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Welcome

This lab manual covers the introductory topics for the Mineralogy and Petrology component of EART2231 - Earth Materials, for Semester 1 2023 at the University of Western Australia. This is not intended to be a comprehensive guide on these subjects, but a curated ‘launch pad’ from which we can direct you to further available resources.


License

  

Applied Mineralogy and Petrology by Jason Bennett, Marco Fiorentini, Anthony Kemp, and Charter Mathison is licensed under CC BY-SA 4.0

This manual was written in Quarto Markdown, and contains executable code blocks. All text and supporting code is available on github at orthospar/AppMinPet.
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Preface


About this book

This is a lab manual created using Quarto markdown and executable code. It contains many interactive elements and is designed to be read within a browser with an internet connection, however a static version is also available in pdf or epub format.

The online version leverages a few extra features that are not typically found in textbooks. The first of these is a range of embedded interactive elements such as interactive plots and other visualisation tools, made possible through the use of Quarto. These will not work in the downloadable formats.








Figures in pdf and epub




As of 28 February 2023, figures rendered via ObservableJS (the interactive figures) are not built into the pdf or epub formats at all. This feature is slated for a future Quarto update (ETA: Mid 2023), where static versions of the figures will be automatically generated and inserted during document rendering. Until then, please refer to the online version for these figures.







The second feature is :Nutshell. Nutshell links are identifiable by their little : (colon) in front of the hyperlink. These links open the target site within the textbook itself, allowing seamless reading without jumping across multiple tabs. They also provide summary snippets and definitions, such as :Mineralogy or :Petrology. These will be used to provide further information, internal references to definitions, or links to other media (such as youtube videos). In the downloadable formats, Nutshell links will render as normal hyperlinks.

The third tool is Hypothes.is, which allows you to create public comment and discussion threads about the content on each page. You can also create your own private annotations. This does require an account to use, so it is up to you if you wish to join in or not. The hypothesis toolbar is located at the top-right of the page.








Note




It is possible to add public annotations and comments to pdf and epub files via the hypothesis website, however these will not be integrated with comments on the main website. We encourage students to use the online version for use with Hypothesis.










Introduction

This lab manual has been specifically tailored to the content taught during the first half of EARTH2231 - Earth Materials, at the University of Western Australia. We have arranged the material into the following parts:


Quick Access

In this part we provide quick navigable access to some of the tables, graphs and process flow charts that you will use on a daily basis when doing any thin section microscopy (including sedimentary and metamorphic petrology, which we do not cover here).



Mineralogy

In this part we cover some introductory and basic principles of Mineralogy. We largely focus on crystallography and optical mineralogy, and the core concepts that you will be required to know for further Earth Science courses. Each chapter contains the requisite material for that week, i.e., Week 1 is Chapter 1. The only exception is the unnumbered chapter “Physical Properties of Minerals”, which is mostly revisionary material (assumed knowledge from EART1104 - Discovering Earth). Don’t panic – we will cover this material as a ‘refresher’ during the lab in Week 1.



Petrology

In this part we apply our new-found mineralogical skills towards the observation, description, and analysis of igenous rocks. Again, each chapter covers the material for the corresponding week.










Microscope Setup and Use Reminders








First time set-up




Do not touch the microscopes until you have been intially instructed on their use.







We will demonstrate the correct way to handle and set-up the microscopes during the first laboratory session in which we will use them. Remember that these are a shared resource with your colleagues and each microscope will have multiple regular users throughout the semester. It is in your interest, as a community, to make sure the microscopes are properly looked after.


Correct Use of Microscopes


At the start of a session


	Carefully place the microscope on the bench, directly in front of you, and not placed too far back on the bench.










Do: Always use two hands!




Always use two hands when picking up and moving the microscope – one hand on the neck at the back of the microscope, and one hand underneath the base.














Don’t: Grab the microcope by the head!




The head, stage and turrent of the microscope are not always secure, and are not designed to bear the full weight of the microscope.








	Plug in the power supply box. Make sure the dial is set to low voltage, and then turn it on. Slowly turn up the voltage to sufficient illumination.










Halogen bulbs




The light source is a halogen bulb, which is a kind of incandescent light source. As such, bulbs can ‘blow’ with sudden changes in voltage and temperature. Slowly turning up the voltage improves their life span… and makes it much less likely to blow during an exam!







Before you place a slide on the stage, using the lowest power magnification, check the following:


	Under PPL check that the light is uniform with no shadows or obstructions.

	Under XPL, check that the view is black. Not just a bit grey, and definitely not pink/purple!





During a session


	Always start at the lowest magnification

	Change to higher magnifications by holding the rim of the turret, not via the objective lenses.

	Change through the higher magnification lenses in order, and focus each lens before moving to the next

	Pay close attention to the working distance at each magnification, make sure you do not focus the objective lens into the slide.










Focusing at high magnification




Only use the fine focus control, particularly with 40x objective lenses or higher. The coarse focus will move the stage too much, and you risk pushing the objective lens through the stage, breaking the slide and damaging the lens.








	Always switch back to the lowest power objective before removing or changing slides.


	Only work on one slide at a time, and return the slide to the correct tray or drawer immediately when finished.











