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"In those early days people laughed at me. They quoted Saussure who had said that it was not a proper thing to examine mountains with microscopes, and ridiculed my action in every way. Most luckily I took no notice of them."  






Henry Clifton Sorby (ca. 1849)
 





The "Father" of Petrography

Introduction:
The petrographic analysis of rocks in thin section is one of the most enlightening, yet demanding, skills for geologists to master. Petrographic analysis yields two important types of evidence that lead to the characterization and interpretation of rocks:  1) identification of minerals (beyond what can be done in hand sample) including primary rock-forming minerals, alteration or replacement minerals, and important accessory minerals and in many cases their structural state and composition can be determined; and, 2) description of the textures of rocks that can lead to the interpretation of geologic history and process.  To do this effectively, the master petrographer must be able to integrate many lines of evidence:  the geologic setting where the sample came from, the optical and physical properties of a large number of rock-forming minerals, an understanding of phase equilibria as a framework for predicting what mineral assemblages are likely to occur (or do not occur in Nature), the ability to interpret geologic processes and to "read" the history of the rock based on observations of textures in rocks. A complete characterization of the petrography of rocks is an essential pre-cursor to doing follow-on analytical work (e.g. electron microprobe, geochronology), and the results of petrographic analysis will often open up important new lines of research. To put this all together, however, is indeed a daunting task!
Purpose:
The first encounter with an unknown thin section can be both confusing and overwhelming:  Where do I start? What should I look for?  How should I proceed?  How will I know if I'm doing the right thing, and making the right observations?.... 
The purpose of this exercise is to "unpack" the steps taken by a master petrographer, to describe "what" observations can be made, and explain "why" these steps should be taken, what the utility or significance of the observations is, and how these observations can be appropriately interpreted (often these observations are done instantaneously in the mind of the petrographer, but in this exercise we try to explicitly outline these steps).  With practice and experience these steps will become second nature.  The goal of this exercise is to help students master the art of petrography so that they can independently do petrographic analysis of any rock from any context.
Organizational Principles of This Exercise

To begin, a series of spread sheets have been set up to provide a framework of observations and questions as a "guided discovery" exercise to clearly demonstrate the observations that a master petrographer would make.  The observation of a thin section is broken down into a series of manageable tasks:  reconnaissance overview of the thin section at low power; followed by creation of a systematic inventory of the rock-forming minerals (stable mineral paragenesis), alteration phases, and accessory minerals; and finally, analysis of the textures of igneous, sedimentary and metamorphic rocks.

Comprehensive lists of a) optical determinations, and b) textural features are provided as "cues" to the student to help focus attention on the full range of observations that could or should be made towards a comprehensive petrographic analysis of the thin section.  These sheets are organized to include:

· Consideration of the geologic context of the sample:  What is the geologic setting where the rock was collected? What is the rock type (if known), or at least is it igneous, sedimentary or metamorphic?  This type of contextual information will help guide you to interpret what minerals are likely to be present (or excluded) in the sample

· Mineral Optics (identification of mineral phases in thin section.

· Observations at low power in plane and cross polarized light.

· Systematic characterization of the (stable) rock-forming minerals

· Identification of a) secondary or replacement minerals, and b) important accessory minerals;
· Description and Interpretation of Rock Textures
· Igneous rocks

· Clastic Sedimentary rocks 
· Non-clastic Sedimentary rocks (carbonates)

· Metamorphic rocks

· Applications; can these minerals/assemblages/textures be used to determine source area, physical conditions (thermobarometry), geo- or thermochronology, and other useful geologic information?
Initially, use of these spread sheets will appear to be prescriptive. However, given the complexity observed in Nature, no single set of questions can be universally applied to all types of samples. So, the steps and observations represented in these spread sheets provide a general framework--a place to start--and the lists of optical properties and textures are meant to be a reminder to students about the types of observations that should be made. Students can use these spread sheets as a guide to make decisions about what is important and useful for the overall interpretation.
Thinking as a Geologist:  Petrographic and Metacognitive Skills
Lessons learned by doing petrography are obviously important to the study of mineralogy and petrology. But these lessons go far beyond:  Metacognitive skills are also developed  a) by developing an awareness of one's own learning processes, b) monitoring one's own learning strategies and assessing their effectiveness, and c) making adjustments to one's learning strategies when appropriate. (See:  http://serc.carleton.edu/27944).  

By following the spreadsheets as guides to petrographic analysis of a thin section:

· A learning strategy is provided that demonstrates how to systematically observe and interpret a thin section;

· Students should begin to ask appropriate questions of the thin sections, and begin to seek the answers using a) all the techniques available via the petrographic microscope, b) making focused and purposeful observations, and c) making interpretations that are contextual, constrained (by known geologic relations), relevant and meaningful.

