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geothermal reservoirs jjî  Kruger, Paul and Ramey, H. J., Jr., 
eds.. Proceedings, Fourth Workshop on Geothermal Reservoir 
Engineering, Dec. 13-15, 1978: Stanford University, Stanford, 
Calif., P. 112-117. 

(P) Moench, A. F., and Atkinson, P. G., 1977, Transient pressure 
analysis in geothermal steam reservoirs with an immobile 
vaporizing liquid phase--summary report: Proceedings of the 
Third Workshop on Geothermal Reservoir Engineering, Stanford, 
California, Dec. 14-16, 1977, p. 64. 

(P) Moench, A. F., and Atkinson, P. G., 1978, Transient pressure 
analysis in geothermal steam reservoirs with an immobile 
vaporizing liquid phase: Geothermics, v. 7, p. 253-264. 

(P) Moench, A. F., and Herkelrath, W. N., 1978, The effect of 
vapor-pressure lowering upon pressure drawdown and buildup on 
geothermal steam wells: Geothermal Resources Council, Trans., 
V. 2, p. 465-467. 

(P) Moore, R. B., and Wolfe, E. H., 1974, Geologic map of the 
eastern San Francisco volcanic field: Arizona: U.S. Geol. 
Survey Misc. Invest. Series, 1-953. 

(0) Moses, T. H., Jr., and Sass, J. H., 1979, Drilling techniques 
presently in use by the geothermal studies project, USGS: U.S. 
Geol, Survey Open-file rept. 79-763 

45 



(0) Moyle, W. R., Jr., 1972, Temperature and chemical data for 
selected thermal wells and springs in southern California: 
U.S. Geol. Survey Open-file rept., 28 p. 

(P) Moyle, W. R., Jr., 1974, Temperature and chemical data for 
selected wells and springs in southeastern California: U.S. 
Geol. Survey Water-Resources Investigations 33-73, 12 p. 

(0) Moyle, W. R., Jr., 1977, Summary of basic hydrologic data 
collected at Coso Hot Springs, Inyo County, California: U.S. 
Geol. Survey Open-file rept. 77-485. 

(P) Muffler, L. J. P., 1972, U. S. Geological Survey research in 
geothermal resources: Compendium of First Day Papers, First 
Conference of the Geothermal Resource Council, El Centro, 
California, p. 11-18. 

(A) Muffler, L. J. P., 1973, Geothermal research in the U.S. Geol. 
Survey: Geophysics, v. 38, p. 185-186. 

(A) Muffler, L. J. P., 1973, Geothermal resources and their 
utilization: Geol. Soc. America, Abstracts with Programs, v. 
5, no. 1, p. 83-84. 

(P) Muffler, L. J. P., 1973, Geothermal resources, jji Brobst, D. A., 
and Pratt, W. P., (eds.), United States Mineral Resources: U. S. 
Geol. Survey Prof. Paper 820, p. 251-261. 

(P) Muffler, L. J. P., 1974, Review of "Geothermal Energy - review of 
Research and Development", H. C. H. Armstead (ed.): Engineering 
Geol., V. 7, p. 409-410. 

(P) Muffler, L. J. P., 1975, Current worldwide utilization and 
ultimate potential of geothermal energy systems: jm 
Morgenthaler, G. W., and Silver, A. N., (eds): Energy Delta, 
Supply vs. Demand, AAS 74-028, v. 35, Science and Technology, p. 
433-442. 

(A) Muffler, L. J. P., 1975, Geothermal resources of the Northern 
Rocky Mountains: Geol. Soc. America, Abs. with Programs, v. 7, 
no. 5, p. 632. 

(P) Muffler, L. J. P., 1975, Review of "Geothermal Energy (E. W. 
Berman)": American Scientist, v. 63, no. 6, p. 701. 

(P) Muffler, L. J. P., 1976, Summary of Section I: Present status of 
resources development: Proc. Second United Nations Symposium 
on the Development and Use of Geothermal Resources, May 20-29, 
1975, San Francisco, Calif., v. 1, p. xxxiii-xliv. 

46 



(P) Muffler, L. J. P., 1976, Summary of Section II: Geology, 
hydrology, and geothermal systems: Proc. Second United Nations 
Symposium on the Development and Use of Geothermal Resources, 
May 20-29, 1975, San Francisco, Calif, v. 1, p. xlv-lii. 

(P) Muffler, L. J. P., 1976, Tectonic and hydrologic control of the 
nature and distribution of geothermal resources: Proc. Second 
United Nations Symposium on the Development and Use of 
Geothermal Resources, May 20-29, 1975, San Francisco, Calif., 
V. 1. p. 499-507. 

(P) Muffler, L. J. P., 1977, Technical analysis of geothermal 
resources _uii Sato, Sho, and Crocker, T. D., Property rights to 
geothermal resources: Ecology Law Quarterly (School of Law, 
University of California, Berkeley), v. 6, no. 2, p. 253-270. 

(P) Muffler, L. J. P., 1978, 1978 Geothermal Resource Assessment: 
Proceedings of the Third Workshop on Geothermal Reservoir 
Engineering, Stanford, California, Dec. 14-16, 1977, p. 3-8 

(P) Muffler, L. J. P., ed., 1979, Assessment of Geothermal Resources 
of the United States--1978: U.S. Geol. Survey Circular 790, 
163 p. 3 maps. 

(A) Muffler, L. J. P., and Bargar, K. E., 1973, Hydrothermal 
alteration of rhyolitic ash-flow tuff in the vapor-dominated 
system at Mud Volcano, Yellowstone National Park, USA: 
International Symposium on Water Rock Interaction, Prague, 
Czechoslovakia, Abstract Volume, p. 52. 

(P) Muffler, L. J. P., and Cataldi, R., 1978, Methods of regional 
assessment of geothermal resources: Geothermics, v. 7, p. 
53-90. 

(P) Muffler, L. J. P., and Christiansen, R. L., 1978, Geothermal 
resource assessment of the United States jm Rybach, Ladislaus 
and Stegena, Lajos, eds., Geothermics and Geothermal Energy: 
Pure and Applied Geophysics, v. 117, p. 160-171. 

(0) Muffler, L. J. P., and Hofeling, C. L., 1979, Inventory of 
drilling activities of the U.S. Geological Survey in the 
United States, fiscal years 1979-1980: U.S. Geol. Survey 
Open-file rept. 79-1567, 48 p. 

(P) Muffler, L. J. P., and White, D. E., 1972, Geothermal energy: 
The Science Teacher, v. 39, no. 3, p. 1-4. 

(P) Muffler, L. J. P., and Williams, D. L., 1976, Geothermal 
investigations of the U.S. Geol. Survey in Long Valley, 
California, 1972-1973: Journal. Geophy. Res., v. 81, no. 5, p. 
721-724. 

47 



(P) Muller, 0. H., and Pollard, 0. D., 1977, The stress state near 
Spanish Peaks, Colorado, determined from a dike pattern: Pure 
and Applied Geophysics, v. 115, p. 69-86. 

(0) Munroe, R. J., Sass, J. H., Bunker, C. M., and Bush, C. A., 
1975, Abundances of uranium, thorium, and potassium from some 
plutonic rocks in northern Washington: U.S. Geol. Survey 
Open-file rept. 75-221. 

(0) Munroe, R. L., Sass, J. H., Milburn, G. T., Jaeger, J. C , and 
Tammemagi, H. Y., 1975, Basic Data from some recent Australian 
heat-flow measurements: U.S. Geol. Survey Open-file rept. 
75-567, 90 p. 

(A) Naeser, C. W., Cunningham, C. G., Marvin, R. F., and Obradovich, 
J. D., 1979, Pliocene intrusion and mineralization: Rico, 
Colorado: Abs. with programs, Geol. Soc. Am., v. 11, no. 7, p. 
485. 

(P) Nathenson, Manuel, 1974, Flashing flow in hot water geothermal 
wells: Jour, of Research, U.S. Geol. Survey, v. 2, no. 6, p. 
743-751. 

(0) Nathenson, Manuel, 1975, Physical factors determining the 
fraction of stored energy recoverable from hydrothermal 
convection systems and conduction-dominated areas: U.S. Geol. 
Survey Open-file rept. 75-525, 38 p. 

(0) Nathenson, Manuel, 1975, Some reservoir engineering calculations 
for the vapor dominated systems at Larderello, Italy: U.S. 
Geol. Survey Open-file rept. 75-142, 35 p. 

(P) Nathenson, Manuel, 1976, The effects of a step change in water 
flow on an initially linear profile of temperature: 
Proceedings of the Second Workshop on Geothermal Reservoir 
Engineering, Stanford, California, Dec, 1976, p. 40-45. 

(P) Nathenson, Manuel, 1976, Session IV-Well stimulation, in Kruger, 
Paul, and Ramey, H. J., Jr., eds., Geothermal reservoir 
engineering: Stanford, Calif. Stanford Geothermal Program, 
SGP-TR-12, p. 9-12 

(P) Nathenson, Manuel, 1976, Sunmary of Section VI: Drilling 
technology: Proc, Second United Nations Symposium on the 
Development and Use of Geothermal Resources, San Francisco, 
Calif., May 20-29, 1975, v. l,p. xcv-xcv. 

(P) Nathenson, Manuel, 1976, Summary of Section VII: Production of 
technology, reservoir engineering, and field management: 
Second United Nations Symposium on the Development and Use of 
Geothermal Resources, May 20-29, 1975, San Francisco, Calif., 
V. 1, p. xcvii-ci. 

48 



(0) Nathenson, Manuel, 1978, Methodology of determining the 
uncertainty in the accessible geothermal resource base of 
identified hydrothermal convection systems: U.S. Geol. Survey 
Open-file rept. 78-1003, 51 p. 3 figs. 

(P) Nathenson, Manuel, and Muffler, L. J. P., 1975, Geothermal 
resources in hydrothermal convection systems and 
conduction-dominated areas _ijl White, D. E., and Williams, D. 
L., eds.. Assessment of Geothermal Resources of the United 
States— 1975: U.S. Geol. Survey Circular 726, p. 104-121. 

(P) Nathenson, Manuel, Urban, T. C , and Diment, W. H., 1979, 
Approximate solution for the temperature distribution caused 
by flow up a fault and its application to temperatures 
measured in a drillhole at Raft River geothermal area. Cassia 
County, Idaho: Trans., Geothermal Resources Council Annual 
Meeting, 24-27 Sept. 1979, Reno, Nevada, p. 477-480. 

(P) Nehring, N. L., 1979, Reservoir temperature, flow and recharge 
at Steamboat Springs, Nevada: Trans., Geothermal Resources 
Council Annual Meeting, 24-27 Sept. 1979, Reno, Nevada, 
p.481-484. 

(P) Nehring, N. L., Bowen, P. A., and Truesdell, A. H., 1977, 
Techniques for the conversion to carbon dioxide of oxygen from 
dissolved sulfate in thermal waters: Geothermics, v. 5, p. 
63-66. 

(P) Nehring, N. L., and Fausto, J., 1979, Gases in steam from 
Cerro Prieto, Mexico geothermal wells with a discussion of 
steam/gas ratios. Proceedings of the 1st symposium on the 
Cerro Prieto Geothermal Field, Baja California, Mexico, LBL 
report 7098, p. 127-129. 

(P) Nehring, N. L., and Mariner, R. H., 1979, Sulfate-water isotopic 
equilibrium temperatures for thermal springs and wells of the 
Great Basin: Trans., Geothermal Resources Council Annual 
Meeting, 24-27 Sept. 1979, Reno, Nevada, p. 485-488. 

(0) Nehring, N. L., Mariner, R. H., White, L. D., Heubener, M. A ., 
Roberts, E. D., Harmon, Karen, Bowen, P. S., and Tanner, L. 
R., 1979, Sulfate geothermometry of thermal waters in the 
western United States: U.S. Geol. Survey Open-file rept. 
79-1135, 11 p. 

(P) Nehring, N. L., and Truesdell, A. H., 1978, Collection of 
chemical, isotope, and gas samples from geothermal wells: 
Proceedings, Second Workshop on Sampling Geothermal Effluents, 
Las Vegas, 1977, Environmental Protection Agency rept., 
EPA-60017-78-121, p. 130-140. 

49 



(P) Nehring, N. L., and Truesdell, A. H., 1978, Hydrocarbon gases in 
some volcanic geothermal systems: Geothermal Resources 
Council, Trans., v. 2, p. 483-486. 

(P) Nichols, W. D., 1979, Simulation analysis of the unconfined 
aquifer. Raft River geothermal area, Idaho-Utah: U. S. Geol. 
Survey Water-Supply Paper 2060, 46 p. 

(P) Nordstrom, D. K., and Jenne, E. A., 1975, Fluorite solubility 
equilibria in selected waters: Geochim. et Cosmochim. Acta, v. 
41, P. 175-188. 

(0) O'Donnell, J. E., 1976, Magnetotelluric soundings in the 
Darrough Hot Springs area, Nevada: U.S. Geol. Survey Open-file 
rept. 76-288 3 p. 

(0) O'Donnell, J. E., Brougham, G. W., Martinez, R., Christopherson, 
K. R., 1977, Telluric survey data for Breitenbush KGRA, 
Oregon,: U.S. Geol. Survey Open-file rept. 77-66B, 2 p. 

(0) O'Donnell, J. E., Brougham, G. W., Martinez, R., Christopherson, 
K. R., 1977, Telluric survey data for Pinto Hot Springs KGRA, 
Nevada,: U.S. Geol. Survey Open-file rept. 77-66A, 2 p. 

(0) O'Donnell, J. E., Long, C. L., Senterfit, R. M., Brougham, G. 
W., Martinez, R., and Christopherson, K. R., 1976, Station 
location map and audio-magnetotelluric and telluric data for 
Wendel-Amedee KGRA, California: U.S. Geol. Survey Open-file 
rept. 76-700G, 4 p. 

(A) Okamura, A., 1975, The precision of recent tilt measurements at 
the Hawaiiam Volcano Observatory: EOS, v. 56, no. 12, p. 1071. 

(A) Olhoeft, G. R., 1976, Electrical properties of basalt: EOS 
Trans. AGU, v. 57, p. 236. 

(A) Olhoeft, G. R., 1976, Electrical properties of rocks: data 
acquisition, evaluation and analysis: CODATA Bulletin, no. 18, 
p. 9. 

(A) Olhoeft, G. R., 1976, Water related mechanisms of electrical 
properties: EOS Trans. AGU, v. 57, p. 1017. 

(0) Olhoeft, G. R., 1977, Electrical properties of water saturated 
basalt: preliminary results of 506K (2330c), U.S. Geol. 
Survey Open-file rept. 77-688. 8 p. 

(0) Olhoeft, Gary R., 1977, Electrical properties of water saturated 
basalt, preliminary results to 506K (2330C): U.S. Geol. 
Survey Open-file rept. D-77-785. 

50 



(P) Olhoeft, G. R., 1977, Nonlinear complex resistivity: Geophysics, 
V. 42, p. 1530. 

(0) Olhoeft, G. R., 1978, Algorithm and BASIC program for ordinary 
least squares regression in two and three dimensions, U.S. 
Geol. Survey Open-file rept. 78-876, 8 p. 

(A) Olhoeft, G. R., 1978, Surficial mapping in situ electrical 
measurements by impulse radar: EOS Trans. AGU, v. 59, p. 1055. 

(0) Olhoeft, G. R., 1979, Electrical conductivity from 200 to 
lOOOOC for 264 rocks and minerals from data in Parkhomenko 
and Bondarenko, 1972: U.S. Geol. Survey Open-file rept. 79-846. 

(P) Olhoeft, G. R., 1979, Electrical properties, Ch. 9 vn Handbook 
of Physical Properties, Y. S. Touloukian, ed., CINDAS Purdue 
University. 

(A) Olhoeft, G. R., 1979, Impulse radar studies of near surface 
geological structure (extended abs.) Lunar and Planetary 
Science X, p. 943-945, Houston: Lunar and Planetary Science 
Inst. 

(A) Olhoeft, G. R., 1979, Nonlinear complex resistivity in clays: 
Geophysics, v. 44, p. 409. 

(P) Olhoeft, G. R., 1979, Nonlinear electrical properties in 
nonlinear behavior of molecules, atoms and ions in e"T^ctric, 
magnetic or electromagnetic fields, L. N-el, ed., Elsevier, 
Amsterdam. 

(P) Olhoeft, G. R., 1979, Parametric considerations, Ch. 2 jji 
Handbook of Physical Properties, Y. S. Touloukian, ed., CINDAS 
Purdue University, West Lafayette. 

(0) Olhoeft, G. R., 1979, Tables of room temperature electrical 
properties for selected rocks and minerals and dielectric 
permittivity statistics, U.S. Geol. Survey Open-file rept. 
79-993. 

(P) Olhoeft, G. R., 1980, Electrical properties of rocks rn_ Physical 
properties of Rocks and Minerals, Y. S. Touloukian, W. R. 
Judd, and R. F. Roy, eds., McGraw-Hill, N.Y., p. 9-1 to 9-B6. 

(P) Olhoeft, G. R., Elliot, C , Fuller, B. D., Keller, G. V., Scott, 
W. J., and Strangway, D. W., 1978, Proposed Standards for the 
Presentation of Electrical Standards, Tulsa: Society of 
Exploration Geophysicists, 13 p., 

(A) Olhoeft, G. R., and Ucok, H., 1977, Electrical resistivity of 
water saturated basalt: EOS Trans. AGU, v. 58, p. 1235. 

51 



(A) Olmsted, F. H., 1974, Hydrologic reconnaissance of geothermal 
areas in Black Rock Desert and Carson Desert, Nevada: Geol. 
Soc. America Cordilleran Section, 70th Annual Meeting, v. 6, 
no. 3, p. 232. 

(P) Olmsted, F. H., 1977, Use of temperature surveys at a depth of 1 
meter in geothermal exploration in Nevada: U.S. Geol. Survey 
Prof. Paper 1044-B, 25 p. 

(P) Olmsted, F. H., Glancy, P. A., Harrili, J. R., Rush, F. E., and 
Van Denburgh, A. S., 1973, Sources of data for evaluation of 
selected geothermal areas in northern and central Nevada: U.S. 
Geol. Survey Water Resources Investigations 44-73, 77 p. 

(0) Olmsted, F. H., Glancy, P. A., Harrili, J. R., Rush, F. E., and 
Van Denburgh, A. S., 1975, Preliminary hydrogeologic appraisal 
of selected hydrothermal systems in northern and central 
Nevada: U.S. Geol. Survey Open-file rept. 75-56, 267 p. 

(A) Olmsted, F. H., and Van Denburgh, A. S., 1974, Leach Hot 
Springs, geothermal area, Nevada: Geol. Soc. America, Abs. 
with Programs, v. 6, no. 7, p. 899-900. 

(P) O'Neil, J. R., 1979, Stable isotope geochemistry of rocks and 
minerals _i£ Jager, E., and Hunziken, J. C , (eds.). Lectures 
in Isotope Geology: Springer-Verlag, Heidelberg P. 235-263. 

(P) O'Neil, J. R., and Kharaka, Y. K., 1976, Hydrogen and oxygen 
isotope exchange reactions between clay minerals and water: 
Geochim. et Cosmochim. Acta,"v. 40, p. 241-246. 

(A) O'Neil, J. R., and Truesdell, A. H., 1974, Stable isotope 
geochemistry of Shoshone Geyser Basin, Yellowstone, USA: SOth 
National Symposium on Stable Isotope Geochemistry, Moscow, 
p. 92. 

(P) O'Neill, M. E., and Hill, D. P., 1979, Causal absorption: Its 
effect on synthetic seismograms computed by the reflectivity 
method: Seismological Society of America Bulletin, v. 69, p. 
17-25. 

(P) Oppenheimer, D. H., and Iyer, H. M., 1979, Microseism analysis 
at Norris geyser basin, Yellowstone National Park, Wyoming: 
Trans., Geothermal Resources Council Annual Meeting, 24-27 
Sept. 1979, Reno, Nevada, p. 523-526. 

(0) Oriel, S. S., Williams, P. L., Covington, H. R., Keys, W. S., 
and Shaver, K. C , 1978, Deep drilling data. Raft River 
geothermal area, Idaho: U.S. Geol. Survey Open-file rept. 
78-361. 

52 



(P) Papadopulos, S. S., Wallace, R. H., Jr., Wesselman, J. B., and 
Taylor, R. E., 1975, Assessment of onshore geopressured-
geothermal resources in the northern Gulf of Mexico basin jm 
White, D. E., and Williams, D. L., eds.. Assessment of 
Geothermal Resources of the United States--1975: U.S. Geol. 
Survey Circular 726, p. 125-140. 

(0) Pearson, F. J., Jr., and Truesdell, A. H., 1978, Tritium in the 
waters of Yellowstone National Park: Short Papers of the 4th 
International Conference, Geochronology, Cosmochronology, 
Isotope Geology, 1978: U.S. Geol. Survey Open-file rept. 
78-701, p. 327-329. 

(P) Peck, D. L., 1975, Recoverability of geothermal energy directly 
from molten igneous systems 2£ White, D. E., and Williams, D. 
L., eds.. Assessment of Geothermal Resources of the United 
States--1975: U.S. Geol. Survey Circular 726, p. 122-124. 

(P) Peppin, W. A., and Bufe, C. G., 1980, Induced verses natural 
earthquakes - search for a seismic discriminant: Seis. Soc. 
Am. Bull., V. 70, no. 1, p. 269-282. 

(P) Peselnick, Louis, Lockwood, J. P., and Stewart, R. M., 1977, 
Anisotropic elastic velocities of some upper mantle xenoliths 
underlying the Sierra Nevada Batholith, J. Geophys. Res., 82, 
2005-2010. 

(P) Peselnick, L., and Nicolas, A., 1978, Seismic anisotrophy in an 
ophiolite peridotite: application to oceanic upper mantle: 
Jour. Geophys. Res., v. 83, p. 1227-1235. 

(A) Peselnick, Louis, and Stewart, R. M., 1974, Ultrasonic 
velocities at elevated temperature and pressure, and a 
proposed ultrasonic standard: Trans. Am. Geophys. Union, v. 
56, p. 1189. 

(P) Peselnick, Louis, and Stewart, R. N., 1975, A sample assembly 
for velocity measurements of rocks at elevated temperatures 
and pressures: Jour, of Geophys. Research, v. 80, no. 26, p. 
3765-3768. 

(0) Peterson, D. L., 1975, Principal facts for gravity stations in 
Steamboat Hills and Wabuska, Nevada: U.S. Geol. Survey 
Open-file rept. 75-443, 7 p. 

(0) Peterson, D. L., 1977, Principal facts for a gravity survey of 
Battle Creek-Squaw Hot Springs and vicinity, northern Cache 
Valley, Idaho: U.S. Geol. Survey Open-file rept. 77-670. 

(0) Peterson, D. L., and Dansereau, D. A., 1975, Principal facts for 
gravity stations in the Gerlach and San Emidio KGRAs, Nevada, 
U.S. Geol. Survey Open-file rept. 75-668, 6 p. 

53 



(0) Peterson, D. L., and Dansereau, D. A., 1976, Principal facts for 
gravity stations in the Darrough KGRA, Nevada, U.S. Geol. 
Survey Open-file rept. 76-289, 4 p. 

(0) Peterson, D. L., and Dansereau, D. A., 1976, Principal facts for 
gravity stations in the Elko Hot Springs KGRA, Nevada, U.S. 
Geol. Survey Open-file rept. 76-151, 3 p. 

(0) Peterson, D. L., and Hassemer, J. H., 1976, Principal facts for 
a gravity survey of Wendel-Amedee KGRA, California: U.S. Geol. 
Survey Open-file rept. 76-702B, 3 p. 

