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Objectives:

1. This exercise develops skills in x-ray diffraction analysis by introducing students to concepts of particle size separation, particle orientation, and sequential analysis steps used in clay mineralogy.  These are standard practices in clay mineral analysis.

2. The exercise reinforces lecture material on the geochemistry of weathering of different rock types in a single climatic setting (in this case semi-arid Rocky Mountains).  Students determine clay mineral suites in soils developed over Precambrian gneisses, lower Paleozoic feldspathic sandstones, and Tertiary basalts and volcaniclastics

3. The exercise demonstrates the role of petrologic characterization in site engineering.  Students collect soil samples from four different subdivisions developed on the different rock types and assess the swelling potential and liming need for each building site.

Student preparation:

1. This exercise assumes that students are already familiar with powder diffraction and random powder preparation methods, and have some experience in the interpretation of multi-mineral mixtures.

2. Students have some knowledge of the regional geology and can make simple predictions about the outcome of the exercise.

3. Students have received preparatory lecture material covering the geochemistry of weathering and the mineralogy of the clay minerals.

Instructor Key and General Comments on Lab Procedures and Problems:

1- We find this to be an important assignment.  First, it refreshes the students’ memory and saves the need for some review, and second, it forces students to make connections between courses taught in different semesters.  Engineering students don’t like self-initiated reviews very much so we provide them with a written questionnaire-style homework assignment to make sure this review gets done.

2- This lab was initially proposed by two undergraduate students as a substitute for a scheduled petrology lab:  the two students had taken a graduate-level course in clay characterization thus the planned class activity was too simplistic.  The process of deciding how and where to collect the samples, and what criteria to use in the field was an excellent learning experience for them.  We did not go out into the field with the two students – but did spend quite a lot of time discussing the field activity with them beforehand.

3 – In a course directed more towards earth materials as opposed to traditional petrology, it would be appropriate to have students describe soils using standard soil science terminology and have them use Munsell color charts (SSSA, 1984) 

4- Jackson (1979) and Moore and Reynolds (1997) provide a more comprehensive discussion of methods for separating clay minerals from different rocks, pre-treatments of several kinds, Stoke’s Law, and an analysis of some of the common problems that occur in preparing clay mounts for XRD.  After many years of doing this kind of analysis we entirely agree with Moore and Reynolds’ comment that the glass-slide method is foolproof and simple, and if a more quantitative preparation is needed then the Millipore( filter transfer method is easy and adequate.  If you do not have access to a centrifuge, size separation by gravitational settling can also be accomplished, however settling times in excess of 3 hours are needed to get the  <2m fraction, so plan accordingly.  Additional procedural information for gravitational settling is given in Jackson (1979).

5- Clay mineral analysis involves repeated analyses of the sample:  students need to return several times to x-ray their samples following the various treatments.  Individual scans are often of short duration but nonetheless a commitment of faculty time is needed to supervise the analyses.  We use this time to reinforce the interpretation process with small groups (2 or 3) of students.

6- In our integrated analytical applications sequence, juniors taking petrology have already had experience with x-ray diffraction search-match software as sophomores.  However, this approach is not suitable for interpretation of clay mineral diffraction patterns, which need to be analyzed using a first principles approach.  We have to be vigilant that the students do not use computerized searches for this exercise.  Why?  The JCPDF files are for random orientation x-ray diffraction not the highly oriented samples prepared for clay analysis.

7- What approach should be used for the mixed layer clays?  The occurrence of mixed layer clays, in particular mixed layer smectite/illite, is very widespread.  Their diffraction patterns can be complex to interpret, however.  How to treat this topic with undergraduates really depends on the level of preparation each instructor has time for:  the development of the x-ray diffraction characteristics of a mixed layer clay from first principles can be accomplished in an hour of lecture time if the students are well versed in mineralogy and x-ray analysis.  If, as happens in our engineering curriculum, time is short and the students are distracted by the demands of other coursework, then a more simple treatment is called for.  We provide NEWMOD generated patterns of common I/S mixtures and use a cookbook approach:  engineering students are quite content with this approach!  A more rigorous exercise should include pattern-matching using NEWMOD.

