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Prospectus Goals/Objective, elements, activities, sub-activities: 
3.3.2.2 Geochemical and Geophysical Studies 
Percentage: 30 

3.3.2.1 Natural and Mining-Related Environmental Studies 
Percentage: 20 

5.5.1 Greater Yellowstone Area 
Percentage: 5 

3.1.2.1 Mineral Deposits 
Percentage: 40 

4.1.1 Ecosystem History 
Percentage: 5 

BACKGROUND NARRATIVES

Type: PROPOSED 
Project Summary: 
Yellowstone National Park (YNP), with its spectacular hydrothermal systems, represents active epithermal mineralization processes. Details of the inactive and currently active hydrothermal systems that symbolize YNP and their relation to magmatic activity, caldera development, active faulting, fluid flow, incipient ore-forming processes, impacts on wildlife and plants, and climate are poorly known. Additionally, the interrelationship and timing of seismicity and caldera inflation/deflation cycles is not well understood. Active hydrothermal vents, the existence of siliceous spires, hydrothermal explosion craters, and domal features, and young, newly identified faults in Yellowstone Lake and older, post-glacial, hydrothermal systems exposed throughout the Park offer excellent opportunities to understand the interrelationships among these processes. Further, hydrothermal vents may impact aquatic life by affecting nutrient and elemental cycles and also may pose potential geologic hazards. Impacts of the geologic environment on plant and animal habitats--including the effects of mine waste and metal-rich geothermal waters that may enter the food chain of mammals--also are poorly known because of the paucity of detailed geologic, geochemical and mineralogical information. Baselines of various elements (particularly heavy metals) are needed to evaluate the environmental chemical health. Geophysical, geologic and geochemical studies of the Yellowstone caldera will yield improved understanding of the life cycle and environment of epithermal mineralization processes and environmental impacts of mineralized and hydrothermal areas. 

Project Objectives and Strategy: 
The application of scientific studies to improved stewardship of the unique natural resources of Yellowstone is a high-profile DOI initiative. The National Park Service (NPS) is interested in such data to enable effective resource management, protect park visitors from geologic hazards, and better educate the public on geologic processes and resources. This project will provide baseline geophysical and geochemical data for the following purposes: (1) assessing the crustal structure and composition of the Park, its relationship to the Yellowstone caldera, and locations of previously and currently active hydrothermal systems; (2) assessing the effects of past mining in the area north of the Park near Cooke City; and (3) determining whether potentially toxic elements are due to anthropogenic causes or natural lake bottom or subaerial geothermal influences, and if these toxic elements are entering the micro- and macro-faunal food chains. The project also will provide detailed information on the geologic and hydrologic environment of YNP and information on potential hazards. The USGS role is to transfer and apply USGS-developed technologies and to partner and network with academia and other agencies to disseminate scientific information to citizens, public interest groups, and the media. This will showcase USGS data and information and demonstrate the relevance of earth sciences in the stewardship of federal lands. Data obtained from this project will compare and contrast detailed geophysical, geologic, and geochemical data currently available for similar systems in the Yellowstone-Snake River Plain (Y-SRP) volcanotectonic province. The origin of this unique, 17-Ma province has been attributed to a thermal plume which may have risen from the core-mantle boundary, a region believed to be high in gold and gold-related siderophile elements. 

Potential Impacts and Major Products: 
Geophysical data are being used to address scientific issues such as locating the plutonic plumbing system of the Yellowstone Plateau caldera complex; locating active faults; determining tectonic controls on magmatic processes and associated hydrothermal and ore-forming systems; and delineating structural controls on hot spring basins. Imaging spectroscopy is being used to map chemical bonds in materials, including minerals, amorphous materials, vegetation and man-made materials. These data are being calibrated and used to map surficial mineralogy and vegetation communities and their health and water content. Surficial mineral maps are being be used to study evolution of hot spring deposits in addition to other YNP-identified scientific problems. White bark pine distribution is being mapped with imaging spectroscopy data to define bear habitat, an important Park problem, as well as to investigate other YNP-identified issues. Analysis of multi-spectral thermal-infrared data has evolved from using decorrelation to display broad compositional information (felsic versus mafic) to new spectral emissivity algorithms that detect more subtle lithologic differences, thus suggesting that identification of individual minerals are feasible. These thermal analyses, in addition to image spectroscopy, are being used to examine environmental/ecology issues. Various types of remote sensing data are being integrated with surface chemistry and mineralogy to permit extrapolation of the geochemical and mineralogical information over areas larger than those actually sampled. Geochemical data also are being used to: (1) establish a chemical background data base that can be used to evaluate the environmental health of YNP with time, as well as to (2) provide surficial chemical information for collaborative remote-sensing data layers, and (3) identify the distribution, abundance, and source(s) of elements that may affect the health of elk and other wildlife. When combined with geologic mapping, these studies highlight geologic influences on environments of particular plant and animal species and enhance our understanding of the life cycles associated with epithermal ore-forming processes in this province of contrasting climatic influences, crustal compositions and thicknesses, and changing lithospheric mantle conditions. The strategy of this project combines, compares, and contrasts a variety of data sets that characterize the surficial and subsurface chemistry, mineralogy, geology, environmental health, and hydrothermal systems in the Yellowstone caldera and enhance our knowledge regarding life cycles and ore genesis of epithermal processes. 