(0) Peterson, D. L., and Hassemer, J. H., 1977, Principal facts for 
a gravity survey of Pinto Hot Springs KGRA, Nevada: U.S. Geol. 
Survey Open-file rept. 77-67B, 3 p. 

(0) Peterson, D. L., and Hoover, D. B., 1977, Principal facts for a 
gravity survey of Baltazor KGRA, Nevada: U.S. Geol. Survey 
Open-file rept. 77-67-C, 4 p. 

(0) Peterson, D. L., and Kaufmann, H. E., 1977, Principal facts for 
a gravity survey of Salt Wells Basin, Churchill County, 
Nevada: U.S. Geol. Survey Open-file rept. ~~ 67-D, 5 o. 

(0) Peterson, D. L., and Kaufmann, H. E., 1978, Principal facts for 
a gravity survey of the Double Hot Springs KGRA, Humboldt 
County, Nevada: U.S. Geol. Survey Open-file rept. 78-107-A, 5 p. 

(0) Peterson, D. L., and kaufmann, H. E., 1978, Principal facts for 
a gravity survey of the Fly Ranch extension KGRA, Pershing 
County, Nevada: U.S. Geol. Survey Open-file rept. 78-107-C, 5 p. 

(0) Peterson, D. L., and Kaufmann, H. E., 1978, Principal facts for 
a gravity survey of the Gerlach extension KGRA, Pershing 
County, Nevada: U.S. Geol. Survey Open-file rept. 78-107-B, 5 p, 

(0) Peterson, D. L., and Wilson, C. W., 1976, Principal facts for 
gravity stations in the Bruneau-Grandview area, Owyhee and 
Elmore Counties, Idaho, and Elko County, Nevada: U.S. Geol. 
Survey Open-file rept. 76-233, 4 p. 

(A) Pitt, A. M., 1974, Evidence from local earthquakes for the 
existence of a reqion of seismic body wave attenuation in the 
upper crust under the Yellowstone caldera: EOS, v. 56, no. 12, 
p. 1190. 

(A) Pitt, A. M., 1979, Preliminary map of earthquake epicenters in 
Yellowstone National Park and vicinity 1973-1978: U.S. Geol. 
Survey Open-file rept. 79-717. 

54 



(A) Pitt, A. M., and Weaver, C. S., 1978, Apparant velocities in the 
crust and upper mantle beneath the yellowstone caldera: 
Earthquake Notes v. 49, No. 4, p. 11. 

(0) Pitt, A. M., Weaver, C. S., and Spence, William, 1979, The 
Yellowstone Park Earthquake of June 30, 1975: Bull. Seis. Soc. 
Am., V. 69, no. 1, p. 187-205. 

(P) Plouff, Donald, 1975, Gravity data in Crump Geyser area, Oregon: 
NTIS-PB-245 246, 16 p. National Technical Information Service, 
U.S. Department of Commerce, Springfield, VA 22161. 

(0) Plouff, Donald, Isherwood, W. F., Bacon, C. R., Duffield, W. A., 
and Van Buren, H. M., 1980, Bulk density and magnetization 
measurements of samples from the Coso Range, California: U.S. 
Geol. Survey Open-file rept. 80-61. 

(P) Plummer, L. N., Jones, B. F., and Truesdell, A. H., 1976, 
WATEQF: A FORTRAN IV version of WATEQ, a computer program for 
calculating chemical equilibrium of natural waters: NTIS rept. 
PB-261 027, 66 p. 

(A) Pollard, D. D., 1975, Initiation of parallel hydraulic fractures 
or dike swarms: EOS, Am. Geophysical Union Transactions, v. 
56, no. 6, p. 444. 

(A) Pollard, D. D., 1975, On the interaction between the ground 
surface and hydraulic fractures: EOS, v. 56, no. 12, p. 1060. 

(P) Pollard, D. D., 1976, On the form and stability of open 
hydraulic fractures in the earth's crust: Geophys. Res. 
Letters, v. 3, no. 9, p. 513-516. 

(A) Pollard, D. D., 1976, Mechanism for development of plug-like 
intrusions from dikes: Geol. Soc. America Abstracts with 
Programs, v. 8, no. 6, p. 833. 

(A) Pollard, D. D., 1977, The mechanics of dike emplacement: A 
review of field observations and theory; Second Inter-team 
Meeting Basaltic Volcanism Study Project, Lunar Science 
Institute, Houston, Texas, BV: Newsletter Number 4, p. 17-18. 

(A) Pollard, D. D., 1978, Forms of hydraulic fractures as deduced 
from field studies of sheet intrusions: in Eisner, D. B., ed., 
Proceedings of the Hot Dry Rock GeothermTT Workshop, Los 
Alamos Scientific Laboratory, LA-7470-C, p. 17. 

(P) Pollard, D. D., 1978, Forms of hydraulic fractures as deduced 
from field studies of sheet intrusions jm Kim, Y. S., ed., 
19th U.S. Symposium on Rock Mechanics Proceedings, Univ. of 
Nevada, Reno, p. 1-9. 

55 



(A) Pollard, D. D., and Delaney, P. T., 1976, On the form and growth 
of large en echelon fractures in rock: EOS, v. 57, no. 12, 
p. 1006. 

(A) Pollard, D. D., and Delaney, P. T., 1978, Basaltic subvolcanic 
conduits near Shiprock, New Mexico: Dike propagation and 
dilation: EOS, v. 59, no. 12, p. 1212. 

(A) Pollard, D. D., Endo, E., and Delaney, P. T., 1977, En echelon 
fissures and ground-surface deformation in volcanic rift 
zones: EOS, v. 58, no. 12, p. 1228. 

(0) Pollard, D. D., and Holzhausen, G. R., 1978, FORTRAN computer 
program for calculation of stress-intensity factors, stresses, 
and displacements associated with a fluid-pressurized fracture 
near the earth's surface: U.S. Geol. Survey Open-file rept. 
78-160, 26 p. 

(P) Pollard, D. D., and Holzhausen, Gary, 1979, On the mechanical 
interaction between a fluid-filled fracture and the earth's 
surface: Tectonophysics, v. 53, p. 27-57. 

(A) Pollard, D. D., and Muller, 0. H., 1976, The effect of gradients 
in regional stress and magma pressure on the form of sheet 
intrusions in cross section: Jour. Geophys. Res., v. 81, no. 
5, p. 975-984. 

(P) Pollard, D. D., Muller, 0. H., and Dockstader, D. R., 1975, The 
form and growth of fingered sheet intrusions: Geological 
Society of Am. Bulletin, v. 86, p. 351-363. 

(P) Potter, R. W. II, 1976, An assessment of the status of the 
available data on the PVT properties for the major components 
in geothermal brines: Proc. Second United Nations Symposium on 
the Development and Use of Geothermal Resources, May 20-29, 
1975, San Francisco, Calif., v. 1, p. 827-829. 

(P) Potter, R. W., II, 1977, Pressure corrections for 
fluid-inclusion homogenization temperatures based on the 
volumetric properties of the system of NaCl-H20: U.S. Geol. 
Survey Jour. Research, v. 5, p. 603-607. 

(0) Potter, R. W., II, 1978, Bibliography of the PVTXE properties of 
the binary system H20-NaCl: U.S. Geol. Survey Open-file 
rept. 78-549, 34 p. 

(P) Potter, R. W., II, 1978, Viscosity of geothermal brines: 
Geothermal Resources Council, Trans., v. 2, p. 543-544. 

(A) Potter, R. W., II, Babcock, R. S., and Brown, D. L., 1975, 
Solubility relationships in the NaCl-KCl-H20 system: EOS, v. 
56, no. 12, p. 1075. 

56 



(P) Potter, R. W., II, Babcock, R. S., and Brown, D. L., 1977, A new 
method for determining the solubility of salts in aqueous 
solutions at elevated temperatures: U.S. Geol. Survey Jour. 
Research, v. 5, no. 3, p. 389-395. 

(P) Potter, R. W., II, Babcock, R. S., and Czamanske, G. K., 1976, 
An investigation of the critical liquid-vapor properties of 
dilute KCl solutions: Journal of Solution Chemistry, v. 5, no. 
3, p. 223-230. 

(0) Potter, R. W., II, and Brown, D. L., 1976, The volumetric 
properties of vapor saturated aqueous potassium chloride 
solutions from OO to 400OC based on a regression of the 
available literature data: U.S. Geol. Survey Open-file rept, 
76-243, 5 p. 

(0) Potter, R, W., II, and Brown, D. L., 1976, The volumetric 
properties of vapor saturated aqueous sodium sulfate solutions 
from OO to 3250 based on a regression of the available 
literature data: U.S. Geol. Survey Open-file rept. 76-255, 6 p, 

(P) Potter, R, W,, II, and Brown, D, L., 1977, The volumetric 
properties of aqueous sodium chloride solutions from Oo to 
500OC at pressures up to 2000 bars based on a regression of 
available data in the literature: U.S. Geol. Survey Bull. 
1421C, C1-C36. 

(0) Potter, R, W, II, and Brown, D. L., 1977, The volumetric 
properties of vapor saturated aqueous potassium sulfate 
solutions from OO to 200OC based on a regression of the 
available literature data: U.S. Geol. Survey Open-file rept. 
76-501, 7 p. 

(0) Potter, R. W., II, and Clynne, M. A., 1976, The volumetric 
properties of vapor saturated aqueous calcium chloride 
solutions from OO to 300OC based on a regression of the 
available literature data: U.S. Geol. Survey Open-file rept. 
76-365, 6 p. 

(A) Potter, R. W., II, and Clynne, M. A., 1978, Pressure correction 
for fluid-inclusion homogenization temperatures: Program and 
Abstracts, Sth lAGOD Symposium, p. 146. 

(P) Potter, R. W., II, and Clynne, M. A., 1978, Solubility of highly 
soluble salts in aqueous media - Part 1, NaCl, KCl, CaCl2, 
Na2S04, and K2SO4 solubilities to lOOOC: U.S. Geol. 
Survey Jour, of Research, v. 6, no. 6, p. 701-705. 

(P) Potter, R. W., II, and Clynne, M. A., 1978, The solubility of 
the noble gases He, Ne, Ar, Kr, and Xe in water up to the 
critical point: Jour. Solution Chem., v. 7, p. 837-844. 

57 



(P) Potter, R. W., II, Clynne, M. A., and Brown, D. L., 1977, 
Freezing point depression of aqueous sodium chloride 
solutions: Econ. Geol., v. 73, p. 284-285. 

(P) Potter, R. W., II, and Haas, J. L., Jr., 1976, A calculation 
model for the P-V-T-X properties of geothermal brines: 
Proceedings Second Workshop on geothermal reservoir 
engineering, Stanford, Calif., 1976, p. 247-250. 

(P) Potter, R. W., II, and Haas, J. L., Jr., 1977, A model for the 
calculation of the bulk thermodynamic properties of geothermal 
fluids: Geothermal Resources Council Trans., v. 1, p. 243-244. 

(P) Potter, R. W., II, and Haas, J. L., Jr., 1978, Models for the 
calculation density and vapor pressure of geothermal brines: 
U.S. Geol. Survey Jour, of Research, v. 6, no. 2, p. 247-257. 

(0) Potter, R. W., II, Marshall, W. L., Fournier, R, 0., and 
Martynova, 0. I., 1978, Bibliography of the available data on 
the solubility of silica in water substance: U.S. Geol. Survey 
Open-file rept. 78-731, 7 p. 

(A) Potter, R. W., II, Mazor, Emanuel, and Clynne, M. A., 1977, 
Noble gas partition coefficients applied to the conditions of 
geothermal steam formation: Geol. Soc. America, Abs. with 
Prog., V. 9, no. 7, p. 1132-1133. 

(P) Potter, R. W., II, Shaw, D. R., and Haas, J. L., Jr., 1975, 
Annotated bibliography of studies on the density and other 
volumetric properties for major components in geothermal 
waters 1928-1974: U.S. Geol. Survey Bull. 1417, 78 p. 

(P) Potter, R. W., II, Truesdell, A. H., and Mazor, Emanuel, 1978, 
The use of noble gases and stable isotopes to indicate 
temperature and mechanisms of subsurface boiling and less 
certainly reservoir depletion in geothermal systems: 
Proceedings of the Third Workshop on Geothermal Reservoir 
Engineering, Stanford, California, Dec. 14-16, 1977, p. 55-60. 

(P) Preble, D. M., Friedman, J. D., and Frank, David, 1978, Thermal 
surveillance of active volcanoes using the Landsat-1 Data 
Collection System: Part 5. Electronic thermal sensor and data 
collection platform technology. NTIS rept. N-78-23500/LLL. 

(P) Presser, T. S., and Barnes, Ivan, 1974, Special techniques for 
determining chemical properties of geothermal water: U. S. 
Geol. Survey Water Resources Investigations, 22-74, 11 p. 

(A) Prostka, H. J., 1975, Structure and origin of the Snake River 
Plain, Idaho: Geol. Soc. America, Abs. with Programs, v. 7, 
no. 5, p. 637. 

58 



(0) Prostka, H. J., and Embree, G. F., 1978, Geology and geothermal 
resources of the Rexburg area, eastern Idaho: U.S. Geol. 
Survey Open-file rept. 78-1009, 14 p. 2 pl. 

(A) Prostka, H. J., Embree, G. F., and Doherty, D. J., 1979, The 
Pliocene Rexburg caldera complex, southeastern Idaho: Abs. 
with programs, Geol. Soc. Am., v. 11, No. 7, p. 499. 

(0) Prostka, H. J., and Hackman, R. J., 1974, Preliminary geologic 
map of the NW 1/4 Driggs lo by 20 quadrangle, southeastern 
Idaho: U.S. Geol. Survey Open-file rept. 74-105. 

(A) Prostka, H. J., and Oriel, S. S., 1975, Genetic models for Snake 
River Plain, Idaho: Geol. Soc. America, Abs. with Programs, v. 
7, no. 7, p. 1236. 

(0) Raleigh, C. B., 1977, Potential for triggering of earthquakes by 
stimulation of dry rock geothermal fields: U.S. Geol. Survey 
Open-file rept. 77-249. 4 p. 

(A) Raleigh, C. B., Witherspoon, P., Gringarten, A., and Ohnishi, 
Y., 1974, Multiple hydraulic fracturing for the recovery of 
geothermal energy: EOS, v. 55, no. 4, p. 426. 

(A) Reasenberg, P. A., Ellsworth, W. L., and Walter, A. W., 1979, 
Teleseismic evidence for a low-velocity body under the Coso 
Geothermal area: Earthquake Notes, v. 49, no. 4, p. 8. 

(P) Reed, M. J., 1976, Environmental impact of development in The 
Geysers geothermal field, USA: Proc. Second United Nations 
Symposium on the Development and Use of Geothermal Resources, 
San Francisco, California, May 20-29, 1975, v. 2, p. 1399-1410. 

(P) Reed, M. J., 1976, Geology and hydrothermal metamorphism in the 
Cerro Prieto geothermal field, Mexico: Proc. Second United 
Nations Symposium on the Development and Use of Geothermal 
Resources, May 20-29 1975, San Francisco, Calif., v. 1, p. 
539-547. 

(P) Reed, M. J., 1979, Geothermal Energy (1978): Geotimes, v. 24, 
no. 1, p. 30. 

(P) Renner, J. L., and others, 1976, Hydrothermal convection systems 
in the states of Alaska, Arizona, California, Colorado, 
Hawaii, Idaho, Montana, Nevada, New Mexico, Oregon, Utah, 
Washington, and Wyoming: NTIS rept. no. PB 250-377, 352 p. 

(P) Renner, J. L., White, D. E., and Williams, D. L., 1975, 
Hydrothermal convection systems, jn^ White, D. E., and 
Williams, D. L., eds.. Assessment of Geothermal Resources of 
the United States--1975: U.S. Geol. Survey Circular 726, 
p. 5-57. 

59 



(A) Rightmire, C. T., and Truesdell, A. H., 1974, Carbon isotope 
composition of soil gases as an indicator of geothermal areas: 
Geol. Soc. America, Abstracts with Programs, v. 6, no. 7, 
p. 927. 

(P) Rightmire, C. T., Young, H. W., and Whitehead, R. L., 1976, 
Geothermal investigations in Idaho; Part 4, Isotopic and 
geochemical analyses of water from the Bruneau, Grand View and 
Weiser Areas, Southwest Idaho: Idaho Dept. of Water Resources, 
Water Information Bull. 30, 28 p. 

(0) Roberts, A. A., 1975, Helium surveys over known geothermal 
resource areas in the Imperial Valley, California: U.S. Geol. 
Survey Open-file rept. 75-427. 6 p. 

(P) Roberts, A. A., Friedman, Irving, Donovan, T. J., and Denton, E. 
H., 1975, Helium survey, a possible technique for locating 
geothermal reservoirs: Geophysical Research Letters, v. 2, no. 
6, p. 209-210. 

(P) Robertson, E. C , Fournier, R. 0., and Strong, C. P., 1976, 
Hydrothermal activity in Southwestern Montana: Proc. Second 
United Nations Symposium on the Development and Use of 
Geothermal Resources, San Francisco, California, May 20-29, 
1975, V. 1, p. 553-561. 

(P) Robinson, P. T., Elders, W. A., and Muffler, L. J. P., 1976, 
Quaternary volcanism in the Salton Sea geothermal field. 
Imperial Valley, California: Geol. Soc. America Bull., v. 87, 
no. 3, p. 347-360. 

(P) Robinson, R., and Iyer, H. M., 1979, Evidence from teleseismic 
P-wave observations for a low velocity body under the 
Roosevelt Hot Springs geothermal area, Utah: Trans., 
Geothermal Resources Council Annual Meeting, 24-27 Sept. 1979, 
Reno, Nevada, p. 585. 

(0) Rohret, D. H., Lescelius, R. H., and Frischknecht, F. C , 1975, 
Schematic diagrams and parts list for portable telluric current 
profiler: U.S. Geol. Survey Open-file rept. 75-641, 7 p. 

(0) Ross, P. P. and Farrar, C. D., 1980, Map showing potential 
geothermal-resource areas, as indicated by the chemical 
character of ground water, in Verde Valley, Yavapai County, 
Arizona: U.S. Geol. Survey Open-file rept. 80-13. 

(P) Rowe, J. J., Fournier, R. 0., and Morey, G. W., 1973, Chemical 
analysis of thermal waters in Yellowstone National Park, 
Wyoming, 1960-1965: U.S. Geol. Survey Bull. 1303, 31 p. 

60 



(P) Rowley, P. D., Lipman, P. W., Mehnert, H. H., Lindsey, D. A., 
and Anderson, J. J., 1978, Blue Ribbon Lineament, and 
east-trending structural zone within the Pioche mineral belt of 
southwestern Utah and eastern Nevada: Jour. Research U.S. Geol. 
Survey, v. 6, no. 2, p. 175-192. 

(0) Rush, F. E., 1977, Subsurface-temperature data for some wells in 
western Utah: U.S. Geoi. Survey Open-file rept. 77-132, 36 p. 

(0) Sammel, E. A., 1976, Hydjfologic reconnaissance of the geothermal 
area near Klamath Fall^, Oregon with a section on preliminary 
interpretation of geophysical data by D. L. Peterson: U.S. 
Geol. Survey Open-file rept. WRI 76-127, 129 p. 

(P) Sammel, E. A., 1979, Occurrence of low-temperature geothermal 
waters in the United States jjn Muffler, L. J. P., ed.. 
Assessment of Geothermal Resources of the United States--1978: 
U.S. Geol. Survey Circular 790, p. 86-131. 

(P) Sammel, E. A., 1980, Hydrogeologic appraisal of the Klamath Falls 
geothermal area, Oregon: U.S. Geol. Survey Prof. Paper 1044-G, 
45 p. 

(0) Sass, J. H., Diment, W. H., Lachenbruch, A. H., Marshall, B. V., 
Munroe, R. J., Moses, T. H., Jr., and Urban, T. C , 1976, A new 
heat-flow contour map of the conterminous United States: U.S. 
Geol. Survey Open-file rept. 76-756, 24 p. 

(0) Sass, J. H., Glanis, S 
A. L., Munroe, R. J 

P., Jr., Marshall, B. V., Lachenbruch, 
and Moses, T. H., Jr., 1978, Conductive 

heat flow in the Randsburg area, California: U.S. Geol. Survey 
Open-file rept. 78-756, 45 p. 

(0) Sass, J. H., Glanis, sJ P., Jr., Munroe, R. J., and Urban, T. 
C , 1976, Heat-flow data from southeastern Oregon: U.S. Geol. 
Survey Open-file rept. 76-217, 52 p. 

(0) Sass, J. H., Jaeger, J. C , and Munroe, R. J., 1976, Heat flow 
and near-surface radioactivity in the Australian Continental 
crust: U.S. Geol. Survey Open-file rept. 76-250, 91 p. 

(P) Sass, J. H., Kennally, J. P., Jr., Wendt, W. E., Moses, T. 
H., Jr., and Ziagos, J. P., 1979, In situ determination of heat 
flow in unconsolidated sediments: Trans., Geothermal Resources 
Council Annual Meeting, 24-27 Sept. 1979, Reno, Nevada, p. 
617-620. 

(0) Sass, J. H. Kennelly, J. P., Jr., Wendt, W. E., Moses, T. H., 
Jr., and Ziagos, J. P., 1979, In-situ determination of heat 
flow in unconsolidated sediments: U.S. Geol. Survey Open-file 
rept. 79-593, 73 p. 

61 



(P) Sass, J. H., and Lachenbruch, A. H., 1979, Heat flow and 
conduction-dominated thermal regimes Jji Muffler, L. J. P., 
ed.. Assessment of Geothermal Resources of the United 
States--1978: U.S. Geol. Survey Circular 790, p. 8-11. 

(A) Sass, J. H., Lachenbruch, A. H., and Bunker, C. M., 1973, 
Tectonic significance of geothermal data from central 
California and Nevada: Geol. Soc. America, Cordilleran Sec. 
Ann. Mtg., 69th, Portland, Oregon, 1973, Abstracts with 
Programs, v. 5, no. 1, p. 99. 

(A) Sass, J. H., Lachenbruch, A. H., and Munroe, R. J., 1974, 
Regional heat flow as an indicator of geothermal resources: 
Geol. Soc. America, Abstracts with Programs, v. 6, no. 3, 
p. 247. 

(0) Sass, J. H., Lachenbruch, A. H., and Munroe, R. J., 1974, 
Thermal data from heat-flow test wells near Long Valley, 
California: U.S. Geol. Survey Open-file rept., 46 p. 

(0) Sass, J. H., Munroe, R. J., 1973, Temperature gradients in 
Harney County, Oregon: U.S. Geol. Survey Open-file rept., lip. 

(0) Sass, J. H., and Munroe, R. J., 1974, Basic heat-flow data from 
the United States: U.S. Geol. Survey Open-file rept., 363 p. 

(0) Sass, J. H., Olmsted, F. H., Sorey, M. L., Wollenberg, H. A., 
Lachenbruch, A. H., Munroe, R. J., and Galanis, S. P., Jr., 
1976, Geothermal data from test wells drilled in Grass Valley 
and Buffalo Valley, Nevada: U.S. Geol. Survey Open-file rept. 
76-85, 43 p. 

(0) Sass, J. H., and Sammel, E. A., 1976, Heat flow data and their 
relation to observed geothermal phenomena near Klamath Falls, 
Oregon: Jour. Geophys. Res., v. 81, no. 26, p. 4863-4868. 

(0) Sass, J. H., Wollenberg, H. A., Di Somma, D. E., and Ziagos, J. 
P., 1976, Heat flow near Kyle Hot Springs, Buena Vista Valley, 
Nevada: U.S. Geol. Survey Open-file rept. 76-862, 8 p. 

