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Context

· The audience for this activity is an undergraduate class on introductory physical geology or quantitative reasoning.
· Students must know how to identify minerals using physical properties and and have basic knowledge about using Microsoft Excel (enter data, fill down).
· This activity is a laboratory exercise that follows lectures on minerals and falls near the beginning of the course.

Goals

· The content and concept goals for this activity include reading coordinates on a triangle diagram and graphing points, lines, and areas.
· Higher order thinking skills for this activity involve collecting information about the physical properties of alkali and plagioclase feldspars from samples or images, classifying the feldspars based on properties, deriving chemical formulas, and illustrating mineral compositions on a triangle diagram.
· Other skills for this activity consist of applying the principles of triangle diagrams to barium-bearing feldspars, explaining charge balance for complex mineral formulas, and organizing compositional data into five groups.



Feldspar Minerals and Triangle Diagrams
Part I: Introduction to Triangle Diagrams

Overview

In this first part of the exercise, you learn how to read and work with triangle diagrams, a type of graph that can handle three coordinates in two dimensions. Geologists find triangle diagrams very useful for plotting various types of compositional data.

Learning Objectives

· Read coordinates on triangle diagrams
· Determine the coordinates of points on a triangle diagram
· Interpret the coordinates of points along lines and within areas

Graphing Three Components

	Think back to when you were learning mathematics. You probably plotted points on a number line, which is a type of one-dimensional graph (Fig. 1.1). Adding a perpendicular axis allows you to plot ordered pairs of numbers on a planar, two-dimensional graph. What happens with ordered trios of data points? One way to handle this situation is to attempt to draw a three-dimensional graph on a 2D surface. Another approach is to use triangular graphs, also known as ternary diagrams.

[image: ]
Figure 1.1. Plotting one, two, or three coordinates on 2D graphs.


Triangle Diagrams

	Many mineral and rock compositions can be conveniently pictured on a triangular graph, as shown in Fig. 1.2. Here A, B, and C represent three different components that add up to 100%. Vertex A symbolizes a composition of pure A (100% A). The line B-C indicates 0% A, and the blue horizontal lines show 10% increments of A. Similarly, the green lines parallel to line A-B represent compositions ranging from 0% C (along side A-B) to 100% C (at vertex C), and the orange lines parallel to line A-C show compositions from 0% B (along side A-C) to 100% B (at vertex B).

[image: ]
Figure 1.2. Triangle diagram of a hypothetical 3-component system.

	Points on the triangle represent various combinations of A, B, and C. On the left side of Fig. 1.3 (next page), the circle at vertex A represents a composition of pure (100%) component A with no (0%) B or C. The square marks a composition with no A and with equal amounts of B and C. The diamond indicates 35% A and 65% B. The plus sign shows a composition of 60% A, 10% B, and 30% C. The point at x has a composition of 32% A, 15% B, and 53% C.
	On the right side of Fig. 1.3 are two lines. One line connects the square on side B-C to vertex B. The composition at the square is 50% A, 0% B, and 50% C. At any point along the line, the values of A and C are equal; thus, if B = 50%, A = C = 25%. If B = 60%, A = C = 20%. The second line connects the diamond on side A-B with vertex C. The diamond has a composition of A = 75%, B = 25%, and C = 0%. At any point on the line, the values of A and B are in a ratio of A:B = 75:25 = 3:1; thus, if C = 60%, A:B = 30:10 or A = 30%, and B = 10%.
	Areas within the triangle represent ranges of percentages of A, B, and C. For example, the diagonally shaded area includes points with A = 30-50% A, B = 40-50%, and C = 10-20%. For any specific point, the percentages must add up to 100, so one possibility within this area would be A = 35%, B = 43%, and C = 22%. The stippled (dotted) area contains points with A = 10-20%, B = 20-40%, and C = 40-60%, so one possible point would be A = 13%, B = 36%, and C = 51%.
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Figure 1.3. Points (left) and lines and areas (right) on triangle diagrams.


1. What are the coordinates (A, B, and C values) of the square on Fig. 1.4?


[bookmark: OLE_LINK1][bookmark: OLE_LINK2]2. What are the coordinates of the diamond on Fig. 1.4?

[image: ]
3. What are the coordinates of the plus sign?


4. What are the coordinates of the x?


5. What are the coordinates of the circle?















Figure 1.4. Unknown points on a triangle diagram.
6. Give the ranges of coordinates A, B, and C in the diagonally shaded area in Fig. 1.5.


7. Give the ranges of coordinates A, B, and C in the stippled area in Fig. 1.5.


8. Give the coordinates of one point (any point) within the stippled area.


9. Describe the coordinates of the line that connects the circle to vertex C, i.e., give the range of C and the ratio between A and B.