Never leave the slide on the stage




Even if you are only walking away for a few minutes, put the slide away (and turn off the power and put the cover on the microscope). Leaving slides on the microsope stage makes them unavailable to other students, and risks lose and/or damage to the slides if the microscope is packed up accidentally with the side still on the stage.









At the end of a session


	Set the objective lens to the lowest magnification

	Remove the slide, and store it where it belongs.

	Turn down the voltage on the power supply unit, then turn it off.

	Place the dust cover back on top of the microscope.

	Carefully, using two hands, return the microscope to the cupboard.






General Care


	Operate moving parts gently (such as the stage, turret, analyser, diaphram, etc) and take care not to bump the microscope.

	Do not touch the lens surfaces, and never attempt to clean them (they can be scratched easily). If you suspect your microscope needs care and maintainence, let your instructor know and we can arrange to have it cleaned.

	Wash your hands before using the microscope! Not only is this important for the management of repiratory illnesses such as COVID-19, but this helps to keep the microscopes clean and grime free.

	Do not eat or drink at your desk with the microscope out! Water is the only exception. If you want to have a coffee, or an energy drink, walk away from your desk and take 5-10 mins. This is also good for your eyes and posture.

	If you are not actively using your microscope, turn it OFF and put the cover on! Dust is a menace and gets in there even if you are only gone for 10 mins.











Physical properties of minerals

Minerals have a wide range of physical properties that can be diagnostic for the identification of mineral species. We do not expect you to learn all of these properties off by heart for a given set of minerals – it will come to you in time as you apply and practise your skills as a geologist. What you do need to know is how to identify each physical property, so that you can test a sample and look up matching candidates online. Below are the common/main techniques that a geologist is expected to know. We provide a bit more context and detail than what you have covered previously, but we have added plently of links to external resources for further reading.




Non-destructive Properties I: Just look at it

One of the simplest things we can do to describe the physical properties of a mineral sample is to just look at it. The benefit of these techniques is that they are non-destructive – suitable even for museum specimens behind glass cabinets! There are three main properties we can look out for:


Colour

The colour of a mineral is simple to observe, but the root causes of colour in minerals is usually complicated (not even including how it is detected by the human eye, and subsequently interpreted by the human mind). For some minerals, colour is diagnostic – that is to say that the mineral is that colour and that colour only. Two good examples of this are :azurite and :malachite, which are always blue and green, respectively. The colour of other minerals can vary wildy depending on trace element composition, structural defects or even microscopic inclusions – :quartz is a great example of this, ranging from colourless to yellow to black to purple to pink to green to red … and so on…


Further resources:

Determining Colour and Streak by Donald B. Peck on Mindat.org




Lustre

:Lustre is the property of how a mineral reflects light. It should not be confused with colour, although the two are linked and often described togther. For instance, gold has a metallic lustre and is yellow in colour, whereas copper has a metallic lustre but is orange in colour. Try to avoid using terms that could be confusing… for instance, if you find a mineral that you think looks silvery, don’t call it “silver”, but describe it as “metallic white-grey”. Something else to keep in mind is that lustre is very difficult to photograph and display correctly on a computer screen, and depending on the lighting conditions during photography lustre may not be captured at all. Common words to describe lustre include:


	metallic – highly reflective, looks like metal (e.g., :pyrite, :gold, :copper)

	submetallic – less reflective than metallic, because the mineral is a little bit transluscent (e.g., :sphalerite)

	dull or earthy – looks like a matte finish, not glossy in any way (e.g., :kaolinite)

	glassy/vitreous – transparent/transluscent minerals that look like glass (e.g., :quartz, :olivine)

	adamantine – transparent/transluscent minerals that shine more than you’d expect, like diamond. They have a high refractive index (e.g., :cubic zirconia)

	resinous – transparent/transluscent minerals that shine less than you’d expect, like plastic or resin (e.g., :amber)



	pearly – reflective with a subtle softness to it, like a pearl or the inside of a shell (e.g., :muscovite)

	greasy – looks like solid fat or grease (e.g., :opal)

	waxy – like greasy minerals, but often more opaque or coarser grained than greasy minerals (e.g., :jadeite)

	silky - has a sheen like silk due to parallel alignment of microfibres (e.g., :asbestos, :ulexite)



There are also some other optical effects that are often distinctive, but not lustre sensu stricto. These tend to arise due to thin film intereference colours or oriented growth of micro inclusions, and include:


	iridescence/schiller effects – strong colour play due to micro-scale platy minerals as inclusions or exsolution layers. There are some terms for very specific examples:

	:opalescence – lots of splotchy colours, like :opal

	:labradorescence – very commonly displayed in plagioclase

	:adularescence – uncommonly (almost rarely) displayed in K-feldspars

	:aventurescence – glittery inclusions in a transparent stone




	:chatoyancy – usually something silky as parallel micro inclusions in something vitreous

	:asterisms – similar to chatoyancy, but the inclusions are aligned so that a 4- or 6-pointed star is seen. This is more important in gemmology, as the stones need to be cut :en cabochon (it’s not readily visible in raw/uncut material)




Futher Resources:

Determining Lustre by Donald B. Peck on Mindat.org




Diaphaneity

Diaphaneity is how light is (or isn’t) transmitted through a crystal. Commonly this property is simply termed :transparency and translucency, but the term also includes the opposite of these – opacity. Transparent minerals allow light to transmit through them without scattering, i.e., it behaves like glass and you can ‘see through it’. Transluscent minerals allow light to transmit through them as well, however there is considerable scattering., i.e., you can see through it a bit, but the image is ‘cloudy’. Opaque minerals do not allow light to pass through at all. Minerals may be transparent, transluscent, or opaque, depending on crystal size, presence of inclusions, or minor and trace element contents.