Collaborators: 
Department of Interior, National Park Service, Yellowstone National Park 
    Contact: Diane Chalfant 307-344-2250 
Department of Interior, National Park Service, Yellowstone National Park 
    Contact: John Varley 307-344-2200 
Wisconsin, University of Wisconsin, Milwaukee, Center for Great Lakes Studies 
    Contact: R. Cuhel, 414-382-1711 
Department of Interior, National Park Service, Yellowstone National Park 
    Contact: Eleanor Clark, 307-344-2315 
Michigan, University of Michigan 
    Contact: Jeff Alt, 
Montana, Montana State University 
    Contact: Bob Garrott, 
New Mexico, New Mexico Technological University 
    Contact: Bill McIntosh, 505-835-5324 
Washington, Washington State University 
    Contact: Charles Robbins 
Department of Interior, National Park Service, Yellowstone National Park 
    Contact: Bruce Heise 303-236-5565 
Department of Interior, U.S. Geological Survey, Biological Resources Division 
    Contact: Doug Ouren, 406-994-4760 
Department of Interior, U.S. Geological Survey, Biological Resources Division 
    Contact: Don Despain 307-344-2230 
Department of Interior, National Park Service, Yellowstone National Park 
    Contact: Ann Rodman 
Department of Interior, U.S. Geological Survey, Geologic Division, Mineral Resource Team,CR 
    Contact: Dan Norton, 303-236-2484 
Colorado, University of Colorado, Boulder 
    Contact: Alexandra Skewes 303-492-1276 
Minnasota, University of Minnasota 
    Contact: Charles Tiller, 651-487-9147 
Department of Interior, U.S. Geological Survey, Geologic Division, Mineral Resource Team,CR 
    Contact: Irving Friedman 
Environmental Protection Agency, Office of Policy, Planning, and Evaluation, Environmental Statistics and Information Division 
    Contact: Katherine Teter 
Department of Interior, National Park Service 
    Contact: Ken Cannon 
Wisconsin 
    Contact: Jim Maki, 414-288-7311 
Department of Interior, National Park Service, Yellowstone National Park, chief geologist 
    Contact: Paul Doss 
Department of Interior, U.S. Geological Survey, Biological Resources Division, Northern Rocky Mountain Science Center 
    Contact: Richard Jachowski 
Department of Interior, National Park Service, Yellowstone National Park, chief geologist 
    Contact: Paul Doss 
Department of Interior, U.S. Geological Survey, Biological Resources Division, Northern Rocky Mountain Science Center 
    Contact: Richard Jachowski 
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EQUIPMENT/FACILITY/SUPPORT CAPABILITY

	Equipment/Facility/Capability 
	Source 
	Description

	18Oxygen
	USGS 
	

	34Sulfur
	USGS 
	

	Hydrogen
	USGS 
	

	Induction coupled plasma mass spectrometer
	USGS 
	

	Instrumental neutron activation analysis
	USGS 
	

	Electron microprobe
	USGS 
	

	Scanning electron microscope
	USGS 
	

	X-ray diffractometer
	USGS 
	

	40Ar/30Ar
	USGS 
	dating of alteration

	14C
	USGS 
	10 charcoal samples

	Exhibits and poster displays
	USGS 
	

	High-resolution seismics
	USGS 
	Yellowstone Lake survey

	Multibeam bathymetry
	USGS 
	Yellowstone Lake survey

	Magnetics
	USGS 
	Yellowstone Lake survey

	Induction coupled plasma mass spectrometer
	USGS 
	ICP-MS aqueous and solid

	13Carbon
	USGS 
	

	Mineral separations
	USGS 
	qtz, san-oxygen isotopes

	XRF
	USGS 
	fresh and altered rk analysis

	Chromatograph
	USGS 
	ion chromotography for anions

	15Nitrogen
	USGS 
	


WORK PLAN

Task: 1 
Task Leaders:
    Morgan, Lisa Ann
      lmorgan@usgs.gov
      P.O. Box 25046
      Lakewood, 80225
Phone: (303)273-8646
   FAX: (303)273-8600

Title: Crustal structure and composition of Yellowstone National Park: relation of crustal structures to geology, hydrothermal alteration, and seismic activity 
Task Text Status: PROPOSED 

Task priority: 1 

Programs from which Fiscal Support is Solicited: 
  Mineral Resources Program 20% $1,394

Task Summary and Objectives: 
A high-resolution aeromagnetic survey flown over Yellowstone National Park shows a broad spectrum of contrasting magnetic patterns reflecting variations in rock composition, types and degree of alteration, and crustal structures. Compared with previously obtained low-resolution aeromagnetic data which showed broad regional geologic trends, the new aeromagnetic data collected at low-altitudes with closely-spaced flight lines and integrated with geologic mapping, rock property measurements, and remote sensing data show this high-resolution data to be extremely useful in revealing small-scale geologic features. This method has identified fractures and areas of alteration that previously have not been mapped, identified the extent of individual geologic units and structures, and estimated the magnitude of hydrothermal alteration. Magnetic gradient trends follow the mapped north-south Basin and Range structural trends. These trends are at small scales such as in the hydrothermal basins and at larger scales such as with fault systems suggesting that the regional stress field localizes much of the present-day hydrothermal activity. 

Objectives in this final phase will include a focus on collecting samples for rock magnetic and other physical characteristics to refine interpretation of aeromagnetic data; examination of the interrelationship of hydrothermally altered rock units, slumping soils on steep terrains, and timing of deformation; and investigation into the interrelationship of structural trends, fossil and active hydrothermal alteration, and regional seismicity. 

Work to be undertaken during the proposal year and a description of the methods and procedures: 
Continue analysis of new high-resolution aeromagnetic survey over most of YNP and compare with magnetic susceptibility and remanence measurements. Collect and analyze magnetic remanence and susceptibilities of fresh and altered volcanic and sedimentary rocks. Prepare manuscripts of aeromagnetic data in terms of its usefulness in mapping volcanic flows, faults, and zones of alteration. Compare magnetic susceptibility, zones of alteration, oxygen isotopes, and total magnetic intensity of specific volcanic units. Demonstrate flow directions of ignimbrites in the Yellowstone Plateau volcanic field using anisotropic magnetic susceptibility. 

Visual inspection of the aeromagnetic map with superposed geologic features (Finn and Morgan, 2000) suggests that there may be distinctive magnetic anomaly minima associated with mapped zones of hydrothermal alteration of the source rocks. To investigate this, we want to accomplish 3 objectives: 1. quantify and verify the relationship between the lows and alteration and use the aeromagnetic data to map the extent of alteration zones beneath covered areas; 2. analyze the aeromagnetic map for trends which might delineate the structural fabric of older geologic structures which controlled the loci of volcanism within the Yellowstone system and 3. map textural measures of the aeromagnetic anomaly field which might be related to rock lithologies and thus be of use in elucidating the geologic structure. To do this, we will apply new analysis tools in conjunction with Mark Gettings (USGS, Tucson) to the data and field check the data. A paper describing the method and the case study will be published. 

We will continue to identify areas located in the highly altered Eocene andesitic rocks in steep terrain with unstable slopes where slumping of soil and debris flows pose significant risk to the Park. Calcite Springs, in the Tower Junction area, is the site of a large prehistoric earthquake in 1696 AD as dated by recent tree-ring analysis. Many of the large Douglas firs on this slope are tilted, some as much as 47o. The general location of the landslide block is marked by a series of faults that represent landslide scarps within the landslide block. Tree-ring analyses from this study show an abrupt reduction in growth rate of Douglas firs starting at 1696 AD. 