10. Describe the coordinates of the line that connects the square to vertex A.




[image: ]
Figure 1.5. Lines and areas on a triangle diagram.



Feldspar Minerals and Triangle Diagrams
Part II: Common Feldspars

Overview

Part II allows you to observe physical properties of three feldspar minerals through hand specimens or images and to identify these samples. Then, you work with chemical formulas for the samples and plot several other compositions on a triangle diagram.

Learning Objectives

· Collect data on the physical properties of feldspar minerals 
· Identify specific feldspars and derive their chemical formulas
· Illustrate common feldspar compositions by plotting them on a triangle diagram

The Feldspar Family

	Geologists use the term “feldspar” to refer either to a specific mineral or to a group of minerals with similar compositions and atomic structures. Feldspars are common constituents of many types of rocks. These minerals have industrial uses, and some varieties are considered gemstones (moonstone, labradorite, etc.).
	All of the feldspars are silicate minerals and contain the chemical elements aluminum (Al), silicon (Si), and oxygen (O), plus an assortment of other elements. Yet even within this closely related group, individual minerals may look very different (Fig. 2.1). One way to recognize their similarity is to plot their compositions using triangle diagrams.

[image: ]
Figure 2.1. Eight feldspar minerals.
	A. Orthoclase <https://commons.wikimedia.org/wiki/File:Orthoclase-36872.jpg>
	B. Microcline <https://commons.wikimedia.org/wiki/File:Microcline-165274.jpg>
	C. Labradorite <https://commons.wikimedia.org/wiki/File:Labradorite_polie_2_(Madagascar).jpg>
	D. Anorthite <https://commons.wikimedia.org/wiki/File:Anorthite-rare08-38b.jpg>
	E. Albite <https://commons.wikimedia.org/wiki/File:Schorl-Albite-118710.jpg>
	F. Oligoclase <https://commons.wikimedia.org/wiki/File:Oligoclase-4jg47a.jpg>
	G. Sanidine <https://commons.wikimedia.org/wiki/File:Sanidine.jpg>
	H. Amazonite <https://commons.wikimedia.org/wiki/File:Microcline-Albite-197983.jpg>

Definition of a Mineral

	Minerals are naturally occurring, inorganic solids with a characteristic chemical composition and a crystalline structure. Let us examine this definition in some detail.
	People are clever at making many different materials, but even if a substance is otherwise identical to something found in nature, manmade materials are not considered minerals. Also, the definition of a mineral is restricted to solid substances, excluding, for example, the element mercury (Hg), which is liquid. Further, we exclude any compound produced by living organisms, or the dead remains of organisms, from the definition of a mineral.
Most minerals are chemical compounds (combinations of more than one chemical element); exceptions include sulfur (S), diamond and graphite (both forms of pure carbon, C), and native metals such as gold (Au) and silver (Ag). The chemical composition of a mineral may be a fixed formula, such as that of calcite (calcium carbonate, CaCO3), or it may consist of a range of values, as in olivine, which varies from pure magnesium silicate (Mg2SiO4) to pure iron silicate (Fe2SiO4). 
Crystalline materials are those that possess a fixed and ordered arrangement of the atoms that comprise them. For example, quartz, an abundant mineral that makes up much of the sand along rivers and beaches, is composed of silicon (Si) and oxygen (O) atoms arranged with each atom of silicon surrounded by 4 oxygen atoms.


Physical Properties of Minerals

	About 3000 minerals have been discovered, but most of these are rare. Only 30 or so are important constituents of rocks. Minerals are identified and distinguished from one another by a number of physical properties, some of which are described below.

Color is an obvious characteristic of minerals, but it is not always useful in identification, because many minerals can occur in a variety of colors. Quartz and calcite, for example, occur in many different colors, due to chemical impurities. Some minerals, however, are almost always one color, and thus color can be used for identification; an example is olivine (green).

Hardness is the resistance of a mineral to scratching (it does NOT mean resistance to breaking). A simple hardness test can be done using common materials. If you can scratch a mineral with your fingernail, it is called very soft. If you cannot scratch the mineral with a fingernail but can scratch it with a penny, then the mineral is soft. A mineral that cannot be scratched by a penny and cannot scratch glass has medium hardness. If you can scratch glass with the mineral, the mineral is hard.

Cleavage is the tendency of certain minerals to break along planes of weakness in their crystal structure. This produces flat surfaces or a series of parallel steps known as a cleavage direction. Minerals with one plane of weakness have cleavage in one direction and tend to look flat or platy and to break into thin sheets. Other minerals have planes of weakness in two directions through their structure, so they are described as having cleavage in two directions, and tend to look blocky and rectangular in shape. A few minerals have cleavage in three directions and form perfect cubes or skewed blocks. Some minerals exhibit striations: very thin parallel lines on the cleavage planes.