Non-destructive Properties II: Close examination

Colour, lustre, and diaphaneity are simple and effective, but are even more useful when combined with knowledge on how minerals grow.


Habit

The :habit of a mineral describes how it has grown. There are many different terms that can be used to describe growth habits, but a simple place to start is with words used to describe single crystals versus words used for clusters/groups of minerals.


Single Crystals

For single crystals, we describe two separate observations: 1. How well the crystal faces are developed, and 2. the overall 3D shape.


	In an ideal situation, a mineral will grow with well defined crystal faces that reflect the internal structure of the crystal lattice (more on this in Crystallography). We have three terms to describe if this has occured in any given sample:




	Euhedral – a single crystal has managed to grow into a perfect representation of its crystal structure and has well developed crystal faces.

	Subhedral – some crystal faces are well developed, but not all.

	Anhedral – no crystal faces have developed.




	The general shape can also be descibed, and combined with the terms above. This is particularly useful as these terms can start to provide hints on what crystal system the mineral might belong to (again, more on this in Crystallography). There are many different terms used here, some common/basic use terms include:




	Equant – more or less the same measurements in all directions

	Platy – little sheets or plates, very thin in one direction

	Acicular – little needles, very thin in two directions

	Prismatic – like a prism (in the geometry sense), longer in one dimension than the other two





Groups of crystals

How minerals grow togther is another useful property to describe. Some common examples include:


	Druse or Drusy – small crystals growing over the surface of a larger crystal

	Massive or Compact – a large mass of small (<<1 mm) crystals where individual crystal shapes cannot be determined

	Botryoidal – small grape-like clusters

	Colloform – a circular or curved/wavy banded habit






Cleavage/Fracture

Cleavage and Fracture are terms used to describe how the mineral breaks. If the mineral repeatedly breaks along a plane, and always in the same orientation(s), then the broken surface is termed a :cleavage. If the break is planar, but not repeatable, it is termed a parting. If the broken surface is irregular and not repeatable (it breaks somewhat randomly in a different direction each time) it is termed a :fracture.


Cleavage

When describing cleavage, there are two things to look out for: The quality of the cleavage and the number of cleavage planes


	The Quality of a cleavage describes how easily the mineral breaks along that plane, and is often easily determined by how well the surface reflects light.

	Perfect cleavage often has a highly reflective (i.e., smooth) surface and the mineral will very easily break along this plane. E.g., Muscovite

	Good cleavage will not break as easily as perfect cleavage, and the surface is mostly smooth.

	Poor cleavage is often harder to see, the surface will be more rough than smooth. Sometimes you need to be specifically looking for it to find it.

	Indistinct cleavage is practically not discernable, but may be noticed as a general tendency for fractures to break in the same direction (usually in thin section under a microscope)

	None refers to no cleavage at all!




	The Number of cleavages describes how many different cleavage orientations there are (not the number of sheets in a mica crystal, for example). We can use the number of cleavage planes, along with orientation terms to describe how they are related to each other:

	1 cleavage plane is also described as Basal cleavage if there is only one orientation in the crystal where cleavage occurs, or Pinacoidal if it occurs in combination with a prismatic cleavage

	2 cleavage planes are can described as Prismatic. The angle between these two planes can be diagnostic (see for example pyroxenes vs amphiboles).

	3 cleavage planes are either described as Cubic cleavage if all three planes are perpendicular to each other, or Rhombohedral if they are all at some other angle. Galena is an example of cubic cleavage, whereas calcite is an example of rhombohedral cleavage.

	4 cleavage planes are typically Octahedral in orientation. An example of this is fluorite.

	6 cleavage planes is also called Dodecahedral. This is typical of sphalerite.






If in doubt, just count the number of cleavages you can see, and describe their orientation to each other as best as possible.



Parting

Sometimes a crystallographic plane of weakness might arise due to structural defects in the crystal lattice. However, since this plane of weakness is not necessesarily repeated within the crystal structure (such as single twin plane), the crystal will not subsequently always break in the same direction. Importantly, partings may not be present in every crystal, which is why they are not considered a diagnostic feature. However, for minerals that have a solid solution series at high temperature but a solvus



Fracture

It is important to note that all minerals will have a fracture if broken in a direction that is not aligned with a cleavage orientation. However, fractures are not always easily seen because the minerals cleave so readily! While cleavage has both quality and orientation descriptions, due to the (semi)-random nature of fracture we do not describe the orientation of these breakages. We do still describe the quality of the break, with terms such as:


	Conchoidal fracture – breaking in a curved and concave manner, often looking a little like the curved lines on a sea shell (hence the name, conch-oidal.) Normal glass breaks in this manner.

	splintery – breaks into long thin random splinters

	hackly – a rough breaking surface, like if you snap a piece of metal.

	irregular – this is what safety glass has been designed to do (so you don’t get sharp flakes)




Further Resources:

Determining Fracture and Cleavage by Donald B. Peck on Mindat.org.





