KECK GEOLOGY CONSORTIUM

PROCEEDINGS OF THE TWENTY-FOURTH
ANNUAL KECK RESEARCH SYMPOSIUM IN
GEOLOGY

April 2011
Union College, Schenectady, NY

Dr. Robert J. Varga, Editor
Director, Keck Geology Consortium
Pomona College

Dr. Holli Frey
Symposium Convenor
Union College

Carol Morgan
Keck Geology Consortium Administrative Assistant

Diane Kadyk
Symposium Proceedings Layout & Design
Department of Earth & Environment
Franklin & Marshall College

Keck Geology Consortium
Geology Department, Pomona College
185 E. 6™ St., Claremont, CA 91711
(909) 607-0651, keckgeology@pomona.edu, keckgeology.org

ISSN# 1528-7491

The Consortium Colleges ~ The National Science Foundation ExxonMobil Corporation



KECK GEOLOGY CONSORTIUM
PROCEEDINGS OF THE TWENTY-FOURTH ANNUAL KECK

RESEARCH SYMPOSIUM IN GEOLOGY
ISSN# 1528-7491

April 2011
Robert J. Varga Keck Geology Consortium Diane Kadyk
Editor and Keck Director Pomona College Proceedings Layout & Design
Pomona College 185 E 6™ St., Claremont, CA Franklin & Marshall College
91711

Keck Geology Consortium Member Institutions:

Amherst College, Beloit College, Carleton College, Colgate University, The College of Wooster,
The Colorado College, Franklin & Marshall College, Macalester College, Mt Holyoke College,
Oberlin College, Pomona College, Smith College, Trinity University, Union College,
Washington & Lee University, Wesleyan University, Whitman College, Williams College

2010-2011 PROJECTS

FORMATION OF BASEMENT-INVOLVED FORELAND ARCHES: INTEGRATED STRUCTURAL AND
SEISMOLOGICAL RESEARCH IN THE BIGHORN MOUNTAINS, WYOMING

Faculty: CHRISTINE SIDDOWAY, MEGAN ANDERSON, Colorado College, ERIC ERSLEV, University of
Wyoming

Students: MOLLY CHAMBERLIN, Texas A&M University, ELIZABETH DALLEY, Oberlin College, JOHN
SPENCE HORNBUCKLE 11, Washington and Lee University, BRYAN MCATEE, Lafayette College, DAVID
OAKLEY, Williams College, DREW C. THAYER, Colorado College, CHAD TREXLER, Whitman College, TRIANA
N. UFRET, University of Puerto Rico, BRENNAN YOUNG, Utah State University.

EXPLORING THE PROTEROZOIC BIG SKY OROGENY IN SOUTHWEST MONTANA

Faculty: TEKLA A. HARMS, JOHN T. CHENEY, Ambherst College, JOHN BRADY, Smith College

Students: JESSE DAVENPORT, College of Wooster, KRISTINA DOYLE, Amherst College, B. PARKER HAYNES,
University of North Carolina - Chapel Hill, DANIELLE LERNER, Mount Holyoke College, CALEB O. LUCY,
Williams College, ALIANORA WALKER, Smith College.

INTERDISCIPLINARY STUDIES IN THE CRITICAL ZONE, BOULDER CREEK CATCHMENT,
FRONT RANGE, COLORADO

Faculty: DAVID P. DETHIER, Williams College, WILL OUIMET. University of Connecticut

Students: ERIN CAMP, Amherst College, EVAN N. DETHIER, Williams College, HAYLEY CORSON-RIKERT,
Wesleyan University, KEITH M. KANTACK, Williams College, ELLEN M. MALEY, Smith College, JAMES A.
MCCARTHY, Williams College, COREY SHIRCLIFF, Beloit College, KATHLEEN WARRELL, Georgia Tech
University, CIANNA E. WYSHNYSZKY, Amherst College.

