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The Beartooth Highway has been described by Charles Kuralt as “the most beautiful highway in America”.  It also traverses some of the most spectacular geology. A GSA DNAG Road Log in this section gives an overview of the geology on this part of the field trip.  During the 1950s and ‘60s, this was the study area of Arie Poldervaart and students, where they interpreted the crystalline rocks in this area as forming through granitization processes.  More recent work by Mueller, Wooden, Henry, Mogk and Barker, using whole-rock and isotope geochemistry and thermobarometric studies, have interpreted this area as a late Archean (ca. 2.8 Ga) plutonic complex with inclusions of mid-Archean (ca. 2.8-3.2 Ga)  high-grade metasupracrustal and gneissic suites (see compilation of references).  

During the course of the day, we will be examining the high-grade metasupracrustal rocks, related gneisses, and the late Archean granitoids and mafic dikes.  We have prepared a number of exercises that might be done with classes at different levels. Depending on the background and preparation of your class you might want to emphasize different learning skills specific to the class level:  observation, interpretation, integration (i.e. multiple lines of evidence focused on a given problem), and synthesis (i.e. relationship to the “big picture”, drawing from the corpus of geologic knowledge).  We have also prepared a compilation of our key scientific results—but these are under seal and we’d like you to do the exercises first as if you were students before taking a look at the supporting evidence.  

The following are some “framing” questions to help get students geologically, spatially, and temporally oriented in preparation of this field experience (i.e. to help reduce “novelty space”).


· What is the distribution of Archean rocks in what is known as the Wyoming Province?  How are these similar or different compared with Proterozoic or Phanerozoic rocks you may have seen in the region?

· Why are these crystalline rocks exposed in the core of this mountain range—what is the relationship to the Laramide Orogeny?

· What can these rocks tell us about a) crustal evolution and b) deep-crustal petrologic processes?  Are there differences and similarities between Archean and Phanerozoic crystalline rocks?  What is the evidence for either igneous or metamorphic processes that helped to form and transform these rocks? (i.e. prepare students to make key observations while on the outcrop).

· Why are these rocks interesting? (Have students help to define the learning goals of why we would take the time to spend a day, or years, to study this suite of rocks as a motivator for learning).

Stop 1.  Hellroaring Plateau Road. Traveling south from Red Lodge on US 212, turn west on the USFS road past Limberpine Campground (outhouse stop if needed) and take the old ore haul road towards Hellroaring Plateau. We will park about half way up the road at the  Hellroaring Creek crossing. Parking will be tight, and please take care on this narrow road.  There are a number of outcrops along about a half-mile stretch of the road. For diversity of experiences, we would ask that vans 1 and 2 start on the lower outcrops and do Exercise 1, vans 3 and 4 start at the outcrops about halfway up the road and do exercise 2 (Darrell will direct you to the site), and vans 5 and 6 can start at the top of the section and work their way down.  We will congregate at the van parking area at 10:30 for a general discussion of the exercises.  Please pace yourselves—there’s plenty more great geology to see throughout the day!  Some of the best collecting can be found in the “float” along the river and talus slopes to see the diversity of rock types in this section.

Exercise 1:  What do you do on a field trip with novice students on their first field trip, in a setting that is either unknown or, at least, very complicated?

Describe the rocks that are exposed in this section.

a) Use the terminology that we have covered in class to identify these rocks using evidence from mineralogy and textures (e.g. foliated vs. non-foliated, porphyroblasts, etc.).  How many rock units are in this section? What are their names? What criteria will you use to break out the rock units (e.g. distinguishing different types of gneisses)?

b) What major structures are present—how many structural elements can you identify?  Look for multiple generations of folds (and describe them), shear zones, lineations (again, be specific about the type of lineation), and other foliation surfaces.

c) Draw a sketch map of this outcrop on the graph paper that has been provided. Show the distribution of the major rock units, label each unit appropriately, 

d) Go on a scavenger hunt to find metamorphic index minerals (e.g. kyanite, sillimanite…).  What metamorphic facies do these minerals represent?

e) Look for cross-cutting relationships on this outcrop. What can you interpret about the timing of events and the overall evolution of this sequence?

f) What is the protolith of these rocks? What is the evidence?

g) Discussion questions—what are the limits to observation on the outcrop?  What next?  What else do you need to know and how would you find out?

h) What would you sample here, and why, to continue with more laboratory studies to address these questions?

Exercise 2:  For an upper division class, with a more advanced focus on petrological processes, what kind of problems can reasonably be addressed? – Migmatites in high-grade metamorphic rocks

Migmatites remain one of the most enigmatic of crystalline rock associations, since Sederholm (1907) coined the term meaning “mixed rocks”.  Over nearly a century, a complicated terminology has arisen to characterize migmatites e.g. Mehnert 1968; Winter, 2001, p. 581):  descriptive terms such as leucosome and melanosome; interpretive terms such as paleosome or neosome; and a variety of textural terms such as vein-type, stromatic (i.e. layered), nebulitic (patchy) and agmatitic (intrusive relations); and there are many more.  Many mechanisms have been proposed for migmatite formation:

	Migmatite-forming Proceses
	Melt Present
	Melt Not Present

	Open System
	Injection
	Metasomatism

	Closed System
	Anatexis
	Metamorphic Differentiation


For the migmatites in this section, it’s your job to interpret their origin.

a) Describe these migmatites in terms of their mineralogy and texture.

b) Sketch some of the key relationships on the graph paper provided.

c) What types of migmatites are these?  Is the terminology helpful, or does it confuse the issue?

d) What is the key evidence you can collect in the field to address this question?

e) What follow-up evidence will you need (e.g. analytical studies)?

f) Write a brief interpretation of how these migmatites formed based on your field observations.