Density

Density can be determined both qualitatively and quantitatively. To determine density qualitatively, one simply needs to ‘feel’ the weight and use their own judgement to gauge whether or not a mineral is ‘light’, ‘heavy’, or ‘average’. This requires practice and skill… use the example mineral sets to ‘get a feel’ for how density varies between minerals.

Quantitatively, density can be measured and reported as either ‘Density’ in units of g/cm^3 (that is mass per unit volume), or as ‘Specific Gravity’ (abbreviated SG) which is the density of a sample divided by the density of water. Numerically these values are more or less equivalent (since the density of water is ~1 g/cm^3) but SG is unitless.

We do not often need to calculate these values, particularly since SG is only a useful diagnostic in single crystals (and ones large enough to measure properly).


Further Resources:

Determining SG of a mineral by Donald B. Peck on Mindat.org.






Destructive Properties: The last things to test

Often by this stage, you have identified the mineral with sufficient confidence that you don’t need to go any further. Occaisionally, you need further confirmation or to discriminate between candidates with often similar physical properties.


Streak

Streak is a modified version of colour. The way light interacts with large single crystals versus a crushed powder of that mineral is distinctly different. Streak is very useful, in that the powdered material almost always has the some colour every time. Note that streak can only be perfomed on a mineral which has a Hardness less than the streak plate (so hard minerals, such as quartz, topaz, beryl, etc, do not produce a good streak). Thankfully, the minerals in which streak is most useful tend to be soft (hardness <5).


Further Resources:

Determining Colour and Streak by Donald B. Peck on Mindat.org




Hardness

Hardness perhaps better described as ‘scratchability’. Hard minerals are not indesctructable, for instance diamond (Moh’s Hardness 10) is easily broken with a good whack of a hammer due to its octahedral cleavage, but it can only be ‘scratched’ by another diamond or something with equal or greater hardness. Like density, Hardness can also be determined quantitatively or qualitatively. There is are specific hardness scales that have SI units (:Vickers Hardness, :Knoop Hardness, :and others), but in Geology we like to use the :Mohs Hardness scale. It is defined relative to an index of 10 minerals:


	Talc

	Gypsum

	Calcite

	Fluorite

	Apatite

	Orthoclase Feldspar

	Quartz

	Topaz

	Corundum

	Diamond



These minerals are defined to have precicely these hardnesses. Other minerals are equal to these values ONLY IF the index mineral can scratch the test sample and the test sample can scratch the index mineral. If a mineral has a hardness between two of these index minerals, it may be reported as between two values, such as hardness 4-5. Often this is abbreviated to a hardness of 4.5, for example. Note that we do not go further than this – we would not try to describe something as 4.25 or 4.75.

Qualitatively, your fingernail has a Moh’s hardness of ‘2.5’, so if you can scratch it with your fingernail it is ‘soft’. You may have a quartz (Mohs 7) point on you for testing mineral hardness, at which point if you cannot scratch your unknown sample with quartz it is ‘hard’. If you are using a scribe with a tungsten-carbide tip, it will scratch just about everything but one can get a feel for how much effort is required to get a ‘good scratch’.


Further Resources:

Determining Hardness by Donald B. Peck on Mindat.org






Special Properties: Niche, but useful

Some properties are highly distinctive when they are observed in a sample, but are either rare in most minerals (and so not worth testing all the time) or require particular equipment to test.


Magnetism

Magnetism is a great case of a simple and effective test, but for most minerals the test will prove negative. The main magnetic minerals to look out for are magnetite and pyrrhotite, which can often be confused with hematite or pyrite, respectively.



Fluorescence

Some minerals :fluorescence under UV light, and the fluorescence colour can be diagnostic for certain minerals. For instance, both eucryptite and scheelite can be found associated with quartz. It is very difficult to tell these minerals apart as they are all often colourless-white, vitreous crystals with chonchoidal fracture. However, eucryptite has a distinctive bright red short wave UV response, and sheelite has a very bright blue short wave UV response, while quartz is unresponsive to UV illumination. As fluorescence is a property that requires a UV-light source (which is dangerous to stare into,or if you leave your hands under it), it is not routinely used unless there is a specific need for it (such as exploration for W in the case of scheelite).





1 Crystallography

Crystallography is often viewed as a confusing or difficult subject, mostly due to the fact that so much of crystallography is about visualising objects in 3D and keeping track of the orientation of different properties. This is difficult to describe in standard textbooks and other 2D media, and is much easier to do in person with real objects in your hands.


What is a mineral?

The technical definition of a :mineral, as formally decided by the International Mineralogical Association (IMA), can be read as described in Nickel (1995). Simply put, a mineral is a chemical substance with a defined ordered repeating structure.

This useful concept allows us to distinguish between minerals that have the same chemistry but different structures, or vice versa. For instance, SiO2 can crystallise in multiple different crystal structures – Quartz (SiO2) is a common mineral formed in a range of environments on Earth, but stichovite (SiO2) is a very high pressure and temperature mineral found only in meteorite impact craters. As we cannot tell these minerals apart chemically, we must use other properties that arise from the structure of these minerals to distinguish them.



The Unit Cell

One of the technical definitions of a mineral is that it is crystalline, meaning that it has a defined, repeating :Crystal Structure. The smallest arrangement of atoms that can describe the entire structure of a mineral is called the :Unit Cell.