SEDIMENT DYNAMICS & ENVIRONMENTS IN THE LOWER CONNECTICUT RIVER

Faculty: SUZANNE O’CONNELL, Wesleyan University

Students: LYNN M. GEIGER, Wellesley College, KARA JACOBACCI, University of Massachusetts (Amherst),
GABRIEL ROMERO, Pomona College.

GEOMORPHIC AND PALEOENVIRONMENTAL CHANGE IN GLACIER NATIONAL PARK,
MONTANA, U.S.A.

Faculty: KELLY MACGREGOR, Macalester College, CATHERINE RIIHIMAKI, Drew University, AMY MYRBO,
LacCore Lab, University of Minnesota, KRISTINA BRADY, LacCore Lab, University of Minnesota



Students: HANNAH BOURNE, Wesleyan University, JONATHAN GRIFFITH, Union College, JACQUELINE
KUTVIRT, Macalester College, EMMA LOCATELLI, Macalester College, SARAH MATTESON, Bryn Mawr
College, PERRY ODDO, Franklin and Marshall College, CLARK BRUNSON SIMCOE, Washington and Lee
University.

GEOLOGIC, GEOMORPHIC, AND ENVIRONMENTAL CHANGE AT THE NORTHERN
TERMINATION OF THE LAKE HOVSGOL RIFT, MONGOLIA

Faculty: KARL W. WEGMANN, North Carolina State University, TSALMAN AMGAA, Mongolian University of
Science and Technology, KURT L. FRANKEL, Georgia Institute of Technology, ANDREW P. deWET, Franklin &
Marshall College, AMGALAN BAYASAGALN, Mongolian University of Science and Technology.

Students: BRIANA BERKOWITZ, Beloit College, DAENA CHARLES, Union College, MELLISSA CROSS, Colgate
University, JOHN MICHAELS, North Carolina State University, ERDENEBAYAR TSAGAANNARAN, Mongolian
University of Science and Technology, BATTOGTOH DAMDINSUREN, Mongolian University of Science and
Technology, DANIEL ROTHBERG, Colorado College, ESUGEI GANBOLD, ARANZAL ERDENE, Mongolian
University of Science and Technology, AFSHAN SHAIKH, Georgia Institute of Technology, KRISTIN TADDEI,
Franklin and Marshall College, GABRIELLE VANCE, Whitman College, ANDREW ZUZA, Cornell University.

LATE PLEISTOCENE EDIFICE FAILURE AND SECTOR COLLAPSE OF VOLCAN BARU, PANAMA
Faculty: THOMAS GARDNER, Trinity University, KRISTIN MORELL, Penn State University

Students: SHANNON BRADY, Union College. LOGAN SCHUMACHER, Pomona College, HANNAH ZELLNER,
Trinity University.

KECK SIERRA: MAGMA-WALLROCK INTERACTIONS IN THE SEQUOIA REGION

Faculty: JADE STAR LACKEY, Pomona College, STACI L. LOEWY, California State University-Bakersfield
Students: MARY BADAME, Oberlin College, MEGAN D’ERRICO, Trinity University, STANLEY HENSLEY,
California State University, Bakersfield, JULIA HOLLAND, Trinity University, JESSLYN STARNES, Denison
University, JULIANNE M. WALLAN, Colgate University.

EOCENE TECTONIC EVOLUTION OF THE TETONS-ABSAROKA RANGES, WYOMING
Faculty: JOHN CRADDOCK, Macalester College, DAVE MALONE, Illinois State University

Students: JESSE GEARY, Macalester College, KATHERINE KRAVITZ, Smith College, RAY MCGAUGHEY,
Carleton College.

