeled "Relief scale".  The beryl and apatite are cut parallel to the c-axis.  As they become available look at one from each of these two groups so you can answer  the questions  below.

I.  Sketch a uniaxial mineral cut // to c-axis.  Assume that it has good basal cleavage and is elongated along the c-axis.  Show the c-axis direction, the cleavage, and the vibration directions of the E- and O- rays on your sketch.

II.  Now take one of the oriented crystal slides and look at the flash figure.  Rotate the slide until the isogyres form a fuzzy cross-like figure centered on the cross-hairs.  Now rotate the slide and measure how many degrees are needed to carry the isogyres beyond the field of view.  Record the amount of rotation for both directions below.

_____________,   ______________

As you rotate the stage the isogyres move from their centered position into the quadrants into which the c-axis is being rotated.  Explain how you can use this knowledge of the orientation to determine the optic sign of the mineral.  ( Hint, Think of how you can use the mica plate to determine if n >  n or n < n).  Using this test, what is the optic sign of the apatite?

III.  If a uniaxial mineral is oriented // to the c-axis (i. e shows a centered flash figure) does it show minimum, intermediate, or maximum interference colors?  Why?

IV.  Look at the "Relief scale" slide.  Assure yourself that they are properly oriented to show centered flash figures.  What are the maximum interference seen over most of the beryl crystal?   The apatite crystal?

V.   Look at one of the slides of quartz-bearing rock BH-250-27 and see if you can find grains in the proper orientation to show a centered flash figure.  (hint:  are you looking for maximum, minimum, or intermediate interference color?) what do you find for the optic sign of quartz using the flash figure?

F.  Other common Uniaxial minerals  
Quartz and calcite, which you should now be able to identify on you own, are the most common rock forming minerals that are uniaxial.  There are a number of other uniaxial minerals of interest which may form accessory minerals in some of the common rock types and these are available for you to study . 

I.  Some of these --- 

apatite,  BH-250-37

brucite, BH-ask me to show you this one

beryl, 
BH-I am working on this

nepheline, BH-I am working on this

rutile, BH- I might have a thin-sections , ask me to show you)

tourmaline, BH-250-26

vesuvianite (idocrase).  I am working on this

Look at the above minerals if they are available and make a table of important characteristics.  Record only things you observe. 

II.  Look at slides of nepheline bearing rocks.  What is nepheline? Look up the optical characteristics of these minerals and see if you can identify them in these slides.  Look around at other minerals in these slides, do you see any other minerals that you can identify?  Is quartz present?  If not why do you think it might be missing?
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Biaxial Mineral OPTICS
Minerals that belong to the orthorhombic, monoclinic, and triclinic systems have two optic axes.  The biaxial indicatrix is a triaxial ellipsoid. The indices are designated ·n, 

n, and n where:  n< n, < n 

This lab includes:

A. Birefringence

B. Biaxial Interference Figures 
       i. Acute Bisectrix Figures
ii. Obtuse Bisectrix figures

C. Determination of 2V

D. Centered Optic axis Figures

E. Determination of Optic sign in Biaxial Minerals

F. Dispersion

G. Sign of elongation

H. Plechlorism
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In this lab you will learn to interpret biaxial interference figures and how they aid in mineral identification.

A.  Birefringence.

Birefringence in biaxial is defined as (Nz - Nx). What orientation of a biaxial crystal provides the least birefringence, the most, why?  Use sketches to help you here

[image: image8.wmf]QuickTime™ and a

GIF decompressor

are needed to see this picture.


B.  Interference Figures 

i.  Acute Bisectrix Figures (A. B. or Bxa)

Look at the muscovite flakes and interference

figure (INT. FIG) slides and examine the interference 

figure.  How many degrees of stage rotation are 

required (starting at extinction position) for the 

isogyres to leave the field of view or to be apart 

from each other?  Draw the interference figure you

 see for muscovite when the grain is oriented 45 

degrees off the extinction position.  

Show the location of the optic axes.

ii. Obtuse Bisectrix Figures (O. B. or Bxo) 
Next examine the Topaz slide BH-250-38a and 38b and note the degrees of rotation required for the isogyres to leave the field of view.  This two slides are cut one perpendicurla and one parallel to the C- axis.  Because one of them is Bxa and the other one Bxo.  Can you tell which one is which?

C.  Determination of 2V

The 2V is the acute angle between the two optic axes and can be measured either by the determining the distance between the isogyres at 45 degrees off extinction (Bxa figure) or by estimation of the curvature of the isogyres (centered optic axis figure).  When you see a Bxa figure from a mineral with a small 2V (less than about 60 degrees), the isogyres never leave the field of view of the microscope.  If the 2V is greater than 60 degrees, the isogyres will leave the field of view but require greater degrees of stage rotation for this to happen as compared to the Bxo figure.

i.  Using the oriented muscovite slides, estimate the 2v for each of this mineral.  Also, obtain a thin piece of muscovite from your T.A. and determine the 2V for muscovite.  

Are your values close to the values in the books?  Your estimation should be within ± 5  to ± 10 degrees.  If they are not, you should practice a little more on the 2V scale slide.  

ii.  Using the oriented aragonaite  slides BH-250-39, estimate the 2v for each of this mineral   Are your values close to the values in the books?  Your estimation should be within ± 5  to ± 10 degrees.  If they are not, you should practice a little more on the 2V scale slide.

iii.  Find a biotite grain that yields a Bxa figure (ask your T. A. to show you this mineral) or use a thin piece of biotite and obtain a figure.  What is the 2V of biotite?