(0) Sass, J. H., Ziagos, J. P., Wollenberg, H. A., Munroe, R. J., Di 
Somma, D. E., Lachenbruch, A. H., 1977, Application of 
heat--flow techniques to geothermal energy exploration. Leach 
Hot Springs area. Grass Valley, Nevada: U.S. Geol. Survey 
Open-file rept. 77-762, 124 p. 

(0) Sass, J. H., Zoback, M. L., Galanis, S. P., Jr., 1979, Heat flow 
in relation to hydrothermal activity in the southern Black 
Rock Desert, Nevada: U.S. Geol. Survey Open-File Rept. 
79-1467, 39 p. 

62 



(A) Sawkins, F. J., O'Neil, J. R., and Thompson, J. M., 1977, 
Geochemical evidence relating ore deposition to current 
geothermal convective activity, Baguio Gold District, Luzon, 
Philippines: Geol. Soc. America, Abs. with Prog. v. 9, p. 
1157-1158. 

(0) Schnapp, Madeline, and Fuis, Gary, 1977, Preliminary catalog of 
earthquakes in the northern Imperial Valley, California, 
October 1, 1976-December 31, 1976, U.S. Geol. Survey Open-file 
rept. 77-431. 

(0) Schnapp, Madeline, and Fuis, Gary, 1978, Preliminary catalog of 
earthquakes in northern Imperial Valley, California, January 
1, 1977 to March 31, 1977: U.S. Geol. Survey Open-file rept. 
78-74. 

(P) Schoen, R. W., White, D. E., and Hemley, J. J., 1974, 
Argillization by descending acid at Steamboat Springs, Nevada: 
Clay and Clay Minerals, v. 22, no. 1, p. 1-22. 

(P) Scott, G. R., 1975, Reconnaissance geologic map of the Buena 
Vista quadrangle, Chaffee and Park Counties, Colorado: U.S. 
Geol. Survey Misc. Invest. Map, MF-657, scale 1:62,500. 

(P) Scott, G. R., Van Alstine, R, E., and Sharp, W. N., 1975, 
Geologic map of the Poncha Springs quadrangle, Chaffee County, 
Colorado: U.S. Geol. Survey Misc. Invest, map, MF-658, scale 
1:62,500. 

(A) Secor, D. T., Jr., and Pollard, D. D., 1975, Stability of open 
hydraulic fractures in the earth's crust: EOS, Am. Geophysical 
Union Transcations, v. 56, no. 12, p. 1060. 

(P) Secor, D. T., Jr., and Pollard, D. D., 1975, On the stability of 
open hydraulic fractures in the earth's crust: Geophys. Res. 
Letters, v. 2, no. 11, p. 510-513. 

(0) Senterfit, R. M., 1979, Principal facts for a gravity survey of 
the Broadwater, Montana geothermal area: U.S. Geol. Survey 
Open-file rept. 79-1624. 

(0) Senterfit, R. M., 1980; Principal facts for a gravity survey of 
the Ennis, Montana, geothermal area: U.S. Geol. Survey 
Open-file rept. 80-98, 8 p. 

(0) Senterfit, R. M., and Bedlinger, G. M., 1976, 
Audio-magnetotelluric data log, station location map for the 
Klamath Falls KGRA, Oregon: U.S. Geol. Survey Open-file rept. 
76-320, 6 p. 

63 



(0) Senterfit, R. M., and Bedlinger, G. M., 1976, 
Audio-magnetotelluric data log station location map and skin 
depth pseudo-sections. Crater Hot Springs KGRA, Utak: U.S. 
Geol. Survey Open-file rept. 76-245, 3 p. 

(0) Senterfit, R. M., and Dansereau, D. A., 1976, 
Audio-magnetotelluric data log and station location map for 
the Summer Lake KGRA, Oregon: U.S. Geol. Survey Open-file 
rept. 76-514. 

(0) Senterfit, R. M., and Heran, W. D., 1978, Audio-magnetotelluric 
data log and station location map for the Glamis KGRA, 
California: U.S. Geol. Survey Open-file rept. 78-105-C, 7 p. 

(0) Senterfit, R. M., Hoover, D. B., Christopherson, K. R., 1978, 
Telluric traverse location map and profiles for Double Hot 
Springs KGRA, Nevada, U.S. Geol. Survey Open-file rept. 
78-106A. 

(0) Senterfit, R. M., Hoover, Donald, and Tippens, Charles, 1976, 
Audio-magnetotelluric data log and station location map for 
the Dixie Valley KGRA, Nevada: U.S. Geol. Survey Open-file 
rept. 76-292, 11 p. 

(0) Senterfit, R. M., and Huff, W., 1977, Audio-magnetotelluric 
station location map and data log for Charleston, South 
Carolina: U.S. Geol. Survey Open-file rept. 77-342. 

(0) Senterfit, R. M., and Long, C. L., 1976, Audio-magnetotelluric 
station location map, Breitenbush KGRA, Oregon: U.S. Geol. 
Survey Open-file rept. 76-700F, 5 p. 

(0) Senterfit, R. M., and Long, C. L., 1978, Audio-magnetotelluric 
station location mapped data log. Double Hot Springs KGRA,. 
Nevada: U.S. Geol. Survey Open-file rept. 78-105A. 

(0) Senterfit, R. M., and Moeller, D. D., 1976, 
Audio-magnetotelluric data log and station map for the Saline 
Valley KGRA, California: U.S. Geol. Survey Open-file rept. 
78-105-D, 4 p. 

(A) Sherrod, D. R., and MacLeod, N. S., 1979, The last eruptions at 
Newberry volcano, central Oregon: Geol. Soc. Am. Abs. with 
Prog., V. 11, no. 3, p. 127. 

(P) Silberman, M. L., White, D. E., Keith, T. E. C , and Dockter, 
R. D., 1979, Duration of hydrothermal activity at Steamboat 
Springs, Nevada, from ages of spatially associated volcanic 
rocks: U.S. Geol. Survey Prof. Paper 458-D. 14 D. 

64 



(A) Smith, B. D., Zablocki, C. J., Frischknecht, F. C , and 
Flanigan, V. J., 1977, The geoelectric structure of Kilauea 
Iki lava lake, Hawaii: Am. Geophys. Union Trans., v. 58, no. 
5, p. 311. 

(0) Smith, B. D., Zablocki, C. J., Frischknecht, F. C , and 
Flanigan, V. J. 1977, Summary of results from electromagnetic 
and galvanic soundings on Kilauea Iki lava lake, Hawaii: U.S. 
Geol. Survey Open-file rept. 77-59, 27 p. 

(A) Smith, R. L., and MacDonald, Ray, 1979, Rhyolitic volcanism and 
its relationship to granitic plutonism: Abs. with Programs, 
Geol. Soc. Am., v. 11, no. 7, p. 520. 

(A) Smith, R. L., and Shaw, H. R., 1973, Volcanic rocks as geologic 
guides to geothermal exploration and evaluation: EOS, v. 54, 
no. 11, p. 1213. 

(P) Smith, R. L., and Shaw, H. R., 1975, Igneous-related geothermal 
systems jji White, D. E., and Williams, D. L., eds.. Assessment 
of Geothermal Resources of the United Stated--1975: U.S. Geol. 
Survey Circular 726, p. 58-83. 

(P) Smith, R. L., and Shaw, H. R., 1979, Igneous-related geothermal 
systems in Muffler, L. J. P., ed.. Assessment of Geothermal 
Resources of the United States: U.S. Geol. Survey Circular 
790, p. 12-17. 

(0) Smith, R. L., and Shaw, H. R., Luedke, R. G., and Russell, S. 
L., 1978, Comprehensive tables giving physical data and 
thermal energy estimates for young igneous systems of the 
United States: U.S. Geol. Survey Open-file rept. 78-925. 

(0) Sorey, M. L., 1975, Potential effects of geothermal development 
on springs at the Hot Creek Fish Hatchery in Long Valley, 
California: U.S. Geol. Survey Open-file rept. 75-637, 8 p. 

(P) Sorey, M. L., 1978, Numerical modeling of liquid geothermal 
systems: U.S. Geol. Survey Prof. Paper 1044-D. 

(P) Sorey, M. L., and Grant, M. A., 1979, Nonlinear effects in 
two-phase flow to wells in geothermal reservoirs: Trans., 
Geothermal Resources Council Annual Meeting, 24-27 Sept. 1979, 
Reno, Nevada, p. 671-674. 

(P) Sorey, M. L., and Lewis, R. E., 1976, Convective heat flow from 
hot springs in the Long Valley caldera. Mono County, 
California: Jour. Geophys. Res., v. 81, no. 5, p. 785-791. 

(0) Sorey, M. L., Lewis, R. E., and Olmsted, F. H., 1978, The 
hydrothermal system of Long Valley caldera, California: U.S. 
Geol. Survey Prof. Paper 1044-A, 60 p. 

65 



(0) Stanley, W. D., 1979, U.S. Geol. Survey real-time MT system: 
U.S. Geol. Survey Open-file rept. 79-527. 

(P) Stanley, W. D., Buehl, J. E., Bostick, F. X., and Smith H. W., 
1977, Geothermal significance of magnetotelluric sounding in 
the eastern Snake River Plain--Yellowstone region: Jour. 
Geoph. Res., v. 82, no. 2, p. 2501-2514. 

(A) Stanley, W. D., and Jackson, D. B., 1973, Geoelectrical 
investigations near The Geysers geothermal area, California: 
Geophysics, v. 38, no. 6, p. 1222. 

(0) Stanley, W. D., Jackson, D. B., and Hearn, B. C , Jr., 1973, 
Preliminary results of geoelectrical investigations near Clear 
Lake, California: U.S. Geol. Survey Open-file rept., 20 p. 

(A) Stanley, W. D., Jackson, D. B., and Zohdy, A. A. R., 1973, A 
total-field resistivity map of Long Valley, California: EOS, 
V. 54, no. 11, p. 1212. 

(0) Stanley, W. D., Jackson, D. B., and Zohdy, A. A. R., 1974, 
Preliminary results of deep electrical studies in the Long 
Valley caldera. Mono and Inyo Counties, California: U.S. Geol. 
Survey Open-file rept., 62 p. 

(P) Stanley, W. D., Jackson, D. B., and Zohdy, A. A. R., 1976, Deep 
electrical investigations in the Long Valley geothermal area, 
California: Jour. Geophys. Res., v. 81, no. 5, p. 810-820. 

(0) Stanley, W. D., Wahl, R. R., and Rosenbaum, J. G., 1976, A 
magnetotelluric study of the Stillwater-Soda Lakes, Nevada, 
geothermal area: U.S. Geol. Survey Open-file rept. 76-80. 38 p. 

(P) Stauffer, R. E., 1977, Measuring total antimony in geothermal 
waters by flame-atomic absorption spectrometry: U.S. Geol. 
Survey Jour. Res., v. 5, p. 807-809. 

(P) Stauffer, R. E., Jenne, E. A., Ball, J. W., 1980, Chemical 
studies of selected trace elements in hot-spring drainages of 
Yellowstone National Park: U.S. Geol. Survey Prof. Paper 
1044-F, 20 p. 

(P) Stauffer, R. E., and Thompson, J. M., 1978, Phosphorus in 
hydrothermal waters of Yellowstone National Park, Wyoming: 
U.S. Geol. Survey Jour, of Research, v. 6, no. 6, p. 755-763. 

(A) Steeples, D. W., 1975, Heat anomaly estimation from teleseismic 
P-delays: EOS, v. 56, no. 12, p. 1020. 

(P) Steeples, D. W., and Iyer, H. M., 1976, Low-velocity zone under 
Long Valley as determined from teleseismic events: Jour. 
Geophys. Res., V. 81, no. 5, p. 849-860. 

66 



(P) steeples, D. W., and Iyer, H. M., 1976, Teleseismic P-wave 
delays in geothermal exploration: Proc. Second United Nations 
Symposium on the Development and Use of Geothermal Resources, 
May 20-29, 1975, San Francisco, Calif, v. 2, p. 1199-1206. 

(P) Steeples, D. W., and Pitt, A. M., 1976, Microearthquakes in and 
near Long Valley: Jour. Geophys. Res., v. 81, no. 5, p. 
841-847. 

(P) Steven, T. A., Cunningham, C. G., Naeser, C. W., and Mehnert, H. 
H., 1979, Revised stratigraphy and radiometric ages of 
volcanic rocks and mineral deposits in the Marysville area, 
west-central Utah: U.S. Geol. Survey Bull. 1469, 40 p. 

(A) Stevens, P. R., 1972, Depositional systems, water-salinity 
distribution and hydrogeologic processes, Wilcox Group 
(Eocene), western Gulf of Mexico basin, Texas: Proceedings of 
the XXIV International Geological Congress, Section 11, 
Hydrology, p. 240. 

(A) Stewart, R. M., and Peselnick, Louis, 1976, Compressional and 
shear velocity in westerly granite at high pressure and 
temperature: Am. Geophys. Union Trans., v. 57, p. 1000. 

(P) Stewart, R. M., and Peselnick, Louis, 1977, Velocity of 
compressional waves in dry Franciscan rocks to 8 kbar and 
300OC: Jour. Geophys. Res., v. 82, p. 2027-2039. 

(P) Stewart, R. M., and Peselnick, L., 1978, Systematic behavior of 
compressional velocity in Franciscan rocks at high pressure 
and temperature: Jour. Geophys. Res., v. 83, p. 831-839. 

(A) Stoiber, R. E., Malinconico, L. L., Jr., and Casadevall, T. J., 
1979, SO2 ironitoring by remote sensing at Kilauea Volcano, 
Hawaii: Intraplate Volcanism Conference, Hilo, Hawaii, July 
1979. 

(A) Summers, R., Winkler, K., and Byerlee, J., 1975, Permeability 
changes during fluid flow through hot granite: EOS, v. 56, no. 
12, p. 1060. 

(A) Swanson, J. R., 1977, GEOTHERM data file: Geothermal Resources 
Council Trans., v. 1, p. 285. 

(0) Swanson, J. R., 1977, GEOTHERM user guide: U.S. Geol. Survey 
Open-file rept. 77-504, 53 p. 

(P) Teshin, V. N., Swanson, J. R., and Orris, G. J., 1979, GEOTHERM 
- geothermal resources file: Trans., Geothermal Resources 
Council Annual Meeting, 24-27 Sept. 1979, Reno, Nevada, p. 
721-724. 

67 



(0) Thompson, J. M., 1975, Selecting and collecting thermal springs 
for chemical analyses: A method for field personnel: U.S. 
Geol. Survey Open-file rept. 75-68. 

(P) Thompson, J. M., 1979, Arsenic and fluoride in the upper 
Madison River system: Firehole and Gibbon Rivers and their 
tributaries, Yellowstone National Park, Wyoming and southeast 
Montana: Environmental Geology, v. 3, p. 13-21. 

(0) Thompson, J. M., Goff, F. E., and Donnelly, J. M., 1978, 
Chemical analyses of waters from springs and wells from the 
Clear Lake volcanic area, northern California: U.S. Geol. 
Survey Open-file rept. 78-425, 25 p. 

(0) Thompson, J. M., Presser, T. S., Barnes, R. B., and Bird, D. B., 
1975, Chemical analyses of the waters of Yellowstone National 
Park, Wyoming from 1965-1973: U.S. Geol. Survey Open-file 
rept. 75-25. 

(0) Thompson, J. M., Sims, J. D., Yadav, Sandhya, and Rymer, M. J., 
1979, Chemical composition of water and gas from five 
nearshore subaqueous springs in Clear Lake, northern 
California: U.S. Geol. Survey Open-file rept. 79-540, 13 p. 

(0) Thompson, J. M., and Yadav, Sandya, 1979, Chemical analyses of 
waters from geysers, hot springs and pools in Yellowstone 
National Park, Wyoming from 1974 to 1978: U.S. Geol. Survey 
Open-file rept. 79-704. 

(0) Towle, J. N., 1980, Polarization of bay type geomagnetic 
disturbances in the Rio Grande Rift, New Mexico: U.S. Geol. 
Survey Open-file rept. 80-377, 69 p. 

(P) Towle, J. N., and Fitterman, D. V., 1975, Geomagnetic variations 
at Kilbourne hole. New Mexico: New Mexico Geol. Soc. 
Guidebook, 26th Field Conference, Las Cruces Country, p. 281. 

(P) Trainer, F. W., 1974, Ground water in the southwestern part of 
the Jemez volcanic region. New Mexico: New Mexico Geol.Soc. 
Guidebook, 25th Field Conference, Ghost Ranch, p. 337-345. 

(P) Trainer, F. W., 1975, Mixing of thermal and nonthermal waters in 
the margin of the Rio Grande Rift, Jemez Mountains, New 
Mexico: New Mexico Geol. Soc. Guidebook, 26th Field Conf., Las 
Cruces County, p. 213-318. 

(P) Trainer, F. W., 1978, Geohydrologic data from the Jemez 
Mountains and vicinity, north-central New Mexico: U.S. Geol. 
Survey Water-Resources Investigations 77-131, 146 p. 

68 



(P) Truesdell, A. H., 1972, Ion exchange (p. 591-594): vn 
Fairbridge, R. W., ed.. Encyclopedia of Geochemistry and 
Environmental Sciences, Van Nostrand and Reinhold, New York 
1321 p. 

(P) Truesdell, A. H., 1973, ENTHALP, a computer program for 
calculation of aquifer chemistry in hot water geothermal 
systems: U.S. Geol. Survey NTIS rept. PB 219-376. 

(P) Truesdell, A. H., 1974, Natural systems, part IV of a 
recommended research program in geothermal chemistry: USAEC 
report, WASH-1344, 48 p. 

(P) Truesdell, A. H., 1974, Oxygen isotope activities and 
concentrations*^in aqueous salt solutions at elevated 
temperatures: consequences for isotope geochemistry: Earth and 
Planet. Sci. Lett. 23, p. 387-396. 

(A) Truesdell, A. H., 1974, Reservoir temperatures of Yellowstone 
thermal systems: EOS, v. 56, no. 12, p. 1190. 

(A) Truesdell, A. H., 1975, Chemical tools for geothermal 
exploration: Geol. Soc. America, Abs. with Programs, v. 7, no. 
5, p. 647-648. 

(P) Truesdell, A. H., 1976, Chemical evidence for subsurface 
structure and fluid flow in a geothermal system: Proc. Inf. 
Symposium on Water-Rock Interaction, 1974, p. 250-7. 

(P) Truesdell, A. H., 1976, GEOTHERM, a geothermometer computer 
program for hot spring systems: Proceedings of the Second 
United Nations Symposium on the Development and Use of 
Geothermal Resources, p. 831-836. 

(P) Truesdell, A. H., 1976, Summary of Section I H : Geochemical 
techniques in exploration: Proceedings of the Second United 
Nations Symposium on the Development and Use of Geothermal 
Resources, San Francisco, Calif., May 20-29, 1975, v. 1, p. 
1 i i i - 1 X X i X . 

(P) Truesdell, A. H., 1979, The use of fluid geochemistry to 
indicate processes at Cerro Prieto, Mexico in Kruger, Paul and 
Ramey, H. J., Jr., eds.. Proceedings, FourtF~Workshop on 
Geothermal Reservoir Engineering, Dec. 13-15, 1978: Stanford 
University, Stanford, Calif., p. 239-242. 

(P) Truesdell, A. H., 1980, Aquifer boiling may be normal in 
exploited high-temperature geothermal systems: Proc, Sth 
Workshop on Geothermal Reservoir Engineering, Stanford 
University, Dec. 1979, p. 299-303. 

69 



(P) Truesdell, A. H., and Fournier, R. 0., 1976, Calculation of deep 
temperatures in geothermal systems from the chemistry of 
boiling spring waters of mixed origin: Proceedings of the 
Second United Nations Symposium on the Development and Use of 
Geothermal Resources, p. 837-844. 

(0) Truesdell, A. H., and Fournier, R. 0., 1976, Conditions in the 
deeper parts of the hot spring systems of Yellowstone National 
Park, Wyoming: U.S. Geol. Survey Open-file rept. 76-428, 22 p. 

(P) Truesdell, A. H., and Fournier, R. 0., 1977, Procedure for 
estimating the temperature of a hot water component in a mixed 
water using a plot of dissolved silica vs. enthalpy: U.S. 
Geol. Survey Jour. Research, v. 5, no. K p. 49-52. 

(P) Truesdell, A. H., Fournier, R. 0., and Thompson, J. M., 1973, 
MIXTURE, a computer program for the calculation of hot water 
temperatures and mixing fractions of large volume warm springs 
of mixed water origin: U.S. Geol. Survey NTIS rept. PB 220-732. 

(P) Truesdell, A. H., Frye, G. A., and Nathenson, Manuel, 1979, 
Downhole measurements and fluid chemistry of a Castle Rock 
steam well. The Geysers, Lake County, California jn. Kruger, 
Paul and Ramey, H. J., Jr., eds.. Proceedings, Fourth Workshop 
on Geothermal Reservoir Engineering, Dec. 13-15, 1978: 
Stanford University, Stanford, Calif., p. 96-105. 

(P) Truesdell, A. H., and Jones, B. F., 1973, WATEQ, A computer 
program for calculating chemical equilibria of natural waters: 
Jour of Research, U.S. Geol. Survey, v. 2, no. 2, p. 233-248. 

(A) Truesdell, A. H., and Manon, A., 1978, Geochemical evidence of 
drawdown in the Cerro Prieto, Mexico, geothermal field: 
Abstract volume. First Symposium on the Cerro Prieto 
Geothermal Field, Baja California, Mexico, San Diego, 1978, 
p. 15. 

(P) Truesdell, A. H., Manon, A., Jimenez, M., Sanchez, A., and 
Fausto, J., 1979, Geochemical evidence of drawdown in the 
Cerro Prieto, Mexico, geothermal field, Proc. 1st Symp. Cerro 
Prieto Geothermal Field, Baja California, Mexico LBL report 
7089, p. 130-138. 

(P) Truesdell, A. H., Nathenson, Manuel, and Rye, R. 0., 1977, The 
effects of subsurface boiling and dilution of the isotopic 
compositions of Yellowstone thermal waters: Jour, of Geophys. 
Res., V. 82, no. 26, p. 3694-3704. 

(P) Truesdell, A. H., and Nehring, N. L., 1978, Gases and water 
isotopes in a section across the Larderello, Italy, geothermal 
field 2" Rybach, Ladislaus, and Stegena, Lajos, eds., 
Geothermics and Geothermal Energy: Pure and Applied 
Geophysics, v. 117, p. 276-289. 

70 



(A) Truesdell, A. H., Nehring, N. L., Thompson, J. M., Coplen, T. B. 
OesMarais, D. J., Janik, C. J., and Mehl, D. C , 1979, 
Geochemical studies of the Cerro Prieto reservoir fluid: 
Program and abstract. Second Symposium on the Cerro Prieto 
Geothermal Field, Baja California, Mexico, Oct. 17-19, 1979, 
p. 28-31. 

(0) Truesdell, A. H., and Pering, K. L., 1974, Gas collection and 
analysis from geothermal systems: U.S. Geol. Survey Open-file 
rept. 

(0) Truesdell, A. H., and Pering, K. L., 1974, Geothermal gas 
sampling methods: U.S. Geol. Survey Open-file rept. 74-361, 
4 p. 

(A) Truesdell, A. H., Rye, R. 0., Pearson, F. J., Olson, E. R., 
Huebner, M. A., and Coplen, T. B., 1978, Preliminary isotopic 
studies of fluids from the Cerro Prieto geothermal field, Baja 
California, Mexico: Abstract volume. First Symposium on the 
Cerro Prieto Geothermal Field, Baja California, Mexico, San 
Diego, 1978, p. 10-11. 

(P) Truesdell, A. H., Rye, R. 0., Pearson, F. J., Jr., Olson, R. 
R., Nehring, N. L., Huebner, M. A., Coplen, T. B., II, 1979, 
Preliminary isotopic studies of fluids from the Cerro Prieto 
Geothermal Field, Baja California, Mexico LBL report 7098, p. 
95-101. 