Planned Outreach: 
Georeferenced high-resolution aeromagnetic map over YNP in GIS layers. Integrate with geologic, gravity, remote sensing maps. Presentations at scientific meetings and exchanges. 

We will present results of our studies on the crustal composition and geology of YNP, as well as provide a broad overview of all tasks in this project, at the annual interagency meeting with NPS, USGS, and USFS in September. 

Several manuscripts describing results from this task are in preparation for a USGS Professional Paper focusing on the product highlights of the Minerals' Integrated Geoscience Studies of the Greater Yellowstone Area. All tasks in this project will each contribute a chapter to this effort. Efforts will focus on disseminating results from this project into a general interest publication that will be made available to visitors and other users at YNP. 

Project members and members from the Northern Rocky Mountain Science Center participated in a field trip with the Director in June 2001 providing a broad overview of the geology and ecosystem of the Greater Yellowstone Area. Project's tasks and accomplishments to date in Yellowstone National Park. Our goal is to give a broad perspective of our work and receive input from those who have worked or are currently working in Yellowstone or have interest in management of the Park. 

Consulted with Eleanor Clark, YNP-chief landscape architect, on new (10/98) mud vents developing immediately north of the newly constucted road north of Mary Bay and on slumping soils on steep slopes at Dunraven Pass in relation to the possible widening of road. 
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Friedman, I., Norton D.R., 2001, Is Yellowstone losing its steam: Chloride flux out of Yellowstone National Park (Director's approval 3/22/00), planned USGS Professional Paper highlighting Minerals' Yellowstone project 

Rye, R.O. and Truesdell, A.H., 2001, The question of recharge to the deep thermal reservior underlying the geysers and hot spings of Yellowstone National Park. (Director's Approval 3/22/00)., planned USGS Professional Paper highlighting Minerals' Yellowstone project Yellowstone project 

Finn, Carol A., and Morgan, Lisa A., 2001, Results from a High-resolution aeromagnetic survey of Yellowstone National Park: A revealing look at the Yellowstone caldera, Journal of Volcanology and Geothermal Research 

Pierce, K.L., Despain, D.G., Morgan, L.A., and Good, J.M., 2001, The Yellowstone hotspot, Greater Yellowstone Ecosystem, and Human Geography, submitted for USGS Professional Paper highlighting products from the Minerals' Integrated Geoscience Studies of the Greater Yellowstone Area project. 

Chaffee, M.A., Carlson, R.R., and King, H.D., 2001, Analytical results for samples of rock and stream sediment from Yellowstone National Park and vicinity, Idaho, Montana, and Wyoming , U.S. Geological Survey Open-File Report. 

Publications planned for this task, to be submitted for publication in current or future fiscal years. 
U.S. Geological Survey (members of the Mineral Resources Yellowstone Project 1996-2000), 2001, Results from Integrated Geoscience Studies in the Greater Yellowstone Area: Insights into Old Faithful, the Yellowstone caldera, and Grizzly Bear Habitat (tentative title), USGS General Interest Publication 

Morgan, Lisa A., and Christiansen, Robert L., 1999, Preliminary results from anisotropic magnetic susceptibility studies of the Lava Creek Tuff, Yellowstone National Park, Geol. Soc. Amer. Memoir (125 Years of Geosceince in Yellowstone National Park). 

Gettings, M. E. and Carol A. Finn, 2001, Mapping the fracture-controlled plumbing system at Yellowstone National Park using a wavelet matching technique, plan to submit to Geophysics 

Harlan, S.S. and Morgan, L.A., 2001, Paleomagnetic and rock magnetic properties of Quaternary volcanic rocks from the Yellowstone Plateau volcanic field, plan to submit to the Journal of Geophysical Research 

Harlan, S.S., and Morgan, L.A., 2001, Paleomagnetic and rock magnetic properties of Eocene volcanic rocks of the Absaroka Volcanics Supergroup, Yellowstone National Park, plan as a USGS Professional Paper 

Morgan, L.A., Harlan, S.S., and Christiansen, R.L., 2001, Results from anisotropy of magnetic susceptibility studies of the Lava Creek Tuff: Implications for emplacement of pyroclastic flows and development of the Yellowstone caldera, Journal of Geophysical Research or Geological Society of America Bulletin 

Morgan, L.A., Harlan, S.S., and Finn, C.A., 2001, Rock magnetic properties of rhyolitic lava flows: Implications for emplacement and cooling of large-volume silicic lava flows as reflected in aeromagnetic anomalies, Journal of Volcanology and Geothermal Research 

Chaffee, M.A., and King, H.D., 2001, Analytical results for samples of stream sediment collected under the NURE program in Yellowstone National Park and vicinity, Idaho, Montana, and Wyoming: , U.S. Geological Survey Open-File Report. 

Chaffee, M.A., and Miller. W.R., 2001, Geochemistry related to past mining in the Cooke City, Montana, area and its environmental impact downstream in Yellowstone National Park 

Chaffee, M.A., and others, , 2001, A comparison of natural and anthropogenic chemical anomalies in Yellowstone National Park, Yellowstone Research 

Chaffee, M.A., and others, , 2001, Chemistry of ungulate scat from geothermal and non-geothermal areas of Yellowstone National Park: , Yellowstone Research or a wildlife journal 

Geographic area of task: 
United States, Rocky Mountain States, WY 

ACCOMPLISHMENTS

Current year nonpublication accomplishments and outcomes: 
Geological and geophysical studies in Yellowstone National Park: working closely with Paul Doss, Chief Geologist, and Diane Chalfant, Chief of Interpretation for Yellowstone National Park, in consulting on geoscience exhibits planned for the new Canyon Village, Fishing Bridge, and Old Faithful Visitors' Center. 

In the effort of improving interpretation of geosciences in YNP, we will also collaborate with the EPA in their efforts to develop interpretive materials at YNP. 

Advised USFS (Andrew Godfrey and Russell Reading) and Idaho State University (Paul Link) on creation of "On the Track of the Yellowstone Hotspot: A Journey Through Time", (a poster depicting the development of the Snake River Plain-Yellowstone volcanic province containing multiple 3-d views). 

Talks on the new aeromagnetic survey of YNP presented at the Symposium of the 125th Anniversary of Yellowstone National Park, Japan Geological Survey, Australian Geological Survey, University of Missouri, University of Colorado. 