D.  Centered Optic Axis Figures

Because the 2V of olivine is very high (>60), a Bxa figure will not help you in determining the 2V of this mineral.  However, the curvature of the isogyres method will enable you to determine the 2V (see handout).

1.  Estimate the 2V of olivine BH250-4 (Ask your TA to show you this mineral)  using the curvature of isogyres method.  Draw the interference figure you see at 45 degrees off extinction showing the location of the optic axis.

What is the maximum birefringence of olivine?  

What is the interference color observed for the grain you measured the 2V on?  Is it the highest, an intermediate, or lowest interference color observed for olivine?

E. Determination of Optic Sign in biaxial minerals.

Optic sign determination in biaxial minerals is more complex than in uniaxial because the sign is determined using the Bxa (a Bxo will give you the opposite sign).  In an optically positive mineral the Bxa is about the Z axis and in optically negative minerals, it is about the X axis.  What happens to the optic sign when 2V of a positive crystal exceeds 90 degrees?

1.   Look at the oriented slide of muscovite and determine the optic sign of the mineral. 

2. Look at the oriented slide of topaz BH-250-38a and 38b and determine the optic sign of the mineral.

3..  Determine the optic sign of Biotite.  (look for a Biotite that is cut perpendicular to the C-Axis)  

4. Determine the optic sign of aragonite

5.  Determine the optic sign of olivine. 

6. Sketch a Bxa figure for a biaxial positive mineral showing the direction of the X, Y and Z rays.  Explain qualitatively the color changes that occur when the mica plate is inserted.  Do the same for a biaxial negative mineral.

F.  Dispersion 
Dispersion is a useful diagnostic property for studying biaxial minerals (Both Kerr and Phillips describe the effects of dispersion on optic axis figures in biaxial minerals). 

1.  Examine a flake of  Muscovite and look at the interference figure it provides, notice the fringes on the isogyres.  To what crystal system could it belong, how can you tell? (just infer, the figures on these microscopes are probably not good enough for accurate dispersion work). 

2.  Examine a grain of Titanaugite (BH53 [7] or ask your TA to find one for you).  Titanoaugite shows strong dispersion of the optic axes r >> v.  Note that the grain never entirely goes extinct.

G.  Sign of Elongation.

Crystals with a prismatic, acicular or elongate habit can be used for sign of elongation.  It is a useful diagnostic property especially in the Amphiboles and Pyroxenes.  To take a sign of elongation orient the long axis of the crystal in question NE-SW and insert the accessory plate.  The colors will either add or subtract.  It is commonly expressed as Length-fast (Negative Elongation) or Length-slow (Positive Elongation).  Examine a slide containing Tremolite  and a slide containing Hornblende  and determine the sign of elongation for each mineral.  

H.  Pleochroism

1.  Look at the glaucophane slide BH250-7.  The pleochroic formula for glaucophane is: X=colorless, Y=pale violet, Z=deep blue.  Knowing that glaucophane is a negative mineral, what two colors would you look for if you were trying to find a grain properly oriented  to give you a Bxa figure?  For a Bxo?  For a flash figure?  And for a centered optic axis figure? Look at the slide to see if you are correct.

What is the 2V for glaucophane?

2.  Look at a slide containing biotite BH-250-14 .  Look up the pleochroic formula and see if you can determine the orientation of individual grains like you did in #1.  (This one's just for practice)

3.  Look at the slides of biotite, glaucophane, olivine, and hornblende.  Look at these minerals and make a table of important characteristics.  Record only things you observe.

	
	Date 

	Thin-section # 
	

	Lab #
	

	
	

	Using Plane polarized light determine the following Optical properties (analyzer out)

	
	

	Grain shape, Crystal habit, Aggregates
	

	Relief
	

	Color 
	

	Pleochorism (if present)
	X=

	
	Y=

	
	Z=

	Cleavage(s), angle between cleavages, 
	

	degree of development
	

	
	

	Using crossed polars (analyzer in)
	

	Maximum birefringence 
	

	Elongation
	

	Twinning
	

	Extinction angle
	

	
	

	Using Conoscopic view
	

	
	

	Uniaxial or Biaxial
	

	Optic sign
	

	2V (estimation)
	

	Dispersion of optic axis
	

	
	

	Mineral name
	

	Symmetry
	

	Chmical composition (formula)
	

	
	

	Please, include; Sketchs, comments, alterations, and your own way of identifying the mineral

	
	

	
	


Geology 250 Mineralogy

Laboratory # 9

Optics of some common rock forming minerals


Purpose
In this lab you will be introduced to some of the properties of the feldspars, olivines, pyroxenes, amphiboles, and many other common rock forming minerals.  It is important that you gain some knowledge of these mineral groups as they are, by far, the most abundant minerals in crustal rocks. 

Feldspars:
As you have learned in lecture, the feldspars (ignoring the rare barium feldspars) occur in two solid solution series.  One series, the alkali feldspars, have compositions lying between NaAlSi308 (Ab) and KAl Si3O8 (Or).  The other series, the plagioclase feldspars, have compositions between NaAlSi308 (Ab) and CaAl2Si2O8 (An).  Where Ab, Or, and An are the abbreviations for albite, orthoclase, and anorthite.  In addition to variations in composition of the feldspars there are variations in the structural state of the feldspars.  On one extreme are the "high" temperature feldspars which crystallized from magma and are preserved in rapidly quenched volcanic rocks.  High-albite and high-sanidine are the end members of the "high" alkali feldspar series, while high-albite and high-anorthite are the end members of the "high" plagioclase series.  At the low temperature end we have the "low" feldspars that form under diagenetic or low temperature metamorphic conditions.  These include the low-albite-microcline end members of the alkali feldspars and the low-albite-low-anorthite end members of the plagioclase series.  Intermediate temperature variants also exist.  It is these variations in chemical composition and structural state that create complexities in the optical properties of the feldspars.

