
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. 6th 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 

Editor and Keck Director 
Pomona College 

Keck Geology Consortium 
Pomona College 

185 E 6th St., Claremont, CA  
91711 

Diane Kadyk 
Proceedings Layout & Design 
Franklin & Marshall College 

 
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 III, 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, Amherst 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 



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, Amherst 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. 6th St., Claremont, CA  91711 
Keckgeology.org 

 
  





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

2

at Mount Holyoke College, which is equipped with 
an Edax Genesis X-Ray Detector System.  Mineral 
analyses were done with a dead time of 30-40%, an 
amp time of 100 micro seconds, count rate between 
1000-2000 counts per second, and a counting time of 
approximately 100-200 live seconds.  Stable isotope 
analyses were obtained on the automated carbonate 
device at the University of Massachusetts Amherst in 
the Department of Geosciences.

RESULTS

Petrography and SEM analyses establish that mineral 
assemblages in marble samples vary from outcrop 
to outcrop, but the majority consist of dolomite and 
quartz with minor calcite and muscovite or phlogo-
pite.  Other less common accessory minerals found 
in some samples are one or more of the following: 
tremolite, talc, chlorite, potassium feldspar, pyrite, 
goethite after pyrite, graphite, hematite, magnetite, 
pyrrhotite, and sphalerite.  Grain sizes in thin sections 
range from 5 to 250 microns in length.  

Calcite-dolomite geothermometry was applied to 
seven samples taken from five locations through-
out the study area that contained both dolomite and 

the strike and dip of layering as well as the trend and 
plunge of fold axes (Fig. 4b). Structural data were 
compiled using Rick Allmendinger’s Stereonet pro-
gram (www.geo.cornell.edu/geology/faculty/RWA/
programs.html).  Thirty-three samples were collected 
from eighteen locations throughout the mapped 
marble units.  Thin sections prepared from these 
samples were stained with a dilute hydrochloric acid 
and alizarin red solution to distinguish calcite from 
dolomite.  Nine thin sections were selected for pol-
ishing and were carbon coated for Scanning Electron 
Microscope (SEM) study.  Back-scattered electron 
images were obtained on the FEI Quanta 200 SEM 

Figure 3.  (a): Typical low-grade siliceous dolomite with 
resistant quartz layers.  (b): Quartz boudon with tremolite 
surrounding it in a carbonate matrix, at station 4.  (c): 
Photomicrograph depicting a standard fine-grained dolo-
mite and quartz marble in plane light (10-DL-04d).  (d): 
Photomicrograph depicting a tremolite-bearing sample in 
crossed polars (10-DL-25a).  (e): Backscattered image of a 
calcite grain surrounded by dolomite, calcite, and phlogo-
pite (10-DL-25a).  (f): Backscattered image of a calcite 
grain surrounded by tremolite, talc, chlorite and dolomite 
(10-DL-04d).  Some portions of the calcite have exsolution 
blebs of dolomite.

Figure 4.  (a): An equal area projection showing the 
orientations of layering and fold axes from 27 stations 
throughout the study area.  Open circles are minor fold 
axes (N=99).  Closed circles represent poles to layering 
(N=81).  (b): What typical folds look like in the field.
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calcite.  The formulation of Anovitz and Essene 
(1987) was used and the reported results rounded to 
the nearest 5oC (Figs. 1 and 5).  The absolute uncer-
tainty in the temperature calculation is conceivably 
around 50oC, but the relative uncertainty is likely to 
be about +/- 25OC.  The Mg content of calcite was 
measured in 0.01 increments and varies from ~0.01 
to ~0.08 X(Mg).  Figure 5 shows examples of the 
X-ray spectra collected on the SEM.  The calcite in 
sample DL10-11b has a lower Mg than sample DL10-
4d, thus giving an overall lower temperature (Fig. 5).  
For most samples, the Mg content of multiple calcite 
grains was averaged to give the final calculated tem-
perature.  Station 4 (the furthest east) has the overall 
hottest temperature at 625oC, while stations 19 and 
25 (in the central and western parts of the study area) 
gave the overall lowest temperatures at about 200oC.  

Analyses of tremolite in samples DL10-11b and 
DL10-4d showed compositions to be essentially end-
member tremolite with very little Fe and Al and no 
measurable Na.  Also, chlorite in sample DL10-04c 
was analyzed and found to be Al-rich with high Mg/
Fe, apparently Al-clinochlore variety.