The unit cell can be thought of as the ‘lego brick’ for that mineral. At least one full stoichiometric set of atoms that make up that mineral are arranged in some manner within the unit cell (in often complicated arrangements), but the unit cells themselves can only stack together in a limited number of ways.

In order to describe the size and shape of the unit cell for a given mineral, we could use normal cartesian x-y-z coordinates. However, since some unit cells are not always cubes or rectangular prisms (they can have angles other than 90°) we instead describe the three edge lengths and call these directions the a-b-c axes.

As mentioned, the angles between the a-b-c axes are not always 90°. We use the greek letters α - β - γ to denote these angles. The easiest way to remember which angle is which is that it is always the missing greek letter from the roman alphabet pair:


	The angle between a and b is γ

	The angle between a and c is β

	The angle between b and c is α





The 7 crystal systems

Despite the large possible variation in different unit cell dimensions, they can all be grouped into one of 32 different crystal classes, themselves one of 7 different crystal systems. The 7 different crystal systems broadly define many of the physical and optical properties of minerals, so they are important to learn and recognise. The 32 crystal classes require a more advanced treatment than what we cover here – it is sufficient to simply know that they exist.









	Crystal family
	Crystal system
	Point group / Crystal class





	Triclinic
	
	pedial

pinacoidal



	Monoclinic
	
	sphenoidal

domatic

prismatic



	Orthorhombic
	
	rhombic-disphenoidal

rhombic-pyramidal

rhombic-dipyramidal





	Tetragonal
	
	tetragonal-pyramidal

tetragonal-disphenoidal

tetragonal-dipyramidal

tetragonal-trapezohedral

ditetragonal-pyramidal

tetragonal-scalenohedral

ditetragonal-dipyramidal





	Hexagonal
	Trigonal
	trigonal-pyramidal

rhombohedral

trigonal-trapezohedral

ditrigonal-pyramidal

ditrigonal-scalenohedral





	
	Hexagonal
	hexagonal-pyramidal

trigonal-dipyramidal

hexagonal-dipyramidal

hexagonal-trapezohedral

dihexagonal-pyramidal

ditrigonal-dipyramidal

dihexagonal-dipyramidal





	Isometric
	
	tetartoidal

diploidal

gyroidal

hextetrahedral

hexoctahedral








Further details:

Isometric System

Tetragonal System

Orthorhombic System

Monoclinic System

Triclinic System

Trigonal System

Hexagonal System




Symmetry Elements

Symmetry elements are discrete mathematical translation and rotation operations that allow a unit cell to tesselate without any overlap into a infinitely repeating crystal structure. There are 3 main symmetry elements to be aware of:


	Mirror Planes These are quite simply an imaginary plane that cuts a crystal in half, where each half is a mirror image of the other.


	Rotation Axes These are an imaginary axis about which the crystal is rotated, and the order of symmetry is a count of how many times the mineral rotates through an identical starting arrangement through 360°. The possible orders of rotation axes are 2-fold, 3-fold, 4-fold and 6-fold.


	Center of Inversion A center of inversion is an imaginary point in the exact middle of the crystal, through which a point, edge, or face of the crystal may be projected through to the other side. The most useful observation here is usually the absence of a centre of inversion.




The 7 crystal systems can be defined by their unit cell dimensions and the symmetry operations that are possible for that system. These are as follows:










	System
	Axis lengths
	Axis angles
	Minimum symmetry requirements





	Isometric
	a=b=c
	α=β=γ=90°
	Four 3-fold rotation axes



	Tetragonal
	a=b≠c
	α=β=γ=90°
	One 4-fold rotation axis



	Orthorhombic
	a≠b≠c
	α=β=γ=90°
	Three 2-fold rotation axes

OR

2 mirror planes and a 2-fold rotation axis



	Monoclinic
	a≠b≠c
	α=γ=90°, β≠90°
	One 2-fold rotation axis

OR

1 mirror plane



	Triclinic
	a≠b≠c
	α≠β≠γ≠90°
	None



	Trigonal
	a=b≠c (a1=a2=a3≠c)
	α=β=90°, γ=120°
	One 3-fold rotation axis



	Hexagonal
	a=b≠c (a1=a2=a3≠c)
	α=β=90, γ=120°
	One 6-fold rotation axis






Further Details:

Crystal Symmetry




The Miller Index

A 3-dimensional crystal may have many different crystal faces, edges, and points. The :Miller Index is a useful descriptive system based upon the unit cell dimensions. For a given unit cell a-b-c, we can define coordinates h-k-l such that the plane (100) (read as one-zero-zero, where h = 1, k = 0, l = 0) is perpendicular to the a-axis but parallel to the b and c axes.

The correct mathematical description of Miller Indicies is often confusing, but a simple way to think of it is how many times does the plane intercet the unit cell dimensions? In our example above, (100), the plane cuts the a-axis only once, and doesn’t cut the other two axes (hence parallel to b and c). If the miller index was (210), the plane cuts the unit cell twice along the a-axis dimension (i.e., it cuts it in half) for every one time it cuts the unit cell along the b-axis dimension, and still remains parallel to the c-axis dimension.

The other important feature of the Miller Index is the use of brackets. Curved brackets () denote a a single plane, such as (100), whereas curled brackets {} denote a set of planes related by crystal symmetry, such as {100} which means the full set of 6 faces perpendicular to each axis. Finally, square brackets [] denote a direction, such that [100] is equivalent to the a-axis.