But, while complexities exist, there are some unifying  properties of the feldspars, which you will see as you look at the thin sections in this lab.  In general the feldspars have low birefringence, two good cleavages (001 and 010), low to moderate relief with respect to quartz and balsam (some are positive and some negative with respect to balsam), high 2V (with a few important exceptions), and often simple to complex twinning.  Thus with a little practice you will be able to identify the major "species" which are introduced in this lab.

A  Alkali Feldspars
1. SANIDINE  (K, Na)AlSi3O8  BH-250-15 
Sanidine is a common constituent of silicic, potassium-rich volcanic rocks.  It is a high temperature form of Orthoclase.  It shows the feldspar cleavage {001} perfect and {010} distinct, intersecting at 90°, has R.I. values (1.52-1.53), low 2V (0-12o), maximum extinction angle 5° to {001} cleavages and simple, non-lamellar Carlsbad twinning (or it may be untwinned).  

2. ORTHOCLASE  (K,Na)AlSi3O8  (BH-250-13)
Orthoclase is a common potassium feldspar in silicic plutonic and high grade metamorphic rocks and is also present in detrital sedimentary rocks.  It lacks the lamellar albite twinning of plagioclase and the grid twinning of microcline, having instead the simple twinning like sanidine.  Its 2V is higher than sanidine and unlike the clear sanidine crystals orthoclase is often clouded by clay and other alteration products. 


Look at the orthoclase in the orthoclase slides (all granitic rocks) and become familiar with this feldspar.

3. MICROCLINE (K,Na)AlSi3O8 (BH-250-13)
Microcline is a K-feldspar that displays "grid" or "tartan" twinning or double set of polysynthetic twins.  Microcline is common in silicic plutonic and high grade metamorphic rocks.  Its composition lies between sanidine and albite and it is twinned by albite and pericline twin laws.  Re-examine leucite slides and see how the twinning in microcline is different from that of leucite?

4.  PERTHITE
Perthite is an intergrowth of albite in a host of orthoclase or microcline.  It can apparently form either by replacement or exsolution.  If the perthitic structure is only visible with a microscope it is termed microperthite.  If the structure is finer than can be resolved with a microscope it is termed cryptoperthite.  An intergrowth of orthoclase or microcline in plagioclase is termed antiperthite.

B. PLAGIOCLASE FELDSPAR  
(BH-250-6)
The plagioclase feldspars form the solid solution series albite, oligoclase, andesine, labradorite, bytwonite, anorthite.  They characteristically show lamellar twinning which follows the albite twin law (this twinning is responsible for the striations on plagioclase that you may have seen in hand samples).  Under crossed polars this twinning appears as narrow, parallel bands of alternating darker and lighter gray interference colors.  On the flat microscope stage the extinction angles of these albite twins can be used to roughly estimate the plagioclase composition.  You will use the Michel-Levy technique, a relatively easy, efficient method, to find the composition (see Kerr page 294-5).  Use it on one of the thin sections, and try to find at least 2 valid measurements.  Be sure to include all your measurements (even the ones you'd rather not).  Use relief indications if your measurement falls in the ambiguous 0-20 degree range.

Plagioclase Feldspars:

Plagioclase feldspars are common minerals in some igneous rocks such as basalt and granite.  They form the solid solution series, albite, oligoclase, andesine, labradorite, bytownite and anorthite.  One of the characteristic optical property that these minerals show lamellar twinning which follows the albite twin law.  It is always difficult to find the end members of the series, most of the time what you find is solid solution that contains certain amount Na and Ca .  Albite is common to find but anorthite is not a common mineral.  The albite twinning is used to estimate the percentage of Na and Ca in the plagioclase, and there are two methods that you will learn in this lab. 

Michel-lévy method.  

Find a plagioclase that shows albite twinning on 010 section.  You can recognize these sections by the fact that they show uniformly illumination of all lamellae when parallel to the vibration planes of the polars, and the equality of extinction angles for twin sets rotated to the left and right.

When using Michel-lévy method six to eight measurements will be needed for each feldspar, and a difference between Left and Right angle measurements in the order of 6° is allowable.  If the average angle is less than 20° then you have to know the refractive index of the plagioclase with respect to the balsam.  If the plagioclase has a lower refractive index use the smaller curve on page 295 in Kerr, and if the balsam has higher refractive index use the large curve to estimate the composition of the plagioclase.

Wright method
The Wright method can be used in a case where a single crystal displays both Carlsbad and albite types of twinning.  Here four possible extinction positions can be studied and from one crystal you can estimate the plagioclase composition.  Page 293-297 in Kerr provides an explanation of this method, as well as some discussion.  Please, read these pages.
The compositions that you are going to find using the above two methods are just approximations, to find the exact composition of the feldspar it useful to use other techniques such as electron microprobe. 

C.  OLIVINES AND PYROXENES

Olivines ( [Mg,Fe]2SiO4 ). BH-250-4, BH250-17, (BH-250-Alta Stock??)
The olivine group consists of two end members, forsterite (Mg2SiO4) and fayalite (Fe2SiO4), and the intermediate isomorphous mixture, olivine ([Mg,Fe]2SiO4 ).  Olivines are fairly distinctive optically throughout their compositional variation.  Minerals of these group are characterized by rather high  refractive indices and strong birefringence. 

