Igneous and Metamorphic Minerals

Compositional Variation and Common Substitutions
David W. Mogk

Montana State University

Learning Goals:

· To apply the principles of crystal chemistry (e.g. Pauling’s Rules) to recalculate mineral formulae, and construct structural formulae based on rules of site occupancy;

· To work directly with mineral compositional data, and to critically evaluate the quality of these data by checking mineral formulae for stoichiometry and charge balance; in particular, treatment of ferric/ferrous iron presents difficulties that must be addressed;

· To demonstrate that mineral formulae recalculations are model dependent, and reported values may vary quite dramatically depending on assumptions chosen in selecting recalculation models; 
· To become familiar with the compositional constraints of numerous end-members and varieties of the rock-forming minerals that are used to interpret geologic processes, environments of formation, etc., and 
· To establish the basis for applying mineral compositions to more advanced applications such as geothermobarometry.
Introduction: Minerals are monitors of the physical conditions of metamorphic (primarily pressure and temperature, but also oxidation state, etc.) and igneous processes. Many minerals are excellent monitors of these conditions because of their variable chemistry. Changing physical conditions commonly results in changes to mineral compositions according to a variety of solid solution exchange reactions.  The purpose of this exercise is to become acquainted with the compositional varieties of common igneous and metamorphic minerals, to explore the exchange reactions that control this compositional variability and to use these chemical variations to determine conditions of formation. 

You will discover that mineral formulae recalculations are not necessarily straightforward. There are many strategies used to recalculate complex mineral formulae. The assumptions used require some geologic knowledge (or intuition!), particularly with regard to how to handle ferric/ferrous ratios of iron that cannot be measured directly with the commonly used electron microprobe analytical techniques.

Recalculation of mineral formulae is not necessarily the end product of compositional analysis of metamorphic minerals (i.e. simply naming the variety of a given type of mineral is not the ultimate goal).  Mineral formulae will be used in more detailed applications of geothermobarometry (i.e. calculation of equilibrium temperatures and pressures) in a later problem set.  
EXCEL SPREADSHEETS AND DATA SETS USED IN THIS EXERCISE CAN BE DOWNLOADED FROM:  http://serc.carleton.edu/NAGTWorkshops/petrology/teaching_examples/23324.html 
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b. What are the two end members in the plagioclase feldspar series?

    Write a balanced chemical reaction for the coupled solid solution that explains the 
compositional variation of the plagioclase series?

    What are the compositional limits of the types of plagioclase in this series (e.g. albite-

       oligoclase-andesine-labradorite-bytownite-anorthite)?

     Is there complete solid solution in this series, or are there compositional “breaks” that 

       have been observed in nature?

c. Refer to the binary phase diagrams in this system:

    http://serc.carleton.edu/research_education/equilibria/binary_diagrams.html
At low pressure (e.g. 1 MPa, 1 atm) under what conditions will there be a) complete solid solution, and b) limited solid solution? What is required for “good” solid solution?

What is the effect of increasing pressure to 500 MPa (5 Kbar)?  Do you predict complete or limited solid solution?

d. Use the following spread sheet to recalculate the feldspar formulae from the following selected analyses from the attached data table: Alkali Feldspars: 1, 2, 6, 8, 10, 12, 14 and Plagioclase:  1, 3, 4, 5, 6, 8. Plot the calculated % end members for each sample on a ternary feldspar diagram (Kspar at the apex, Albite lower left, Anorthite lower right).
http://serc.carleton.edu/files/research_education/equilibria/normalization.v15.xls 