1. Open the Feldspar Properties file (PDF) that accompanies this exercise, or look at the samples provided by your instructor. What is the hardness of Sample X? Sample Y? Sample Z?

2. Which choice below describes the cleavage of Sample X? Sample Y? Sample Z?

		i. 2 directions at 90°			iii. 2 directions not at 90°
		ii. 3 directions at 90°			iv. 3 directions not at 90°


3. Does Sample X have striations? Sample Y? Sample Z?



Feldspar Names

	The minerals you are looking at today are all varieties of feldspar, one of the most common minerals in Earth’s crust. These common feldspars can be identified by color. Orthoclase is generally pink or greenish-blue, albite is white or tan, and anorthite is gray or bluish-gray.

4. What is the name of Sample X? Sample Y? Sample Z?



	All feldspars contain the elements aluminum (Al), silicon (Si), and oxygen (O). In addition, orthoclase includes potassium (K), albite contains sodium (Na), and anorthite has calcium (Ca). All atoms have electrical charges, and mineral formulas must be charge balanced; i.e., the sum of all positive charges equals the sum of all negative charges. The table below lists several common elements and gives the typical charge for each. Note that all of the charges are positive except for oxygen (-2).

	Element
	Charge
	Chemical Formulas and Charge Balance

	Hydrogen (H)
	+1
	
Water (H2O): 2 * (+1 for H) + 1 * (-2 for O) = 0

Quartz (SiO2): 1 * (+4 for Si) + 2 * (-2 for O) = 0

Albite (NaAlSi3O8): 

1*(+1 for Na) + 1*(+3 for Al) + 3*(+4 for Si) + 8*(-2 for O) = 0       

	Potassium (K)
	+1
	

	Sodium (Na)
	+1
	

	Calcium (Ca)
	+2
	

	Aluminum (Al)
	+3
	

	Silicon (Si)
	+4
	

	Oxygen (O)
	-2
	


 

	Other feldspars have 8 oxygen atoms, just like albite, and they have either 2 or 3 silicon atoms. Using this information and following the examples in the table, you can determine the formulas of the other samples.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]

5. What is the chemical formula for orthoclase (containing K, Al, Si, and O)?


 6. What is the chemical formula for anorthite (containing Ca, Al, Si, and O)?

	The feldspar minerals are complicated by the fact that compositions can vary between the pure forms. Orthoclase and albite can mix to form intermediate compositions that contain both K and Na. Additionally, this combination may include a small amount of Ca. Feldspars within this range of compositions are known as alkali feldspars. Similarly, albite and anorthite can mix to form minerals containing both Na and Ca, plus possibly a little bit of K. Feldspars within this range of compositions are known as plagioclase feldspars. Feldspar compositions can be visualized on a triangle diagram.


7. In the spreadsheet for this exercise, go to the “K-Na-Ca feldspars” worksheet. Cells A30:E52 contain data on the K, Na, and Ca percentages of different feldspars, which can be plotted on the triangle above the data. Highlight cells F30:G30, and fill down to the bottom of the data. Do not worry about how to calculate X and Y; the spreadsheet is really plotting a scatter chart, but it has been disguised as a triangle diagram! Describe, in general, in what part of the triangle the points lie. Do they cover the entire triangle, one side, or the middle?


8. To illustrate the possible feldspar compositions on the triangle diagram in Fig. 2.2, first label the vertices. Put potassium (orthoclase) at the top, sodium (albite) on the left, and calcium (anorthite) on the right. With this arrangement, alkali feldspars plot along the left side of the triangle, and plagioclase feldspars plot along the bottom.


[bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK11][bookmark: OLE_LINK12]9. The area for anorthite is filled in for you in Fig. 2.2; it shows that the dividing line between anorthite and albite is the line where Na and Ca are equal. The maximum amount of potassium that may be included in anorthite is 15%. What is the percentage of Ca at the black circle, where K = 15% and Na = Ca?


10. The area for orthoclase is similar to that for anorthite, except that it starts at the K vertex (top). The dividing line between albite and orthoclase is the line where K and Na are equal. The maximum amount of calcium that may be included in orthoclase is 15%. Outline and label the area for orthoclase.


11. To draw the area for albite, extend the long top edge of the anorthite area toward the left. Also extend the long right edge of the orthoclase area downward until it intersects the anorthite extension. These lines show the inner edges of the albite area. Shade and label the area for albite.




[bookmark: _GoBack][image: ]
Figure 2.2. Triangle diagram for feldspars.


	Are you surprised that so much of the triangle does not represent any feldspar at all? The part of the triangle that is not included in any of the three feldspars indicates combinations of K, Na, and Ca that do not occur in nature.