Examine at least 5-6 slides of the olivine slides and  try to identify the minerals and list the optical properties that you observe in olivine:  Also make sure that you are examining Forsterite, Fayalite or olivine ([Mg,Fe]2SiO4 ) use your books to tell the difference among these minerals. 

Olivines have isolated SiO4 groups in and structure and so are known as Nesosilicates.  Olivine is exceedingly abundant as a rock-forming mineral in subsilicic igneous rocks.  Forsterite is found in limestone of contact metamorphic zones.  Fayalite is found in granite pegmatite, and in rhyolitic obsidians.  

Examine the olivine slides and answer the following questions.

1.  List 5 optical properties that you observe in olivines.


a.


b.


c.


d.


e.

2.  How can you tell Fayalite from Forsterite?

D.  Inosilicates:

Two of the very large and important families of rock-forming minerals-the pyroxenes and amphiboles-constitute the bulk of the inosilicate group.  Members of this group are often called Chain silicates because the silicate tetrahedral are linked so as to form one-dimensionally "infinite' chains; that is the chains extend along one crystallographic direction without interruption throughout an entire crystal.  The morphological result is that crystals tend to be elongated along the direction of the chains, which in all of them has been designated the c axis. 

There are two types of chain silicates; these are single chains and double chains as shown in figure--.  All of the double-chain silicates belong to the amphibole group and the single chain belong to the pyroxene group. 

Pyroxenes  BH-250-9, BH-250-6, BH-250-
Pyroxenes are divided into two groups based on the system in which they crystallize. 

Pyroxenes belong to the chain-structure group of silicates.  There are about 11 minerals that belong to the pyroxene group. These are divided in to two subgroups, the ortho-pyroxenes (OPX), and clino-pyroxenes (CPX). Those that are monoclinic are called Clinopyroxenes (CPX) and those that are orthorhombic, Orthopyroxenes (OPX).  Orthopyroxenes (OPX)  are a solid solution series of minerals with the general formula (Mg,Fe)SiO3.  Clinopyroxenes (CPX) are more complex and are of the form XYZ2O6 where most commonly X= (Ca, Na), Y= (Mg, Fe, Al), and Z= (Si, Al).   Although they can appear similar looking,  the OPX's and CPX's have optical properties which makes them distinguishable. 

Pyroxenes have two sets of cleavages that intersect at about 89o   you may not see these two cleavages but you will see at least one in most sections. 

Pyroxenes are prominent constituents of igneous rocks and metamorphic rocks.  

One important optical property in telling OPX from CPX is extinction angle. 

CPX's have extinction angle that ranges from 6o  to 50o on the (010).

OPX's have parallel extinction in most sections.

Comparison of Olivines and Pyroxenes. 

Examine these minerals in plane polarized light.  Write down the significant differences in the properties of these two mineral groups.  Pay attention to relief, cleavage, color, extinction angle, 2V, birefringence, texture and anything else you observe.  Some slides contains both olivine and pyroxene for close comparison.  Examine these slides carefully and list as many ways as possible in which you can tell these two minerals from each other. 

Clinopyroxenes (CPX) vs  Orthopyroxenes (OPX) 

Distinguishing OPX and CPX is best accomplished by using 2V and extinction angle.  Explain how you would choose a grain appropriate for measuring extinction angle (your book will help here). 

There are many slides that show good euhedral pyroxenes, look at these minerals and become familiar with their appearance in thin sections.  While looking at these slides be sure to note other types of minerals present, many of which you should be familiar with.

A.  Find a slide that shows good Euhederal pyroxene (OPX or CPX) and draw the following sketche of the pyroxene you observe.


i.     Perpendicular to the C-axis.


ii.    Label the principal optic directions in each of the above views.


iii.   Show  the angle between cleavages.


iv.   Show  the angle between optic directions.


v.    Give Miller indices for all cleavages and crystal faces shown.

The handout could be helpful.  Refer your book for more information.

E.  Amphiboles:  BH250-8, BH250-24, BH-250-23, BH250-


The amphiboles, like the pyroxenes, are chain silicates.  But in amphiboles a double chain, rather than a single chain, of silica tetrahedran form the basic structural unit.  The cleavage planes that break across the edges of these wider double chains intersect at angles of 56 and 124 degrees.  This characteristic amphibole cleavage shows up well in thin sections.  They are also a complex group of Na Ca, Mg, Fe, Al, silicates and have a general formula that is expressed as follows:


W0 -1X2-3 Y5 Z8 O 22( OH)

Where


W= Na


X= Ca, Na, K, Mn,   


Y= Mg, Fe+2, Fe+3, Al, Ti, Mn, Cr, Li, Zn, 


Z= Si, Al, 

In addition the (OH)- ion can be replaced by F-, Cl-, and sometimes O-2 

The amphiboles can be placed into three main subgroups based on Na and Ca content as follows:


a).  Anthophyllite-cummingtonite subgroup (Ca + Na = 0 approx.)


b). Calcium amphibole subgroup (Ca >> Na)


c)  Alkali amphibole subgroup (Na << Ca)

When distinguishing the amphiboles from the pyroxenes in thin section keep the following in mind:

a).  Amphiboles have cleavage planes at 56 and 124 degrees.

b).  Amphibole crystals tend to be long and narrow while pyroxene crystals tend to be short and stubby.

c).  Amphiboles are often strongly colored in contrast to generally weakly colored pyroxenes.

d).  In the monoclinic amphiboles the extinction angle is generally 10-20o while in the monoclinic pyroxenes it is generally 30 - 50o.