Highlights- summary of the most significant outcome: 
High-resolution aeromagnetic survey: Results from this survey show that this technique is an extremely useful tool in delineating the extent of lava flows and other geologic bodies, extent of hydrothermal alteration, and previously unmapped geologic structures. Using the high-resolution magnetic data, the Yellowstone caldera, its ring-fracture zone, resurgent domes, and associated lava flows can be clearly identified. 

Magnetic susceptibility and remanence studies: i) Magnetic remanence measurements of the units in the Eocene Absaroka Supergroup volcanic series show that both normal and reversed polarities occur. Furthermore, "Q" values for many of these units are quite low, suggesting magnetic susceptibility is the dominant factor; ii) Susceptibility measurements of the Lava Creek Tuff vary by as much as three orders of magnitude, reflecting various degrees of hydrothermal alteration; iii) Anisotropic magnetic susceptibilty (AMS) measurements of the Lava Creek Tuff, which erupted from the Yellowstone caldera have yielded consistent results. AMS appears to be a promising technique in which to examine ignimbrite emplacement and yield more information regarding caldera formation. The rock magnetic measurements are valuable in interpreting the recently acquired aeomagnetic data. 

New Directions or Major Changes for Proposal Year: 
We plan to focus our sample collecting to those units which show strong variations in magnetic intensity, most likely reflecting variation in degree of hydrothermal alteration, and on those units which appear from the new aeromagnetic map to be either reversely magnetized or have high magnetic susceptibilities. 

We will continue to integrate results from our aeromagnetic and rock magnetic studies with AVIRIS and thermal imaging results. 

We will be field checking the apparent interrelationship of areas that show extensive alteration (from the new aeromagnetic survey), have steep slopes, and contain slumping soils. Samples for dendrochronology will be collected and analyzed. 

Task: 2 
Task Leaders:
    Shanks III, Wayne C.
      pshanks@usgs.gov
      P.O. Box 25046
      Denver, CO 80225
Phone: (303)236-2497
   FAX: (303)236-3200

Title: Geochemistry, biochemistry, and stable isotope systematics of sublacustrine hydrothermal vents in Yellowstone Lake: A modern hot spring gold-depositing environment? 

Task Text Status: PROPOSED 

Task priority: 1 

Programs from which Fiscal Support is Solicited: 
  Earth Surface Dynamics programs (Landscape Dynamics) 20% $2,273
  Mineral Resources Program 20% $2,273
  National Cooperative Geologic Mapping programs 20% $2,273
  Placed-Based Studies (Ecosystems programs) 20% $2,273
  Volcano Hazards programs 20% $2,273

Task Summary and Objectives: 
Many ancient epithermal precious-metal and mercury deposits occur in veins, hydrothermal explosion breccias, and siliceous sinter hosted in lake beds. The objectives of this task are to understand mineralizing conditions and geochemical processes in sublacustrine hydrothermal vents in Yellowstone Lake. In particular, we use minor and trace elements and stable isotope studies (H, C, N, O, and S) to understand processes of hydrothermal mineralization in Yellowstone Lake and to track toxic and nutrient elements from the hydrothermal vents into the micro- and macro-fauna of the Lake and into the Greater Yellowstone ecosystem. In this regard, over the last 3 years we have collected multiple samples of sublacustrine hydrothermal vent fluids and associated hydrothermal mineral deposits from Mary Bay, Steamboat Point, Sedge Bay, Stevenson Island, and from several localities in West Thumb. We have collected detailed water column profiles in 97, 98, and 99 and have collected pore waters from vent and non-vent areas in 98.Also, in 1998 and 99 we collected water samples and estimated stream flow for the 20 largest streams that feed into Yellowstone Lake. These studies, with additional sampling planned in summer 2000, are beginning to provide a comprehensive picture of mineralizing processes and trace element and water fluxes in the Lake. Knowledge of elemental fluxes is critical to understanding the affect of natural hydrothermal vents on water quality in the Lake and the effect of toxic elements on native species such as the Cutthroat Trout. We have analyzed a limited number of Cutthroat and Lake trout for 40 elements plus d34S, d13C, and d15N. These preliminary studies show that the muscle of many fish are near or above the FDA action level of 1 ppm Hg for edible fish. Cutthroat trout feed in shallow sublacustrine vents ("Cutthroat Jacuzzis") and are critical to the ecosystem because they spawn in streams and are food sources for otters, eagles, and bears. 

Work to be undertaken during the proposal year and a description of the methods and procedures: 
Additional new hydrothermal areas on the lake bottom discovered in the 1999 bathymetric survey will be explored and sampled in summer 2000. Our general sampling strategy is to collect coexisting vent fluids, hydrothermal deposits, and biota from each sample site. We will also focus on extending our time series of the most intense vents in Mary Bay, West Thumb, and off Stevenson Island, and we will thoroughly sample any newly discovered vents in the 2000 field season, for analysis in FY2001. 

We will process, analyze, and interpret additional samples of lake bottom vent waters, hydrothermal deposits, pore waters, water column, and stream samples collected in summer of 2000. We will continue to characterize the mineralogy and chemistry of silicate spires and conduits, Fe- oxide deposits, and sulfur deposits, and examine sediments and lake-floor rock outcrops for mineralogical, chemical, and isotopic effects of hydrothermal alteration. A particular focus will be on sampling fish, bacteria, and zooplankton in vent areas for metal and stable isotope analyses. Fluid samples will be analyzed for the usual ICP-MS and ICP-AES suite of elements, plus Li, B, Hg, and stable isotopes of C, O, H, and S. Solid sample analyses will include ICP-MS trace metals, XRF major elements, and ICP-MS rare earth elements on selected samples. Mineralogy will be determined by XRD, electron microprobe, scanning electron microscopy, and petrographic microscopy. Stable isotopic analyses will include dD, d13C, d15N, d18O, and d34S on sediments, hydrothermal deposits, altered rocks, bacteria, and fish. 

We will also continue to geochemically model controlling reactions. Initial results indicate that amorphous silica saturated fluids that vent into bottom waters at temperatures above 145C can precipitate amorphous silica by mixing to form silica spires or pipes. Oxygen isotope analyses of silica deposits indicate formation at temperature between 80 and 160C. Silica deposits are strongly enriched relative to Yellowstone Lake sediments in As, Ba, Be, Co, Cu, Fe, Ga, Mn, Ni, Tl, V, and W. 

