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Introduction:

Two sections in the Mountain View of the Stillwater Complex are readily accessible for field-based teaching of petrologic and geochemical principles: (a) a section through the Ultramafic series in the vicinity of the old Mouat Chrome Mine and (b) a section through the Banded series exposed on the mine road ¾ mile south of the junction with the West Fork USFS road.  Both sections provide ideal field settings to demonstrate a number of relatively simple concepts that we commonly discuss in abstract terms in the classroom.  To this end, the Mountain View field site has many advantages: it is readily accessible to large numbers of students, the rocks are well exposed and unaltered, detailed maps are readily available, there is a very large petrologic and geochemical database, a number of seminal papers on this area have been published, the mineralogy is simple and the constituent minerals in all rock types are easily identified with a simple 10x hand lens.  In addition, this area demonstrates the importance of the Stillwater Complex as a major economic resource.

Learning Objectives:


To some extent the learning objective will be different depending on the level of the student and the extent of background knowledge.  The fundamental objective is to have the students realize that rocks are much more than collections of minerals and that the mineral assemblages and rock sequences conform to simple basic scientific principles.  A major objective is to have students make semi-quantitative observations of the rocks with a view to understanding basic petrologic principles such as fractional crystallization, magma mixing, assimilation, compaction, and fluid migration.  The exposed sequences examined by the students provide superb examples to which more advanced students can apply the principles of thermodynamics and phase equilibria to actual rocks.  The Ultramafic sequence also allows the students to make an estimate of the total reserves of Cr ore associated with the main Cr seam in the complex.


Geology majors:  I will assume that most students in this group who make the trip to the Stillwater Complex do so after a year of traditional geology classes, i.e., they will have been exposed to mineralogy, petrology, structural geology and stratigraphy, and that they will have knowledge of the basic sciences equivalent to a full year of mathematics, physics and chemistry.  With this background (and assuming enough time is available) I would recommend the following:

1.  Each student should have a hammer, a hand lens, a magnet, a measuring device (ruler or tape measure), a compass, a field notebook, a map case, a scale and suitable pens/pencils.

2.  Prior to the field visit, and preferably in a classroom setting near the actual site, students should attend a short tutorial on the general geology of the complex.  In this tutorial there should be an attempt made to emphasize why rocks of this type, in general, and the Stillwater Complex, in particular, have played such a large role in petrologic thought.  On the assumption that most students need reminding of what minerals look like and how textures are described, a brief summary of the basic mineralogy of mafic cumulate rocks should be provided—a few hand samples of key lithologies might be appropriate to include at this point.  Students should also be made aware of the historical development of ideas on the petrogenesis of such rocks but not to the point of indoctrination.  After all we want students to retain an open mind on the subject of petrogenesis.


The tutorial should end on the note:  we have models for the origin of these rocks but a historic review of ideas on the origin reveals an evolution of ideas and the resulting strong differences of opinion among respected scientists.  Since science progresses to a large extent through “disputed hypotheses” it is important to emphasize that fresh eyes are continually needed in order for science to progress.  In my opinion we are so strapped for time in the expanding curriculum that we sometimes find it easier to emphasize only the factual stuff and, in the process, we lose sight of what we are really trying to do, i.e., to teach students how to think and act creatively.  I think it is important to instill in students the need for “disciplined creativity” that is firmly based on facts, observations and well-established theories.  In my experience there is little use in encouraging students to indulge in geo-fantasy, i.e., wild theories unconstrained by observational data.

3.  Prior to taking the students into the field they should be provided with (a) a simplified map of the entire Stillwater Complex, (b) a simplified map of the geology along the Mountain View road, (c) a blank topographic map covering the area of the two cyclic units in the Ultramafic series that they will observe and measure.

On site instruction:


As we drive along the road from the Stillwater Mine to the Mountain View field section we will pass by some spectacular examples of modal layering, inch-scale layering and monomineralic layers.  These can be pointed out in passing but I would not recommend stopping at this point.  Depending on how much time is allotted to the Stillwater field experience these can be examined on another day.