A.  Common Hornblende   BH-250-8

hornblende is the commonest of amphiboles and is present in volcanic rocks, plutonic rocks, medium grades metamorphic rocks, and detrital sedimentary rocks.  A number of mineral end-member are included under the umbrella term "hornblende".  This mineral is distinguished by its light to darker green ( and sometimes brown) colors, low to moderate extinction angles, and variable, but generally high 2V (negative).  Actinolite (in the Tremolite- Ferroactinolite series ) is similar but mostly of paler shades of green.

A number of slides show good example of hornblende in various types of rocks.  Look at these slides and become familiar with the appearance of this mineral in thin sections.  While you are looking at these slides be sure to note the other types of minerals present, many of which you are now familiar with.  

Many slides show good Euhederal hornblende.  Draw the following three sketches of this hornblende as you observe it in this slide. 


a).  Perpendicular to c-axis.  (as best as you can find)


b).  Centered Bxa.


Label the principal optic directions in each of these views, label their color, show the angle between cleavages and between optic directions and cleavages and finally give Miller indices for all cleavages and crystal faces shown.  


Next, pick one of these slides and work out the optical properties of the hornblende in detail.  


a)  2V, 


b)  Extinction angle 


c)  Pleochroic formula (i.e., colors of the three optic directions).


d)  Birefringence


d)  Sign of elongation


f)  Cleavage angles

Explain what sections you used to determine the pleochroic formula and tell what section you used to measure extinction angles. 

Basaltic hornblende.  
Basaltic hornblende (also termed as Oxyhornblende) seems no more than oxidized common hornblende produced either naturally in volcanic rocks, or by artificial heating.  It may represent virtually any hornblende composition where appreciable Fe+2 has been oxidized to Fe+3 with accompanying replacement of O2- for (OH)-.  Slide 83 shows basaltic hornblende, look at this mineral and other minerals on the slide and answer the following questions:


a).  What property of the basaltic hornblende best indicates it is an amphibole?


b).  What color do you see for the X vibration direction (i.e alpha).

C.  Tremolite.  BH250-31
In the tremolite slides, tremolite is the colorless mineral with second order interference colors.  Look at this slide and answer the following :

a).  What is the 2V and extinction angle of tremolite in this slides?

b).  what kind of rock is this  (Igneous, metamorphic or sedimentary)?  your answer may vary with the slides that you are examining.

D.  Glaucophane.   BH250-23
Glaucophane is a distinctive blue amphibole that occurs in low temperature, high pressure metamorphic rocks of the blue schist facies.  Look at the glaucophane slides and become familiar with this mineral.  In addition look at the other minerals in these slides, many of which are characteristic of blue schist rocks. 

a).  Is glaucophane length fast or length slow?

b).  What is the color of the fast ray in sections that show maximum extinction angles?

E.  Anthophyllite BH250-
There are five slides labeled " Anthophyllite ". They are all cut from the same rock.  Look at one of these slides and answer the following:

a)  What are the maximum interference colors, extinction angle, 2V and pleochroic formula for the anthophyllite?

b).  What other minerals are abundant in this slides?

c).  What minor minerals can you identify in this slides?

F.  Micas and others

Introduction.

Micas are a diverse mineral group of wide geologic occurrence, but  they are unified by certain common structure characteristics.  They are sheet structures, in which each silica tetrahedron shares the oxygen ions of one of its triangular bases with other tetrahedra.

Muscovite, biotite, talc, chlorite, and serpentine are representative of the large and complex group of sheet silicates, with muscovite and biotite belonging to the mica subgroup of the sheet silicates.  This gives them their excellent and characteristic cleavage.  Muscovite is characteristic of metamorphic rocks but is found in all igneous and detrital sedimentary rocks as well.  Biotite is common in all the above rock types.  Talc, chlorite, and serpentine are common in metamorphic rocks (low grade) and may be found as alteration products in igneous rocks.  I will  give you a handout that discusses the different micas.

Muscovite BH-250-14, BH250-20

Biotite  BH-250-26

Talc
BH250-5

Epidote  BH250-28

Minerals of the epidote group of which epidote is the most common member, are complex Ca- Al silicates.  Epidote is a common primary constituent of low grade, regional metamorphic rocks and of metamorphosed carbonate rocks.  In igneous rocks it occurs in granular aggregates calcium-rich plagioclase or calcic mafic minerals.  It also occur as veins or segregation of almost pure epidote in metamorphic or plutonic rocks.  

Sphene:
CaTiSiO4 (OH, F)


Sphene is a relatively easy mineral to identify because it commonly forms diamond-shaped crystals of very high relief having a brown or red-brown color.  The crystals are pleochroic and simple twinning is common

Sillimanite, 
BH-250-1 and BH250-10

Andalusite, 
BH250-40

Kyanite
BH250-30

Sillimanite, andalusite, and kyanite are the aluminosilicate polymorphs.  Kyanite and sillimanite occur in high grade gneiss and schist.  Andalusite is characteristically found in contact metamorphosed shale and low grade schist.

Staurolite
BH-250-26, BH250-20, BH-250

Staruolite is an iron rich alumina silicate.  It is a mineral of metamorphic rocks and occur in schist, slates and gneiss where it can be associated with garnet, kyanite, and tourmaline.

Rutile
  

Rutile is a widely distributed accessory mineral in various metamorphic and igneous rocks.  It also occurs as a detrital mineral.  Commonly assoicted with sphen.