Further Details:

Miller Index




References





2 Optical properties of minerals

We recommend the open access textbook “Guide to Thin Section Microscopy” by Raith, Raase, and Reinhardt (2012) for ongoing use as a detailed reference companion. This textbook is worth getting printed and bound by a high quality professional printing service (such as Uni Print).


Plane Polarised Light

There are many observations we can make of the minerals visible in the thin section under illumination by Plane Polarised Light (PPL). Start by trying to estimate how many different phases (minerals, glass, etc) you have in your thin section, and then pick just one of these to focus on at a time. Make a record of each phase and note your observations.


Diaphaneity (Opacity/Transparency)

The first observation for any phase is if it is opaque or not. Opaque minerals do not transmit light in thin section. At this point, if the phase is opaque, we can go no further without using Reflected Light Microscopy (a technique we will introduce in 3rd Year courses, and which your microscopes are not equipped for in any case). If the opaque phase has a distinct crystal shape (such as euhedral ‘squares’) then that is worth recording (see Section 2.1.5 “Growth Features” below.). You may also try using your hand lens to look at the surface of the mineral and see if it has a characteristic lustre or colour.

If the mineral is transparent, we are in luck, and can continue to apply transmitted light microscopy techniques. What fun!



Colour

Note if there is any distinctive colour to the phase under PPL. Only minerals with strong colouration in hand specimen show colour in thin section, many are colourless. For instance, olivine, which is a distinctive beautiful green in hand specimen, is completely colourless in thin section, whereas biotite, which is often dark and black in hand specimen, is often a red-brown colour in thin section.

Further details are on pages 68–69 of Raith, Raase, and Reinhardt (2012).


Pleochroism

If the mineral is coloured, try rotating the stage to see if the colour changes. It may change between two distinct colours, such as red to brown pleochroism, or it may change between being coloured and colourless, such as green to colourless pleochroism. The effect can be very subtle, and often only the strongest pleochroism is noticed at first. Often it is prudent to re-check for pleochroism once further observations have been made.

Further details and examples are in Raith, Raase, and Reinhardt (2012) on pages 70–76.




Relief

Relief is an effect that occurs at the grain boundary and along internal fractures in a mineral. It occurs due to refraction across the grain boundary between two phases of different refractive indicies. The appearance of relief in thin section can be compared to ‘line thickness’. Low relief means that the refractive indicies between the two phases are similar, and the boundary (line) between them is thin and feint. If you had to choose a pencil to draw this boundary, you might select a fine 2H mechanical pencil. High relief means that the refractive indicies between the two phases are very different, and the boundary (line) between them is thick and bold. You might select a well-used 2B pencil to draw this boundary.


Becke Line Test

As the relief of a mineral is the difference in refractive indicies between two phases, relief can be positive or negative. If you have one correctly identified mineral in contact with an unknown mineral, you can calculate if the refractive index is higher (positive relief) or lower (negative relief) in the unknown when compared to the known mineral. With multiple minerals, the refractive index can be narrowed down quite significantly.

To perform the Becke Line test, focus the grain boundary such that the boundary appears uniform. Then, raise or lower the stage slightly (with the fine focus) and watch to see if a bright line of light moves into or out of the unknown mineral. If the stage is lowered, the bright line will move into the phase of higher refractive index. If the stage is raised, the bright line will move into the phase of lower refractive index.

Further descriptions of relief can be found on page 77, and the Becke Line is further explained on page 79 of Raith, Raase, and Reinhardt (2012).




Cleavage and Fracture

Looking at the internal breaks of the mineral, determine if they are trying to follow a specific direction or not. Perfect cleavage will appear as many parallel thin lines across the mineral, ranging to poor cleavage where some fractures might only seem to have a preferred orientation. Fracture will appear as random breakages across the crystal, and are often curved (conchoidal fracture).

If cleavage is observed, note how many cleavage directions can be seen and at what angles they intersect (you can measure the angles using the gradations on your rotating stage). Bear in mind that the cleavages observed in a single grain depend on the orientation of that crystal. In a pyroxene for example, one parallel cleavage might be observed if the crystal is sliced parallel to the c-axis (parallel to [001]), but two cleavages intersecting at ~90° might be observed if the crystal is sliced perpendicular to the c-axis (perpendicular to [001]). Make sure you examine multiple crystals to get a range of possible viewing angles.

Further details and example images are in Raith, Raase, and Reinhardt (2012) pages 40-41.



Growth Features

The final observation under PPL examines features that occur as a result of how the crystal grew. These observations give us some useful information that can help ID the mineral, but often the most useful information gleaned here is paragenesis – the order in which each mineral grew in the rock and how each mineral relates to one another. We will come back to this concept later (it is the main focus in the Petrology section).


Habit

In thin section, we use similar jargon and concepts as what we use to describe the habit of minerals in hand sample.

For single crystals, we can use the terms equant, bladed, platy, etc to describe the overall shape. We also have the more generalised terms:


	Euhedral (or Idiomorphic) – the crystal has all crystal faces fully formed, it is the ideal shape for that mineral.

	Subhedral (or Subidiomorphic) – the crystal has some, but not all, crystal faces formed.