(0) Truesdell, A. H., Rye, R. 0., Whelan, J. F., and Thompson, J. 
N., 1978, Sulfate chemical and isotopic patterns in thermal 
waters of Yellowstone Park, Wyoming: Short papers of the 4th 
International Conference, Geochronology, Cosmochronology, 
Isotope Geology, 1978: U.S. Geol. Survey Open-file rept. 
78-701, p. 435-436. 

(P) Truesdell, A. H., and Singers, Wendy, 1974, The calculation of 
aquifer chemistry in hot-water geothermal systems: Jour, of 
Research, U.S. Geol. Survey, v. 2, no. 3, p. 271-278. 

(P) Truesdell, A. H., and White D. E., 1973, Production of 
superheated steam from vapor-dominated geothermal reservoirs: 
Geothermics, v. 2, nos. 3-4, p. 145-164. 

(P) Ucock, H., Olhoeft, G. R., and Ershaghi, I., 1979, Electrical 
resistivity of geothermal brines, SPE 7878, p. 163-171 j£ 
Symposium on Oilfield and Geothermal Brines, Dallas: Soc. 
Petr. Eng. of AIME. 

(0) Ulrich, G. E., Hereford, R., Nealey, L. D., and Wolfe, E. W., 
1979, Preliminary geologic map of the Flagstaff lox20 
quadrangle, Arizona: U.S. Geol. Survey Open-file rept. 79-294. 

71 



(A) Ulrich, G. E., and McKee, E. H., 1978, Silicic and basaltic 
volcanism at Bill Williams Mountain, Arizona: Geol. Soc. 
America, Abs. with Prog., v. 10, no. 3, p. 151. 

(A) Urban, T. C , and Diment, W. H., 1975, Heat flow on the south 
flank of the Snake River Rift: Geol. Soc. America, Abs. with 
Prog., V. 7, no. 5, p. 648. 

(A) Urban, T. C , Diment, W. H., and Nathenson, Manuel, 1977, East 
Mesa geothermal anomaly. Imperial County, California: 
Observations based on temperatures in a deep hole near thermal 
equilibrium: EOS, v. 58, p. 1241. 

(P) Urban, T. C , Diment, W. H., and Nathenson, Manuel, 1978, East 
Mesa geothermal anomaly. Imperial County, California: 
significance of temperatures in a deep drill hole near thermal 
equilibrium: Geothermal Resources Council, Trans., v. 2, p. 
667-670. 

(P)-Urban, T. C , Diment, W. H., Sass, J. H., and Jamieson, I. M., 
1976, Heat flow at The Geysers, California, USA: Proc. Second 
United Nations Symposium on the Development and Use of 
Geothermal Resources, May 20-29, 1975, San Francisco, Calif., 
V. 2, p. 1241-1245. 

(0) U.S. Geol. Survey, 1972, Aeromagnetic map of the Jemez area. New 
Mexico: scale 1:250,000, Open-file rept. 

(0) U.S. Geol. Survey, 1972, Aeromagnetic map of the Klamath Falls 
and part of the Crescent lo by 20 quadrangles, Oregon: 
scale 1:250,000: Open-file rept. 

(0) U.S. Geol. Survey, 1972, Aeromagnetic map of southeastern Idaho 
and part of southwestern Montana: scale 1:500,000: Open-file 
rept. 

(0) U.S. Geol. Survey, 1973, Aeromagnetic map of southeastern Idaho 
and part of southwestern Montana: scale 1:500,000: Open-file 
rept. 

(0) U.S. Geol. Survey, 1973, Aeromagnetic map of Yellowstone 
National Park and vicinity, Wyoming-Montana-Idaho: scale 
1:125,000, U.S. Geol. Survey Open-file rept. 

(0) U.S. Geol. Survey, 1974, Preliminary data for 33 test-wells 
augered in the Raft River Valley, Feb. 13 - Mar. 8, 1974: U.S. 
Geol. Survey Open-file rept., 17 p. 

(0) U.S. Geol. Survey, 1974, Residual magnetic intensity map, 
Bruneau, Idaho, scale 1:62,500: U.S. Geol. Survey Open-file 
rept. 

72 



(0) U.S. Geol. Survey, 1974, Residual magnetic intensity map of the 
southern Raft River area. Cassia County, Idaho: scale 
1:24,000: U.S. Geol. Survey Open-file rept. 

(P) U.S. Geol. Survey, 1975, Gravity data for Yellowstone-Island 
Park region, Idaho-Montana-Wyoming, NTIS #PB241637/AS, 66 p. 

(0) U.S. Geol. Survey, 1976, Residual magnetic intensity map, Coso 
Hot Springs, California: U.S. Geol. Survey Open-file rept. 
76-698. 

(0) U.S. Geol. Survey, 1977, Aeromagnetic map of Breitenbush Hot 
Springs and vicinity, Oregon: U.S. Geol. Survey Open-file 
rept. 77-820. 

(A) Wagner, J. J., Oppenheimer, 0. H., and Iyer, H. M., 1979, 
Attenuation of P-waves from regional earthquakes in The 
Geysers-Clear Lake geothermal field, California jji Abstracts 
for the Conference on seismic wave attenuation: Stanford 
University Publications, v. XVII, p. 32. 

(0) Wahl, R. R., and Peterson, D. L., 1976, Principal facts for 
gravity stations in the Carson Sink region, Nevada: U.S. Geol. 
Survey Open-file rept. 76-344, 17 p. 

(P) Walker, G. W., 1973, Preliminary geologic and tectonic map of 
Oregon east of the 121st meridian: U.S. Geol. Survey Misc. 
Field Inv. MF-495, scale 1:500,000. 

(A) Walker, G. W., 1973, Tectonism and silicic volcanism of eastern 
Oregon: Geol. Soc. America, Abs. with Prog., v. 5, no. 1, p. 
119. 

(P) Walker, G. W., 1974, Some implications of the late Cenozoic 
volcanism to geothermal potential in the high lava plains of 
south-central Oregon: The Ore Bin, v. 36, no. 7, p. 109-119. 

(P) Walker, G. W., Dalrymple, G. B., and Lanphere, M. A., 1974, 
Index to potassium argon ages of Cenozoic volcanic rocks of 
Oregon: U.S. Geol. Survey Misc. Field Inv. MF-569, scale 
1:1,000,000. 

(A) Walker, G. W., and MacLeod, N. S., 1977, Rhyolite volcanism in 
southeastern Oregon and the Snake River Plain, Idaho; 
similarities and contrasts: Geol. Soc. Am. Abs. with Prog, v. 
9, no. 7, p. 215. 

(A) Walker, G. W., and MacLeod, N. S., and McKee, E. H., 1974, 
Transgressive age of late Cenozoic silicic volcanic rocks 
across southeastern Oregon: Implications for geothermal 
potential: Geol. Soc. America, Abs. with Prog., v. 6, no. 3, 
p. 272. 

73 



(P) Walker, Kenneth, 1973, Periodic heating of a layer over a 
semi-infinite solid: Jour. Geophys. Res., v. 78, no. 26, p. 
5904-5910. 

(P) Wallace, R. H., Jr., 1978, An assessment of gas dissolved in 
sandbed reservoirs in southern Louisiana and adjacent 
continental shelf; submitted as part of the Report to 
Supply-Technical Advisory Task Force--Nonconventional Natural 
Gas Resources by Sub-Task Force I: Gas Dissolved in Water; Gas 
Policy Advisory Council, Federal Energy Regulatory Commission, 
U. S. Department of Energy, Washington, D. C , p. 5-50. 

(P) Wallace, R. H., Jr., Kraemer, T. F., Taylor, R. E., and 
Wesselman, J. B., 1979, Assessment of geopressured-geothermal 
resources in the Northern Gulf of Mexico Basin in Muffler, L. 
J. P., ed.. Assessment of Geothermal Resources of the United 
States—1978: U.S. Geol. Survey Circular 790, p. 132-155. 

(P) Wallace, R. H., Jr., Taylor, R. E., and Wesselman, 1977, Use of 
hydrogeologic mapping techniques in identifying potential 
geopressured-geothermal reservoirs in the lower Rio Grande 
embayment, Texas, jji Proceedings, Third 
Geopressured-geothermal Energy Conference: Univ. Southwestern 
Louisiana, Lafayette, LA, v. 1, p. GI-1-88. 

(A) Walter, A. W., and Weaver, C. S., 1978, Seismicity in the Coso 
Range, California: Earthquake Notes, v. 49, no. 4, p. 88. 

(0) Walter, A. W. and Weaver, C. S., 1980, Catalog of earthquakes in 
the Coso Range and vicinity, southern California - September 
27, 1975 - September 30, 1977: U.S. Geol. Survey Open-file 
rept. 80-85, 101 p. 

(0) Walter, A. W. and Weaver, C. S., 1980, Seismic refraction data 
for shots recorded in the Coso Range, California, October 
1976: U.S. Geol. Survey Open-file rept. 80-186, 12 p. 

(P) Watson, Kenneth, 1971, Geophysical aspects of remote sensing: 
International Workshop on the Earth Resources Survey Systems, 
May 3-14, 1971, v. II, p. 409-428. 

(P) Watson, Kenneth, 1974, Geothermal reconnaissance from 
quantitative analysis of thermal infrared images: Proc. of the 
9th Symposium on Remote Sensing of Environment, Apr. 15-19, p. 
1919-1932. 

(P) Watson, Kenneth, 1975, Geologic applications of thermal infrared 
images: Proc. IEEE, v. 63, no. 1, p. 128-137. 

(P) Watson, Kenneth, 1975, The interpretation of thermal infrared 
data acquired for geothermal exploration: Case History 
Research Conference in Remote Sensing, Univ. of Kansas, Feb. 
18-20, 1975. 

74 



(P) Watson, Kenneth, 1975, Reconnaissance geothermal exploration at 
Raft River, Idaho, for thermal infrared scanning: Society of 
Exploration Geophysicists Mtg., Oct. 16-20, 1975, Denver. 

(P) Watson, Kenneth, 1975, Review of computer techniques available 
for representation and display of large quantities of data: 
16th General Assembly of lUGG, Grenoble, France, Aug. 25-Sept. 
6, 1975. 

(P) Watson, Kenneth, 1979, Regional thermal-inertia mapping to 
discriminate geologic materials (Summary): 13th International 
Symposium on Remote Sensing of Environment, Univ. of Michigan, 
p. 11-12 (invited). 

(A) Weaver, C. S., Evans, John, and Coakley, John, 1976, Waveform 
and traveltime anomalies observed for NTS shots recorded near 
Yellowstone National Park: Prog, with Abs., 71st Annual 
Meeting of the Seismological Society of America, p. 7. 

(A) Weaver, C. S., Green, S. M., and Iyer, H. M., 1978, Seismic 
studies in the northern Oregon Cascades, Mt. Hood area: List 
of Abstracts, Annual Mtg. Pacific Northwest Region, American 
Geophysical Union, Tacoma, Washington, 1978, p. 2. 

(P) Weaver, C. S., and Hill, D. P., 1978, Earthquake swarms and 
local crustal spreading along major strike-slip faults in 
California vn_ Rybach, Ladislaus, and Stegena, Lajos, eds., 
Geothermics and Geothermal Energy: Pure and Applied 
Geophysics, v. 117, p. 51-64. 

(A) Weaver, C. S., and Pitt, A. M., 1978, Travel time curves and 
apparent velocities across the Yellowstone caldera: Earthquake 
Notes, V. 49, no, 1, p. 70. 

(A) Weaver, C. S., Pitt, A. M., and Hill, D. P., 1979, Crustal 
spreading direction of the Snake River Plain - Yellowstone 
system: EOS, v. 60, p. 946. 

(A) Weaver, C. S., Walter, A. W., Criley, E. E., Coakley, J. M. and 
Vaughn, A., 1978, Seismic velocity study of the upper crust 
beneath the Coso Range, California: Earthquake Notes, v. 49, 
no. 4, p. 8. 

(A) Wesselman, J. B., 1974, Geothermal energy resources of the Texas 
Coastal Plain: Texas Civil Engineer, March 1974, p. 5. 

(P) Wesselman, J. B., 1977, Geopressure in the Carriyo-Wilcox 
aquifer system of Texas in Proceedings, Third 
Geopressured-Geothermal "Energy Conference, University of 
Southwestern Louisiana, Lafayette, Louisiana, Nov. 16-18, 
1977, p. GI 425-438. 

75 



(P) Wesselman, J. B., and Heath, John, 1977, Computer techniques to 
aid in the interpretation of subsurface fluid-pressure 
gradients: U.S. Geol. Survey Computer Contribution, NTIS 
PB268603/AS, 34 p. 

(A) Wetlaufer, P. H., 1978, Chemical similarities of hydrothermal 
fluids from diverse sources, Creede Ag - Pb - Zm - Cu 
district, San Juan Mountains, Colorado: Abs. with Programs, 
Geol. Soc. Am., v. 10, no. 7, p. 515. 

(P) Wetlaufer, P. H., Bethke, P. M., Barton, P. B., Jr., and Rye, R. 
0., 1978, The Creede Ag - Pb - Zm - Cu - Au district. Central 
San Juan Mountains, Colorado: A fossil geothermal system: 
Proceedings, Sth lAGOD Quadrennial Symposium, Snowbird, Alta, 
Utah, 1978, p. 203. 

(P) White, D. E., 1973, Characteristics of geothermal resources jji 
Paul Kruger and Carel Otte: Geothermal Energy: Resources, 
Production, Stimulation, Stanford Univ. Press, Stanford, 
Calif., p. 69-94. 

(P) White, D. E., 1974, Diverse origins of hydrothermal ore fluids: 
Econ. Geology, v. 69, p. 954-973. 

(P) White, D. E. 1974, Geothermal energy p. 55-58, j£ Finkel, A. J., 
ed.. Energy, The Environment and Human Health: Publishing 
Sciences Group Inc., Action, Mass., 288 p. 

(P) White, D. E., 1978, Conductive heat flows in research drill 
holes in thermal areas of Yellowstone National Park, Wyoming: 
Jour. Research, U.S. Geol. Survey, v. 6, no. 6, p. 765-774. 

(P) White, D. E., Barnes, Ivan, and O'Neil, J. R., 1973, Thermal and 
mineral water of non-meteoric origin, California Coast Ranges: 
Geol. Soc. America Bull., v. 84, p. 547-560. 

(P) White D. E., Fournier, R. 0., Muffler, L. J. P., and Truesdell, 
A. H., 1975, Physical results from research drilling in 
thermal areas of Yellowstone Park, Wyoming: U.S. Geol. Survey 
Prof. Paper 892, 77 p. 

(P) White, D. E., and Guffanti, Marianne, 1979, Geothermal systems 
and their energy resources: Reviews of Geophysics and Space 
Physics, V. 17, no. 4, p. 877-902. 

(P) White, D. E., and Marler, G. D., 1972, Discussion of paper by 
John S. Rinehart "Fluctuations in geyser activity caused by 
earth tidal forces, barometric pressure, and tectonic 
stresses": Jour. Geophys. Res., v. 77, p. 5825-5829. 

76 



(0) White, D. E., and Williams, D. L., 1975, Assessment of 
Geothermal Resources of the United States - 1975: U.S. Geol. 
Survey Circular 726, 155 p. 

(P) Willey, L. M., Kharaka, Y. K., Presser, T. S., Rapp, J. B., and 
Barnes, Ivan, 1975, Short chain aliphatic acid anions in oil 
field waters and"their contribution to the measured 
alkalinity: Geochim. Cosmochim. Acta., v. 39, p. 1707-1711. 

(0) Willey, L. M., O'Neil, J. R., and Rapp, J. B., 1974, Chemistry 
of thermal water in Long Valley, Mono County, California: U.S. 
Geol. Survey Open-file rept., 19 p.. 

(A) Willey, L. M., Rapp, J. B., and Barnes, Ivan, 1973, Geochemistry 
of thermal waters in Long Valley, California: EOS, v. 54, no. 
11, p. 1212. 

(P) Williams, D. L, Berkman, F., Mankinen, E. A., 1977, Implications 
of a magnetic model of the Long Valley caldera, California: 
Jour, of Geophys. Res., v. 82, no. 20, p. 3030-3038. 

(P) Williams, P. L., Mabey, D. R., Zohdy, A. A. R., Ackermann, Hans, 
Hoover, D. B., Pierce, K. L., and Oriel, S. S., 1976, Geology 
and geophysics of the southern Raft River Valley geothermal 
area, Idaho, USA: Proc. Second United Nations Symposium on the 
Development and Use of Geothermal Resources, May 20-29, 1975, 
San Francisco, Calif., v. 2, p. 1273-1282. 

(0) Williams, P. L., Pierce, K. L., Mclntyre, D. H., and Schmidt, P. 
W., 1974, Preliminary geologic map of the southern Raft River 
area. Cassia County, Idaho: U.S. Geol. Survey Open-file rept., 
scale 1:24,000. 

(A) Williams, P. L., Pierce, K. L., Mclntyre, D. H., Covington, H. 
R., and Schmidt, P. W., 1975, Geologic setting of the Raft 
River geothermal area, Idaho: Geol. Soc. America, Abs. with 
Prog., V. 7, no. 5, p. 652. 

(0) Wilson, C. W., and Mabey, D. R., 1974, Principal facts for 
gravity stations in the southern Raft River area. Cassia 
County, Idaho: U.S. Geol. Survey Open-file rept., 8 p. 

(0) Wilson, C. W., and Peterson, D. L., 1977, Principal facts for 
gravity stations in Clayton Valley, Nevada: U.S. Geol. Survey 
Open-file rept. 77-256, 3 p. 

(0) Young, E. J., and Olhoeft, G. R., 1976, Relations between 
specific gravity and chemical composition for a suite of 
igneous and metamorphic rocks, U.S. Geol. Survey Open-file 
rept. 76-809, 14 p. 2 pis. 

77 



(0) Young, H. W., Lewis, R. E., and Backsen, R. L., 1979, Thermal 
ground-water discharge and associated convective heat flux, 
Bruneau-Grand View area, southwest Idaho: USGS Water-Resources 
Investigations WRI 79-62. 

(P) Young, H. W., and Mitchell, J. C , 1973, Geothermal 
investigations in Idaho: Part 1, Geochemistry and Geologic 
setting of selected thermal waters: Idaho Dept. Water 
Administration, Water Information Bull., no. 30, Boise, Idaho, 
43 p. 

(P) Young, H. W., and Whitehead, R. L., 1975, Geothermal 
investigations in Idaho, Part 2, An evaluation of thermal 
water in the Bruneau-Grand View area, southwest Idaho; with a 
section on a reconnaissance audio-magnetotelluric survey by D. 
B. Hoover and C. L. Tippens: Idaho Dept. Water Resources, 
Water Information Bull., no. 30, 126 p. 

(P) Young, H. W., and Whitehead, R. L., 1975, Geothermal 
investigations in Idaho, Part 3: an evaluation of thermal 
water in the Weiser area, Idaho: Idaho Dept. Water Resources, 
Water Information Bull. 30, 35 p. 

(A) Zablocki, C. J., 1975, Inferences of the configuration of some 
recent magma intrusions in Kilauea volcano from VLF induction 
measurements: EOS, v. 56, no. 12, p. 1070. 

(P) Zablocki, C. J., 1976, Mapping thermal anomalies on an active 
volcano by the self-potential method, Kilauea, Hawaii: Proc. 
of Second United Nations Symposium on the Development and Use 
of Geothermal Resources, San Francisco, California, May 20-29, 
1975, V. 2, p. 1299-1309. 

(0) Zablocki, C. J., 1976, Some electrical and magnetic studies of 
Kilauea Iki lava lake, Hawaii: U.S. Geol. Survey Open-file 
rept, 76-304, 19 p. 

(P) Zablocki, C. J., 1977, Self-potential studies in East Puna: vn. 
Geoelectric studies on the east rift, Kilauea volcano, Hawaii 
Island: Hawaiiam Inst, Geophys,, Univ, of Hawaii Tech, rept, 
HIG-77-15, p, 175-195, 

(P) Zablocki, C. J., 1978, Applications of the VLF induction methods 
for studying some volcanic processes of Kilauea Volcano, 
Hawaii: Jour. Vol. and Geothermal Res., v. 3, p. 155-195. 

(P) Zablocki, C. J., 1978, Streaming potentials resulting from the 
descent of meteoric water-- a possible source mechanism for 
Kilauean self-potential anomalies: Geothermal Resources 
Council Trans., v. 2, p. 747-748. 

78 



(0) Zablocki, C. J., 1980, Observations from self-potential 
monitoring studies on Kilauea volcano, Hawaii (1973-1975): 
U.S. Geol. Survey Open-file rept. 80-99, 35 p. 

(A) Zablocki, C. J., and Koyanagi, R. Y., 1979, An anomalous 
structure in the lower east rift zone of Kilauea Volcano, 
Hawaii, inferred from geophysical data: Hawaii Symposium on 
Intraplate Volcanism and Submarine Volcanism, Hilo, Hawaii, 
Abstract Volume, p. 117. 

(P) Zablocki, C. J., and Tilling, R. I., 1976, Field measurements of 
apparent Curie temperature in a cooling basaltic lava lake, 
Kilauea Iki, Hawaii: Geophys. Res. Letters, v. 3, no. 8, p. 
487-490. 

(P) Zablocki, C. J., Tilling, R. I., Peterson, D. W., Christiansen, 
R. L., and Keller, G. V., 1976, A deep research drill hole at 
Kilauea Volcano, Hawaii: U.S. Geol. Survey Open-file rept. 
76-538, 35 p. 

(P) Zablocki, C. J., Tilling, R. I., Peterson, D. W., Christiansen, 
R. L., Keller, G. V., and Murray, J. C , 1974, A deep research 
drill hole at the sunsnit of an active volcano, Kilauea, 
Hawaii: Geophys. Res. Letters, v. 1, no. 7, p. 323-326. 

(0) Ziagos, J. P., Sass, J. H., and Munroe, R. J., 1976, Heat flow 
near Charleston, South Carolina: U.S. Geol. Survey Open-file 
rept. 76-148, 15 p. 

(P) Zoback, M. D., and Pollard, D. D., 1978, Hydraulic fracture 
propagation and the interpretation of pressure-time records 
in-situ stress determinations, vn_ Kim, Y. S., ed̂ ., 19th U. S. 
Symposium on Rock Mechanics, Proceedings, Univ. of Nevada, 
Reno, p. 14-22. 

(A) Zohdy, A. A. R., 1973, Total field resistivity mapping: 
Geophysics, v. 38, no. 6, p. 1230. 

(P) Zohdy, A. A. R., 1975, Reply of author to discussion by Amalendu 
Roy on "Resistivity, self-potential, and inducted-polarization 
surveys of vapor-dominated geothermal system": Geophysics, v. 
40, no. 3, p. 538-539. 

(0) Zohdy, A. A. R., 1978, Field procedure and data reduction 
methods (with Hewlett-Packard 97-67 programs) for total field 
resistivity surveys: U.S. Geol. Survey Open-file rept. 78-424, 
35 p. 

(0) Zohdy, A. A. R., 1978, Total field resistivity mapping and 
sounding over horizontally layered media: Geophysics, v. 43, 
no. 4, p. 748-766. 

79 



(P) Zohdy, A. A. R., Anderson, L. A., and Muffler, L. J. P., 1973, 
Resistivity, self-potential, and inducted-polarization surveys 
of vapor-dominated geothermal system: Geophysics, v. 38, p. 
1130-1144. 

(0) Zohdy, A. A. R., and Bisdorf, R. J., 1976, Schlumberger 
soundings in the upper Raft River, and Raft River valleys, 
Idaho and Utah: U.S. Geol. Survey Open-file rept. 76-92, 6 p. 