Considerable time in FY2001 will be devoted to modeling and synthesizing results and writing up scientific publications on the results of this task. 

Planned Outreach: 
This is a collaborative project with biochemists, microbiologists and low-temperature geochemists from the Great Lakes WATER Institute of the University of Wisconsin-Milwaukee and Marquette University. We will continue to meet regularly with colleagues from the Great Lakes WATER Institute to discuss and meet their needs in the context of the USGS studies in the lake. Geochemical data will be made available to biologists, ecologists, and others studying the health of flora and fauna in the park. 

Publications delivered/completed for this Task: 
Shanks, W. C., III, Alt, J. C., Meier, A. L., and Klump, J. V., 1997, Geochemical studies of hydrothermal deposits related to sublacustrine hydrothermal vents in Yellowstone Lake , American Geophysical Union, 1997 fall meeting, v. 78, p. 808-809 

Balistrieri, L. S., Shanks, W. C., III, Cuhel, R. L., Aguilar, C., and Klump, J. V., 2001, The influence of sublacustrine hydrothermal vents on the geochemistry of the Yellowstone Lake Geo-Ecosystem: Major geothermal fluxes of potentially toxic elements: , planned USGS Professioanl Paper highlighting Minerals' Yellowstone project 

Publications planned for this task, to be submitted for publication in current or future fiscal years. 
Shanks, W. C., Alt, J., Cuhel, R. L., Aguilar, C., Klump, J. V., and Remsen, C. C., 2001, Geochemistry of sublacustrine hydrothermal deposits in Yellowstone Lake: Stable isotopes, metal transport, and aquatic life, in , planned USGS Professional Paper highlighting Minerals' Yellowstone project 

Shanks, W. C., III, and Varley, J., , 2001, Mercury in Cutthroat and Lake Trout from Yellowstone Lake, Yellowstone Science 

Geographic area of task: 
United States, Rocky Mountain States, WY 

ACCOMPLISHMENTS

Current year nonpublication accomplishments and outcomes: 
Posters on our Yellowstone Lake task have been distributed to the NPS at Yellowstone and in Washington, D.C., the University of Wisconsin-Milwaukee, University of Michigan, University of Washington, and various USGS offices. Our poster was also presented at the Central Region Cluster Meeting of State Geologists. Talks on the sublacustrine vent study have been presented at the Colorado Scientific Society, the Colorado School of Mines, the University of Minnesota, and the USGS in Denver and Menlo Park. 

Highlights- summary of the most significant outcome: 
Hydrothermal Vent Chemistry: Vent waters containing the highest concentrations of Li, W, As, Sb, and Mo occur in West Thumb. Vent waters at Mary Bay have higher concentrations of Fe, Mn, Al, and Ba relative to those in West Thumb. 

Hydrothermal Fluid Origin: Chloride is a conservative element and is considered a signature element for Yellowstone geothermal waters. Based on oxygen and hydrogen isotopes and Cl concentrations, the sublacustrine hydrothermal vent waters are dominantly local lake water. However, pore fluids from West Thumb and Mary Bay sediments near sublacustrine vents contain high chloride, indicating a substantial deep thermal component. dD-Cl relations indicate that high Cl vent and pore fluids form by mixing of lake water with boiled deep thermal water. 

Hydrothermal deposits: small pipes and veins occur near active hydrothermal vents on the lake bottom (Mary Bay, Sedge Bay, Stevenson Island, and several localities in West Thumb) and siliceous spires up to 5m tall occur at a hydrothermally inactive site near Bridge Bay. Small pyrite, jarosite , sulfur, and ferromanganese oxide deposits occur at some vents. Silica deposits are strongly enriched relative to Yellowstone Lake sediments in As, Ba, Be, Co, Cu, Fe, Ga, Hg, Mn, Ni, Tl, V, and W. 

Sublacustrine Hydrothermal Flux: Chloride fluxes from sublacustrine hydrothermal vents indicate that 20% of the deep geothermal water venting in YNP occurs in the Lake. Sulfur isotope values of Yellowstone Lake sulfate are quite uniform at 2.5 permil (+/- 0.7). Yellowstone River sulfate at the Southeast Arm inlet has a sulfur isotope value of 3.7 permil, suggesting significant influx of isotopically light geothermal sulfur. Similarly, chemical data for the streams that flow into the lake indicate that Cl, B, Li, As, Mo, Sb, W are also strongly enriched in lake water and in sublacustrine hydrothermal vents, so lake chemistry is strongly affected by sublacustrine venting. 

New Directions or Major Changes for Proposal Year: 
In FY2002 will focus on finishing chemical, isotopic, and mineralogical analyses of samples collected in summer 2000 from vent and hydrothermal deposits discovered by the swath bathymetric surveys. Specifically, spire fields in the northern part of the lake and in West Thumb will be investigated with the ROV submersible and sampled in summer 2002. Hydrothermal vents will also be sampled. These data will be written up in FY2002. 

Task: 3 
Task Leaders:
    Morgan, Lisa Ann
      lmorgan@usgs.gov
      P.O. Box 25046
      Lakewood, 80225
Phone: (303)273-8646
   FAX: (303)273-8600

Title: Mapping, chronology, and geochemistry of hydrothermal explosion deposits in YNP 

Task Text Status: PROPOSED 

Task priority: 1 

Programs from which Fiscal Support is Solicited: 
  Earth Surface Dynamics programs (Landscape Dynamics) 20% $3,667
  Mineral Resources Program 20% $3,667
  National Cooperative Geologic Mapping programs 20% $3,667
  Placed-Based Studies (Ecosystems programs) 20% $3,667
  Volcano Hazards programs 20% $3,667