	Anhedral (or Anidiomorphic) – none of the crystal’s ideal faces have formed, the shape is controlled only by the available space between other crystals.



For groups of crystals, terms like radial and botryoidal are also still used. See Raith, Raase, and Reinhardt (2012) pages 31–39 for further details and example images.



Zonation

As crystals grow, chemical changes in the surrounding growth medium are often reflected as chemical changes in the crystal. This usually appears as concentric banding. Depending on the mineral, this may appear as changes in colouration, pleochroism, or most typically as changes in interference colours and extinction angles (see below, and Raith, Raase, and Reinhardt (2012) page 97). Other forms of growth zonation include oscillatory zonation (very fine bands, often seen as part of larger concentric bands) and sector zonation (different crystal faces pick up different trace elements, and have different colours).





Cross Polarised Light

The upper polarisation plate (the anlyser) is oriented perpendicular to the orienation direction of the lower polarisation plate. Since the lower polariser is, by convention, orientated in an E-W direction (or left-right), the upper polariser is hence oriented in a N-S direction (or up-down). If no thin section is inserted, then the view through the oculars should be dark/black.


Birefringence

Upon insertion of the upper polarisation plate (the analyser) the most striking observation is the sudden bright colourful display of :Interference Colours, particularly in minerals such as olivine. Interference colours are only visible in anisotropic minerals and arise as a function of thin section thickness and the :Birefringence of the mineral. Using a Michel-Lévy chart or the newer Raith-Sørensen chart (pages 92 and 93 of Raith, Raase, and Reinhardt (2012)), the maximum birefringence of a mineral can be identified by matching the observed interference colour. The maximum birefringence is characteristic for many minerals, and allows further descrimination between possible candidates.





//| panel: input
viewof biref = Inputs.range(
  [0.0005, 0.14], 
  {value: 0.01, step: 0.0005, label: "Birefringence:"}
)

data_intspec = FileAttachment("int_spectra.csv").csv({ typed: true })

//| label: fig-int_spectra
//| fig-cap: "Spectral contribution to the observed interference colour as a function of birefringence in thin section of 30 μm thickness, calculated using the daylight spectrum (black body radiation at 6500K). Each order of interference colours can be counted as the troughs pass by 551 nm (marked by vertical line). The boundary between 1st and 2nd order colours occurs at a birefringence of 0.018 as the first trough passes this line. Higher order colours (after 3rd order) oscillate between weak pink-green colours and become increasingly washed-out and pale. This spectral curve has been generated in R from first principles and is converted into an estimation of the perceived colour using the pavo 2 package [@Maia2013; @Maia2019]."

Plot.plot({
  x: {label: "Wavelength (nm)"},
  y: {
    domain: [0,1],
    label: "Relative Intensity",
    labelOffset: 0},
  margin: 40,
  marginBottom: 80,
  style: {
    background: "#CCCCCC",
    fontSize: 20,
    color: "Black"
  },
  marks: [
    Plot.image([{ url: "https://upload.wikimedia.org/wikipedia/commons/d/d9/Linear_visible_spectrum.svg"}],
    {
      x: 565,
      y: -0.2,
      width: 383,
      height: width*0.1,
      src: "url"
    }),
    //Plot.ruleX([380]),
    //Plot.ruleX([750]),
    Plot.ruleX([551]),
    Plot.areaY(interference_filtered, { 
      x: "wl", 
      y: "value", 
      fill: "hexvis"})
      
      ],
  width: 800
})


interference_filtered = data_intspec.filter(function(intspectra) {
  return biref == intspectra.biref;
})



Extinction and Extinction Angles

As the stage is rotated through 360°, the often bright colours observed will decrease in intensity and will go dark every 90° (four times in a full rotation). This is called extinction, and occurs when the optic axes of the mineral are aligned with the vibration directions of the upper and lower polarisers. See Raith, Raase, and Reinhardt (2012) pages 82 and 85 for examples.

If, when the upper polariser is inserted, the mineral of interest is extinct and remains extinct through the full 360° rotation, then the mineral is possibly in the isotropic crystal system. There is a possibility that you have found an anisotropic mineral (any other crystal system besides isotropic) oriented such that it is cut in a very specific direction. If the mineral is truly isotropic, all examples of this mineral will show isotropic behaviour and will be fully extinct throughout the 360° rotation.

If there is a crystallographic feature identifiable in the mineral of interest (such as a crystal face of known orientation, a cleaveage trace, or overall shape), then the orientation of the optic axes with respect to the crystallographic axes can be used to determine the symmetry group to which the mineral belongs.

In general, the monoclinic and triclinic crystal classes have extinction angles inclined at some angle off of the main crystallographic axes. The remaining classes, tetragonal, orthorhombic, hexagonal and trigonal, tend to have parallel extinction.

For further details, please read Raith, Raase, and Reinhardt (2012) pages 100–102.



Twinning

Twinning is a growth defect where, for whatever reason during crystal growth, the mineral changes growth directions. Twinning occurs along particular crystallographic planes that are specific to each mineral, so the type of twinning is often distinctive. As the crysatallographic orientation of the crystal changes across the twin plane, this is often visible as sudden changes in the direction of extinction angles across the twin plane.

Example images and further details are in (Raith, Raase, and Reinhardt 2012) on pages 47–50.