(A) Zohdy, A. A. R., and Bisdorf, R. J., 1979, Deep Schlumberger 
soundings for geothermal exploration at INEL, Snake River 
Plain, Idaho: 49th Annual International Meeting of the SEG, 
Abstracts and Biographies, p. 101-102. 

(0) Zohdy, A. A. R., Bisdorf, R. J., and Glancy, P. A., 1976, 
Schlumberger soundings near Fallon, Nevada: U.S. Geol. Survey 
Open-file rept. 76-18, 39 p. 

(0) Zohdy, A. A. R., Bisdorf, R. J., and Jackson, D. B., 1978, 
Simple total field and Schlumberger soundings near Sugar City, 
Idaho: U.S. Geol. Survey Open-file rept. 78-109, 101 p. 

(0) Zohdy, A. A. R., Jackson, D. B., and Bisdorf, R. J., 1975, 
Schlumberger soundings and total field measurements in the 
Raft River geothermal area, Idaho: U.S. Geol. Survey Open-file 
rept. 75-130, 87 p. 

(0) Zohdy, A. A. R., and Stanley, W. D., 1973, Preliminary 
interpretation of electrical sounding curves obtained across 
the Snake River Plain from Blackfoot to Arco, Idaho: U.S. 
Geol. Survey Open-file rept., 5 p. 

(0) Zucca, J. J. and Hill, D. P., 1980, Compilation of data from the 
1978 Hawaii seismic refraction experiment on the west flank of 
Mauna Loa: U.S. Geol. Survey Open-file rept. 80-451, 39 p. 

(0) Zucca, J. J., Hill, D. P., and Duennebier, F. K., 1979, A 
compilation of the data from the 1976 Hawaii seismic 
refraction experiment: U.S. Geol. Survey Open-file rept. 
79-771, 80 p. 

80 



Additions to January 1979 Geothermal Publications 

(P) Barnes, Ivan, Downes, C J., and Hulston, J. R., 1978, Warm Springs, 
South Island, New Zealand, and their potentials to yield 
laumonitite: Am. Jour. Science, v. 278, p. 1412-1427. 

(P) Blakely, R. J., and Christiansen, R. L., 1978, The magnetization of 
Mount Shasta and implications for virtual geomagnetic poles 
determined from seamounts: Jour. Geop. Res., v. 83, no. B12, p. 
'5971-5978. 

(P) Brook, C A., Mariner, R. H., Mabey, D. R., Swanson, J. R., 
Guffanti, Marianne, and Muffler, L. J. P., 1979, Hydrothermal 
convection systems with reservoir temperatures t- 90° _in Muffler, 
L. J. P., ed., Assessment of Geothermal Resources of the United 
States~1978: U.S. Geol. Survey Circular 790, p. 18-85. 

(P) Carothers, W. W., and Kharaka, Y. K., 1978, Aliphatic acid anions 
in oil-field waters - implications for origin of natural gas: Am. 
Assoc. Petroleum Geol. Bull., v. 62, no. 12, p. 2441-2453. 

(A) Cataldi, R., Lazzarotto, A., Muffler, P., Squarci, P., and Stefani, 
G., 1977, Test of geothermal assessment methodology in Tuscany 
(abs.): Geol. Soc. America Abstracts with Programs, v. 9, no. 7, 
p. 923. 

(0) Covington, H. R., 1977, Deep drilling data. Raft River geothermal 
area, Idaho, Raft River geothermal exploration Well #3, 
Sidetrack-C: U.S. Geol. Survey Open-file Rept. 77-883. 

(0) Covington, H. R., 1978, Deep drilling data, Raft River geothermal 
area, Idaho, Raft River geothermal exploration well #4: U.S. 
Geol. Survey Open-file Rept. 78-91. 

(0) Covington, H. R., 1979, Deep drilling data, Raft River geothermal 
area, Idaho, Raft River geothermal production well #4: U.S. Geol. 
Survey Open-file Rept. 79-662. 

(0) Covington, H. R., 1979, Deep drilling data, Raft River geothermal 
area, Idaho, Raft River geothermal production well #5: U.S. 
Geol. Survey Open-file Rept. 79-382. 

(0) Embree, G. F., Lowell, M. D., and Doherty, D. J., 1978, Drilling 
data from Sugar City exploration well, Madison County, Idaho; 
U.S. Geol. Survey Open-file Rept. 78-1095, 12 p. 

(P) Faust, C R., and Mercer, J. W., 1979, Geothermal reservoir 
simulation 1. Mathematical models for liquid- and vapor-dominated 
hydrothermal systems: Water Resources Res., v. 15, no. 1, p. 
23-30. 

(P) Faust, C. R., and Mercer, J. W., 1979, Geothermal reservoir 
simulation 2. Numerical solution techniques for liquid- and 
vapor-dominated hydrothermal systems: Water Resouces Res., v. 15, 
no. 1, p. 31-46. 



(P) Fitterman, D. V., 1978, Calculation of magnetic fields due to 
steady-state current systems: Proceedings, Workshop on Modeling 
of Electrical and Electromagnetic Methods, May 17-19, 1978, 
Lawrence Berkeley Laboratory, Berkeley, Calif., p. 179-189. 

(0) Fuis, G. S., Johnson, C. E.,.and Richter, K. J., 1978, Preliminary 
catalog of earthquakes in northern Imperial Valley, California, 
April 1978-June 1978: U.S. Geol. Survey Open-file Rept. 

(P) Kharaka, Y. K., Brown, P. M., and Lico, M. S., 1979, Corrosion and 
scale-formation properties of geopressured geothermal waters from 
the northern Gulf of Mexico basin: Proc, Soc. of Pet. Eng. of 
AIME, Houston, Texas, Jan. 22-24, 1979, SPE7866, p. 55-60. 

(P) Lachenbruch, A. H., 1978, Heat flow in the Basin and Range province 
and thermal effects of tectonic extension in Rybach, Ladislaus, 
and Stegena, Lajos, eds., Geothermics and Geothermal Energy: Pure 
and Applied Geophysics, v. 117. p. 34-50. 

(0) Lofgren, B. E., 1978, Measured crustal deformation in Imperial 
Valley, California: U.S. Geol. Survey Open-file Rept. 78-910, 
7 p. 

(0) Lofgren, B. E., and Massey, B. L., 1979, Monitoring crustal strain, 
Cerro Prieto geothermal field, Baja California, Mexico: U.S. 
Geol. Survey Open-file Rept. 79-204, 33 p. 

(P) Mabey, D. R., Hoover, D. B., O'Donnell, J. E., and Wilson, C W., 
1978, Reconnaissance geophysical studies of the geothermal system 
in southern Raft River Valley, Idaho: Geophysics, v. 43, no. 7, 
p. 1470-1484. 

(0) Mariner, R. H., Brook, C. A., Swanson, J. R., Mabey, D. R., 1978, 
Selected data for hydrothermal convection systems in the United 
States with estimated temperatures 1 90°C: U.S. Geol. Survey 
Open-file Rept. 78-858. 

(0) Marks, S. M., and Bufe, C G., 1978, Preliminary hypocenters of 
earthquakes in the Healdsburg quadrangle, Lake Berryessa to Clear 
Lake, California, October 1969-December 1976: U.S. Geol. Survey 
Open-file Rept. 78-953, 33 p., 1 pl., 1 fig. 

(0) Massey, B. L., 1978, Regional and local networks of horizontal 
control, Cerro Prieto, Mexico: U.S. Geol. Survey Open-file Rept. 
78-929, 9 p. 

(P) Mazor, Emanuel, 1978, Noble gases in a section across the 
vapor-dominated geothermal field of Larderello, Italy in Rybach, 
Ladislaus, and Stegena, Lajos, eds., Geothermics and Geothermal 
Energy: Pure and Applied Geophysics, v. 117, p. 262-275. 



(P) Muffler, L. J. P., ed., 1979, Assessment of Geothermal Resources of 
the United States~1978: U.S. Geol. Survey Circular 790, I63 p., 
3'maps. 

(P) Muffler, L. J. P., and Christiansen, R. L., 1978, Geothermal 
resource assessment of the United States in Rybach, Ladislaus and 
Stegena, Lajos, eds., Geothermics and Geothermal'Energy: Pure and 
Applied Geophysics, v. 117, p. 160-171. 

(0) Nathenson, Manuel, 1978, Methodology of determining the uncertainty 
in the accessible geothermal resource base of identified 
hydrothermal convection systems: U.S. Geol. Survey Open-file 
Rept. 78-1003, 51 p.,"3 figs. 

(P) Sammel, E. A., 1979, Occurrence of low-temperature geothermal waters 
in the United States in Muffler, L. J. P., ed., Assessment of 
Geothermal Resources of the United States—1978: U.S. Geol. 
Survey Circular 790, p. 86-131. 

/(o: POJUJ *^(0) Sass, J. H., Kennelly, J. P., Jr., Wendt, W. E., Moses, T. H., Jr., 
and Ziagos, J. P., 1979, In-sittt.. determination of heat flow in 
unconsolidated sediments: U.S. Geol. Survey Open-file Rept. 
79-593, 73 p. 

(P) Sass, J. H., and Lachenbruch, A. H., 1979, Heat flow and 
conduction-dominated thermal regimes iii Muffler, L. J. P., ed., 
Assessment of Geothermal Resources of the United States—1978: 
U.S. Geol. Survey Circular 790, p. 8-11. 

(0) Schnapp, Madeline, and Fuis, Gary, 1978, Preliminary catalog of 
earthquakes in northern Imperial Valley, California, January 1, 
1977 to March 31, 1977: U.S. Geol. Survey Open-file Rept. 78-74. 

(P) Smith, R. L., and Shaw, H. R., 1979, Igneous-related geothermal 
systems in Muffler, L. J. P., ed., Assessment of Geothermal 
Resources of the United States: U.S. Geol. Survey Circular 790, 
p. 12-17. 

(0) Smith, R. L., Shaw, H. R., Luedke, R. G., and Russell, S. L., 1978, 
Comprehensive tables giving physical data and thermal energy 
estimates for young igneous systems of the United States: U.S. 
Geol. Survey Open-file Rept. 78-925. 

(0) Thompson, J. M., Sims, J. D., Yadav, Sandhya, and Rymer, M. J., 
1979, Chemical composition of water and gas from five nearshore 
subaqueous springs in Clear Lake, northern California: U.S. Geol. 
Survey Open-file Rept. 79-540, 13 p. 

(0) Thompson, J. M., and Yadav, Sandhya, 1979, Chemical analyses of 
waters from geysers, hot springs and pools in Yellowstone National 
Park, Wyoming from 1974 to 1978: U.S. Geol. Survey Open-file 
Rept. 79-704. 

(P) Truesdell, A. H., and Nehring, N. L., 1978, Gases and water isotopes 
in a geothermal field in Rybach, Ladislaus, and Stegena, eds., 
Geothermics and Geotherfflal Energy; Pure and Applied Geophysics, 
V. 117, p. 276-289. 



(P) Wallace, R. H., Jr., Kraemer, T. F., Ilaylor, R. E., and Wesselman, 
J. B., 1979, Assessment of geopressured-geothermal resources in 
the Northern Gulf of Mexico Basin in Muffler, L. J. P., ed., 
Assessment of Gethermal Resources of the United States—1978: 
U.S. Geol. Survey Circular 790, p. 132-155. 

(P) Wallace, R. H., Jr., Taylor, R. E., and Wessleman, J. B., 1977, Use 
of hydrogeologic mapping techniques in identifying potential 
geopressured-geothermal reservoirs in the lower Rio Grande 
embayment, Texas, in Proceedings, Third Geopressured-geothermal 
Energy Conference: Univ. Southwestern Louisiana, Lafayette, LA, 
v. 1, p. GI-1-88. 

(P) Weaver, C S., and Hill, D. P., 1978, Earthquake swarms and local 
crustal spreading along major strike-slip faults in California in 
Rybach, Ladislaus, and Stegena, Lajos, eds., Geothermics and 
Geothermal Energy: Pure and Applied Geophysics, v. 117, p. 51-64. 

(0) Zohdy, A. A. R., 1978, Field procedure and data reduction methods 
(with Hewlett-Packard 97-67 programs) for total field resistivity 
surveys: U.S. Geol. Survey Open-file Rept. 78-424, 35 p. 



•fk-^S 

If mm rmirm 
GEOTHERMAL PUBLICATIONS 
U. S. Geological Survey 

January 1979 

(A) Abstract 
(0) Open-fi le reports 
(P) Published repor ts , maps, etc. 
* New to Geothermal Publications L is t 

(0) Ackermann, H. D., 1975, Velocity sections in Raft River, Idaho, 
geothermal area from seismic re f rac t ion : U.S. Geol. Survey 
Open-fi le r e p t . , 75-106, 1 p. , scale 1:48,000. 

(0) Adam, D. P., 1977, A preliminary bibliography for the Clear Lake-
Geysers area: U.S. Geol. Survey Open-fi le rept . 77-489, 36 p. 

(P) Albee, H. F., Prostka, H. J . , Jobin, D. A. , and Love, J . D., 1975, 
F i e l d - t r i p guide to the Idaho-Wyoming thrust fau l t zone: Geol. 
Soc. America, Rocky Mtn. Section 28th Annual Meeting, Boise, 
Idaho, May 26, 1975, 22 p. 

(A) Anderson, L. A. , and Johnson, G. R., 1973, The appl icat ion of the 
se l f -potent ia l method in the search for geothermal energy [ abs . ] : 
Geophysics, v. 38, no. 6, p. 1190. 

(0) Anderson, L. A . , and Johnson, G. R., 1974, A se l f -potent ia l survey 
of Long Valley caldera. Mono County, Ca l i fo rn ia : U.S. Geol. Survey 
Open-fi le r e p t . , 3 p. ' 

(P) Anderson, L. A. , and Johnson, G. R., 1976, Application of the se l f -
potential method to geothermal exploration in Long Valley, Ca l i 
fo rn ia : Jour, of Geophys. Res., v. 8 1 , no. 8, p. 1527-1532. 

(P) Anderson, L. A . , and Johnson, G. R., 1978, Some observations of the 
se l f -potent ia l e f f o r t in geothennal areas in Hawaii and Nevada: 
Geothermal Resources Council Trans., v. 2, p. 9-12. 

(A) Anderson, L. A . , Zablocki, C. T . , and Flanigan, V. J . , 1977, Mapping 
la tera l boundaries of a cooling basalt ic lava lake using ELF and 
VLF induction techniques, Kilauea I k i , Hawaii [abs] : Am. Geophys. 
Union Trans., v. 58, no. 5, p. 311. 

(P) Anderson, W. L., 1976, An optimal method for evaluating a class of 
convolution integrals with related kernals: U.S. Geol. Survey 
NTIS rept . PB 251 156, 14 p. 

(0) Anderson, W. L., 1977, Interpretat ion of electromagnetic soundings 
in the Raft River geothermal area, Idaho: U.S. Geol. Survey Open-
f i l e rept . 77-557. 

(P) Anderson, W. L. , 1977, Marquardt Inversion of ver t ica l magnetic 
f i e l d measurements from a grounded wire source: U.S. Geol. 
Survey NTIS rept . PB 263 924, 76 p. 

\ 
1 





\ • ' ^ -

* (0) Anderson, W. L. , 1978, Interpretat ion of electromagnetic extra-low-
frequency soundings in the Randsburg, Ca l i fo rn ia , known geothermal 
resource area: U.S. Geol. Survey Open-fi le rept . 78-562, 22 p. 

(P) Anderson, W. L. , Hohman, G. W., and Smith, B. D., 1976, Electro
magnetic scatter ing by mul t ip le conductors in the earth due to 
plane wave source: NTIS rept . PB-261 183/AS, 78 p. 

* (A) Bacon, C. R., 1978, A 2.4-m.y.-old garnet-bearing rhyo l i te from the 
southern Sierra Nevada, California [abs]: EOS, v. 59, p. 1212. 

^ 
(A) Bacon, C. R., and Duffield, W. A., 1976, Phenocryst mineralogy of 

Pleistocene rhyolites and heat content of the Coso Range geothermal 
system, California: Geol. Soc. America Abstracts wtth Programs, v. 
8, no. 6, p. 761-762. 

(A) Bai ley, R. A . , 1973, Post-subsidence volcanism and structure of 
Long Valley caldera, Cal i fornia [abs ] : Geol. Soc. America Ab
stracts wi th Programs, v. 5, no. 1 , p. 7. 

(0) Bai ley, R. A . , 1974, Preliminary geologic map and cross section of 
the Casa Diablo geothermal area. Long Valley caldera. Mono County, 
Ca l i fo rn ia : U.S. Geol. Survey Open-fi le Rept., scale 1:20,000. 

(A) Bai ley, R. A . , 1976, On the mechanisms of post-subsidence central 
doming and volcanism in resurgent cauldrons [abs ] : Geol. Soc. 
America, Abstracts with Programs, v. 8, no. 5, p. 567. 

(P) Bai ley, R. A . , Dalrymple, G. B., and Lanphere, M. A. , 1976, Volcan
ism, s t ruc ture , and geochronology of Long Valley caldera. Mono 
County, Ca l i fo rn ia : Jour. Geophys. Res., v. 8 1 , no. 5, p. 725-744. 

* (0) Bai ley, R. A. , and Koeppen, R. P., 1977, Preliminary geologic map of 
Long Valley caldera. Mono County, Ca l i fo rn ia : U.S. Geol. Survey 
Open-fi le rept . 77-468, 20 p. 

(P) Ball, J. W., Jenne, E. A., and Buchard, J. M., 1975, Sampling and 
preservat"ion techniques for waters in geysers and hot springs 
(with a section on gas sampling by Alfred Truesdell): Proceedings 
of Workshop on Sampling Geothermal Fluids, Las Vegas, Nevada, 
Oct. 19-21, 1975. 

* (P) Ball, J. W., Thompson, J. M., and Jenne, E. A., 1978, Determination 
of dissolved boron in fresh, estuarine, and geothermal waters by 
D.C. argon-plasma emission spectrometry: Analyt. Chim. Acta., 
V. 98, p. 67-75. 

* (P) Bargar, K. E., 1978, Geology and thermal history of Mammoth Hot 
Springs, Yellowstone National Park, Wyoming: U.S. Geol. Survey 
Bull. 1444, 55 p. 



(P) Bargar, K.. E., Beeson, M. H., Fournier, R. 0., and Muffler, L. J. P., 
1973, Present day deposition of lepidolite from thermal waters in 
Yellowstone National Park: Amer. Mineralogist, v. 58, p. 901-904. 

(P) Bargar, K. E., and Muffler, L. J. P., 1975, Geologic map of the Tra
vertine deposits. Mammoth Hot Springs, Yellowstone National Park, 
Wyoming: U.S. Geol. Survey Miscellaneous field studies map, MF-
659, 2 sheets. 

(P) Barnes, Ivan and Hem, J. D., 1973, Chemistry of subsurface waters 
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ABSTRACT 

This paper contains a brief summary of each of the most promising geothermal 
fields in the Western United States. The summaries contain data on size, 
ownership, discoverie:s , .number of wells, ii hvo Ived utilities and operators, 
estimated power production potential, reservoirs, load centers, geology, geo
thermal phenomena and other important information concerning recent and on
going activities. 

DISCUSSION OF TERMS 

Numerous terms have been used on the summary sheets in this report that may 
not have meaning to a casual acquaintance of geothermal energy. Therefore, 
a list of the less obvious terms, with a brief explanation of each, follows: 

1. KGRA - Known Geothermal Resource Area, This term was originated by 
the U.S, Geological Survey. 

2. AREA - Area is used to define that part of the state in which a speci
fic field \s located. 

3. SIZE AND LAND OWNERSHIP - Figures are always in acres. 

4. DISCOVERY AND TOTAL WELL DATA - Year, refers to.year of the discovery; 

Operator, to who made the discovery; and Deep- WeHs to the number of 

. wells drilled into the reservoir. Note: Some of the wells in the count 

may hiave been abandoned or converted to injection service. 

5. UTILITY AND POWER POTENTIAL - Involved Utility, refers to that company 
which is involved directly in the development of power generation faci
lities or as otherwise noted, Estimated MWe, means.the amount of 
electrical power in MW's that could be produced for a 30 year period. 

A MVV is equal to 1,000 k i l owat ts (KW), Note: A l l power estimates are 
from U.S.G.S, C i rcu la r 790, ! 

I 
6. PRtNCIPAL OPERATORS -̂  Names of the most active operators in the field, 

In some cases not all of theJoperators in a field have been listed. 
WelIs refers to the number of wells drilled or controlled by the operator 
that penetrate the reservoir (some of the wells may have been abandoned . 
or converted to injection). Tests refers to the kinds of tests made. 

7 ' FIRST POWER PLANT - Type considered refers to the type of plant design 
e.g. double flash, single flash, binary, etc. Size refers to the size 
of the plant in MW's. Status means where the plant development presently 
sits in time. Scheduled on Line means the date when the plant is expected 
to start producing power. 

8. RESERV()IR DATA - Type refers to what kind of reservoir is present " dry 
steam (vapor) or hot water (all of the reservoirs covered in this report 
are hot water types). Temp, refers to the reservoir temperature in 
degrees Fahrenheit. Depth refers to the distance from the surface to 
the top of the reservoir. Salinity depicts the arwunt of dissolved 
chemicals in parts per million. Max. Flow Rate is the maximum rate of 



fluid that a well produced during a flow test. Flows from'geothermal 
wells are usually measured in thousand pounds per hour. 

V 9. RESERVOIR TEMPERATURE - All areas in this report have reservoir temper
atures in excess of 300°F (149°C or nominal 150°C) except Raft River, Idaho 
which has a reservoir temperature of 295''F. Although the Raft River 
reservoir temperature is below SOO'F (the generally agreed threshold for 
economic power production is 375°F) it has been included because of the 
construction of two research power plants, a 60 KW and a 5 MW unit. 

10. LOAD CENTERS - This listing shows the population and the power line dis
tance from the field to the closest city or metropolitan area. 

11. GEOLOGY AND GEOTHERMAL PHENOMENA - These terms are self explanatory. 

It should be noted that The Geysers geothermal field has been omitted from the 
following summaries because it is now under production and its details have been 
widely published. However, this dry steam field is now producing 663 gross MW's 
of electricity and an additional 600 MW's are now being planned or are under con-

• struction. 

PRODUCTION RECAP 

The total estimated electrical potential of the 13 fields covered in the summaries 
is 12,684 MWe for 30 years. .The estimates are taken from U.S. Geological Survey 
Circular 790 (1978). It should also be recognized that the fields covered are only 
a small percentage of the more than 57 Known Geothermal Resource Areas (KGRA's) that 

f ^ - have convection systems with temperatures greater than 300°F (ISO'C) which have been 
identified by the U.S. Geological Survey. 

C 
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KGRA SALTON SEA AREA IMPERIAL VALLEY ST.ATE CALIFORNIA 

KSRA 

SIZE: 95,824 acres 

LAND OWNERSHIP: 
Federal: 18,644 acres 
State and Pr ivate: 77,180 acres 

DISCOVERY AND TOTAL Wt^LL HATA 

YEAR: 1958 

OPERATOR: Kent Imperial Corp. 

DEEP WELLS: 30 

C. 

r 

INVOLVED UT IL ITY ! Southern Cal i fo rn ia Edison and San Diego Gas & E lec t r ic Co. 

ESTIMATED POWER POTENTIAL: 3,400 MW 

PRINCIPAL OPERATORS 

NAME: Magma Power Co. 

WELLS: 11 

TESTS: Production and in jec t ion 

NAME: Union Oil Co. 