Task Summary and Objectives: 
Hydrothermal explosion craters and associated breccia deposits are commonly observed features in Yellowstone National Park. Visitors to popular thermal areas like Upper and Lower Geyser Basin, Norris Geyser Basin, and West Thumb Geyser Basin often see deep conical pools of thermal water and large rock fragments of explosion breccia littering the landscape. Each of these pools is an explosion crater, and they occur throughout the Park at all scales from sub-meter to kilometer diameters. Because hydrothermal explosions can occur at any time, they constitute a potential hazard to visitors in the Park. Mary Bay, a 3-km-diameter embayment on the north shore of Yellowstone Lake, is a major hydrothermal explosion crater complex that erupted about 10,000 years B.P. and deposited an apron of explosion breccia for several kilometers around Mary Bay. Other major explosion craters in the Park include: Indian Pond, Turbid Lake, Duck Lake, Fern Lake, Pocket Basin, Roaring Mountain, and a newly discovered site in the Sulfur Hills. Smaller hydrothermal eruptions, at Biscuit Basin, Porkchop Geyser, Seismic Geyser and other localities have been observed in recent years. Our objective is to use geologic and stratigraphic studies, geochronology (principally 14C analyses of carbon), the new high-resolution aeromagnetic data, seismic data from the monitoring network in the Park, spectral imaging (AVIRIS) and geochemical, mineralogical, fluid inclusion studies to understand better the mechanisms of hydrothermal eruptions, the causes of such events, regional seismicity, and possible relations to recently discovered regional inflation/deflation cycles ("heavy breathing") in the Yellowstone caldera. These studies present an opportunity to examine modern epithermal ore-forming processes and mechanisms contributing to mineralization. 

Work to be undertaken during the proposal year and a description of the methods and procedures: 
To date, over 60 samples of hydrothermal explosion breccia have been collected for alteration mineralogy, oxygen isotope, rock magnetic measurements, and geochemistry analyses and interpretation. We plan to continue to examine and analyze recent, post-glacial, hydrothermal explosion deposits identified in cores and exposed around Yellowstone Lake, in addition to examining other less studied hydrothermal explosion deposits in the Park. We will continue to examine and analyze geothermal vent locations, physical characteristics of the deposits and vents and their distribution and chronology, and analyze stable isotopes and fluid inclusions to determine the deposits’ temperature of formation and composition of fluid. We will examine details of these hydrothermal systems and their relation to magmatic activity, faulting, and changes in post-glacial lake levels. We also will apply AVIRIS and TIMS data in conjunction with the recently acquired aeromagnetic survey of YNP to examine areas in and north of Yellowstone Lake that may be future potential sites of hydrothermal explosions. Geothermal fluid changes that are potentially mineralizing within the 600,000-year-old caldera may reflect contrasting time scales: The inflation/deflation cycles occur on a millennial time scale whereas the hydrothermal explosions occur within minutes. Changes in pressure and flow rate would dramatically change as mineralized geothermal fluids are released and confining pressures drop which may significantly contribute to mineralization. These studies give us the opportunity to examine ore-forming epithermal mineralized deposits above an active magma chamber and learn about the time scales and pressure changes involved. Many ancient epithermal gold, silver, and mercury deposits occur in siliceous sinter deposits, in near surface hydrothermal explosion breccia zones (e.g. Bodie, CA), in banded "crack-seal" veins, or in association with acid-sulfate alteration zones, and some deposits, such as the Crofoot-Lewis gold deposit in NV, occur largely in lake beds. All of these settings are abundantly represented in the Yellowstone explosion deposits. These young undeformed, unmetamorphosed deposits provide a unique record of the processes that have been at work in forming some of the Nation's major mineral resources. Finally, the high-resolution SeaBeam swath bathymetric survey (See Task 9) that will survey the northern part of the lake in 1999 will better define the lake-bottom craters in Mary Bay that are potential source craters for the Mary Bay II breccia. To this end, we have added high-resolution seismic reflection profiling and towed magnetometer surveying to the bathymetric work to fully identify and characterize features on the lake bottom. 

REQUEST FUNDING FOR PIERCE (ESDP, 4PP, $8000 OE) 

Planned Outreach: 
Posters on our Explosion Breccia task have been distributed to the NPS at Yellowstone and in Washington, D.C., the University of Wisconsin-Milwaukee, and various other USGS offices. Our poster was also presented at the Central Region Cluster Meeting of State Geologists and at the Annual American Geophysical Union meeting in December, 1998. We will continue to work on a kiosk for Le Hardy Rapids area explaining the Yellowstone caldera and caldera unrest as it may relate to hydrothermal explosion events. We will continue work with the NPS on geologic interpretations and exhibits for the rebuilt Canyon Village Visitors Center. We have talked with reporters from the Denver Post and the Billings Gazette about current work. They are interested in the 40th Anniversary of the Hebgen Earthquake, the Yellowstone hotspot story, the Seabeam-type bathymetric survey of explosion craters in northern Yellowstone Lake, and plan to meet with us in Yellowstone this summer. 

Publications delivered/completed for this Task: 

Publications planned for this task, to be submitted for publication in current or future fiscal years. 
Morgan, L.A., Shanks, W.C., Pierce, K.L., Skewes, M.A., Meeker, G., 2001, Distribution, geochemistry, and chronology of hydrothermal explosion deposits in Yellowstone National Park: Implications for future hydrothermal explosions ?, plan to submit to Journal of Volcanology and Geothermal Research 

Pierce, K.L., Cannon, K.P., and Meyer, G., 2001, Inflation-deflation cycles of the Yellowstone caldera based on changes in level of Yellowstone Lake and River in post-glacial time, plan to submit in Geological Society of America Bulletin 

Geographic area of task: 
United States, Rocky Mountain States, WY 

ACCOMPLISHMENTS

Current year nonpublication accomplishments and outcomes: 
For recently wave-eroded Yellowstone lakeshore exposures, we have established a photographic base, a detailed map and description of the Mary Bay II explosion breccia units;  Indian Pond hydrothermal explosion deposits and associated  stratigraphy.   In some places, the detailed stratigraphy shows two episodes of emplacement of the Mary Bay II deposit separated by gravels and, locally, lake sediments. In other areas, the Mary Bay II breccia appears to be emplaced by injection of cross-cutting "breccia dikes" that grade laterally into stratiform Mary Bay II deposits. Radiocarbon dating indicates Mary Bay II is about 10,000 yr. B.P. and pre-dates shorelines S3 and S4. The Indian Pond explosion deposit is about 3,000 yr. B.P. and thickens towards its source. 

Samples of charcoal were found in explosion breccia deposits at Mary Bay, Fern Lake, and Turbid Lake. Radiocarbon dating of these samples will provide information regarding the timing of these events. 