Some good questions that will help you learn minerals that might look alike:

When you look at a new mineral you should be thinking of ways you can differentiate it from other minerals you know that may have somewhat similar optical properties.  To help you thinking along this here are a few questions to answer. 

1.  What would be a possible way to distinguish muscovite from talc in thin section?  Consider characteristic growth habits as well as optical properties.

2.  If the talc and/or muscovite in your slide was too fine grained to determine optical properties, would it be helpful to have the hand specimen?  Why.

3  Biotite can sometimes show green rather brown colors.  How would you differentiate such biotite from chlorite?

4.  Both chlorite and serpentine can occur as fine grained aggregates replacing pre-existing minerals.  What might be the best way to distinguish between the two in such a situation?   Be sure to look at the appropriate Tables (or  better yet, the slides to refresh your memory about these two similar minerals).

5.  At  first glance epidote might resemble a clinopyroxene.  What are the three ways to distinguish between these minerals?

6.   Stauralite is a fairly distinctive mineral with its golden yellow to colorless pleochroism, straight extinction, high relief, and moderate birefringence.  It does, however, bear some resemblance to iron-rich olivine.  What are two good ways to differentiate the two minerals.

7.   In the slides of andalusite most of the crystals have their  Z- axis perpendicular to the slide and are suggestive of enstatite.  In such an orientation how can you convince yourself that this is andalusite?  In what rock type is andalusite growing?    

8.  How can you differentiate kyanite from andalusite?  and from sillimanite?

9.  List all the other minerals that you can identify in the thin-sections of Kyanite.   

10.  List all the other minerals that you can identify in the thin-sections of Sillimanite.   

11.  Examine the slides of Coridierite.  How can you distinguish cordierite from quartz?

12.  Examine the slides of Chondrodite and Humite.  How can you tell these minerals from Olivines?

Mineralogy
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Review sheet 

Light waves are transverse waves that vibrate perpendicular to the line of propagation.

v = lf, where v = velocity; l = wavelength; f = frequency

Light waves may interfere constructively or destructively.

Monochromoatic light is light of a single wavelength.  Polychromatic light (white light) contains many wavelengths.  For our purposes light is measured in millimicrons (or nanometers).  One nanometer is 10-9 m.

The refractive index of a substance is defined as the velocity of light in a vacuum (v) divided by the velocity of light in the substance (V); n = v/V.  When light travels from one medium to another it is bent, according to Snell's Law, which states:

 EQ \f(n2,n1)    =  EQ \f(sin i, sin r)   , where i and r are the angles of incidence

(measured from the normal) and of refraction (measured from the normal), respectively.  In passing from a medium of lower index to a medium of higher index, a light ray is bent toward the normal.

Plane polarized light is light constrained to vibrate in a single plane.  The polarizer of a microscope provides plane polarized light with which to view minerals.  The analyzer of a microscope is second polarizing plate set in the optical column at right angles to the first; consequently, when the polarizers are crossed, no light passes through the optical column.

Relief is the degree of visibility of a transparent particle in a medium under the microscope.  Commonly mounting media for thin sections have n near 1.54, so we measure relief with respect to this value.  We express relief quantitatively as low, moderate, high, and extreme.

The Becke Line is a thin bright line of light at the interface between a mineral fragment and an immersion medium.  As the distance between the objective and the fragment is increased, the Becke Line moves into the medium with the higher refractive index.

Dispersion is a term that refers to variation of refractive index with wavelength.

In anisotropic media, the birefringence is defined as the difference between the largest and smallest refractive indices. d = (n2-n1)

This difference gives rise to a lag of one ray compared to the other, depending on the thickness of the section, and this lag is spoken of as retardation, D.  D = t (n2-n1) = t d.  Retardation is measured in millimicrons, and is manifested by interference colors.  The interference color sequence is divided into orders (first, second, third, etc.) at 550mm intervals.  Remember that the first order has no blue, and higher orders have no white.  "High-order" white is distinct, and you should now be able to recognize (and describe) it.

Isotropic substances:  Liquids (most), gases, isometric minerals, glasses.

Light moves with the same velocity in all directions through isotropic media.  They are characterized by a single refractive index, n.  Under crossed polarizers, no light is transmitted.  If colored, they are characterized by a single color only (not pleochroic).  Identification depends on observation of relief, hence n; crystal shape; color; cleavage; associated minerals.

Isotropic minerals and mineraloids that you should know:  Volcanic glass, fluorite, sodalite, analcime, hauyne, garnet, spinel, chromote, perovskite.  Leucite is often considered isotropic, although it is weakly anisotropic.

Anisotropic substances:  Those substances that transmit light with different velocities in different directions, and include all substances that crystallize in systems other than the isometric system.

Uniaxial substances are those that crystallize in the tetragonal and hexagonal systems.  They are characterized by having two principal refractive indices, ne, and nw and a single optic axis.  Vibration directions and refractive indices can be sketched out as an indicatrix, and ellipsoid of rotation, constructed by placing ne on the y-axis, and nw on the x-axis, computing intermediate values between ne and nw rotating the resulting curve through 360o.  For positive crystals, the ellipsoid is prolate (ne>nw); for negative crystals, the ellipsoid is oblate (nw>ne).

In convergent light, a centered optic axis figure is obtained on sections that appear isotropic under crossed polarizers; these are sections cut normal to the c-axis of the crystal.  On insertion of the accessory plate (550mm), colors rise in the NE quadrant if the mineral is positive, but fall in the NE quadrant if the mineral is negative.