Funding Provided by:
Keck Geology Consortium Member Institutions
The National Science Foundation Grant NSF-REU 1005122
ExxonMobil Corporation



Keck Geology Consortium: Projects 2010-2011
Short Contributions— Big Sky Orogen

EXPLORING THE PROTEROZOIC BIG SKY OROGENY IN SOUTHWEST MONTANA
Project Faculty: TEKLA A. HARMS, JOHN T. CHENEY, Ambherst College, JOHN BRADY, Smith College

PROTOLITH DETERMINATION OF PRECAMBRIAN MYLONITIC ROCKS ADJACENT TO THE
MADISON MYLONITE ZONE, HENRYS LAKE MOUNTAINS, SOUTHWEST MONTANA AND IDAHO
JESSE DAVENPORT, College of Wooster

Research Advisor: Shelley Judge

PETROGRAPHIC AND GEOTHERMOBAROMETRIC ANALYSES OF METASEDIMENTARY ROCKS
IN THE HENRYS LAKE MOUNTAINS, IDAHO AND MONTANA

KRISTINA DOYLE, Amherst College

Research Advisor: Tekla Harms

GEOCHRONOLOGY OF PRECAMBRIAN META-GABBRO IN THE HENRYS LAKE MOUNTAINS,
SOUTHWEST MONTANA AND IDAHO

B. PARKER HAYNES, University of North Carolina - Chapel Hill

Research Advisor: Drew S. Coleman

PETROGENESIS AND DEFORMATION OF PRECAMBRIAN QTZ-DOL MARBLE UNITS IN THE
GRAVELLY RANGE AND REYNOLDS PASS, HENRYS LAKE MTNS, SW MT AND ID
DANIELLE LERNER, Mount Holyoke College

Research Advisor: Steve Dunn and Michelle Markley

PETROGENESIS OF PRECAMBRIAN IGNEOUS AND META-IGNEOUS ROCKS SOUTH OF THE
MADISON MYLONITE ZONE, HENRYS LAKE MOUNTAINS, SW MONTANA AND IDAHO
CALEB O. LUCY, Williams College

Research Advisor: Reinhard A. Wobus

STRUCTURAL ANALYSIS OF PRECAMBRIAN MYLONITE ZONES, HENRYS LAKE MOUNTAIN,
SOUTHWEST MONTANA AND IDAHO

ALIANORA WALKER, Smith College

Research Advisor: H. Robert Burger

Keck Geology Consortium
Pomona College
185 E. 6" St., Claremont, CA 91711
Keckgeology.org



[24th Annual Keck Symposium: 2011 Union College, Schenectady, NY

PROTOLITH DETERMINATION OF PRECAMBRIAN
MYLONITIC ROCKS ADJACENT TO THE MADISON
MYLONITE ZONE, HENRYS LAKE MOUNTAINS, SOUTHWEST
MONTANA AND IDAHO

JESSE DAVENPORT, College of Wooster
Research Advisor: Shelley Judge

INTRODUCTION

Work in the summer of 2010 was completed in Island
Park, Idaho, by a group of Keck faculty and students
to determine the effects the 1.78 - 1.72 Ga orogenic
event had on the Antelope Basin study area. These
investigations will help further develop the under-
standing of the Big Sky orogeny and its implications
for the formation of the Wyoming province.

The goals of this study are to:

1. Determine the protolith of mylonitic rocks
located in discrete shear zones south of and
adjacent to the Madison mylonite zone through
geochemical and thin section analysis as well as
to determine whether mylonitic rocks could have
formed from adjacent meta-igneous rocks.

2. Use geochemical and thin section data to clearly
distinguish and characterize any chemical altera-
tion that may have accompanied shearing.

Please refer to Davenport (2011) for full data sets,
results, and analysis for this project.

METHODS

Elemental and petrographic analysis was performed
on mylonitic and meta-igneous sample sets, located in
the Antelope Basin of the Henrys Lake Mountains. A
total of 27 samples were collected in approximately
35 localities over the duration of the project. Once
an outcrop that fit into the working definition of a
mylonite was identified a record of the mineral as-
semblages, structures, UTM coordinates, strike/dip of
foliation and trend/plunge of lineation (if appropriate
for sample site), and photographs were taken. Five

to six hand-sized samples or larger were collected
from each outcrop. Most of the 35 sample sites had
severe surface weathering and in places showed signs

of alteration. It was therefore critical to collect samples
that were: 1) fairly fresh, with minimal signs of chemi-
cal and/or physical weathering, 2) thick enough to cut a
thin section billet, and 3) enough quantity for eventual
grinding and powdering.