Drive to the upper level of the old Mouat Chrome Mine and park the vehicles on the waste dump next to the collapsed portal of the No. 2 level.  At this point we are at an elevation of ~7500 feet.  Since we are all geologists and not simply petrologists and geochemists it is of interest to point out some features of the regional landscape.  This area provides an excellent opportunity to ask some general geology questions based on what students can see regionally.  In my experience students will have difficulty answering these questions but with a little coaching and some facts they can use some fundamental principles to figure things out.  Questions that could be asked at this stop:

Q:  Look across the Stillwater Valley and tell us what you see at the higher elevations.

A:  A relatively gently dipping surface without much topographic relief at an elevation of 9000-10000 feet.  A few peaks, most noticeably Mt. Hague at 12,328 feet, stick up above this surface.  

Q:  What would you call this surface?

A:  A plateau or, better still, a peneplain.

Q:  How might such a surface form?

A:  [Students might need some help here.]  They can be informed that pockets of Paleozoic sedimentary rocks are locally preserved on the down dropped side of normal faults at many locations on the plateau.  With this information they should be able to figure out that this represents an old erosion/deposition surface that has been exhumed and exposed.  [A few sketches on a whiteboard would help here].

Q:  How can we determine the age of the ancient surface?

A:  By determining the age of the oldest sediments exposed on the plateau.  Once the students figure this out they can be informed that the oldest sediments are Cambrian in age.

Q:  As you drove south along the Stillwater valley you passed through a sequence of Paleozoic and Mesozoic sediments.  If we assume a thickness of ~10,000 feet for this sequence what does that tell you about the amount of uplift of the Beartooth Block.

A:  Approximately 20,000 feet.

Q.  What type of structure would you expect associated with this uplift?

A:  A very large fault or system of faults.

Q:  Where would you look for such a fault?

A:  At the mountain front.

Q:  Do you see such a structure?

A:  Yes—it’s actually fairly obvious.  [After it is pointed out where the range front fault (Horseman Thrust) is located the students can figure out what type of fault it is and how it has affected the sediments and the rocks of the complex.  They could be asked to sketch the fault and the rocks in the hanging wall and footwall.  The prominent flatirons of Madison limestone could also be pointed out.]


This would be a good time to give a short discussion on the Laramide orogeny and its significance in the tectonic evolution of western North America.

Q:  What type of valley is the Stillwater Valley?

A:  Glaciated [can tell from the valley cross section and the numerous glacial deposits in the valley north of the mountain front].

Q:  Look across the main Stillwater valley and describe the nature of the eastern side of the valley. It will help to locate Woodbine Falls.

A:  There is a prominent bench (Nye lip) and a change in valley cross section with the change in slope marked by waterfalls.

Q:  What has caused this geomorphic feature?

A:  Woodbine Falls and the Nye Lip represent hanging valleys produced by the main valley glacier.  

Now on to the igneous petrology:

Project #1: Cyclic units in the Ultramafic series

It is instructive to scout around the mine dump to locate large fresh samples of the main types of rocks that occur in the Ultramafic series of the Stillwater Complex.  These can then be set out on one of the wooden boards in the sequence observed in a typical cyclic unit.  The students will be asked to look at these samples and draw a sketch of the stratigraphic sequence--they should be able to identify the cumulus minerals and the intercumulus minerals.  They will probably need some help with this initially.  Most students should be able to identify the major minerals and textures in each sample and to draw a simplified stratigraphic column of a single cyclic unit.  In the example below the “easily” identified minerals are not italicized whereas the minor minerals are italicized.

	Rock Type


	Cumulus minerals
	Intercumulus Minerals

	Orthopyroxenite


	Orthopyroxene
	Cpx (oikocrysts) + Plagioclase ± minor quartz

	Granular harzburgite


	Olivine + orthopyroxene + minor chromite
	Cpx (small oikocrysts) + plagioclase ± very minor biot. and amph.