Highlights- summary of the most significant outcome: 
Detailed mapping and sampling of the Mary Bay explosion breccia deposits along the bluffs of the Yellowstone Lake shore indicates several meter thickness of semi-consolidated breccia with included pebble- to boulder-sized clasts that record earlier and multiple brecciation events and hydrothermal veining and alteration. In particular, some fragments in Mary Bay breccia have calcite, kutnahorite (CaMnCO3), and pyrite as disseminations and veinlets, indicating eruption from a deep portion of the system where saline brines might be present (probably 3-4 km deep). Oxygen isotope analyses of these breccia samples suggests temperatures of formation of 300-400 C. Study of these samples increases understanding of the age and duration of deep-seated hydrothermal systems, allows examination of mineralizing processes and fluid evolution with time, and may help elucidate the causes of large hydrothermal explosions and the evolution of magmatic fluids. 

Another exciting discovery is a fossil hydrothermal vent system, "Black Dog Vent", which exposes completely the subsurface geometry of a hot spring system similar to currently active systems being studied at Storm Point and other locations on the lake bottom using the Eastern Oceanics remotely operated submersible. 

The exposed vent system on the northern shore of Mary Bay comprises (from bottom to top) veins of hydrothermal minerals that cut fine-grained, laminated lake sediments, open cavities with black siliceous/pyritic vein mineral deposits, a 1-2-m diameter hydrothermal breccia "pipe", altered and silicified sandy nearshore sediments that overlie the breccia pipe, and finally, silicified Mary Bay II explosion breccia. Geochronologic, mineralogic, fluid inclusion, and geochemical studies of this vent system will enhance knowledge of the lake bottom hydrothermal systems and of epithermal mineralizing systems in general in this region of active seismicity. 

New Directions or Major Changes for Proposal Year: 
We will obtain a detailed map of the northern part of Yellowstone Lake using Seabeam swath bathymetry, sub-botttom seismic profiler, and magnetometer to show geothermal features and their allignment, possible submerged shorelines, faulting, glacial deposits and other landforms. 

We will collaborate with Charles Tiller and Kerry Keltz of the University of Minnesota, Institute for Limnological Studies where we plan to examine and sample available cores from Yellowstone Lake. 

We will continue to collaborate with Alex Skewes of the University of Colorado, on thermometric analyses of fluids identified in crystals in the hydrothermal explosion breccis to determine temperatures of formation, salinities, and composition. 

Task: 4 
Task Leaders:
    Morgan, Lisa Ann
      lmorgan@usgs.gov
      P.O. Box 25046
      Lakewood, 80225
Phone: (303)273-8646
   FAX: (303)273-8600

Title: Bathymetric, seismic, and magnetic surveys of Yellowstone Lake 

Task Text Status: PROPOSED 

Task priority: 1 

Programs from which Fiscal Support is Solicited: 
  Earth Surface Dynamics programs (Landscape Dynamics) 20% $15,687
  Mineral Resources Program 20% $15,687
  National Cooperative Geologic Mapping programs 20% $15,687
  Placed-Based Studies (Ecosystems programs) 20% $15,687
  Volcano Hazards programs 20% $15,687

Task Summary and Objectives: 
Our goal is to obtain a high-resolution bathymetric map of Yellowstone Lake and unequivocally characterize many lake bottom bathymetric features such as faults, fissures, slumps, hydrothermal deposits, explosion craters, submerged shorelines, and glacial deposits. Subbottom seismic reflection profiles, combined with towed magnetometer data obtained at about 100-m line spacing, may discern zones of active, present-day geothermal fluid migration through sediments or hydrothermally altered sediments. 

Identification of submerged faults, explosion craters, hydrothermal vents, and slumped structures will improve understanding of the interrelationship of these features, their causes, and influences by deeply circulating hydrothermal fluids contributing to epithermal mineral systems. These surveys will also contribute to identify locations of spawning sites for introduced lake trout. The surveys will give an accurate picture of the geologic forces forming Yellowstone Lake and how geology affects the aquatic biosphere. 

Recent studies show the Yellowstone caldera has cycles of inflation and deflation with an amplitude of 30 meters on a millennial time scale. To evaluate this, submerged and tilted shorelines and sites for sub-bottom profiling and coring must be mapped using modern swath bathymetry. Samples obtained will be dated. The underwater geologic history integrated with the exposed shoreline history will help define the chronology and shape of cycles related to inflation and deflation of the Yellowstone caldera. 

Work to be undertaken during the proposal year and a description of the methods and procedures: 
The 1999 and 2000 high-resolution bathymetric, seismic reflection, and magnetic survey of northern Yellowstone Lake and West Thumb basin (40% of the total lake) revealed a spectacular landscape previously unknown to the world. Large siliceous spires and hydrothermal explosion craters protude into and pockmark the floor of the northern lake, an area mostly within the 630,000-year-old Yellowstone caldera. In addition to the abundant circular, steep-walled depressions interpreted as hydrothermal explosion craters and the siliceous spires, we identified domal features containing gas (steam?) pockets, deformed sediments, and hydrothermal vents, and recent, previously unmapped faults, slump structures, and submerged older lake shorelines. SEM images of the spires sampled indicate their composition to be predominantly diatomaceous with subordinate bacteria and amorphous silica. To complement this work, ground-truthing of the surveyed area, involving a submersible remotely operated vehicle (ROV) with sampling and photographic capabilities is being conducted. This summer (2000), we are photographically documenting and sampling our northern and West Thumb survey areas as well as continuing bathymetric and seismic reflection surveys into West Thumb, site of the 140,000-year-old caldera eruption of the tuff of Bluff Point, and vicinity. We plan to survey all of Yellowstone Lake (FY2000-2003). 

In this task, our goal is to obtain a high-resolution bathymetric map of Yellowstone Lake and unequivocally characterize many lake bottom bathymetric features such as faults, fissures, slumps, hydrothermal deposits, explosion craters, domes, submerged shorelines, and glacial deposits. The subbottom profiles may discern zones of active, present-day geothermal fluid migration through sediments or hydrothermally altered sediments. Identification of submerged faults, hydrothermal explosion craters, hydrothermal vents, domes, and slumped structures will lead to greater understanding of the interrelationship of these features, their causes, and influences by deeply circulating hydrothermal fluids contributing to epithermal mineral systems. Identification of these features also will contribute to identifying locations of spawning sites for introduced lake trout. The surveys will give an accurate picture of the geologic forces forming Yellowstone Lake and how geology affects the aquatic biosphere. 