WELLS: 6 

TESTS: Production and in jec t ion 

FIRST POWER PLANT 

TYPE CONSIDERED: 

SIZE (NOMINAL): 

STATUS: 

SCHEDUIEO ON LINE: 

RE?ERVOIR DATA 

SCE 

Flash 

10 MW 

Under design 

1982 

Maqma/SDG&E 

Double Flash 

49 MW-, 

Preliminary design 

— 

TYPE: Hot water TEMPERATURE: 640°F+ SAUNITY: 250,000-330,000 ppm 

DEPTH (TOP OF RES.):'Z,mQ f t MAXIMUM FLOW RATE: 500,000 Ibs/hr 

LOAD CENTERS 

CITY: Los Angeles area 

POPULATION: 9 m i l l i o n 

DISTANCE: 185 miles 

C I T Y : San Diego area 

POPULATION: 1,5 mi 11 i on 

DISTANCE: 130 miles 

GEQLOGY AND SEOTHERMAL PHENOMENA 

Tertiary and quaternary marine sands and shales, non marine fluvial and lacustrine 
sediments and interbedded evaporites; field is traversed by five rhyolite volcanoes 
trending NE-SW; numerous mud pots and mud volcanoes; minor CO2 surface vents; major 
faults strike at high angle to trend of volcanic cones. Area underlain by an active 
spreading center (the east Pacific rise). 
REMARKS 

Presence of field known prior to 1925; CO2 produced from shallow wells during the 
1940's; major drilling effort (12 wells) in the early 1960's, which was accompanied 
by an attempt to reclaim potash from the produced brine; drilling activity renewed 
in early 1970-'s; SDG&E and ERDA funded and constructed a 10 MW equivalent (no turbine 
generator) pilot flash binary power plant in.1975 which is not included under first 
power plants; hiah salinity (20 to 30%) will hamper full development due to corrosion 
and scaling problems. Techniques are being developed to lessen the corrosion prob
lems by a three party association: Union Oil Co,, Mono Power Co, (a subsidiary of 
Southern California Edison), and Southern Pacific Land Company. In addition. Magma 
Power Co. is also active in corrosion and scaling research. . 
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KGRA WESTMORLAND PROSPECT 
(Salton Sea) 

KGRA 

AREA IMPERIAL VALLEY ST.ATE CALIFORN 

5/Zf.'approx. 20,000 acres 
LAND OWNERSHIP: 

Federal: 0 
State: 0 
Private: 20,000 acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: 1976 
OPERATOR•• RepubMz Geothennal, Inc. 
DEEP WELLS:6 

INVOLVED UTILITY; Imperial I r r iga t ion D is t r i c t service area 

ESTIMATED POWER POTENTIAL: 1710 MW 

PRINCIPAL OPERATORS 

NAME: Westmorland Geothermal Associates (Republic Geothermal, I n c and MAPCO) 

WELLS: 6 

TESTS: Production and in ject ion 

FIRST POWER PLANT 

TYPE CONSIDERED: Double Flash 

SIZE (NOMINAL): 50 MW 

STATUS: Under design 

SCHEDULED ON LINE: 1983 

RESERVOIR DATA 

TYPE: Hotwater TEMPERATURE: 500° ? SALINITY: 20,000-10,000 

DEPTH (TOP OF RES.): 4,000 f t MAXIMUM FLOW RATE: 5^0,000 Ibs/hr 

LOAD CENTERS 

CITY: Los Angeles area 

POPULATION: 9 mi l l ion 

DISTANCE: 185 miles 

CITY: San Dieqo area 

POPULATION: 1.5 mi l l ion 

DISTANCE: 130 miles 

GEQLOGY AND GEOTHERMAL PHENOMENA 

Tert iary and quaternary marine sands and shales and lacustrine lake bed and deltaic 
sediments; no surface volcanic expression or geothennal indicators; vert ical s t r ike 
s l i p fau l t ing controls d i s t i nc t f au l t block s a l i n i t i e s ; d i s t inc t gravity and thennal 
anomalies. Area underlain by an active spreading center (the east Pacif ic r i se ) . 

•REMARKS 
Area is jointly leased and operated by Westmorland Geothennal Associates (Republic 
Geothermal, Inc. and MAPCO); a federal loan guarantee for reservoir evaluation and 
development drilling was obtained in 1979 and work on two additional wells is under 
way; area lies to the SW of the Salton Sea anomaly. 



KGRA BRAWLEY AREA IMPERIAL VALLEY ST.ATE CALIFORNI 

KGRA 

SIZE: 28,885 ACRES 
LAND OWNERSHIP: 

Federal: 0 
State: 0 
Pr ivate: 28,885 acres 

DISCOVERY AND TOTAL WEI! DATA 

YEAR: 1975 

OPERATOR: Union Oil Co. 

DEEP WELLS: 10 

INVOLVED UTIL ITY : Southern Cal i fo rn ia Edison 

ESTIMATED POWER POTENTIAL; 640 MW 

PRINCIPAL OPERATORS 

NAME- Union Oil Co. NAME: Chevron Resources Co. 

WELLS: _2 

TESTS: Short term production 

WELLS: 8 

TESTS: Production and in jec t ion 

FIRST POWER PLANT SCE 

TYPE CONSIDERED: Single Flash 

SIZE (NOMINAL): 10 MW 

STATUS: Under construct ion 

SCHEDULED ON LINE: 1980 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 500°F SAUNITY: 100,000 ppm 

DEPTH (TOP OF RES.): 3,000 f t MAXIMUM FLOW RATE: 70,000 Ibs/hr 

LOAD CENTERS 

CITY: Los Angeles area 

POPULATION: 9 m i l l i o n 

DISTANCE: 200 miles 

CITY: San Diego area 

POPULATION: 1.5 m i l l i o n 

DISTANCE: 115 miles 

GEQLOGY AND GEOTHERMAL PHENOMENA 
Tertiary and quaternary marine sands and shales and non marine fluvial and lacus
trine sediments; no surface volcanic expression or geothermal indicators; field 
in close proximity to active Brawley fault. Area is underlain by an active 
spreading center (the east Pacific rise). 

c 
REMARK? 
Field was identified by University of Galifornia at Riverside field studies in 
late 1960's and early 1970's; hiqh salinity due to close proximity to lowest 
portions of northern landward extension of Salton Trough (evaporite sink); high 
"salinity will cause problems in the design, construction and operation of power 
plants; the Union 10 MW power plant is approximately 85% complete. 



KGRA HEBER AREA IMPERIAL VALLEY ST.ATE CALIFORNIA 

KQRA 

Q " SIZE: 58,568 acres 
LAND OWNERSHIP: 

Federal: 0 
Private: 58,568 acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: 1972 

OPERATOR: Magma Power Company 
DEEP WELLS: 17 

C 

INVOLVED UTILITY; Southern Cal i fornia Edison and San Diego Gas & Electr ic Co, 

ESTIMATED POWER POTENTIAL; 650 MW 

PRINCIPAL OPERATORS 

NAME: Chevron Oil Company 

WELLS: 8 

TESTS: Extensive production and 
in ject ion 

FIRST POWER PLANT SCE 

TYPE CONSIDERED: Double F lash 

SIZE (NOMINAL): 50 MW 

STATUS: . In f i na l design 

SCHEDULED ON L INE : La te 1982 

NAME: 

WELLS: 

TESTS: 

Union Oil Company 

7 

Short term, production 

SDG&E (see remarks) 

Flash Binary 
65 MW 

Design complete 

1984 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 350-375°F SAUNITY: 14,000 ppm 

DEPTH (TOP OF R E S . ) : 3,200 f t MAXIMUM FLOW RATE: 440,000 I b s / h r 

LOAO CENTERS 

CITY: Los Angeles area 

POPULATION: 9 m i l l i o n 

DISTANCE: 225 m i l es 

CITY: San Diego area 

POPULATION: 1.5 m i l l i o n 

DISTANCE: 100 m i l es 

GEOLOGY AND GEOTHERMAL PHENOMENA 

Tert iary and quaternary marine sands and shales and non inarine f l uv ia l and lacustrine 
sediments, minor volcanic s i l l s ; no surface volcanic expression or geothermal indica
tors. Area is underlain by an active spreading center (the east Pacific r i se ) . 

c 

REMARKS 
In 1977-78 the field was considered by U.S. Department of Energy as a possible site for 
a 50 MW binary power plant (the plant was subsequently awarded to Union Oil Co. at their 
Baca location in northern New Mexico). In December of 1979 Chevron Resources Company 
(the major operator) signed a contract with Southern California Edison, who will con
struct a 50 MW power plant. The completion date is late 1982. San Diego Gas & Electric 
is contemplating the co-sponsoring of a 50 MW binary type demonstration power plant 
with the U.S." Departinent of Energy. 



KGRA EAST MESA AREA IMPERIAL VALLEY ST.ATE CALIFORN] 

c 

KSRA 

SIZE: 38,365 ACRES 

LAND OWNERSHIP: 

Federal: 32,725 
Federal leased: 11,770 acres 
State and Pr ivate: 4,840 acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: 1972 

OPERATOR: U.S. Bureau of Reclamation 

DEEP WELLS: 18 " 

INVOLVED UT IL ITY : San Diego Gas and E lec t r ic Co 

ESTIMATED POWER POTENTIAL: 360 MW 

PRINCIPAL OPERATORS 

NAME: Republic Geothermal, Inc. 

WELLS: 8 

r£5r5. 'Production and in jec t ion 

PIRST POWER PLANT 

TYPE CONSIDERED: 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED GN UNE: 

Republic 

Double Flash 

48 MW (net) 

Plant designed 

Late 1982 

NAME: Imperial Magma 

WELLS: 5 

TESTS: Production and in jec t i on 

Maqma 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 400° F 

DEPTH (TOP QF RES.): 2,450 f t 

LOAD CENTERS 

CITY: Los Angeles area 

POPULATION: 9 m i l l i o n 

DISTANCE: 245 miles 

Binary 

10 MW 

Construction completed 

Spring 1980 

SALINITY: 2,500 ppm 

MAXIMUM FLOW RATE: 740,000 Ibs/hr 

C I T Y : San Diego area 

POPULATION: 1.5 m i l l i o n 

DISTANCE: 120 miles 

GEQLOGY AND GEOTHERMAL PHENOMENA 
Tertiary and quaternary marine sands and shales and non marine fluvial and lacus
trine sediments; no surface volcanic expression or geothermal indicators; area is 
slightly westv;ard sloping, sandy mesa with a minimum elevation a few feet above 
the valley floor; major faults trend NW-SE. Area is underlain by an active 
spreading center (the east Pacific rise) 

REMARKS • "~ " :•' ~ 
In the early 1970's the U.S. Bureau of Reclamation drilled and tested 5 wells and 
constructed and tested multi-stage flash and vertical tube desalination units; a 
facility (operated by U.S. DOE) at the site is available for the testing of various 
p?Slolype energy conversion machines; loan guarantee granted to Republic Geothennal, 
Inc. for reservbir development; a shallow, slightly brackish aquifer is present 
over most of the mesa. Magma's 10 MW binary power plant will be the ̂ ^^^t binary 
type plant in the United States and the first hot water plant in the United States. 



KGRA COSO HOT SPRINGS AREA MOJAVE ST.ATE CALIFORN: 

KSRA DEVELOPMENT 

SIZE: 51,760 acres 
LAND OWNERSHIP: 

Federal: 43,330 acres 
(BLM: 16,690 acres) 
(Navy: 26,640 acres) 

State and pr ivate: 8,430 acres 
INVOLVED UTILITY: Mono Power'Co. (a subsidiary of Southern Cali fornia Edison) 

Numerous shallow temperature wells have 
been d r i l l e d and a deep reservoir test 
.was' completed by U.S. Department of Energy 
in December 1977. 

ESTIMATED POWER POTENTIAL: 650 MW 

PRINCIPAL OPERATORS (see remarks) 

NAME: 

WELLS: 

TESTS: 

NAME: 

WELLS: 

TESTS: 

FIRST POWER PLANT 

TYPE CONSIDERED: Decision pending confirmation of a reservoir 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED ON LINE: 

RESERVOIR DATA . 

TYPE: Hot water TEMPERATURE: SgCF-i- SAUNITY: "6,000 .ppm" 

DEPTH (TOP OF RES.): 2,000 f t MAXIMUM FLOW RATE: well was not tested 

LOAD CENTERS fsee remarks) • 

CITY: Los Angeles area 

POPULATION: 9 mi l l ion 

DISTANCE: 160 miles 

CITY : Bakersfield area 

POPULATION: 86,000 

DISTANCE: 60 miles 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Granit ic, metasedimentary and metavolcanic rocks extruded and overlaid_b.y rhyol i tes 
and andesites in the form of cinder cones, p i e r l i t i c domes and flows. Volcanic s 
flows and a i r f a l l s are interbedded with lacustr ine and fanglomerate deposits. 
Structural ly the area appears to have been under tension throughout the late 
Cenozoic which caused a fau l t pattern to develop that served as volcanic condu
i t s . Fumaroles and hot. springs are common in some parts of the KGRA. 

REMARKS \ 

Major portion of KGRA land is controlled by the federal government and is partially 
overlain by instrumented bombing ranges operated by the U.S. Navy. This aspect, in 
the past, has caused a general reluctance by the Navy to lease or allow the land to 
be opened for leasing by the U.S. Bureau of Land Management. Recently the Navy has 
developed a program to contract directly for the development of several square 
miles of land owned in fee and to allow the U.S. BLM to commence leasing procedures 
on other lands. In late 1979 the U.S. Navy and Califorriia Energy Company (CEC) 
signed a contract to develop the Navy fee land. The contract calls for CEC to ul
timately develop 75 MW's of electrical power. The power produced on the Navy fee 
l a n d w n i l l H n n ^̂ r> nniAiOV Maww i ne -ha 11 a-Hr>ne -in i-V\o ,.iae--t-
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KGRA STEAMBOAT SPRINGS AREA WESTERN NEVADA ST.ATE NEVADA 

KGRA 

S/ZE: 8,914 acres 
LAND OWNERSHIP: 

Federal: 4,457 acres 
Private: 4,457 acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: Unknown 
OPERATOR: Unknown 
DEEP WELLS: 1 

•INVOLVED UTILITY: Sierra Pacif ic Power Co. service area 

ESTIMATED POWER POTENTIAL: 350 MW 

PRINCIPAL OPERATORS . _ " ' 

NAME: Phi l l ips Petroleum Co. NAME: Gulf Mineral Resources Co. (Gulf has ex-
, „ _ , , „ tensive land interests in the 

WELLS: I deep, 20-<- temp. grad. and four WELLS: None area.) 
• • 800-2,000 f t observation wells . j - g^ j - ^ . |\|Qpp 

' 7"£5r5.-None 

FIRST POWER PLANT (see remarks) 

TYPE CONSIDERED: 

SIZE (NOMINAL): 

STATUS: . 

SCHEDULED ON UNE: 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 400 °F+ SAUNITY: 3,000 ppm 

DEPTH (TOP OF RES.): 2,000 f t+ 

...LOAP CENTERS 
CITY: Reno 

POPULATION: 150.000 

DISTANCE: 12 miles 

MAXIMUM FLOW RATE: 

CITY: 

POPULATION: 

DISTANCE: 

GEQLOGY AND GEOTHERMAL PHENOMENA 

Sierra Nevada grani t ic rocks, highly f ractured; fractures related to the eastern Sierra 
f rontal fau l t system; hot springs and sil iceous sinter terraces common. 

REMARKS 

Phillips Petroleum Co. drilled a deep test in mid 1979 and the test results looked 
promising. A follow-up exploration program which includes three 2,000 ft. temperature 
test holes is in progress. 

A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacramento 
Municipal Utility District, Pacific Power and Light, Portland General Electric and 
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant 
at Desert Peak, Beowawe or Dixie Valjjey provided that a suitable reservoir can be 
developed and an agreement "can"be reached with the operator(s). In addition, the 
group is considering a 10 MW pilot plant at any one of five sites (the three men
tioned above plus Steamboat Sprinqs and Humboldt House).. ^̂  
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KGRA DESERT PEAK PROSPECT AREA RENO ' ., ST.ATE NEVADA 

(Brady-Hazen) 

KGRA DISCOVERY AND TOTAL WELL DATA 

SIZE: 98,508 acres YEAR: 1976 
LAND OWNERSHIP: OPERATOR: Ph i l l i ps Petroleum Co. 

Federal: 59,358 acres DEEP WELLS: 4 
Federal leased: 26,049 acres 
State and p r i va te : 39,150 acres 

INVOLVED UT IL ITY ; Sierra Paci f ic Power Co. service area 

ESTIMATED POWER POTENTIAL: 750 MW 

PRINCIPAL OPERATORS 

NAME: Ph i l l i ps Petroleum Co. NAME: 

WELLS: 4 WELLS: 

TESTS: Production TESTS: 

FIRST POWER PLANT (see remarks) 

TYPE CONSIDERED: 

SIZE (NOMINAL): 

STATUS: cr. 

SCHEDULED (7/V iZ/Vf; unavailable 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE:/̂ OO^V-̂  SALINITY: 6,000-8,000 ppm 

DEPTH (TOP OF RES.): 2,000+ f t MAXIMUM FLOW RATE: Test program under wa> 

LOAD CENTERS 

CITY: Reno ' CITY: 

POPULATION: 150,000 POPULATION: 

DISTANCE: 55 miles DISTANCE: 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Faulted t e r t i a r y volcanics (basal ts , rhyo l i tes ) overlying a metamorphosed base
ment complex; hot spr ings, sinter, and t raver t ine deposits. 

REMARKS . „ „ . . 

Desert Peak area lies just north of the Brady-Hazen KGRA and will eventually be 
included. Preliminary meetings have taken place between the operator, utility 
and an engineering firm concerning the design and construction of a power plant. 
Additional exploration and development work is under way. 

A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacra
mento Municipa.1 Utility District, Pacific Power and Light, Portland General Elec- i 
trie and the Eugene Water and Electric Board is considering the co-funding of a 50 
MW plant at Desert Peak, Beovyawe of Dixie Valley provided that a suitable reservoir 
can be developed and an agreement can be reached with the operator(s). In addition 
the group is considering a 10 MW pilot plant at any one of five sites (the three -
mentioned above plus Steamboat Springs and Humboldt House). 

12 



KGIRA DIXIE VALLEY AREA CENTRAL NEVADA STATE NEVADA 

KGRA 

SIZE: 38,989 approx 
LAND OWNERSHIP: 

Federal- 38,989 approx 

acres 

acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: .1978 

OPERATOR: Sunoco Energy Devel. Co. (Sunedco) 
DEEP WELLS: 4 

INVOLVED UTILITY; Sierra Pacif ic Power Co.- service area 

ESTIMATED POWER POTENTIAL; -

PRINCIPAL OPERATORS 

NAME: Sunedco 

WELLS: 4 

TESTS: Production 

FIRST POWER PLANT (see remarks) 

TYPE' CONSIDERED: 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED ON UNE:, 

NAME: Natomas/Thermal Power Co. / Southland 
Royalty 

WELLS: 2 

TESTS: Preliminary test ing 

RESERVOIR DATA 

TYPE: — 

DEPTH (TOP OF RES.):' 

LOAD CENTERS 

CITY: Reno 

POPULATION: 150,000 

DISTANCE: 110 miles 

TEMPERATURE: SAUNITY: 

MAXIMUM FLOW RATE: — 

CITY: 

POPULATION: 

DISTANCE: 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Jurassic metasedimentary rocks overlain by tertiary sediments, which are overlain by 
volcanic deposits including basalt and andesitic rocks, rhyolitic flows and ash 
deposits, and younger alluvial fans. Early structural history consists of complexed 
folding and thrust faulting. Active structure consists of normal faults bounding a 
north-northeast trending graben with horst blocks. Numerous hot sprinas present. 
REMARKS 
In November 1978, Sunedco completed and production tested the first deep well in the 
area. Results from the test have been encouraging and have caused the drilling of two 
additional wells. In addition, a two company association (Natomas/Thermal Power Co. 
and Southland Royalty) have drilled two additional wells. Although the area was 
discovered over two years ago, none of the involved operators have made a formal press 
release concerning the potential. 

A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacramento 
Municipal Utility District, Pacific Power and Light, Portland General Electric and 
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant 
at Desert Peak, Beowawe or Dixie Valley provided that a suitable reservoir can be 
developed and an agreement can be reached with the operator(s). In addition, the 
group is considering a 10 MW pilot plant at any one of five sites (the three men-
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FIELD HUMBOLDT HOUSE AREA BATTLE MOUNTAIN STATE NEVADA 

FIELD DISCOVERY AND TOTAL WELL DATA 

SIZE: Unknown YEAR: 1978 

LAND OWNERSHIP: OPERATOR: Ph i l l i ps Petroleum Co. 

DEEP WELLS: 3 

INVOLVED UT IL ITY : Sierra Pac i f ic Power Co. .service area.-

ESTIMATED POWER POTENTIAL: 47 MW 

PRINCIPAL OPERATORS 

NAME: Ph i l l i ps Petroleum Co. NAME: Union Oil Co. 

WELLS: 2 WELLS:\ 

TESTS: Production tests only f f s r s . -P re l im ina ry 

FIRST POWER PLANT (see remarks) 

TYPE CONSIDERED: 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED ON LINE: 

RESERVOIR DATA 
-ryP£".- Hot water TEMPERATURE: 360°F+ 54Z./A//7r.-6,000 ppm 

DEPTH (TOP OF RES.): 1.800 f t MAXIMUM FLOW RATE: \^r\^v^\^^\i\e 

LOAD CENTERS 

CITY: Reno CITY: 

POPULATION: 150:v000 POPULATION: 

DISTANCE: 120 miles DISTANCE: 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Mesozoic metamorphosed volcanic and sedimentary rocks overlain by tertiary lake 
beds in the valleys; large hydrothermally altered areas, old tuffa mounds and 
other hot springs deposits; structure is high angle faults bounding basins and 
mountain ranges. . •_ 

REMARKS 

Phillips Petroleum Co. feels that they have only penetrated a shallow auxiliary 
reservoir and that the main reservoir exists at depth and will contain water at 
temperatures of approximately 430°F. The Humboldt House area is not an official 
KGRA, however, it is near the Rye Patch KGRA. 

A utility group consisting of Sierra Pacific Power Co.(the lead agency), Sacramento 
Municipal Utility District, Pacific Power and Light, Portland General Electric and 
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant 
at Desert Peak, Beowawe or Dixie Valley provided that a suitable reservoir can be 
developed and an agreement can be reached with the operator(s). In addition, the 
group is considering a 10 MW pilot plant at any one of five sites (the three men
tioned above plus Steamboat Springs and Humboldt House). 14 



KGRA BEOWAWE AREA BATTLE MOUNTAIN ST.ATE NEVADA 

KGRA DISCOVERY AND TOTAL WELL DATA 

SIZE: 33,225 acres YEAR: 1959 
LAND OWNERSHIP: OPERATOR: Magma Power Co. 

Federal: approx. 16,000 acres DEEP WELLS: S 
State and pr ivate: approx. 1,600 acres 

INVOLVED UTILITY; Sierra Pacific Power Co. service area 

ESTIMATED POWER POTENTIAL: 127 MW 

PRINCIPAL OPERATORS 

NAME: Chevron Oil Co. NAME: Qtetty Oil Co. 

. WELLS: 4 WELLS: none 

TESTS: Limited production TESTS: none 

FIRST POWER PLANT (see remarks) 

TYPE CONSIDERED: . 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED ON LINE: 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 412°F SAUNITY: 1,400 ppm 

DEPTH (TOP OF RES.): 700 f t MAXIMUM FLOW /9/irf.-1,500,000 lbs/hr + 

LOAD CENTERS 

CITY: Reno ' ' CITY: Elko 

POPULATION: 150,000 POPULATION: 10,000 

DISTANCE: 220 miles DISTANCE;: 40 miles 

•GEOLOGY AND GEOTHERMAL PHENOMENA 
Paleozoic sediments overlaid by te r t i a ry volcanics, pr inc ipal ly basalt ic f lows; 
area centered along a major nonnal, NE-SW trending f a u l t ; numerous hot springs, 
geysers, fumaroles and sinter deposits. 