	Poikilitic harzburgite

± chromitite)


	Olivine + chromite (variable amounts)
	Opx (large poikilitic grains) + Cpx (smaller poikilitic grains) + plagioclase ± biotite ± amphibole (rare)


At this point a number of questions could be posed but it is unlikely that the students will be able to answer these without a lot more thought.  Some typical questions are listed below.  At this point the students should be left to ponder some of these questions and an immediate answer should not be required.  These questions can be revisited later after the students have examined the two cyclic units along the cliff traverse.  Caution: be very careful in this traverse: this trail can be quite hazardous).
Q:  What is the crystallization sequence?

A:  olivine → chromite → orthopyroxene (→ plagioclase → clinopyroxene).  It is difficult to determine the crystallization order of the latter two members of the sequence solely from the ultramafic rocks.  However, there is an outcrop on the road where it can be shown that plagioclase follows orthopyroxene and clinopyroxene follows plagioclase.

Q:  Why is olivine absent from the upper unit in the cycle?

A:  Olivine is involved in a reaction relationship: Ol + Liquid → Orthopyroxene

Q:  Can you explain your observations in terms of a simple binary or ternary phase diagram?

A: Yes, by using the Fo-Silica or, better still, the Fo-An-Silica phase diagrams.

Q:  Given the information that the basic cyclic unit is repeated at least 20 times, how might you explain this?

A:  Conventional answer is repeated influxes of new magma batches but I would hope to generate some unconventional answers.

Q:  How might one determine the composition of the magma that produced these cyclic units?

A:  Several answers possible here.

Q:  How might you explain the observation that the 87Sr/86Sr values increase upwards from the base of the Ultramafic series?

A:  Possibly assimilation, or maybe some other explanation is more plausible.

Students should be given a map of the cliff traverse (scale 1:2400) that shows the topography, and the location of the trail.  They will be asked to prepare a simplified geologic map showing the contacts between individual members of the cyclic units (there are two complete cyclic units and the trail terminates just above the base of the third cyclic unit.)  Areas of no outcrop along the trail should be left blank and the map should also show several strikes and dips of the contacts and/or the internal layering.  An attempt should be made to determine the mode of the various units on the traverse,

When the students have completed this exercise they should make a detailed map (or sketch) of the cliff face at the base of the third unit.  This is the location of the spectacular G chromitite, one of the richest Cr deposits in the world and the thickest chromitite in the complex.  This chrome-bearing seam and the overlying “H” seam were mined until 1960.  These two seams contain approximately 80% of the chromium reserves in the Western hemisphere.


Students will be asked to construct in their field notebook a stratigraphic section through the chromite seam as it is exposed in the cliff at the end of the trail (use a vertical scale of 1:24).  The section should begin just beneath the base of the first massive chromitite and continue upwards for ~12 feet.  It is a good idea to measure the section close to the groove cut in the outcrop when a channel sample was collected several years ago.  Make sure that the students fully describe the minerals associated with the chromite, the textures (grain size) of the rock, the modal abundance, and nature of the chromite (massive or disseminated), and the layering sequence. After the section is completed, calculate the equivalent thickness of 100% chromite over the 12 foot interval.  Using this thickness (converted to meters), calculate the reserves of chromite assuming that this thickness of chromite extends the length of the exposed complex (40 km) and that it extends down dip 3 km.  Convert the total volume to mass of chromite by multiplying by the density of chromite (4300 kg/m3). Assume that the chromite contains 20 % Cr.  Use these data to calculate the total reserves of Cr.  We know that the chromite seam does not remain the same thickness along strike and down dip of the complex so this simple calculation of ore reserves does not give an accurate value for the reserves.

Q:  What could you do to make a more accurate assessment of the total reserves of chromium.