· The scientific method is used to formulate hypotheses about what minerals might be expected, and the tests are provided to confirm or reject the hypotheses;  taking a Popperian approach, interpretations can be continually tested against new observations to check for validity;
· Predictions can be made based on geologic insights and reasoning; 

· Sketching and photomicrographs:  by sketching images of the thin sections, students must make critical observations, decide what is important and what to emphasize, and disregard "extraneous" information in the slide. Many students will have access to digital cameras; photomicrographs are also useful, but it's best to annotate the key features .

· Petrographic study should be purposeful:  you should have a clear idea of what questions you are trying to answer and why:  a) What is the stable mineral assemblage?  b) What alteration minerals are present?  c) What accessory minerals are present?  How can these be used to interpret e.g. provenance, or to be used for further analysis e.g. geochronology? d) What is the history of the rock based on overprints and cross-cutting relations preserved in the rock fabric?
· Internal inconsistencies can be revealed as new evidence is brought to bear; Checks on observations and interpretations can be made by considering if the results are a) possible in Nature, b) internally consistent with known relationships, etc.

For example, a greenish mineral with no cleavage, high relief, and high birefringence is observed in a rock that also includes quartz, potassic feldspar and plagioclase. Out of context, this mineral might be identified as olivine--but upon further reflection, epidote is probably a better interpretation.  Olivine should not occur in a quartz-bearing rock. Upon further observation, the unknown mineral occurs as both a replacement of plagioclase and in veins--using textural information to further confirm the identity as epidote. By using these "guided discovery" spread sheets, the goal is to help students develop this type of internally consistent geological reasoning.
Skills Required to do this Exercise
It is assumed that students have already mastered (or at least been exposed to) the basic functions required to do optical mineralogy:  a) all functions of the petrographic microscope are understood (analyzer, accessory plate, Bertrand lens), b) high v. low relief, c) isotropic v. anisotropic minerals, d) interference figures can be obtained and interpreted (uni- or biaxial, optic sign, 2V), e) pleochroism, f) birefringence, g) length characteristics, h) extinction angle…. This exercise will help you practice these skills, but you need to be introduced to them to begin.

For Students:
Use these spread sheets as a guide to do a petrographic analysis of a thin section unknown.  Each sheet will help to guide you through a systematic set of observations you can make to prepare a comprehensive analysis of the thin section.  The first set of spread sheets can be used for optical mineralogy to help you determine the mineralogy of the primary, secondary and accessory minerals in your sample. The other set of spread sheets contain lists of textural features that will help you to further analyze the processes, physical and chemical conditions, and history of your sample. These lists are provided as reminders of the types of features you should be looking for in your sample. Rock classification charts and associated graphical representations are also provided to help your interpretations.  
For Faculty
a) These spread sheets cover many (but not all) of the features that could be observed in thin section. They can readily be modified to add additional features that might be present in samples from your collection--the lists provided are a start, but are not necessarily comprehensive.  The fact that more descriptive terms are provided than can be used to interpret a single thin section means that the students must at least consider the possibility that such a feature is present; it’s a stronger case to report that a feature was looked for but not found, rather than simply ignoring the possibility.  In most cases, the section headers will direct students to make a particular type of observation (e.g. grain size, shape, etc.) and under these headers will be a number of sub-categories that the students can select from.  
b) These spread sheets can readily be used as a scoring rubric for assessment of student learning.  For a given thin section, you should readily be able to assign a point value to any observations, measurement, interpretations that you deem to be appropriate and germane.  Not all fields will necessarily require an answer--and this will also help you to see if the students are correctly doing the optical procedures; i.e. are they doing these procedures by rote (and not really understanding what they are doing or why--e.g.  inappropriate, inaccurate or inconsequential optical data are reported),   or are they really making appropriate observations and measurements.  

I emphasize the use of sketches and am beginning to use annotated digital photomicrographs in my own instruction of petrography in my classes.  This requires students to focus on the most important observations and to ignore extraneous details in the thin section. Again, this really helps to reveal what the students are seeing, and what they think is significant.  
By having students explicitly write their observations in this graphical form on these spreadsheets, this should provide a good measure of their understanding of the procedures of petrography, and will also provide a window into what they are seeing  and thinking.   

Having students lead extemporaneous discussions of their interpretations of a thin section using a video camera and live projection via an LCD projector (or Petroscope) is another important way to discern if students are “getting it” if they can really articulate what they are doing (and why), what they are observing, and how they interpret these features.
c) There are a number of really nice atlases of petrographic images available in books and on-line.  I discourage the use of these resources in the first instance. Students are too quick to look at one of these image resources and simply declare in their own samples: "that's andalusite because it looks like andalusite in the book/webpage".  However, this means that students are taking short cuts, not doing the petrographic analysis, and may set themselves up for wrong determinations (e.g. this unknown might just as easily be orthopyroxene, and you had better do some mo' better optics and get it right!).  The atlases are good resources for later confirmation and reinforcement. But for starters, I prefer that my students rely on their own observations and measurements.