REMARKS""" '" ~ ^ 
Chevron Oil'Co", has an extensive exploration program under way which includes the 
drillino of several wells.. Getty Oil Co. has started a temperature gradient well 
program"! The field area has been unitized (Chevron and Getty Oil Cos.) 

A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacramento 
Municipal Utility District, Pacific Power and Light, Portland General Electric and 
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant 
at Desert Peak, Beowawe or Dixie Valley^proyided that a suitable reservoir can be 
"developed and an'agreement can be reached with the opera-tor(s). In addition, the 
group is considering a 10 MW pilot plant at any one of five sites (the three men
tioned above plus Steamboat Springs and Humboldt House). 
" " 15 i 
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KGRA ROOSEVELT HOT SPRINGS AREA MILFORD STATE UTAH 

KGRA 

SIZE: 29,791 acres 
LAND OWNERSHIP: 

Federal leased: 24,592 acres 
State and pr ivate: 5,199 acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: 1975 

OPERATOR: Phi l l ips Petroleum Co. 
DEEP WELLS: 9 

( 

INVOLVED UTILITY; Utah Power and Light service area 

ESTIMATED POWER POTENTIAL; 970 MW 

PRINCIPAL OPERATORS 

NAME: Phi l l ips Petroleum Co. NAME: Thennal Power Co. 

WELLS:! 

TESTS: Production 

WELLS: 7 

TESTS: Extensive production and 
in ject ion 

FIRST POWER PLANT 

TYPE CONSIDERED: Several power plant proposals are now being considered 
SIZE (NOMINAL): 
STATUS: 

SCHEDULED ON UNE: 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 500°F SAUNITY: 7,800 ppm 
DEPTH (TOP OF RES.): 2,700 f t 

LOAD CENTERS 

•CITY: Salt Lake City area 

POPULATION: 820,000 

DISTANCE: 200 miles 

MAXIMUM FLOW RATE: 1,000,000 Ibs/hr 

CITY: Las Vegas, Nevada 

POPULATION: 160,000 

DISTANCE: 240 miles 

GEQLOGY AND GEOTHERMAL PHENOMENA 
Precambrian (?) metamorphics overlaid by unconsolidated te r t i a ry and quaternary 
sediments; quaternary volcanics are present on the surface three miles east of 
the f i e l d ; s inter deposits in KGRA area. 

REMARKS 
Large percentage of KGRA has been unitized; cooling water may be difficult to 

f obtain. 
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. . . . KGRA BACA LOCATION NO. 1 AREA - - ST.ATE NEW MEX] 

CValles Caldera) 

KGRA DISCOVERY AND TOTAL WELL DATA 

P SIZE: 168,761 acres Y^^f^: 1970 
LAND OWNERSHIP: OPERATOR: Pat Duniqan 

Federal: 30,000+ acres DEEP WELLS: U 
Federal leased: 18,000 acres 
State and pr ivate: 120,700+ acres 

INVOLVED UTILITY; New Mexico Public Service Co. 

ESTIMATED POWER POTENTIAL: 2,700 MW 

PRINCIPAL OPERATORS 

NAME: Union Geothermal Co. of New Mexico.(a subsidiary of Union Oil Co.) 

WELLS: 14 - - ^ : - > 

TESTS: Extensive production and in j e c t i orf 

FIRST POWER PLANT 

TYPE CONSIDERED: DpubTe Flash 

SIZE (NOMINAL): 50 MW 

STATUS: Preliminary design under way by Bechtel National Corp. 

SCHEDULED ON LINE: 1982 c 
RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: SSÔ 'F SAUNTTY: 6,000 ppm 

DEPTH (TOP OF RES.): 3,200 f t MAXIMUM FLOW RATE: 50,000 Ibs/hr 

LOAD CENTERS 

CITY: Santa Fe, New Mexico CITY: Albuquerque, New Mexico 

POPULATION: 50,000 " POPULATION: 409,000 

DISTANCE: 65 miles DISTANCE: 70 miles 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Predominantly quaternary volcanics consisting of r hyo l i t i c ash flows ( t u f f ) ; sub
sequent caldera collapse followed by localized volcanic a c t i v i t y ; hot springs 
and t ravert ine deposits. 

REMARKS 
Union Geothermal Company of New Mexico and New Mexico Public Service Co. have 
entered into an agreement with the U.S. Department of Enerqy to construct and 
operate a 50 MW demonstration plant at the Baca location no. 1; the power plant 
is now being designed by the Bechtel Corporation; field development drilling 
will start in mid-1979. Operations are being delayed by environmental probiems 
concerning Native Americans. 
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KGRA RAFT RIVER AREA SOUTHERN IDAHO ST.ATE IDAHO 

KGRA DISCOVERY AND TOTAL WFLL DATA 

("^ SIZE: 22,529 acres YEAR: .1974 

LAND OWNERSHIP: OPERATOR: EG&G Idaho, Inc. 
Federal: 17,430 acres (No federal '̂ t̂̂ <̂  DEEP WELLS: 7 
has been leased under the Geothermal 
Act of 1970. A 5,000 acre federal land withdrawal is pending) 

State and pr ivate: 5,099 acres 

INVOLVED UTILITY; Raft River Geothermal Cooperative 

ESTIMATED POWER POTENTIAL: Unavailable 

PRINCIPAL OPERATOR 

NAME: U.S. Department of "Interior through EG&G Idaho, Inc. 
WELLS: 7 
TESTS: Extensive production and in ject ion tests 

FIRST POWER PLANT (The power plants w i l l probably be operated by a u t i l i t y group) 

TYPE CONSIDERED: Binary Binary 

SIZE (NOMINAL): 60 KW 5 MW 

STATUS: . Constructed Under construction 

SCHEDULED ON LINE: Compl. 1977 1980 

( ' • -
RESERVOIR DATA 
rr/'f".- Hot water TEMPERATURE: 295°? S4Z./A//7y.-2,000-5,000 ppm 

DEPTH (TOP OF RES.): 4,000-5,000 f t ' MAX/MUM FLOW RATE: 1,500 gpm 

LOAD CENTERS 

The power produced would probably be used within the Raft River Geothermal Cooperative 
service area for agrif,cuTtural purposes. 

GEOLOGY AND GEOTHERMAL PHENOMENA 
The reservoir is basically fractured gran i t ic rock overlain by the tuffaceous sediments 
of the Salt Lake formation which is also fractured at depth. The main reservoir at 
depth is leaking into a shallow reservoir that was discovered in the 1930's. 

REMARKS 
' - Area has been developed by EG&G Idaho, Inc. under the sponsorship of U.S. Department of 

Energy as a research site. Experiments have been conducted on aquaculture, agriculture,) 
alcohol, potato waste, multiple direction drilling, injection, reservoir stimulation and 
power generation. The power generation facilities are research in nature and employ the 
binary cycle system. Note that the binary systein is used because the reservoir | 

(̂  temperature is below 390*'F. ; 
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ABSTRACT 

This paper contains a brief summary of each of the most promising geothermal 
fields in the Western United States. The summaries contain data on size, 
ownership, discoverie.s ,. number of wells, lirivolved utilities and operators, 
estimated power production potential, reservoirs, load centers, geology, geo
thermal phenomena and other important information concerning recent and on
going activities. 

DISCUSSION OF TERMS 

Numerous terms have been used on the summary sheets in this report that may 
not have meaning to a casual acquaintance of geothennal energy. Therefore, 
a list of the less obvious terms, with a brief explanation of each, follows: 

1. KGRA - Known Geothermal Resource Area, This term was originated by 
the U.S, Geological Survey. 

2. AREA - Area is used to define that part of the state in which, a speci
fic field \s- located. 

3. SIZE AND LAND OWNERSHIP - Figures are always in acres. 

4. DISCOVERY AND TOTAL WELL DATA - Year, refers to year of the discovery; 
Operator, to who made the discovery; and Deep- WeMs to the number of 

, wells drilled into the reservoir. Note: Some of the wells in the count 
may have been abandoned or converted to injection service. 

5. UTILITY AND POWER POTENTIAL - Involved Utility, refers to that company 
which is involved directly fn the development of power generation faci
lities or as otherwise noted, Estimated MWe, means.the amount of 
electrical power in MW's that could be produced for a 30 year period. 

A MW is equal to 1,000 kilowatts (KW). Note: All power estimates are 
from U.S.G.S, Ctrcular 790. 

6. PRtNCIPAL OPERATORS •»- Names of the most active operators in the field, 

In some cases not all of the operators in a field have been listed, 
WelIs refers to the number of wells drilled or controlled by the operator 
that penetrate the reservoir (some of the wells may have been abandoned , 
or converted to injection). -Tests refers to the kinds of tests made. 

7. FIRST POWER PLANT - Type considered refers to the type of plant design 
e.g. double flash, single flash, binary, etc. Size refers to the size 
of the plant in MW's. Status means where the plant development presently 
sits in time. Scheduled on Line means the date when the plant is expected 
to start producing power. 

8. RESERVOIR DATA - Type refers to what kind of reservoir is present ^ dry 
steam (vapor) or hot water (all of the reservoirs.covered in this report 
are hot water types). Temp, refers to the.reservoir temperature in 
degrees Fahrenheit. Depth refers to the distance from the surface to 
the top of the reservoir. Salinity depicts the amount of dissolved 
chemicals.in parts per million. Max. Flow Rate is the maximum rate of 



r 
fluid that a well produced during a flow test. Flows from'geothermal 
wells are usually measured in thousand pounds per hour. 

9. RESERVOIR TEMPERATURE - All areas in this report have reservoir temper
atures in excess of 300''F (149''C or nominal ISCC) except Raft River, Idaho 
which has a reservoir temperature of 295''F. Although the Raft River 
reservoir temperature is below S O C F (the generally agreed threshold for 
economic power production is 375*'F) it has been included because of the 
construction of two research power plants, a 60 KW and a 5 MW unit. 

10. LOAD CENTERS - This listing shows the population and the power line dis
tance from the field to the closest city or metropolitan area. 

11. GEOLOGY AND GEOTHERMAL PHENOMENA - These terms are self explanatory. 

It should be noted that The Geysers geothermal field has been omitted from the 
following summaries because it is now under production and its details have been 
widely published. However, this dry steam field is now producing 663 gross MW's 
of electricity and an additional 6OO MW's are now being planned or are under con
struction. 

PRODUCTION RECAP 

The total estimated electrical potential of the 13 fields covered in the summaries 
is 12,684 MWe for 30 years. Jhe estimates are taken from U.S. Geological Survey 
Circular 790 (1978). It should also be recognized that the fields covered are only 
a small percentage of the more than 57 Known Geothermal Resource Areas (KGRA's) that 

f have convection systems with temperatures greater than 300''F (150°C) which have been 
V_ identified by the U.S. Geological Survey. 
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KGRA SALTON SEA AREA IMPERIAL VALLEY ST.ATE CALIFORNIA 

K6RA 

SIZE: 95,824 acres 

LAND OWNERSHIP: 
Federal: 18,644 acres 
State and Pr ivate: 77,180 acres 

DISCOVERY AND TOTAL WFM DATA 

YEAR: 1958 

OPERATOR: Kent Imperial Corp. 

DEEP WELLS: 30 

r 

INVOLVED UT IL ITY : Southern Cal i fo rn ia Edison and San Diego Gas & E lec t r i c Co. 

ESTIMATED POWER POTENTIAL: 3,400 MW 

PRINCIPAL OPERATORS 

NAME: Magma Power Co. 

WELLS: 11 

TESTS: Production and in jec t ion 

FIRST POWER PLANT SCE 

TYPE CONSIDERED: Flash 

SIZE (NOMINAL): 10 MW 

STATUS: Under design 

SCHEDULED ON LINE: 1982 

NAME: Union Oi l Co. 

WELLS: 6 

TESTS: Production and in jec t i on 

Maqma/SDG&E 

Double Flash 

49 IW 

Preliminary design 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 640°F+ SAUNITY: 250,000-330,000 ppm 

DEPTH (TOP OF RES.): 2,QOO f t MAXIMUM FLOW RATE: 500,000 Ibs/hr 

CITY: San Diego area 

POPULATION: 1.5 m i l l i o n 

DISTANCE: 130 miles 

LOAD CENTERS 

e n y : Los Angeles area 

POPULATION: 9 m i l l i o n 

DISTANCE: 185 miles 

GEQLOGY AND GEOTHERMAL PHENOMENA 

Tertiary and quaternary marine sands and shales, non marine fluvial and lacustrine 
sediments and interbedded evaporites; field is traversed by five rhyolite volcanoes 
trending NE-SW;. numerous mud pots and mud volcanoes; minor CO2 surface vents; major 
faults strike at high angle to trend of volcanic cones. Area underlain by an active 
spreading center (the east Pacific rise). 
REMARKS 

Presence of field knovyn prior to 1925; CO2 produced from shallow wells during the 
1940's; major drilling effort (12 wells) in the early 1960's, which was accompanied 
by an attempt to reclaim potash from the produced brine; drilling activity renewed 
in early 1970's; SDG&E and ERDA funded and constructed a 10 MW equivalent (no turbine 
generator) pilot flash binary power plant in.1975 which is not included under first 
power plants; high salinity (20 to 30%) will hamper full development due to corrosion 
and scaling problems. Techniques are being developed to lessen the corrosion prob
lems by a three party association: Union Oil Co., Mono Power Co. (a subsidiary of 
Southern California Edison), and Southern Pacific Land Company. In addition. Magma 
Power Co. is also active in corrosion and scaling research. , 
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KGRA WESTf-IORLAND PROSPECT 
(Salton Sea) 

KGRA 

AREA IMPERIAL VALLEY STATE CALIFORN 

5/Z£".'approx. 20,000 acres 
LAND OWNERSHIP: 

Federal: 0 
State: 0 
Private: 20,000 acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: 1976 

OPERATOR: ^e^MhWz Geothermal, Inc. 
DEEP WELLS: 6 

INVOLVED UTILITY; Imperial I r r iga t ion D is t r i c t service area 

ESTIMATED POWER POTENTIAL: 1710 MW 

PRINCIPAL OPERATORS 

NAME: Westmorland Geothennal Associates (Republic Geothermal, Inc. and MAPCO) 

WELLS: 6 

TESTS: Production and in ject ion 

FIRST POWER PLANT 

TYPE CONSIDERED: Double Flash 

SIZE (NOMINAL): 50 MW 

STATUS: Under design 

SCHEDULED ON LINE: 1983 

RESERVOIR DATA 

TYPE: Hotwater TEMPERATURE: 500° T SALINITY: 20,000-70,000 

DEPTH (TOP OF RES.): 4,000 f t MAXIMUM FLOW .RATE: 580,000 Ibs/hr 

LOAD CENTERS 

CITY: Los Angeles area 

POPULATION: 9 mi l l i on 

DISTANCE: 185 miles 

CITY: San Dieqo area 

POPULATION: 1.5 mi l l ion 

DISTANCE: 130 miles 

GEQLOGY AND GEOTHERMAL PHENOMENA 

Tertiary and quaternary marine sands and shales and lacustrine lake bed and deltaic 
sediments; no surface volcanic expression or geothermal indicators; vert ical s t r ike 
s l i p fau l t ing controls d is t inc t fau l t block s a l i n i t i e s ; d is t inc t gravity and thennal 
anomalies. Area underlain by an active spreading center (the east Pacif ic . r ise) . 

REMARKS 

Area is jointly leased and operated by Westmorland Geothermal Associates (Republic 
Geothennal, Inc. and MAPCO); a federal loan guarantee for reservoir evaluation and 
development drilling was obtained in 1979 and work on two additional wells is under 
way; area lies to the SW of the Salton Sea anomaly. 



KGRA BRAWLEY AREA IMPERIAL VALLEY STATE CALI FORNL 

KGRA DISCOVERY AND TOTAL WELL DATA 

SIZE: 28,885 ACRES YEAR: 1975 

LAND OWNERSHIP: OPERATOR: Union Oil Co. 
Federal: 0 DEEP WELLS: 10 
State: 0 
Private: 28,885 acres 

INVOLVED UT IL ITY : SnuthPrn Cal i fo rn ia Edison 

ESTIMATED POWER POTENTIAL; 640 MW 

PRINCIPAL OPERATORS 

NAME: Union Oil Co. NAME: Chevron Resources Co. 

WELLS: 8 - WELLS: .2 

TESTS: Production and in jec t ion TESTS: Short term production 

FIRST POWER PLANT SCE 

TYPE CONSIDERED: Single Flash 

SIZE (NOMINAL): 10 MW 

STATUS: Under construct ion 

SCHEDULED ON LINE: 1980 

RESERVOIR DATA 
TYPE: Hot water TEMPERATURE: 500°F SAUNITY: 100,000 ppm 

DEPTH (TOP OF RES.): 3,000 f t MAXIMUM FLOW RATE: 70,000 Ibs/hr 

LOAD CENTERS 

CITY: Los Angeles area CITY: San Diego area 

POPULATION: 9 m i l l i o n POPULATION: 1.5 m i l l i o n 

DISTANCE: 200 miles DISTANCE;: 115 miles 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Tertiary and quaternary marine sands and shales and non marine fluvial and lacus
trine sediments; no surface volcanic expression or geothermal indicators; field 
in close proximity to active Brawley fault. Area is underlain by an active 
spreading center (the east Pacific rise). 

REMARKS 
Field was identified by University of California at Riverside field studies in 
late 1960's and early 1970's; high salinity due to close proximity to lowest 
portions of northern landward extension of. Salton Trough (e^a^orite sink); high 
"salinity will cause problems in the design, construction and operation of power 
plants; the Union 10 MW power plant is approximately 85% complete. 



KGRA HEBER AREA IMPERIAL VALLEY ST.ATE CALIFORNIA 

KSRA 

SIZE: 58,568 acres 
LAND OWNERSHIP: 

Federal: 0 
Private: 58,568 acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: 1972 

OPERATOR: Maqma Power Company 
DEEP WELLS: 17 

C 

INVOLVED U T I L I T Y : Southern C a l i f o r n i a Edison and San Diego Gas & E l e c t r i c Co. 

ESTIMATED POWER POTENTIAL : 650 MW 

P R I N C I P A L OPERATORS 

NAME: Chevron O i l Company 

WELLS: 8 

TESTS: Extensive production and 
in ject ion 

FIRST POWER PLANT SCE 

TYPE CONSIDERED: Double Flash 

SIZE (NOMINAL): 50 MW 

STATUS: In f i na l design 

SCHEDULED ON U N E : Late 1982 

NAME: Union O i l Company 

WELLS: 7 

TESTS: Short term, production 

SDG&E (see ranarks) 

Flash Binary 
65 MW 

Design complete 

1984 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 350-375''F SAUNITY: 14,000 ppm 

DEPTH (TOP OF R E S . ) : 3,200 f t MAXIMUM FLOW RATE: 440,000 I b s / h r 

LOAP CENTERS 
CITY: Los Angeles area 

POPULATION: 9 m i l l i o n 

DISTANCE: 225 mi les 

C l i y : San Diego area 

POPULATION: 1.5 m i l l i o n 

DISTANCE: 100 mi les 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Tert iary and quaternary marine sands and shales and non marine f l uv ia l and lacustrine 
sediments, minor volcanic s i l l s ; no surface volcanic expression or geothennal indica
tors. Area is underlain by an active spreading center (the east Pacif ic r i se ) . 

c 

REMARKS 
In 1977-78 the field was considered by U.S. Department of Energy as a possible site for 
a 50 MW binary power plant (the plant was subsequently awarded to Union Oil Co. at their 
Baca location in northern New Mexico). In December of 1979 Chevron Resources Company 
(the major operator) signed a contract with Southern CaTifornia Edison, who will con
struct a 50 MW power plant. The completion date is late 1982. San Diego Gas & Electric 
is contemplating the co-sponsoring of a 50 MW binary type demonstration power plant 
with the U.S. Department of Energy. 



KGRA EAST MESA AREA IMPERIAL VALLEY ST.ATE CALIFORNI 

• f 

c 

KSRA 

SIZE: 38,365 ACRES 
LAND OWNERSHIP: 

Federal: 32,725 
Federal leased: 11,770 acres 
State and Pr ivate: 4,840 acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: 1972 

OPERATOR: U.S. Bureau of Reclamation 
DEEP WELLS: 18 

INVOLVED UTIL ITY ; San Diego Gas and E lec t r ic Co 

ESTIMATED POWER POTENTIAL: 360 MW 

PRINCIPAL OPERATORS 

NAME: Republic Geothermal, Inc. 

WELLS': 8 

r£5 r5.'Producti on and in jec t ion 

NAME: Imperial Magma 

WELLS: 5 

TESTS: Production and in jec t ion 

FIRST POWER PLANT 

TYPE CONSIDERED: 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED CN LINE: 

Republic 

Double Flash 

48 MW (net) 

Plant designed 

Late 1982 

Maqma 

Binary 

10 MW 

Construction completed 

Spring 1980 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 400"F SALINITY: 2,500 ppm 

DEPTH (TOP OF RES.): 2,450 f t MAXIMUM FLOW RATE: 740,000 Ibs/hr 

LOAD CENTERS 

CITY: Los Angeles area 

POPULATION: 9 m i l l i o n 

DISTANCE: 245 miles 

C I T Y : San Diego area 

POPULATION: 1.5 m i l l i o n 

DISTANCE: 120 miles 

GEQLOGY AND GEOTHERMAL PHENOMENA 
Tertiary and quaternary marine sands and shales and non marine fluvial and lacus
trine sediments; no surface volcanic expression or geothermal indicators; area is 
slightly westward sloping, sandy mesa with a minimum elevation a few feet above 
the valley floor; major faults trend NW-SE. Area is underlain by an active 
spreading center (the east Pacific rise) 

REMARKS 
In the early 1970's the U.S. Bureau of Reclamation drilled and tested 5 wells and 
constructed and tested multi-stage flash and vertical tube desalination units; a 
facility (operated by U.S. DOE) at the site is available for the testing of various 
p?5iolypeeSIrgy conversion machines; loan guarantee granted to Republic Geothennal, 
Inc. for reservoir development; a shallow, slightly brackish aquifer is present 
over most of the mesa. Magma's 10 MW binary power plant will be the ̂ ^Vf .''I'Ĵ lfy 
type plant in the United States and the first hot water plant in the United States. 

8 
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KGRA COSO HOT SPRINGS AREA MOJAVE ST.ATE CALIFORN 

KGRA ^ DEVELOPMENT , 7 ; . 

SIZE: 51,760 acres Numerous shallow temperature wells have 
LAND OWNERSHIP- ''^^^ d r i l l ed and a deep reservoir test 

Federal: 43,330 acres ? f n S J o ^ l o T ^ ^•^ ' Department of Energy 
(BLM: 16,690 acres) ^" December 1977. 
(Navy: 26,640 acres) 

State and pr ivate: 8,430 acres 

INVOLVED UTILITY; Mono Power'Co. (a subsidiary of Southern Cali fornia Edison) 

ESTIMATED POWER POTENTIAL; 650 MW 

PRINCIPAL OPERATORS (see remarks) 

NAME: ' NAME: 
WELLS: WELLS: 
TESTS: TESTS: 

FIRST POWER PLANT 

TYPE CONSIDERED: Decision pending confirmation of a reservoir 
SIZE (NOMINAL): 
STATUS: 

SCHEDULED ON UNE: 

RESERVOIR DATA 
TYPE: Hot water TEMPERATURE: 390*F+ SAUNTTY: 6,000 .ppm" 

DEPTH (TOP OF RES.): 2,000 f t MAXIMUM FLOW RATE: well was not tested 

LOAD CENTERS (ses remarks) • 

CITY: Los Angeles area CITY: Bakersfield area 

POPULATION: 9 mi l l ion POPULATION: 86,000 

DISTANCE: 160 miles DISTANCE: 60 miles 

GEQLOGY AND GEOTHERMAL PHENOMENA 
Granit ic, metasedimentary and metavolcanic rocks extruded and over la idby rhyol i tes 
and andesites in the form of cinder cones, p i e r l i t i c domes and flows. Volcanic s 
flows and a i r f a l l s are interbedded with lacustrine and fanglomerate deposits. 
Structural ly the area appears to have been under tension throughout the late 
Cenozoic which caused a fau l t pattern to develop that served as volcanic condu
i t s . Fumaroles and hot. springs are common in some parts of the KGRA. 