A:  An extensive program of surface mapping coupled with an extensive program of diamond drilling and core logging.

Follow up:


There are many avenues of follow up in this project.  For example, each of the questions posed above could be the topic of classroom discussion.  Some students might wish to explore the geology further.  This could be done by having the students prepare a representative number of polished thin sections for petrographic study.  Enterprising students might also wish to do microprobe analyses of the constituent minerals (a very large project) or some might wish to do some geochemical research, etc., etc.  The number of follow up projects is limited only by the imagination and motivation of the instructors and the students.

Project # 2: Troctolite, gabbronorite, anorthosite sequence on Mouat Mine road

On the Mouat mine road 0.76 miles south of the intersection with USFS road 846 (West Fork road), there is a continuous outcrop of gabbro, gabbronorite, troctolite, and anorthosite within the Banded series of the complex.  The contacts between units are near vertical and “up” is towards the north.  This section has been mapped in detail by Mike Zientek and a copy of the stratigraphy published by Mike is appended.  This section is interesting because in some respects it appears to violate many of the rules of fractional crystallization and mineral accumulation.  This project is more appropriate for advanced undergraduates and graduate students.  Before the students are set to work there should be a discussion of the plagioclase-bearing rock types that occur in layered mafic intrusions.  The identification of some of the rock types in this section can be tricky and few students are able to identify the troctolite because the olivine is partially serpentinized and the fine-grained magnetite produced in this reaction controls the color.  However, the troctolite can be easily identified in the field because it is magnetic.  

For this project each student should have a hammer, a hand lens, a magnet, a measuring device (ruler or tape measure), a compass, a field notebook, a map case, a scale and suitable pens/pencils.  For this project it would be a good idea to work in pairs.  Each group will be asked to measure, describe and draft a stratigraphic section.  An attempt should be made to measure modal abundances and to record grain sizes and textures.

Depending on time constraints anywhere from 50 to 300 feet of section could be measured and examined.  Assuming that only 50 feet of section is examined the section should begin about 50 feet below the prominent near-vertical contact between troctolite (black rock) and anorthosite (white rock).  I recommend the section from 2510 to 2560 on Mike Zientek’s column.  This section begins with a gabbro passing upwards into a gabbronorite (with a dot-dash texture typical of many Stillwater gabbronorites).  The amount of cpx gradually decreases to zero over a 20 foot distance before the appearance of an olivine-rich cumulate with minor plagioclase which passes upwards into a troctolite with generally decreasing but highly variable olivine/plagioclase ratio.  The contact between the troctolite and overlying anorthosite is knife sharp.

Potential questions:

Q:  Can this sequence of cumulates be explained given what we know about the crystallization sequence we worked out for the Ultramafic series?

A:  On a local scale, YES.  On a broader scale, NO.

Q:  In our study of the Ultramafic rocks we established that olivine crystallization was terminated by reaction relationships.  Why then, does olivine reappear at this higher level in the intrusion?

A:  Conventional answer is: Injection of a new pulse of olivine-saturated magma

Q:  What measurements could be made to test this hypothesis?

A:  Lots of potential answers here, ranging from analysis of minerals to isotopic studies to trace element studies, etc., etc.  We need some fresh ideas!!

Q:  Why does the observed sequence up-section apparently violate phase equilibria predictions.

A:  Lots of examples could be cited.

Q:  What evidence would you look for to confirm or refute a compaction model?

A:  Look for foliations in the cumulates, etc.

Q:  What evidence would you look for to confirm or refute an interstitial melt migration model?

A:  Channels, etc.

Follow-up


Some of the these questions (and lots more) will require a great deal of thought and while it is probably OK to introduce them at the outcrop the students should be advised that they will need to think a lot more about the questions before they can formulate an answer.  


Students could prepare an accurate and detailed stratigraphic column (a la Zientek).  Again, the number of follow up projects is limited only by the imagination and motivation of the instructors and the students.