Our intent is to produce the following: 
1) A high-resolution bathymetric map of Yellowstone Lake 
2) A high-resolution magnetic map of Yellowstone Lake 
3) High-resolution seismic reflection profiles 
4) Geochemistry and stable isotopic studies of vent waters and deposits from hydrothermal vent sites 
5) Thermal probe measurements at thermal vent sites 
6) SEM images, mineralogical analyses, U-series dates of collected siliceous spire samples 
7) Mineralogical analyses, thin sections, lithologic studies of sublacustrine hydrothermal explosion craters and associated deposits 
8) Geochemical and isotopic analyses of lake biota 
9) Various analyses of core samples at selected sites 
10) Fly-throughs of the lake to be shown at geologic exhibits within Yellowstone National Park and on our WEB site 
11) An improved geologic understanding of various features (eg. siliceous spires, submerged shorelines, hydrothermal explosion craters, domes, etc.) and timing of specific events 
12) 3-5 minute video describing the survey and discoveries to be shown at visitors' centers at Yellowstone National Park 
13) All products from this study will be made available to the National Park Service (YNP) as a base in making decisions regarding resource management issues. 

Planned Outreach: 
High-resolution bathymetric data obtained in this study will allow us to construct meaningful interactive "fly-throughs" of the Lake using GIS technology and will be available on web sites and on CD-ROM. Additionally a 3-5-minute video will be made during the surveys that will be for public viewing and will be available at Yellowstone National Park's Lake Visitor Center. All of the products from this study will be made available to the National Park Service (YNP) and could be used at the Yellowstone Lake Visitors Center. 

Data obtained from these surveys will be used by YNP fish management officials to identify areas where Lake Trout spawn. 

We plan also to conduct interviews with local and national press as the surveys continue in the Lake. During the survey, we plan to have a "Science in the Park" exhibit at Yellowstone Lake Visitors Center that would be updated daily with results from the previous day's work. 

Publications delivered/completed for this Task: 
Morgan, L.A., Shanks, W.C., Lovalvo, D., Johnson, S.Y., Stephenson, W.J., Harlan, S.S., White, E.A., Waples, J., and Klump, J.V., 1999, New discoveries from the floor of Yellowstone Lake: Results from sonar imaging, seismic reflection, and magnetic surveys: , Geological Society of America, Abstracts with Programs, v. 31, p. .A-207. 

Shanks, W. C., Morgan, L. A., Johnson, K. M., Lovalvo, D., Johnson, S. Y., Stephenson, W. J., Harlan, S. S., White, E. A., Waples, J., Klump, J. V., 1999, The floor of Yellowstone Lake is anything but quiet: New discoveries from sonar imaging, seismic reflection, and magnetic surveys, EOS, Transactions, American Geophysical Union, v. 80, p. F1162 

Morgan, L.A., Shanks, W.C., Johnson, K.M., Lovalvo, D., Johnson, S.Y., Stephenson, W.J., Harlan, S.S., Pierce, K.L., White, E.A., Waples, J., Klump, J.V., 1999, New Discoveries from the Floor of Yellowstone Lake, Yellowstone Science, February 2000. 

Murphy, Sue Consolo and Morgan, Lisa, 1999, New Discoveries: The Underwater Spires of Yellowstone Lake, 1999 Natural Resources Year in Review (National Park Service publication) 

Wessells, S. and others, 2000, Yellowstone Lake Discovery: Towering Spires and Explosion Craters 

Publications planned for this task, to be submitted for publication in current or future fiscal years. 
Morgan, L.A., Shanks, W. C., Lovalvo, D., Johnson, S. Y., Stephenson, W., Harlan, S., White, E., Waples, J., and Klump, J. V., , 2000, New discoveries from the floor of Yellowstone Lake: Yellowstone National Park's largest thermal field?, plan to submit to Science 

Shanks, W. C., III, Morgan, L. A., Lovalvo, D., Lee, G., Webring, M., Johnson, S. Y., Stephenson, W., Harlan, S., White, E., , 2001, Digital swath bathymetric data and map from the northern portion of Yellowstone Lake, USGS Digital Data series, CD-ROM 

Shanks, W.C., III, Morgan, L.A., and Balistrieri, L., , 2001, Geochemistry of newly discovered spires and vents from Yellowstone Lake , Geochimica et Cosmochimica Acta 

Johnson, S.V., Stephenson, W., Morgan, L.A., Shanks, W.C., Pierce, K.L., 2001, Interpretation of Seismic Reflection Profiles from the northern part of Yellowstone Lake, GSA Bulletin?? 

Geographic area of task: 
United States, Rocky Mountain States, WY 

ACCOMPLISHMENTS

Current year nonpublication accomplishments and outcomes: 
Results from the bathymetric and seismic reflection surveys of the 1999 northern Yellowstone Lake study were impressive and were met with great enthusiasm by managers in Yellowstone National Park, the USGS, and the press (Billings Gazette, 1/23/00; Boulder Daily Camera, 10/24/99; Yellowstone News, spring 2000). In March 1999, at the request of the Secretary of the Interior Bruce Babbitt, we presented the results from our 1999 survey to the DOI Science Board in Washington, D.C. 

Other nonpublished accomplishments include: 
1. public presentation of survey results for Yellowstone National Park visitors’ center 
2. participation in film script for NPS on lake survey 
3. received letter of commendation from the Superintendent of Yellowstone National Park citing our work to date in the Park 
4. completed first phase of 3-5 minute video describing lake survey 
5. a 5-panel poster describing results for the Lake survey. These have been distributed to managers in the Department of Interior, Yellowstone National Park, and the USGS 

Highlights- summary of the most significant outcome: 
During summer 2001, we will cononduct high-resolution bathymetric and seismic reflection surveys of the central part of Yellowstone Lake. In addition, photographic documentation and sampling of the northern part of Yellowstone Lake and West Thumb basin, surveyed in 1999 and 2000, will be conducted using a submersible remote operating vehicle. 

New Directions or Major Changes for Proposal Year: 
We hope to continue bathymetric, magnetic, and seismic surveys of Yellowstone Lake over the next several years until we obtain a highly accurate view of the bathymetry of Yellowstone Lake and unequivocally characterize many lake bottom features. 
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Description: Bathymetric image of siliceous spires in the Bridge Bay area of Yellowstone Lake. The spires in this area are 2-7 m tall and are predominantly diatomaceous. 
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Description: Bathymetric image of small hydrothermal explosion craters along northwest-trending fissures east of Stevenson Island in northern Yellowstone Lake. 
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Description: Interpreted seismic reflection profile of an area due south of Strom Point in northern Yellowstone Lake. 