II. Garnets
a. What are the end-member formulae for the following types of garnets?

· Almandine

· Pyrope

· Spessartine

· Uvarovite

· Grossular

· Andradite

b. What are the solid solutions that occur in the “pyralspite” series?  (i.e. What elements substitute for each other in one crystallographic site, and what elements are constant  in these formula)?
What are the solid solutions that occur in the “ugrandite” series? (What elements substitute for each other to give these three end members)?  
c. Calculate the composition garnets 1-6 from the accompanying data table using  http://serc.carleton.edu/files/research_education/equilibria/normalization.v15.xls   
Normalize each formula in terms of the % of each end member, and “name that garnet”.
[Note:  for garnets that contain Fe+3 and Cr+3, these components must be completely assigned to andradite and uvarovite respectively with both consuming a proportionate amount of Ca; the remainder of the Ca will be assigned to grossularite].
III. Pyroxenes


a. What is the end member composition of 
the following types of pyroxenes?
· Diopside

· Hedenbergite

· Jadeite

· Aegerine

· Enstatite

b. What is the composition of the following varieties of pyroxenes?

· Pigeonite

· Omphacite

c. What exchange reaction occurs between the following pyroxene pairs?  For each of these exchange reactions, do you expect complete or partial solid solution?

· Diopside-Hedenbergite

· Aegerine-Jadeite

· Diopside-Enstatite

d.  Calculate the mineral formulae for the following pyroxenes from the  attached data table, using the Excel spread sheet:  http://serc.carleton.edu/files/research_education/equilibria/normalization.v15.xls 
· For each analysis write out the structural formula (i.e. assign the correct elements in the correct proportions to the tetrahedral site, M1 [smaller octahedral site—typically 6-fold coordination], and M2 [larger “cubic” site with 8-fold coordination for clinopyroxenes]).

· How much tetrahedral Al is in each pyroxene?  Octahedral Al? “Excess” Mg in the M2 site?

· Plot pyroxenes 1, 2, 3, 4, 5, 6, 7, 10 on a ternary diagram with CaO (apex)-MgO (lower left)-FeO (lower right). [Use the % end member of Diopside, Enstatite, and Ferrosilite].

· Plot pyroxenes 4, 5, 6, 7, and 12, 14 on a ternary diagram with Diopside (top)-Jadeite (bottom left)-Aegerine (bottom right).

· Is there complete or limited solid solution between:  i) the clinopyroxenes (diop-aug-hed) and orthopyroxenes (en-ferrosilite), and  ii) the varieties of calcic and sodic clinopyroxene (diopside-jadeite-aegerine)?
IV.  Amphiboles
a. What is the end-member composition of the following amphiboles:

· Tremolite

· Anthophyllite

· Glaucophane

b. What elements and crystallographic sites are involved with the following exchange reactions:  
· Edenite

· Tschermakite

c.  What are the compositional characteristics of the following varieties of amphibole?

     (You should refer to the amphibole classification scheme in Hawthorne and Oberti,    

       2007, RIMG  Vol. 67, Chapter 2, Classification of the Amphiboles)  
· Gedrite

· Pargasite

· Kaersutite

· Barroisite

· Riebeckite

d.  Calculate the mineral formulae for the following ampiboles from the attached data table, using the Excel spread sheet: http://serc.carleton.edu/files/research_education/equilibria/amphibole_formula.xls
· For Analysis 7, calculate the mineral formulae using ALL 8 of the recalculation models in this spread sheet.  What is the range (from low to high) of calculated abundances of i) tetrahedral Al, ii) octahedral Al, iii) Mg in the M4 (i.e. large “cubic”) site, iv) Na in the M4 site, and v) total A site occupancy?  

· Use appropriate compositional plots (Figures 1-5, page 5 from Hawthorne and Oberti, 2007) to show the range of calculated compositions that derive from these models (label your points 1-8 in the order of the models used in the spread sheet).

· For amphiboles 1, 2, 5, 6, 7, 8, 11,13, and 15:  Name that amphibole, using data from your  recalculations, and applying the appropriate compositional plots from Figures 1-5 from Hawthorne and Oberti, 2007. For the purposes of this exercise, use Model 1—no ferric iron present, normalize to 23 oxygen.
V. Micas

a. What are the general formulae for:

· Biotite
· What is the end member “annite”?