Feldspar Minerals and Triangle Diagrams
Part III: Uncommon Feldspars

Overview

This final part of the exercise combines the topics from the first two parts, using triangle diagrams to indicate the exact composition of specific feldspars and to illustrate the range of possible compositions among feldspar minerals.

Learning Objectives

· Verify chemical compositions for several other minerals of the feldspar group
· Analyze uncommon feldspar compositions using a different triangle diagram
· Consider the disadvantages of using triangle diagrams to represent feldspar minerals

Rare Feldspars

	A variety of chemical elements may be listed first in the feldspar formula. In Part II, you worked with mineral formulas that started with calcium (Ca), potassium (K), and sodium (Na). The minerals containing these three elements are frequently found in many different rocks around the world. Other feldspar formulas may begin with barium (Ba; Fig. 3.1), strontium (Sr), ammonium (NH4), rubidium (Rb) or iron (Fe). Minerals with these compositions form under special circumstances and are found in only a few places. 

[image: ]

Figure 3.1. Rare feldspar minerals.
A. Hyalophane <https://commons.wikimedia.org/wiki/File:Hyalophane011.jpg>
B. Celsian (gray) <https://commons.wikimedia.org/wiki/File:Celsian_in_sanbornite004.jpg>
C. Banalsite (pink). Copyright National Museum of Wales. Used with permission.
<https://www.researchgate.net/publication/259703038_The_rediscovery_of_type_mineral_species_at_the_Benallt_Manganese_Mine_Rhiw_Pen_Llyn_Gwynedd_Wales> 






Feldspars Containing Barium

	Feldspars may contain potassium (K), sodium (Na), calcium (Ca), or barium (Ba), but a triangle diagram can depict only three chemical components. In Parts I and II, we focused on potassium, sodium, and calcium. In this part, we include barium instead of calcium. 
	Celsian (BaAl2Si2O8) is the main barium feldspar. Orthoclase and celsian can mix to form intermediate compositions that contain both K and Ba, and the mixture is considered a different mineral named hyalophane. The chemical formula for hyalophane is more complicated than those for other feldspars: (K,Ba)Al(Si,Al)Si2O8.


1. Demonstrate that the formula for celsian above is charge balanced. The charge for Ba is +2, and the other charges may be found in Part II.


2. For every Ba ion that substitutes for K in the hyalophane crystal structure, one Si ion is replaced by an Al ion. Explain this relation using the concept of charge balance.



[image: ]
Figure 3.2. Triangle diagram for barium-bearing feldspars. 
The red circle represents a composition of 30% K, 4% Na, and 66% Ba.

	In addition, both hyalophane and celsian may include a small amount of Na. These feldspars can be plotted on a triangle with K, Na, and Ba at the vertices, as shown below. This triangle is similar to the one for K-Na-Ca, because the feldspars lie near the edges of the diagram and most of the interior is blank. Combinations of K, Na, and Ba that plot in the white parts of the triangle do not represent any naturally occurring feldspar composition. 


3. What is the maximum amount of barium that can occur in albite? In other words, describe the small triangular area representing albite on the barium triangle diagram.


4. What is the maximum amount of sodium that can occur in celsian and hyalophane?


5. Give the coordinates of a point inside the hyalophane area that has equal amounts of potassium and barium.


[bookmark: OLE_LINK3][bookmark: OLE_LINK6][bookmark: OLE_LINK13][bookmark: OLE_LINK14]6. In the spreadsheet for this exercise, go to the “Ba feldspars” worksheet. Several compositions have been entered in cells B31:D38. Highlight cells E31:F31, and fill down to the end of the compositional data. The data points should appear on the triangle diagram. Complete the table below by marking which feldspar composition corresponds to each point.

	Point:
Feldspar
	a
	b
	c
	d
	e
	f
	g
	h

	Orthoclase
	
	
	
	
	
	
	
	

	Albite
	
	
	
	
	
	
	
	

	Hyalophane
	
	
	
	
	
	
	
	

	Celsian
	
	
	
	
	
	
	
	

	No such feldspar
	
	
	
	
	
	
	
	




7. A very rare barium feldspar called banalsite has the chemical formula Na2BaAl4Si4O16. Verify that this formula is charge balanced.


8. What are the coordinates of the single point on the barium triangle (Fig. 3.2) that represents the composition of banalsite?


9. Another very rare feldspar called stronalsite has the chemical formula Na2SrAl4Si4O16, where Sr is the symbol for the element strontium. What are the coordinates of the single point on the barium triangle that represents the composition of stronalsite?


10. Triangle diagrams have many advantages for representing compositional data. Based on questions #7-9 in particular and the rest of the exercise in general, what are some disadvantages of using such diagrams for feldspars?
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