8- If the geochemistry of weathering is an emphasis, instructors can provide additional reading and expect a higher level of aqueous geochemistry.  Drever (1988) and Langmuir (1997) are excellent resources.  Minimally, we expect students to relate the presence of kaolinite to weathering of alkali feldspar, smectite to the weathering of volcanic ash, basalt, and ferromagnesian minerals.  Illite presents a more complex interpretation problem.  Illite and muscovite polytypes are discriminated on the basis of several non-basal reflections observed in randomly oriented preparations, beyond the scope of this exercise.  Sharp, well defined reflections in oriented preparations are more likely to be muscovite, certainly supported by the presence of visible muscovite in some soils. Such muscovite is best interpreted as relatively un-weathered igneous/metamorphic materials.  Broader reflections are more typical of illite which has been formed in the weathering environment from K-feldspar.

 9- In the geological engineering curriculum, additional course work is taken by juniors and seniors in engineering geology and soil mechanics.  Students learn about soil behavior during construction and learn about Atterberg limits (plastic and liquid limits) and what these mean in terms of site preparation. In petrology our goal is to keep a firm footing in science but to indicate how this will eventually apply to geological engineering, in the hope that connections will be made in future semesters.  In a science-oriented curriculum or in an earth materials course it may be appropriate to review the engineering application in more depth as this may be the only opportunity in the curriculum to show an applied aspect of earth science.  Students who are residents of the Denver metropolitan area are familiar with swelling soils either through direct personal experience or hearsay as there is quite a lot of publicity surrounding foundation damage due to swelling soils and heaving bedrock.  Within Golden six homes were condemned following irreparable structural damage traced in part to swelling induced by irrigation of new lawns!

10 - At the workshop we demonstrated the laboratory ASTM tests for determining the Plasticity Index.  The Plasticity Index is a measure of the soil water content difference between the liquid and plastic limits and correlates well with the smectite content of the soil. The Plastic limit measurement involves repeated rolling of wet soil between the palm of the hand and a glass plate into long threads until the soil crumbles into small pieces.  At this point the soil is weighed and then dried to determine the moisture content.  In effect, the soil is dried out by manipulating it until it has a change in physical behavior from plastic (can be rolled) to non-plastic (breaks into pieces), then measuring the residual water.  The liquid limit is based on an empirical observation of lack of internal cohesiveness in the soil.  Water is added to the soil incrementally until a deliberately placed surface groove can be removed simply by banging on the container.  At this point the water content of the soil is determined by measuring the weight loss on drying a sample. A good resource for the experimental procedure for Atterberg limits is Texas A&M (1997) and University of Washington (2003).   

11- The lab write-up we do is a formal report which needs to be prepared in a professional manner.  This particular assignment is one of several that are used for engineering accreditation and assessment purposes in our undergraduate curriculum:  we assess writing skills at every academic level (petrology is a junior class) and some students will need to archive this assignment in their assessment portfolios.  In a curriculum where writing is more heavily emphasized and students have more writing proficiency than engineering undergraduates, the lab assignment could be completed in a different manner.

Positive Experiences and Pitfalls of Analytical Work with Undergraduates:

1.) The undergraduate engineering curriculum puts pressure on student time and availability.  As much as possible we pre-run everything and keep a set of “back-up” materials that might include prepared clay mounts, glycolated, and heat-treated samples, as well as a complete set of the x-ray diffraction files.  Problems involving lost computer discs, broken glassware, missing shared materials, vacuum pumps that fail, and furnaces that burn out can negatively impact the experience for students and instructors alike and re-scheduling the lab is not always possible.

2.) We test all the software, which is in a multi-purpose, multi-user computer lab about 1 week before the lab and again the day before.  It never fails to amaze us how rapidly software gets corrupted in a shared environment!