Further concepts

There are further techniques not covered here, such as obtaining an :optic figure and measuring the corresponding optic angle (or 2V). It is sufficient at this stage to know that they exist – we will cover this technique in a later course. There are also a few other concepts that the beginning microscopist should be aware of. These are covered in this section.


Colour perception

We all see the world differently, and this should not be a disadvantage when it comes to microscopy. Due to the different physical interaction properties of light between dyes and inks, LED/LCD computer screens, camera detectors, and how interference colours arise, it is not suprising that dramatic differences in perception of colours often arise between depictions of what is seen down the microscope versus what is actually observed, even in individuals with full colour perception.

Figure Figure 2.1 is an :Ishihara colour perception plate. This is not a faithful reconstruction (due to colour rendering in various digital display technologies) but it is sufficient to illustrate the point here. You should be able to distinguish the number 74. If you see the number 71, or no number at all, then please alert your demonstrator so that we can help provide you with some extra materials and assistance. For instance, instead of using digitally rendered or print copies of the interference colour chart, we will provide you with a quartz wedge plate which can be viewed under cross polarised light to use as the true point of reference for the interference colours.





Figure 2.1: Ishihara Plate 9. The number 74 should be visible - please alert your demonstrator if you see the number 71 or no number at all.






Sources of Light

An important effect to take note of is how the generation of interference colours under cross polarised light is also a function of the spectral distribution of light interacting with the crystalline material. For the interference colours to behave as we expect them to, it is important to use an even a distribution of light as possible.

Modern :LEDs do not produce a uniform or continuous spectral distribution. Even the Nobel Prize winning blue LED and its subsequent combination with Ce-doped :YAG as a yellow phosphor still does not produce a sufficiently uniform spectrum suitable for XPL microscopy.

As such, our microscopes are equipped with :halogen bulbs, a modification to the standard tungsten-filament incandescent bulbs of the 20th Century. Yes, it’s old-tech, but it’s what we have. Notice in Figure ?@fig-bb_spectra that the light emitted from these bulbs is still skewed towards the yellow-red side of the spectrum. The microscopes compensate for this by filtering some of the yellow-red light to even out the distribution a little and make the general spectrum more ‘white’.

The key message is that the bulbs in your microscopes will produce a significant amount of infrared radiation (i.e., heat). Don’t leave them on for long periods unattended. When turning them on and off, it is best to start at low voltage and ramp it up slowly (over a couple of seconds) rather than just turn it on at full voltage. This increases wear on the bulbs, and makes them more likely to blow (which is not good if it happens during an exam).





//| panel: input
viewof TempK = Inputs.range(
  [2500, 7500], 
  {value: 2500, step: 500, label: "Temperature (K):"}
)
viewof biref2 = Inputs.range(
  [0.001, 0.055], 
  {value: 0.01, step: 0.001, label: "Birefringence:"}
)

data_bbspec = FileAttachment("bb_spectra.csv").csv({ typed: true })
data_intspec2 = FileAttachment("int_spectra2.csv").csv({ typed: true })

//| label: fig-bb_spectra
//| fig-cap: "Top: Relative spectral distribution of emissions for Black Body Radiation at a given Temperature. The display colour of the curve approximates the perceived colour of this spectrum by the human eye. Compare the spectral output for a Halogen bulb around 3000K to 3500K vs Daylight at 6500K. Bottom: The same curve with interference calculated as a function of birefringence. Notice how the interference colours can appear different depending on the intial spectrum of light. These spectral curves have been generated in R from first principles and are converted into an estimation of the perceived colour using the pavo 2 package [@Maia2013; @Maia2019]." 

Plot.plot({
  x: {label: "Wavelength (nm)"},
  y: {
    label: "Relative Intensity",
    labelOffset: 0},
  margin: 40,
  marginBottom: 80,
  style: {
    background: "#CCCCCC",
    fontSize: 20,
    color: "Black"
  },
  marks: [
    Plot.image([{ url: "https://upload.wikimedia.org/wikipedia/commons/d/d9/Linear_visible_spectrum.svg"}],
    {
      x: 565,
      y: -0.2,
      width: 383,
      height: width*0.1,
      src: "url"
    }),
    //Plot.ruleX([380]),
    //Plot.ruleX([750]),
    Plot.areaY(filtered, { 
      x: "wl", 
      y: "value", 
      fill: "hexvis"})
      
      ],
  width: 800
})

Plot.plot({
  x: {label: "Wavelength (nm)"},
  y: {
    label: "Relative Intensity",
    labelOffset: 0},
  margin: 40,
  marginBottom: 80,
  style: {
    background: "#CCCCCC",
    fontSize: 20,
    color: "Black"
  },
  marks: [
      Plot.areaY(filtered2, { 
      x: "wl", 
      y: "value", 
      fill: "hexvis"})
      
      ],
  width: 800
})


filtered = data_bbspec.filter(function(bbspectra) {
  return TempK == bbspectra.temperature;
})
filtered2 = data_intspec2.filter(function(intspectra2) {
  return TempK == intspectra2.temperature && biref2 == intspectra2.biref;
})




Nickel, Ernest H. 1995. “Definition of a Mineral.” Mineralogical Magazine 59 (397): 767–68.



Raith, Michael M., Peter Raase, and Jürgen Reinhardt. 2012. Guide to Thin Section Microscopy. Mineralogical Society of America.
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