The samples were processed in The College of
Wooster’s rock preparatory laboratory. Using the dia-
mond bit rock saw, the largest rock of each sample was
cut into two aliquots. One aliquot was used to prepare a
thin section billet, and the other section was pulverized
for geochemical analysis. Twenty five billets were sent
to Quality Thin Sections of Arizona to prepare standard
petrographic thin sections. Geochemical samples were
sent to Acme Analytical Laboratories, Inc. of Vancou-
ver, British Columbia for XRF and ICP-MS analysis.

ROCK DESCRIPTIONS

The mineralogy of most hand samples collected was
hard to distinguish in the field due to grain size, weath-
ering, and possible alteration. In thin section, chlorite,
epidote, and secondary amphibole were abundant in
non-mylonitic meta-igneous samples. The samples not-
ed to be mylonitic in the field have a distinct alignment
of grains, characterized by mafic grains with largely
quartz and a small percentage of plagioclase/feldspar
that all show significant signs of grain shattering and
breaking, recrystallization and neocrystallization.

RESULTS AND ANALYSIS

Three pairs of rock samples (10-JD-01, & 10-JD-02;,
10-JD-06, & 10-JD-07;, and 10-JD-10, & 10-JD-11)
were collected at three different localities where one
distinctly sheared rock is adjacent to another that is
distinctly not sheared. The question posed is whether
or not the highly sheared rock was formed from the
non-sheared rock by some sort of metamorphic, meta-
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somatic, alteration, or tectonic event.

Geochemistry and thin section analyses reveal that
sheared and adjacent non-sheared rocks are not simi-
lar at all (Fig. 1). Mylonitic rocks are well foliated,
lineated, and dominantly quartz bearing with very
little alteration or secondary metamorphic miner-

als. Geochemical results show low silica content in
the meta-igneous rocks and a higher silica content
and depletion of elements like Fe and Al in mylonitic
rocks. Therefore, it is reasonable to hypothesize that
the sheared rocks are not simply deformed versions of
the unsheared rocks.

PEE R

o

Figure 1. In the top left corner is a picture of a typical
rock outcrop in the Antelope Basin. The top photomicro-
graph shows a typical meta-igneous rock in thin section
and the bottom photomicrograph shows a typical mylonitic
rock in thin section. The table gives geochemical data for
the three pairs of samples [light grey bars = mylonitic
rocks; dark grey bars = non-mylonitic, adjacent rocks]
and the graph gives the samples normalized to chondrite
values [ samples enriched in the LILEs are non-mylonitic
and samples with less enrichment are mylonitic rocks] (
after the methods of Sun and McDonough, 1989).

The Antelope Basin samples show enrichment in the
LILEs and the LREEs and depletion in the HREEs
(Fig. 2). Lucy (2011) demonstrates the extent of al-
teration in meta-igneous rocks of the study area. The
high likelihood of pre- or synmetamorphic alteration
further complicates the interpretation of the protoliths
of the Antelope Basin samples. Although no granitic
samples were found or collected in the study area,
mylonite range from 65 to 75% silica (Fig. 3) and are
comparable to mylonites in the Madison Mylonite
Zone (Erslev and Sutter, 1990).
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Figure 2. Primitive mantle-normalized “spider” diagram
(after the methods of Sun and McDonough 1989) for
samples of the mylonitic dataset. The depletion of ele-
ments Nb and P and the relative enrichment of LILEs and
LREESs as compared to the HREEs suggests a continental
arc setting.
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Figure 3. The graph on the right shows the geochemical
classification of the mylonitic dataset of the Antelope Basin
area (after the methods of Winchester and Floyd, 1977).
The TAS diagram plots the mylonitic dataset and the
meta-igneous dataset (adapted from Lucy, 2011) (after the
methods of LeBas et al., 1986).