· What is the end member “phlogopite”?  
· Muscovite

b.  What is the difference between a “dioctahdral” and “trioctahedral” mica?

c.  What are the compositional characteristics of these varieties of micas?

· Paragonite;  Does this mineral have complete or limited solid solution with muscovite?

· Phengite

d.  Recalculate the mineral formulae for the following micas using the Excel spreadsheet: http://serc.carleton.edu/files/research_education/equilibria/mica_forumlas.xls
Use data from the datasheet: 1, 2, 4, 
6, 7, 8

· For mica 8, compare the range of all the recalculation models, determining the minimum and maximum values of i) tetrahedral aluminum, ii) octahedral aluminum, iii)

· For each analysis i) name that mica, and ii) write the structural formula for each mica, assuming that all iron is ferrous (Model 1).

Data Source for the Accompanying  Data Set

Data used in this problem set are from: Deer, W. A., Howie, R. A., and Zussman, J., 1967, An Introduction to the Rock Forming Minerals, Longmans Green and Co., London.

Mineral data provided in the accompanying spread sheet can be entered directly into the mineral formulae recalculation spreadsheets: http://serc.carleton.edu/research_education/equilibria/mineralformulaerecalculation.html 

Note:  Ferric iron is reported as a separate chemical constituent in many of the analyses used in this problem set. However, many of the spreadsheets calculate the ferric iron content of the minerals by stoichiometry and charge balance. So, you will have to recast ferric iron as equivalents of ferrous iron by multiplying the ferric iron from the table by a factor of .8998, and then adding this to the ferrous iron from the table to obtain FeO (total) which should be entered into the spreadsheet. 
Other Resources:
Plotting recalculating and plotting mineral compositional data

Mineral Formulae Recalculation web page, from Teaching Phase Equilibria

http://serc.carleton.edu/research_education/equilibria/mineralformulaerecalculation.html
Plotting Mineral Compositions and Chemographic Projections, from Teaching Phase Equilibria

http://serc.carleton.edu/research_education/equilibria/chem_projections.html
Where do mineral compositional data come from?

Electron Microprobe Analysis, from Geochemical Instruments and Techniques

http://serc.carleton.edu/research_education/geochemsheets/techniques/EPMA.html
Wavelength Dispersive Spectrometry, from Geochemical Instruments and Analysis

http://serc.carleton.edu/research_education/geochemsheets/wds.html
Energy Dispersive Spectrometry, from Geochemical Instruments and Analysis

http://serc.carleton.edu/research_education/geochemsheets/eds.html
Mossbauer Spectroscopy (for ferric/ferrous determinations, from Geochemical Instruments and Analysis

Application of mineral compositional data to geothermobarometry

“Classical Thermobarometry”, from Teaching Phase Equilibria

http://serc.carleton.edu/research_education/equilibria/classicalthermobarometry.html
Useful References on Mineral Nomenclature
Amphiboles and Other Hydrous Pyriboles-Mineralogy, 1981, David R. Veblen (ed.), Reviews in Mineralogy Volume 9A, Mineralogical Society of America

(especially the article by Frank Hawthorne, Chapter 1 The Crystal Chemistry of the Amphiboles)
Amphiboles: Petrology and Experimental Phase Relations, 1981, David R. Veblen (ed.), Reviews in Mineralogy Volume 9B, Mineralogical Society of America

Amphiboles: Crystal Chemistry, Occurrence, and Health Issues, 2007, Frank C. Hawthorne, Roberta Oberti, Giancarlo Della Ventura, and Annibale Mottana (eds.), Reviews in Mineralogy and Geochemistry, vol 67, Mineralogical Society of America and Geochemical Society.

Micas, S. W. Bailey (ed.) Reviews in Mineralogy Volume 13, Mineralogical Society of America (especially Chapters 1 and 2 by S. W. Bailey, Classification and Structure of the Micas and Crystal Chemistry of the True Micas)
I.  Feldspars


a. What are the two end members in the alkali feldspar series?   

















What is the exchange reaction that relates these end members?
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