Results of the structural analysis show that layering 
generally strikes NNE-SSW but shows a full range of 
dips (Fig. 4a).  Fold axes are scattered but generally 
trend NNE and plunge shallowly to moderately, or 
they trend SW and plunge moderately.

The stable isotope results show very little variation 
in d13C values of dolomite samples, from –0.01 to 

-3.51‰ (Fig. 2).  Oxygen isotope values show greater 
variation with d18O values ranging from 14.47 to 
22.61‰.  The three types of samples analyzed for 
isotopic data were dol + qtz; dol + qtz + cal; and dol + 
qtz + cal + tr (Fig. 2).

DISCUSSION

The majority of samples taken from throughout the 
marble units consist of fine-grained dolomite with a 
variable amount of fine-grained quartz (Fig. 4c).  Peak 
metamorphic temperatures were significantly higher 
at station 4 (~625°C), located northeast of Henrys 
Lake, than other areas in this study (Fig. 1b).  This lo-
cation also has abundant tremolite + calcite, which is 
consistent with higher temperatures relative to dolo-
mite + quartz which are more typical elsewhere in the 
study area.  The only other location with tremolite + 
calcite, location 11, also gives elevated temperatures 
of ~490°C, which is higher than other temperature 
estimates west of Henrys Lake.

Stable isotope data (Fig. 2d) show little variation in 
d13C‰ values, except for tremolite-bearing samples, 
which have lower d13C‰ values.  The tremolite-
forming reaction, 5Dol + 8Qtz + H2O g Tr + 3Cc + 
7CO2, shows that as tremolite forms, CO2 is driven 
off, lowering the d13C‰ value of the rock.  CO2 es-
sentially leaves the rock, taking the heavy carbon with 
it and leaving behind lighter carbon (Valley, 1986; 
Bowman et al, 1994).  Oxygen isotope compositions 
show a much wider range than what one would expect 
for a marine limestone formation.  The variation in 
oxygen isotope compositions, however, cannot be 
explained by only CO2 removal.  A typical decar-
bonation trend is shown in figure 2 (Valley, 1986).  
Although the starting point of the decarbonation trend 
is arbitrary, many of the d18O‰ values are too low for 
the decarbonation trend to apply by itself.  The range 
in d18O‰ values most likely reflects exchange with 
external H2O-rich fluid of meteoric or seawater origin.  
It seems likely that this happened during metamor-
phism or pre-metamorphic diagenesis.  Since d18O‰ 
values of some samples fall within the normal marine 
carbonate range, marbles are most likely derived from 
typical marine carbonates. 

The deposition age of the dolomite units in this study 

Figure 5.  Examples of EDS analyses of calcite-dolomite 
thermometry.  Calcite in sample DL10-11b has lower Mg 
than calcite in sample DL10-4d, thus giving an overall 
lower temperature for station 11.
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CONCLUSION

More work is needed in the study region to establish 
the details of events that took place during the Big 
Sky orogeny that affected these marble units.  How-
ever, we now know that tremolite-bearing samples are 
relatively rare, and that dolomite-quartz assemblages 
are common.  Metamorphic temperature is higher 
east of Henrys Lake and lower to the west.  Tremolite 
occurrences are associated with higher temperatures.  
Carbon isotope values in dolomite marble regions 
show little to no alteration, but oxygen isotopes sug-
gest some kind of alteration event.  The tremolite-
forming reaction has caused an alteration in carbon 
and oxygen isotope values explained by the removal 
of CO2.

ACKNOWLEDGMENTS

I would like to thank John Brady, Jack Cheney, and 
Tekla Harms for their commitment and support dur-
ing this 2010-2011 Keck project.  I could not have 
accomplished my goals if it were not for them, as 
well as my home advisors Steve Dunn and Michelle 
Markley.  Many thanks to Dr. David Finkelstein for 
running the samples through the isotope analyses at 
UMass.  I am extremely grateful for all of your help 
with my research.  I would like to thank the Keck Ge-
ology Consortium, also, for funding this unique and 
wonderful opportunity.

REFERENCES

Allmendinger, R., (Stereonet Program), http://www.
geo.cornell.edu/geology/faculty/RWA/programs.
html, 2006-2011.