For the Antelope Basin mylonites to obtain enrich-
ment in the siderophile elements (Mn, P, Mg, Ti, Ca,
and Fe), localized shear zones, like the Madison My-
lonite Zone, may have been thrust over large volumes
of adjacent mafic rock. In this case, mafic rocks, from
the Antelope Basin are those rocks with <65% silica
and plot as andesite/basalt on discriminate diagrams
(O’Hara, 1988; Singha et al., 1986).

Macroscopic and microscopic observations clearly
indicate that feldspar grains and accessory miner-
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als from feldspars (epidote, chlorite, etc.) were de-
formed more than quartz grains, as quartz grains are
of the same or equal size in all of the mylonitic rocks,
whereas feldspar and accessory minerals are almost
always unrecognizable or reduced to the point where
observation with magnification is not possible. Ac-
cording to Janecke and Evans (1988), feldspar con-
version to the phyllosilicates is closely tied to the
deformation of a region on a macroscopic scale and
correlates to the introduction of large volumes of fluid
into discrete shear zones, which does not produce
feldspar porphyroclast-dominate foliated rocks, but
rather quartz porphyroclast-dominate foliated rocks.
The matrix mineral in these rocks is recrystallized
quartz ribbons that have undergone ductile deforma-
tion due to grain size reduction, granoblastic texture,
and undulatory extinction.

Low temperature conditions may have produced the
brittle deformation of feldspars, the alteration to phyl-
losilicates, and the grain size reduction of quartz seen
in the Antelope Basin mylonites, suggesting that the
rocks in the Antelope Basin were deformed at middle
to upper level crustal conditions (Janecke and Evans,
1988). Janecke and Evans (1988) suggest that these
deformation mechanisms and feldspar reactions pro-
duced weak fault zones that are typically interpreted
to be a part of a larger and more developed regional
hydrated fault zone. Smaller, discrete shear zones,
north of the Antelope Basin study area and adjacent to
the larger Madison Mylonite Zone, have been ob-
served by Sumner and Erslev (1988). They noted that
the repetition of regional stratigraphy was produced
by thin-skinned thrusting along a number of southeast
dipping mylonite zones. Results from Walker (2011)
replicate the southeast dipping mylonitic zones in

the Antelope Basin study area. Due to the distance
away from the main core of thrust faulting, folding,
and metamorphism in the Big Sky orogen, the study
area did not experience the high temperatures and
pressures that rocks in the Tobacco Root Mountains
experienced.

CONCLUSION

Trends observed from variation diagrams (Fig. 4 and
5) coupled with rare earth element (REE) plots (Fig.
2) suggest an igneous, continental arc setting with

a bimodal volcanic distribution spanning a basalt-
andesite-dacite-rhyolite series.
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Figure 4. Plot of the ratio of MgO/CaO against P205/
TiO2 to determine an igneous versus sedimentary origin.
Filled triangles show the meta-igneous data set (adapted
from Lucy, 2011) and open triangles show the mylonitic
dataset (after the methods of Werner, 1987).
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Figure 5. Ternary diagram plotting Zr, Th, and Nb for de-
termination of the setting of origin for all samples. Filled
triangles show the meta-igneous data set (adapted from
Lucy, 2011) and open triangles show the mylonitic dataset
(after the methods of Wood, 1980).

It is difficult to distinguish geochemically between
felsic volcanic rocks and felsic sedimentary rocks.
However, given the area and nature of events, it is
more likely that weathering and/or other sedimentary
processes have contributed to the current geochemical
signature of samples that plot as having a sedimentary
protolith. (Fig. 4)

Based on geochemical results indicating the basalt-
andesite-dacite rhyolite series comparable to Mogk

et al. (2004), with the tectonic setting, metamorphic
processes, and alteration possibilities, the mylonitic
quartzofeldspathic gneisses in the Antelope Basin
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have an igneous origin. They most likely formed
from one or more bimodal volcanic associations.
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