3.) We prefer to work with the students in small groups, normally pairs, instead of simultaneously teaching 20-25 in a lab, so we dedicate time and effort to schedule faculty-student meetings.  However, we have found that it is necessary to be ruthless about insisting that the students show up at the scheduled meeting time and don’t just join their friends’ group later in the week when they decide that an 8am meeting is too early!


4.) Overall, the students respond very well to lab work.  In our engineering curriculum students spend a lot of time working on math-intensive problems and time spent in the field and lab is an enjoyable change from their routine.


5.) Although clay mineral analysis is an advanced topic we introduce it for several reasons: (a) it involves a very linear progression of analyses and decisions readily implemented by an undergraduate student; (b) many earth science students are employed in environmental remediation where a knowledge of clay mineralogy is essential, and (c) even if they don’t do the analyses themselves, the students may need to obtain and/or interpret such analyses from a third-party vendor.

Other Petrologic Problems Involving Clay Mineralogy

The basic analytical and X-ray diffraction techniques for clay minerals presented in this exercise can be applied to several other petrologic problems, some of which we have listed below.  Additionally, in many petrologic environments there is a close association between clay minerals and zeolites.  The separation and concentration of clay minerals will also concentrate fine-grained zeolites, which may otherwise be overlooked, as noted by Moore and Reynolds (1997).  Thus, the lab we have developed here can be readily tailored to other problems in petrology according to instructor interest and local geologic environment.
1. Transition of smectite to illite through mixed layer clays 

a. during burial of mudrocks

b. during contact metamorphism of mudrocks

c. during migration of hydothermal mineralizing fluids

The original work on the progressive conversion of smectite to illite through the mixed layer clays during burial of mudrocks is attributed to John Hower and his co-workers and is succinctly summarized by Moore and Reynolds, (1997) (and references therein). The petrologic significance lies in ties to the primary and secondary migration of hydrocarbons and the origin of abnormal pore pressures (overpressuring) in sedimentary basins.  The appearance of the 2M1 illite-muscovite polytype is used as one indicator of the onset of metamorphism (Frey and Robinson, 1999).  In a contact metamorphic setting, a simple heat flow model can be constructed to account for the degree of conversion of smectite to illite as a function of distance from the igneous body (Buhmann, 1992; Esposito, 1993).

2. Transition of smectite to chlorite through mixed layer clays 

a. during hydrothermal alteration of volcaniclastic rocks and of amphibolites and basalts

b. during diagenesis and early metamorphism of mudrocks

The sequence of changes from smectite through chlorite is similar to that of smectite to illite.  However, the perfectly ordered phase, corrensite, is more commonly found than the perfectly ordered equivalent smectite/illite, rectorite.  It is always satisfying to see the superlattice of the perfectly-ordered R=1 mixed layer phase!  A good resource is Frey and Robinson (1999).

3. Illite polytypes as an indicator of Carlin-type epithermal gold mineralization.  Reading: Folger et al. (1988).

4. Paragenesis of acid sulfate hydrothermal alteration involving alunite, pyrophyllite. 

While this is a classic example of hydrothermal alteration mineralogy, a particularly interesting application in geological engineering and earth materials can be found in the Slumgullion Slide, Colorado, where acid-sulfate alteration is one of the causes of loss of internal cohesiveness leading to ground failure.  Reading:  Varnes and Savage (1996).  An example of how hydrothermal mineral assemblages are used in the engineering of geothermal energy production is given in Reyes (1990).

5. Formation of bentonites and/or tonsteins from alteration of volcanic ash. 

Different clay mineral assemblages are found depending on whether the ash fall was marine (bentonite) or non-marine (tonstein), thus providing a good example of the role of fluid chemistry in the alteration reactions of volcanic glass and feldspar.  Reading:  Althaner (1989); Bohor and Triplehorn (1996); Cuadros and Altaner (1998).

6. Mineral reactions during low grade metamorphism.

The classic fine-grained metamorphic rocks that are so difficult to study in thin section are entirely suitable for analysis using the techniques described in this lab. Preferential orientation of micas and chlorites enhances the X-ray diffraction interpretation process. Frey and Robinson (1999).
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