Anovitz, L. M. and Essene, E. J., 1987, Phase Equi-
libria in the System CaCO3-MgCO3-FeCO3: 
Journal of Petrology, Vol. 28 (2): 389-415.

Bowman, J.R., Willett, S.D., and Cook, S.J., 1994, 
Oxygen isotope transport and exchange during 
fluid flow: one-dimensional models and applica-
tions: American Journal of Science, 294: 1-55.

Doyle, K., 2011, Petrographic and geothermobaro-
metric analysis of mica schists in the Henrys 

are uncertain.  They could be early Proterozoic or 
late Archean, so one might ask if “normal marine” 
isotopes prevailed so long in the past.  Evidently 
they did.  Although local and global “excursions” 
have occurred throughout earth history, the carbon 
and oxygen isotopic composition of normal seawater 
has remained fairly constant all the way back to the 
Archean (Prokoph et al., 2008). 

Dolomite and quartz bearing rocks, without tremolite, 
have noticeably lower metamorphic temperatures 
(~200oC).  These rocks most likely reacted with either 
meteoric or seawater after deposition.  Tremolite-
bearing rocks are much hotter (~490-625oC), and 
resulted in the alteration of d18O‰ ratios.  Tempera-
tures appear to be locally higher in these areas.  There 
is a noticeable consistency between the temperature 
of metamorphism in these tremolite-bearing samples 
at locations 4 and 11, and metamorphic grade deter-
mined from pelitic rocks in the same areas (Doyle, 
2011).

My locations 27 and 6 are immediately adjacent to 
mylonite zones studied by Walker (2011).  Her rocks 
adjacent to these localities are highly altered.  Fold 
axes at locations 27 and 6 are at a high angle to my-
lonitic lineations.  Curiously, samples from locations 
27 and 6 show no alteration of their oxygen isotope 
compositions (both have d18O > 22‰), suggesting 
that whatever process modified the oxygen isotopes in 
marble samples is not related to deformation outside 
the marble units.  In addition, folds axes are widely 
distributed throughout the marble units (Fig. 3a).

Calcite-dolomite thermometry results of the lowest 
grade samples are likely to not be entirely accurate 
because many of the calculations resulted in tem-
peratures of ~200oC (Fig. 1b), which is below what 
is normally considered “metamorphic.”  Applica-
tion of geothermometry to such low temperatures is 
problematic and thus not entirely reliable. Very few 
calcite-dolomite thermometry calculations have been 
attempted with such low-grade marbles (Anovitz & 
Essene, 1987).  There may be kinetic barriers to equi-
librium, which would explain why thermometry is a 
problem at low temperatures.  Perhaps fluid inclusion 
thermometry could be applied to these rocks to better 
understand their thermal history. 



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

5

Lake Mountains, Idaho and Montana: Proceed-
ings of the 24th Annual Keck Research Sympo-
sium in Geology, http://keckgeology.org/sympo-
siumvolumes. 

O’Neill, J.M., and Christiansen, R.L., 2004, Geologic 
map of the Hebgen Lake Quadrangle, Beaver-
head, Madison, and Gallatin Counties, Montana, 
Park and Teton Counties, Wyoming, and Clark 
and Fremont Counties, Idaho:  U.S.Geological 
Survey Scientific Investigations Map 2816, 
1:100,000 scale.

Prokoph, A., Shields, G.A., and Veizer, J., 2008, 
Compilation and time-series analysis of a ma-
rine carbonate δ18O, δ13C, 87Sr/86Sr and δ34S 
database through Earth history. Earth-Science 
Reviews 87: 113–133.

Valley, J.W., 1986, Stable isotope geochemistry of 
metamorphic rocks. Stable Isotopes in High 
Temperature Processes (J.W. Valley, H.P. Taylor, 
Jr., and J.R. O’Neil, eds.): Mineralogical Society 
of America, Reviews in Mineralogy, Vol. 16: 
445-489.

Walker, A., 2011, Structural Analysis of Precam-
brian Mylonite Zones, Henrys Lake Mountains, 
Southwest Montana and Idaho, Proceedings of 
the 24th Annual Keck Research Symposium in 
Geology, http://keckgeology.org/symposiumvol-
umes.