Exercise 3:  Can we use field trips to examine the evolution of geologic thought? Revisiting the classic granitization debate

One of the great geologic issues of the 20th century had been the “Granite Controversy” (e.g. H.H. Read), and the question of whether granites formed through magmatic (i.e. melt-related) or through solid-state (i.e. metasomatic) processes.  The Beartooth Mountains were one of the key areas where this debate has played out.  Poldervaart and students in the 1950s and ‘60s were staunch advocates of the granitization (solid-state) theory.  They interpreted metasupracrustal rocks in this area as “isochemical resistors” that were locally preserved during the metasomatic transformation of this area to granites. In contrast, more recent workers have interpreted this area as containing pendants or screens (meter to km-scale) in younger granitic intrustions (e.g. see references to work by Mueller, Wooden, Henry, Mogk and Barker).  We’ve included a petrographic description of some of these rocks from Eckelmann and Poldervaart (1957).  How can such a lucid description of these rocks lead to such diametrically different interpretations?

a) What is the field evidence for granitization vs. magmatic processes?

b) How does this information relate to the legacy and heritage of geologic thought? Discussion for class:  Science as a process; as a continuum of discoveries and revisions; an iterative process; what new discoveries, experiments, technology allowed the reinterpretation of Poldervaart’s work?

Group Discussion—Back at Vans, 10:30

Brief reports from a representative of each group exercise:

a) What parts of these exercises worked well for you (or would work well for your students)?

b) What problems did you encounter (or would your students encounter)?

c) What parts of these exercises can be transferred to your own geologic setting, course, field camp, etc.?

Return to Highway 212

· On the Beartooth highway  there are a few more sequences of high-grade metasupracrustal rocks a) in the first traverse up the switchbacks (with mafic dike) and b) at Quad Creek, adjacent to the Quad Creek Metanorite.

· We’ll stop at the Beartooth Overlook; looking across the U-shaped valley of Rock Creek, back at the Hellroaring Plateau section we just sampled, Mt. Rearguard in the distance (in the Archean granitoids); photo opportunities and bathroom stop

· Along the highway there are a number of igneous bodies, locally referred to as the “Laramide Porphyries”; at the top of the switchbacks we traverse across the top of the Quad Creek metanorite, and across the Line Creek Plateau, where there are numerous more sequences of metasupracrustal rocks. There is an abandoned chromite mine which operated during WW II, where podiform chromite was extracted from meta-ultramafites.

· Beartooth Plateau—underlain mostly by a variety of Archean granitoids, cut by Late Archean and Proterozoic dikes, peri-glacial surface deposits.

· Lunch stop—west end of Long Lake.  Picnic buffet lunch.
There will be a discussion of Beartooth mafic dikes by Steve Harlan and directions for Long Lake Mapping Exercise.

Long Lake Mapping Exercise

We have identified an area to do a sketch mapping exercise of the magmatic rocks of the Long Lake area.  Prepare your map on the graph paper that has been provided at a scale of one inch = 20 feet. We have marked the area to cover a similar map that was completed by Warner et al. 1982).  This exercise is purposefully open-ended. You (your students) will have to decide:

a) How many rock units are present (and define the compositional and textural criteria)?

b) What are the age relations?

c) Are these rocks genetically related i.e. in one cycle of magmatism? Or, are there multiple magmatic stages present?

d) What is the source area for these rocks (and what evidence)?

e) What is the depth of emplacement of these rocks (and what evidence)?

f) What is the mode of emplacement, how does this relate to structural petrology? (e.g. work of Hutton, Patterson, Miller, Clemens, Mawer and others?

g) What is the tectonic setting of these granitoids?

Discussion:  To what extent can field observations answer these questions?  What sampling is needed to conduct further laboratory/analytical studies?

Compare your map to that of Warner et al.’s To what extent is a geological map objective and observational? To what extent is it interpretive?  

Now, compare the example of the two maps of the same area from a similar setting in the Canadian Shield presented by J. M. Harrision (Nature and Significance of Geological Maps, in C. A. Albritton, Jr., ED, The Fabric of Geology, p. 225-232). One map portrays the area as interpreted in 1928 (influenced by Bowen’s experimental igneous petrology), and the second as interpreted in 1958 (influenced by the theory of granitization).  Harrison makes the point that the extant theory of the day strongly influences what we see, and how we make decisions about what we map.  And conversely, field evidence may help lead experimentalists/theorists to more realistic studies that more closely represent physico-chemical processes in nature.
Beartooth Highway to Yellowstone Highlights

·  “Top of the World”, Beartooth Lake and Beartooth Butte—a profound unconformity, with Cambrian Flathead Sandstone resting directly on Archean Basement.
· West end of Beartooth Lake (in the forest), the famous “Leopard Rock” mafic dike
· Descent to lookout to Pilot and Index Peaks to the west. Overview of Eocene Absaroka Volcanics.  Look to the south to the limestone ledge; this is the Heart Mountain Detachment Fault (see road log for discussion).
· Cooke City/Daisy Pass—site of the controversial New World Mine; Noranda had reopened the historic mining district with a discovery of ~2 million ounces of gold. Environmental interests stopped the project, citing fragility of Alpine ecosystem and proximity to Yellowstone National Park. Ultimately, Noranda was bought out for $65 million and a swap for coal-bearing land in eastern Montana.
Yellowstone National Park (see road logs)

· Continue through Yellowstone National Park; Lamar Valley (let’s talk about wolf reintroduction) to Tower Junction; south over Dunraven Pass to Canyon.  
· Check into cabins; dinner at the Canyon food services ~6 PM
· Evening—drive through Canyon area, Lower and Upper Falls for anyone interested.