In sections parallel to the optic axis (that is cut so that the optic axis lies in the plane of the section), flash figures are obtained.  These are useful for determining optic sign, as the c-axis lies in the two quadrants where the figure exits the field on rotation.  It is a simple matter to determine whether the c-axis is fast (negative) or slow (positive).

Important uniaxial minerals that you should know are:

Positive--Quartz, brucite, zircon, rutile

Negative--Calcite, dolomite, nepheline, beryl, tourmaline, idocrase (vesuvianite)

In addition to relief; crystal shape; color; cleavage; and associated miners, uniaxial minerals are characterized by their optic sign, birefringence, pleochroism, and sign of elongation.  Careful with this last one.

Biaxial Substances

Biaxial substances are those characterized by three refractive indices, and two privileged directions of transmission of light through the crystals--that is, two optic axes.  The three refractive indices, na, nb, and ng are associated with three principal optic directions, X, Y and Z.  The acute angle between the optic axes is referred to as 2V; the bisector of this acute angle is called the acute bisectrix (Bxa); the bisector of the obtuse angle between the optic axes is termed the obtuse bisectrix (Bxo).  By definition, if Z is the Bxa, the mineral is positive; if X is the Bxa, the mineral is negative.  At right angles to the optic axes are two 'circular sections' in which the refractive index is nb.  This leads to another definition of optic sign:

for positive crystals
(nb - na) < (ng - nb)

for negative crystals
(nb - na) > (ng - nb)

In addition to relief, crystal shape, color, cleavage, associated minerals, optic sign, birefringence, pleochroism, and sign of elongation, biaxial minerals are also characterized by their extinction angles and 2V.

Interference figures on biaxial crystals are of many kinds.  The most useful are:

1.
Centered optic axis figures, obtained on sections of lowest birefringence

2.
Centered Bxa figures, obtained on sections of low to intermediate partial birefringence

For these two sorts of figures, you should be able to estimate 2V, measure optic sign, and relate the optical directions to the crystallographic directions.  You should also be able to label; isogyres, isochromes, melatopes, and optic normal.  For optic axis dispersion, you should know where the color fringes appear on the isogyres.

Given the three principal refractive indices, you should also be able to estimate 2V.

Law of Biot-Fresnel.  This allows you to sketch an interference figure given the position of optic axes within (or even outside of) the microscope field.

Optics of some common minerals:
1.
Feldspars:  Divided into alkali feldspars and plagioclase feldspars.  All feldspars have rather low birefringence (usually show gray and white interference colors).  All except the calcic plagioclases have low relief.


Alkali feldspars:
All of negative sign, all with n's less than mounting medium Sanidine (volcanic and metamorphic) small 2V

Orthoclase (plutonic, metamorphic) moderately large 2V, simple twins

Microcline (plutonic, metamorphic) "cross-hatch" twinning, large 2V

Anorthoclase (mainly volcanic) may have "cross-hatch" twinning, moderate 2V (45-55o)


Plagioclase feldspars:   Albite to anorthite, internally divided on basis of An content, named albite, oligoclase, andesine labradorite, bytownite, and anorthite as An content increases.  An content readily estimated by using the Michel-Levy method (What features of a section are necessary for this method to work?).  Optic sign positive or negative.  For plagioclases <An20 at lease one n< mounting medium; all others above.  2V large (75-90o).

2.
Olivines:   forsterite (Mg2SiO4)-fayalite (Fe2SiO4), orthorhobmic minerals.  In many common examples, 2V is very high (sign change from positive Fo100-87 to negative Fo86-0); 2V decreases as iron content increases in negative olivines.  Birefringence high (~0.04), yielding highest interference colors in high second order or low third order.  Often in euhedral crystals in basic volcanic rocks; forsterite mainly in marbles; fayalite in rhyolites and metamorphosed iron-rich rocks.  Crystals normally quite clear except around edges where they may contain oxide inclusions, and appear dark.  Surface alteration to iddingsite common; in periodotites, alteration to serpentine is common.
3.
Pyroxenes:  Three series--orthorhomic (enstatite, hypersthene), monoclinic calcic pyroxenes (diopside, hedenbergite, augite, pigeonite), and sodic pyroxenes.  Orthorhombic pyroxenes calcium-poor.  Alkaline varieties (aegirine-augite, aegirine), strongly colored, pleochroic in vivid greens, yellows, and sometimes yellow browns; aegirine with small extinction angle.

Hypersthene pleochroic in subdued colors (pink-green most easily seen), parallel extinction in [001] zone sections, also of negative sign birefringence rather low for pyroxene (~0.013), giving high first order colors at maximum; 2V large (~70-80o).  Length slow (distinguishes from andalusite).

Calcic pyroxenes all of positive optic sign; extinction angles large (~35-45o); 2V decreases with decreasing Ca content (~60o in diopside to <10o in some pigeonites).  Cleavage of all is good, with near right angle between two sets (110).  Common minerals in basic to acidic volcanic and plutonic rocks and in peridotites; essential component of basalt; also in marbles, metamorphic rocks.  Birefringence ~0.20-0.03, yielding maximum interference colors in second order; highest in diopside (CaMgSi2O6), lowest in hedenbergite (CaFeSi2O6).

Jadeite (NaAlSi2O6) is rather uncommon, a blueschist facies mineral; birefringence lower than other pyroxenes except hypersthene, but extinction angle large (~35o).

Wollastonite (CaSiO3) is a pyroxenoid, that is, pyroxene-like, but with silica tetrahedra twisted in the chains.  Unlike most pyroxenes it is optically negative, and has almost parallel extinction in elongate sections.  Note that the optic axial plane lies across the length of crystals, rather than along it, which is the case for most amphiboles.  Also the 2V of wollastonite (~40o) is less than that of most amphiboles.  The birefringence (~0.014) is also lower than that of most pyroxenes.

4.
Amphiboles:  As a group of quite distinct from pyroxenes in cleavage (60o^120o), sign (nearly all are negative), birefringence (higher in most), and 2V (>60o in most); and smaller extinction angels (commonly 10-20o); many are strongly colored.

Orthorhombic amphiboles are anthophyllite-gedrite.  Birefringence in these only moderate (.015-.025); extinction parallel in [001] zone sections.  2V large (>70o). Anthophyllite is a metamorphic mineral commonly associated with cordierite in gneisses; also in schists, and associated with talc in metamorphosed ultrabasic rocks.

Other common amphiboles monoclinic with general features noted above.

Color helps in these minerals:

Colorless, or weakly colored; cummingtonite or tremolite (usually yellow-brown in cummingtonite).

Green, blue-green, brown, yellow green: actinolite, hornblende, or grunerite

Pleochroic in yellow, brown, red brown:  basaltic hornblende kaersutite, barkevikite

These are widespread minerals.  Tremolite (with talk, serpentine) and actinolite (with chlorite, epidote) only in metamorphic rocks; hornblende in both metamorphic and igneous rocks; kaersutite, basaltic hornblende, and barkevikite only igneous rocks.  Cummingtonite mainly in metamorphic rocks, but occurs also in some rhyolites.

Alkali amphiboles are uncommon; when they occur they are given away by peculiar pleochroism in nearly all cases-- glaucophane (yellow-lavender-blue), riebeckite (blue-indigo-green), richterite (yellow-orange-red), arfvedsonite (blue-green-brown-yellow green) and so on.  Glaucophane is a characteristic blueschist mineral, commonly associated with lawsonite. Riebeckite also occurs in metamorphic rocks, but is more characteristic of alkaline igneous rocks, as are the other alkali amphiboles.

5.
Sheet silicates:  A large group, negative optic sign with a single perfect cleavage, but easily divisible on the basis of color and birefringence.

Colorless ones:  (all but phlogopite and muscovite metamorphic only)

Phlogopite:
birefringence high, 2V small (0-15o)

Muscovite:
birefringence high (0.04-0.05), 2V moderate (30-45o)

Paragonite:
birefringence high (0.03-0.04), 2V moderate (0-40o), not distinguishable from muscovite with certainty optically.

Pyrophyllite:
birefringence high (~0.05), 2V (55-60o)

Talc:
birefringence high (~0.05), 2V (0-30o)

Margarite:
(also other brittle micas) birefringence rather low (~0.013); 2V for margarite 40-60o; for other brittle micas, may be lower.

Chlorite:
birefringence low, 2V small when obtainable; anomalous colors in many varieties.

Serpentine:
birefringence low, 2V unobtainable; sometimes pale green, not pleochroic.
Green ones:  (igneous and metamorphic)

Biotite:
birefringence high (>0.04), 2V small (0-20o), pleochroism strong

Chlorite:
birefringence low (usually < 0.015), 2V variable; pleochroism weak

Yellow-brown ones:  (igneous and metamorphic)

Phlogopite:
birefringence high, 2V small (0-15o), pale colored, but pleochroic.

Biotite:
birefringence high, 2V small (0-15o), pleochroism strong

Stilpnomelane:
birefringence high, 2V small (0-5o), 2nd cleavage, deep color, no bird's eye maple effect.

6.
Epidote:  Optically negative, 2V large (70-90o), slightly pleochroic green-yellow, elongate sections with parallel extinction, moderate to high birefringence--low second order to third order colors often in granual aggregates giving "stained-glass window" appearance.  Late igneous, but primarily metamorphic mineral of greenschists.

Iron-free epidote is clinozoisite; 2V as for epidote, but optically positive; colorless; sometimes with anomalous colors;

7.
Aluminosilicates:

Andalusite:
2V large (~85o), negative; length fast; birefringence low (~0.010) maximum colors in middle first order; X = pink, Y = green.

Kyanite:
2V large (~80o), negative; length slow, but with 30o extinction angle; birefringence low (~0.015), maximum in high first order.

Sillimanite:
2V small (20-30o), positive, length slow, birefringence moderate (~0.02) one good cleavage, often fibrous.

8.
Cordierite:  Relief low, it looks like quartz, birefringence low, like quartz 2V 40-80o, usually negative in sign, but sometimes positive.  Sometimes twinned with lamellar twins similar to albite, and when this is the case, may be very difficult to distinguish from plagioclase, but cleavage is better in the feldspars.  Often has pale yellow pleochroic spots around inclusions, and commonly has a dusting of opaque particles.  Metamorphic only, commonly with sillimanite.

9.
Sphene:  A common accessory mineral in both metamorphic and igneous rocks (volcanic and plutonic).  Extreme relief, cleavage good, extreme birefringence, 2V normally around 35-40o, positive, dispersion extreme.  In igneous rocks, commonly in euhedral wedge-shaped crystals; in some metamorphic rocks, rounded grains.  Dispersion easily visible near extinction under crossed polarizers.
10.
Staurolite:  2V 80-88o (+), birefringence 0.01-0.015; yellow to "old gold" pleochroism, commonly crowded with inclusions, often euhedral, commonly associated with garnet, kyanite and sillimanite.
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