REMARKS \ 

Major portion of KGRA land is controlled by the federal government and is partially 
overlain by instrumented bombing ranges operated by the U.S. Navy. This aspect, in 

r the past, has caused a general reluctance by the Navy to lease or allow the land to 
'̂^ be opened for leasing by the U.S. Bureau of Land Management. Recently the Navy has 

developed a program to contract directly for the development of several square 
miles of land owned in fee and to allow the U.S. BLM to commence leasing procedures 
on other lands. In late 1979 the U.S. Navy and Califorriia Energy Company (CEC) 
signed a contract to develop the Navy fee land. The contract calls for CEC to ul
timately develop 75 MW's of electrical power. The power produced on the Navy fee 
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KGRA STEAMBOAT SPRINGS AREA WESTERN NEVADA STATE NEVADA 

KGRA 

SIZE: 8,914 acres 
LAND OWNERSHIP: 

Federal: 4,457 acres 
Private: 4,457 acres 

DISCOVERY AND TOTAL WFLL DATA 

YEAR: Unknown 
OPERATOR: Unknown 
DEEP WELLS: 1 

TESTS: None 

• INVOLVED UTILITY: Sierra Pacif ic Power Co. service area 

ESTIMATED POWER POTENTIAL: 350 MW 

PRINCIPAL OPERATORS 

NAME: Phillips Petroleum Co. NAME: Gulf Mineral Resources Co. (Gulf has ex-
^ ^ , „ - , , ^ . tensive land interests in the 

WELLS: 1 deep, 20+ temp. grad. and .four WELLS: None area.) 
'800-2,000 ft observation wells 

'r£5r5.-None 

FIRST POWER PLANT (see remarks) 

TYPE CONSIDERED: 

SIZE (NOMINAL): 

STATUS: . 

SCHEDULED ON UNE: 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 400''F+ SAUNITY: 3,000 ppm 

DEPTH (TOP OF RES.): 2,000 f t+ 

LOAD CENTERS 

CITY: Reno 

POPULATION: 150,000 

DISTANCE: 12 miles 

MAXIMUM FLOW RATE: 

CITY: 

POPULATION: 

DISTANCE: 

GEQLOGY AND GEOTHERMAL PHENOMENA 

Sierra Nevada gran i t ic rocks, highly fractured; fractures related to the eastern Sierra 
f rontal fau l t system; hot springs and sil iceous sinter terraces common. 

REMARKS 

Phillips Petroleum Co. drilled a deep test in mid 1979 and the test results looked 
promising. A follow-up exploration program which includes three 2,000 ft. temperature 
test holes is in progress. 

A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacramento 
Municipal Utility District, Pacific Power and Light, Portland General Electric and 
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant 
at Desert Peak, Beowawe or Dixie ValJey provided that a suitable reservoir can be 
developed and an agreemen't"can be reached with the operator(s). In addition, the 
group is considering a 10 MW pilot plant at any one of five sites (the three men
tioned above plus Steamboat Sprinqs and Humboldt House). 11 
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KGRA DESERT PEAK PROSPECT AREA RENO " , S T A T E NEVADA 

(Brady-Hazen) 

KGRA DISCOVERY AND TOTAL WFLL DATA 

SIZE: 98,508 acres YEAR: 1976 
LAND OWNERSHIP: OPERATOR: Ph i l l i ps Petroleum Co. 

Federal: 59,358 acres DEEP WELLS- 4 
Federal leased: 26,049 acres 
State and private: 39,150 acres 

INVOLVED UT IL ITY : Sierra Paci f ic Power Co. service area 

ESTIMATED POWER"POTENTIAL: 750 MW 

PRINCIPAL OPERATORS 

NAME: Ph i l l i ps Petroleum Co. NAME: 

WELLS: 4 WELLS: 

TESTS: Production TESTS: 

FIRST POWER PLANT (see remarks) 

TYPE CONSIDERED: 

SIZE (NOMINAL): ];r 

STATUS: •^.. 

SCHEDULED C7/V Z.//V£-.-unavailable 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE:^00°?•*• SALINITY: 6,000-8,000 ppm 

DEPTH (TOP OF RES.): 2,000+ f t MAXIMUM, FLOW RATE: Test program under wa> 

LOAD CENTERS 

CITY: Reno , ." CITY: 

POPULATION: 150,000 POPULATION: 

DISTANCE: 55 miles DISTANCE: 

GEQLOGY AND GEOTHERMAL PHENOMENA 
Faulted t e r t i a r y volcanics (basal ts , rhyo l i tes ) overlying a metamorphosed base
ment complex; hot spr ings, s i n te r and t raver t ine deposits. 

REMARKS . _ ._ 

Desert Peak area lies just north of the Brady-Hazen KGRA and will eventually be 
included. Preliminary meetings have taken place between the operator, utility 
and an engineering firm concerning the design and construction of a power plant. 
Additional exploration and development work is under way. 

A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacra
mento Municipa,! Utility District, Pacific Power and Light, Portland General Elec- i 
trie and the Eugene Water and Electric Board is considering the co-funding of a 50 
MW plant at Desert Peak, Beowawe of Dixie Valley provided that a suitable reservoir 
can be developed and an agreement can be reached with the operator(s). In addition 
the group is considering a 10 MW pilot plant at any one of five sites (the three 
mentioned above plus Steamboat Springs and Humboldt House). 

12 



KtjRA DIXIE VALLEY AREA CENTRAL NEVADA STATE NEVADA 

K(3RA 

SIZE: 38,989 approx. 
LAND OWNERSHIP: 

Federal- 38,989 approx. acres 

acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: .1978 

. OPERATOR: Sunoco Energy Devel. Co. (Sunedco) 

DEEP WELLS: 4 

INVOLVED UTILITY; Sierra Pacif ic Power Co. service area 

ESTIMATED POWER POTENTIAL: -

PRINCIPAL OPERATORS 

NAME: Sunedco 

WELLS: 4 

TESTS: Production 

FIRST POWER PLANT (see remarks) 

TYPE CONSIDERED: 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED ON LINE: 

NAME: Natomas/Thermal Power Co. / Southland 
- -. Royalty 

WELLS: 2 
TESTS: Preliminary test ing 

RESERVOIR DATA 

TYPE: — 

DEPTH (TOP OF RES.):' 

LOAD CENTERS 

CITY: • Reno 

POPULATION: 150,000 

DISTANCE: 110 miles 

TEMPERATURE: — SAUNTTY: -

MAXIMUM FLOW RATE: " 

CITY: 

POPULATION: 

DISTANCE: 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Jurassic metasedimentary rocks overlain by tertiary sediments, which are overlain by 
volcanic deposits including basalt and andesitic rocks, rhyolitic flows and ash 
deposits, and younger alluvial fans. Early structural history consists of complexed 
folding and thrust faulting. Active structure consists of normal faults bounding a 
north-northeast trending graben with horst blocks. Numerous hot sprinas oresent. 
REMARKS 
In November 1978, Sunedco completed and production tested the first deep well in the 
area. Results from the test have been encouraging and have caused the drilling of two 
additional wells. In addition, a two company association (Natomas/Thermal Pov/er Co.. 
and Southland Royalty) have drilled two additional wells. Although the area was 
discovered over two years ago, none of the involved operators have made a formal press 
release concerning the potential. 

A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacramento 
Municipal Utility District, Pacific Power and Light, Portland General Electric and 
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant 
at Desert Peak, Beowawe or Dixie Valley provided that a suitable reservoir can be 
developed and an agreement can be reached with the operator(s). In addition, the 
group is considering a 10 MW pilot plant at any one of five sites (the three men-



FIELD HUMBOLDT HOUSF AREA BATTLE MOUNTAIN STATE NFVAOA 

C 

FIELD DISCOVERY AND TOTAL WELL DATA 

YEAR: 1978 

OPERATOR: Ph i l l i ps Petroleum Co. 

DEEP WELLS: 3 

INVOLVED UTIL ITY : Sierra Paci f ic Power Co. service area-

SIZE: Unknown 

LAND OWNERSHIP: 

NAME: Union Oil Co. 

WELLS: 1 

TESTS: Preliminary 

ESTIMATED POWER POTENTIAL: 47 MW 

PRINCIPAL OPERATORS 

NAME: Ph i l l i p s Petroleum Co. 

WELLS: 2 

TESTS: Production tests only 

FIRST POWER PLANT (see remarks) 

TYPE CONSIDERED: 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED ON LINE: 

RESERVOIR DATA 

TYPE: Wot m i e r TEMPERATURE: 360°F+ S4Z.//V/7T.'6,000 ppm 

DEPTH (TOP OF RES.): 1,800 f t MAXIMUM FLOW RATE: \}n^lV^l^^^b^e 

LOAD CENTERS 

CITY: Reno 

POPULATION: ISGr̂ OOO 

DISTANCE: 120 miles 

CITY: 

POPULATION: 

DISTANCE: 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Mesozoic metamorphosed volcanic and sedimentary rocks overlain by tertiary lake 
beds in the valleys; large hydrothermally altered areas, old tuffa mounds and 
other hot springs deposits; structure is high angle faults bounding basins and 
mountain ranges. 

C 

REMARKS 

Phillips Petroleum Co. feels that they have only penetrated a shallow auxiliary 
reservoir and that the main reservoir exists at depth and will contain water at 
temperatures of approximately 430''F. The Humboldt House area is not an official 
KGRA, however, it is near the Rye Patch KGRA. 

A 
Muni 

utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacramento 
nunicipal Utility District, Pacific Power and Light, Portland General Electric and 
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant 
at Desert Peak, Beowawe or Dixie Valley provided that a suitable reservoir can be 
developed and an agreement can be reached with the operator(s). In addition, the 
group is considering a 10 MW pilot plant at any one of five sites (the three men^ 
tioned above plus Steamboat Springs and Humboldt House). 14 



KGRA BEOWAWE __• AREA BATTLE MOUNTAIN ST.ATE NEVADA 

KGRA DISCOVERY AND TOTAL WELL DATA 

SIZE: 33,225 acres YEAR: 1959 
LAND OWNERSHIP: OPERATOR: Magma Power Co. 

Federal: approx. 16,000 acres DEEP WELLS: 2, 
State and pr ivate: approx. 1,600 acres 

INVOLVED UTILITY; Sierra Pacific Power Co. service area 

ESTIMATED POWER POTENTIAL; 127 MW 

PRINCIPAL OPERATORS 

NAME: Chevron Oil Co. NAME: Oetty Oil Co. 

WELLS: 4 WELLS: none 

TESTS: Limited production TESTS: none 

FIRST POWER PLANT (see remarks) 

TYPE CONSIDERED: .. 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED ON LINE: 

RESERVOIR DATA 
TYPE: Hot water TEMPERATURE: 412''F SAUNITY: 1,400 ppm 

DEPTH (TOP OF RES.): 700 f t MAXIMUM FLOW /?>4r£".'1,500,000 lbs/hr + 

LOAD CENTERS 

CITY: Reno • ' CITY: Elko 

POPULATION: 150,000 POPULATION: 10,000 

DISTANCE: 120 mye% DISTANCE: 40 miles 

•GEOLOGY AND GEOTHERMAL PHENOMENA 
Paleozoic sediments overlaid by te r t i a ry volcanics, pr inc ipa l ly basalt ic f lows; 
area centered along a major normal, NE-SW trending f a u l t ; numerous hot springs, 
geysers, fumaroles and sinter deposits. 

REMARKS 
Chevron Oil'Co".'has an extensive exploration program under way which includes the 
drillino of several wells. Getty Oil Co. has started a temperature gradient well 
program' The field area has been unitized (Chevron and Getty Oil Cos.) 

A utility group, consisting of Sierra Pacific Power Co. (the lead agency), Sacramento 
Municipal Utility District, Pacific Power and Light, Portland General Electric and 

(" the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant 
at Desert Peak, Beowawe or Dixie Vailey^pj^oyided that a suitable reservoir can be 

"developed "and an agreement can be reached with the op"eratbr(s). In addition, the 
group is considering a 10 MW pilot plant at any one of five sites (the three men
tioned above plus Steamboat Springs and Humboldt House). 

.. . ^g 
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KGRA ROOSEVELT HOT SPRINGS AREA MILFORD STATE UTAH 

r 
KGRA 

SIZE: 29,791 acres 

LAND OWNERSHIP: 
Federal leased: 24,592 acres 
State and p r i v a t e : 5,199 acres 

DISCOVERY AND TOTAL WELL DATA 

YEAR: 1975 

OPERATOR: P h i l l i p s Petroleum Co. 

DEEP WELLS: 9 

C 

INVOLVED U T I L I T Y ; Utah Power and L igh t serv ice area 

ESTIMATED POWER POTENTIAL; 970 MW 

PRINCIPAL OPERATORS 

NAME: P h i l l i p s Petroleum Co. NAME: Thennal Power Co. 

WELLS: 2 

TESTS: Production 

WELLS: 7 

TESTS: Extensive product ion and 
i n j e c t i o n 

FIRST POWER PLANT 

TYPE CONSIDERED: Several power p lant proposals are now being considered 

SIZE (NOMINAL): 

STATUS: 

SCHEDULED ON LINE: 

RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 500 "F SAUNITY: 7,800 ppm 

DEPTH (TOP OF RES.): 2,700 f t 

LOAD CENTERS 

CITY: Sal t Lake Ci ty area 

POPULATION: 820,000 

DISTANCE: 200 miles 

MAXIMUM FL OW /9>3r£'.- 1,000,000 Ibs /h r 

CITY: Las Vegas, Nevada 

POPULATION: 160,000 

DISTANCE: 240 miles 

GEQLOGY AND GEOTHERMAL PHENOMENA 
Precambrian (?) metamorphics ove r la id by unconsolidated t e r t i a r y and quaternary 
sediments; quaternary volcanics are present on the surface three miles east of 
the f i e l d ; s i n t e r deposits in KGRA area. 

c 
REMARKS , _ . 
Large percentage of KGRA has been unitized; cooling water may be difficult to 
obtain. 

17 
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- • • KGRA BACA LOCATION NO. 1 A R E A _ _ i : ST.ATE NEW MEXI 

CValles Caldera) 

KGRA DISCOVERY AND TOTAL WELL DATA 

P SIZE: 168,761 acres YEAR: 1970 
LAND OWNERSHIP: OPERATOR: Pat Duniqan 

Federal: 30,000+ acres DEEP WELLS: \ l ^ -
Federal leased: 18,000 acres 
State and pr ivate: .120,700+ acres 

INVOLVED UTILITY; New Mexico Public Service Co. 

ESTIMATED POWER POTENTIAL; 2,700 MW 

PRINCIPAL OPERATORS 

NAME: Union Geothermal Co. of New Mexico (a subsidiary of Union Oil Co.) 

WELLS: 14 - - - ^ L - ^ " 

TESTS: Extensive production and injectiorf 

FIRST POWER PLANT 

TYPE CONSIDERED: DpabTe Flash 

SIZE (NOMINAL): 50 MW 
STATUS: Preliminary design under way by Bechtel National Corp. 

SCHEDULED ON UNE: 1982 c 
RESERVOIR DATA 

TYPE: Hot water TEMPERATURE: 5Z0°? SALINITY: 6,000 ppm 

DEPTH (TOP OF RES.): 3,200 f t MAXIMUM FLOW RATE: 50,000 Ibs/hr 

LOAD CENTERS 

CITY: Santa Fe, New Mexico CITY: Albuquerque, New Mexico 

POPULATION: 50,000 ; POPULATION: 409,000 

DISTANCE: 65 miles DISTANCE: 70 miles 

GEOLOGY AND GEOTHERMAL PHENOMENA 
Predominantly quaternary volcanics consisting of rhyo l i t i c ash flows ( t u f f ) ; sub
sequent caldera collapse followed by localized volcanic a c t i v i t y ; hot springs 
and travert ine deposits. 

REMARKS 

Union Geothennal Company of New Mexico and New Mexico Public Service Co. have 
entered into an agreement with the U.S. Department of Enerqy to construct and 
operate a 50 MW demonstration plant at the Baca location no. 1; the power plant 
is now being designed by the Bechtel Corporation; field development drilling 
will start in mid-1979. Operations are being delayed by environmental problems 
concerning Native Americans. 

19 
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•KGRA RAFT RIVER AREA SOUTHERN IDAHO ST.ATE IDAHO 

KGRA DISCOVERY AND TOTAL WELL DATA 

SIZE: 22,529 acres YEAR: .1974 
LAND OWNERSHIP: OPERATOR: EG&G Idaho, Inc. 

Federal: 17,430 acres (No federal land ^£-£p ^ £ ^ ^ 5 . 7 
has been leased under the Geothermal 
Act of 1970. A 5,000 acre federal land withdrawal is pending) 

State and pr ivate: 5,099 acres 
INVOLVED UTILITY; Raft River Geothermal Cooperative 

ESTIMATED POWER POTENTIAL; Unavailable 

PRINCIPAL OPERATOR 

NAME: U.S. Department of In ter ior through EG&G Idaho, Inc. 

WELLS: 7 

TESTS: Extensive production and in ject ion tests 

FIRST POWER PLANT (The power plants w i l l probably be operated by a u t i l i t y group) 

TYPE CONSIDERED: Binary Binary 

SIZE (NOMINAL): 6 0 KW 5 MW 

STATUS: . Constructed Under construction 

SCHEDULED ON UNE: Compl. 1977 1980 

RESERVOIR DATA 

?')'/'£".' Hot water TEMPERATURE: 295°? S4Z./yV/7r.'2,000-5,000 ppm 

DEPTH (TOP OF RES. j : ' 4,000-5,000 f t MAXIMUM FLOW RATE: 1.500 gpm 

LOAO CENTERS 
The power produced would probably be used within the Raft River Geothermal Cooperative 
service area for agricultural purposes. • 

GEQLOGY AND GEOTHERMAL PHENOMENA 
The reservoir is basically fractured granitic rock overlain by the tuffaceous sediments 
of the Salt Lake formation which is also fractured at depth. The main reservoir at 
depth is leaking into a shallow reservoir that was discovered in the 1930's. 

REMARKS 
Area has been developed by EG&G Idaho, Inc. under the sponsorship of U.S. Department of 
Energy as a research site. Experiments have been conducted on aquaculture, agriculture,' 
alcohol, potato waste, multiple direction drilling, injection, reservoir stimulation and 
power generation. The power generation facilities are research in nature and employ th€ 
binary cycle system. Note that the binary systen is used because the reservoir I 

(_ temperature is below 390"F. I 
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ABSTRACT 

Moderate-temperature hydrothermal resources w i l l , 
in time, be the "bread and butter" of the hydrother
mal industry. Estimates indicate that thirty-seven 
states in the U.S. have geothermal resources that 
may be presently economically exploitable. The 
medium- and low-temperature (50 to 150°C) hydro-
thermal resource contains about f ive times as much 
recoverable energy as the high-temperature (above 
ISO'C) resource. Direct use of the energy from the 
resourcj, in process and space heating, is viable 
today. Economic electr ical production using f luids 
in the ISO'C range is possible in the near-term 
future. 

INTRODUCTION 

The jpper 10 kilometers of the earth's crust may 
contain ':iore than 8 x 10-'* calories of heat; how
ever, the -najority of this heat is too diffuse to 
be economically exploitable as an energy source. 
Estimates indicate that thirty-seven states in the 
U.S. have geothermal resources that may be presenl
ly e'coiionically exploitable. The medium- to low-
temperature (50 to ISCC) hydrothermal resource 
contaiiis aoout f ive times as much recoverable 
snsri:' as t."-:" high-tesperature (above 150'C) re
source when extraction practices are l imited to 
cucrjnt or near-term technology (Figure 1). The 
direct application of geothermal energy is a 
viable technology that already is In worldwide use. 
Cummercial and government cooperative projects are 
now underway which w i l l expand the use of direct 
applications in the United States'. 
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DIRECT APPLICATIONS 

The practices employed in the direct use of geother
mal energy encompass a wide spectrum. At one end 
is the age-old balneological use, while at the other 
is the use of geothennal energy for refr igerat ion. 
Applications range from melting snow to providing 
the thermal energy requirements for a modem food 
dehydration plant. 

I t is s tar t l ing to realize that the commercial use 
of geothermal energy Is older than the connercial 
use of natural gas. D is t r ic t space heating by the 
Artesian Hot and Cold Water Company of Boise, Idaho, 
was in i t ia ted in 1893. This system at one time ser
viced a peak of 400 customers. Currently, the space 
heating reguirements cf approximately 200 ho.-nes are 
met by the system. The largest known, and probably 
the most economical, d i s t r i c t heating system is in 
Reykjavik, Ic&land. I t supplies a total population 
of about 90,000 with space and domestic water heat
ing. The present capacity for the system is 
350 .VW ( th ) . The average cost of heating is about 
305 telow o i l heating costs.(2) 

The earl iest u t i l i za t ion of geothermal energy in 
modem industr ial processing is not well documented,' 
but appears to have been in i t ia ted in the early 
1950's. The Ital ians used steam at Larderello in 
the early ISOO's for evaporator heating. A compila
t ion of the types of industrial processes and the 
country in which they i re currently u t i l i zed is 
presented in Table 1. 

Hydrothermal resources i r s now being employee) for 
industrial processing in the United States. The 
f i r s t of these operations was the Medo-Bel Creamery 
in Klamath Fa l ls , Oregon. Medo-Bel has been using 
this energy source since 1973 for milk pasteuriza
t ion. Geothermal Food Processors have recently 
in i t ia ted onion and celery drying operations at 
Brady Hot Springs, Nevada. In addit ion, the OOE 
f ie ld demonstration (PON) program has stimblated 
industrial developments in potato processing, grain 
dryi.ng, aquaculture, agribusiness, and sugar pro
cessing. 



Table 1 

CURRENT INDUSTRIAL PROCESSES USING GEOTHERMAL ENERGY^) 

:s 

Application Country 

Wood & Paper Industry 

Pulp & Paper New Zealand 

Timber Drying New Zealand 

Washing & Drying of Wood Iceland 

Description of Application 

Processing and a small amount of electrical 
power generation. Kraft process used. 

Kiln operation. 

Steam drying. 

Mining ^ 

Diatomaceous Earth Plant Iceland Production of dried diatomaceous earth re
covered by wet-mining techniques. 

Chemi ca1s 

Salt Plant 

Sulphur Mining 

Boric Acid, Ammonium 
Bicarbonate, Ammonium 
Sulphate, Sulphur 

Japan, Philippines 

Japan 

Italy 

Production of salt from sea water. 

Sulfur extraction from the gases issuing 
from a volcano. 

Includes recovery of substances from the 
volatile components which accompany the 
geothermal steam. 

.Miscellaneous 

Confectionary Industry Japan 

Grain Drying Philippines 

Brewing & Distillation Japan 

Stock Fish Drying Iceland 

Curing Cement Building Slabs Iceland 

Seaweed ' Iceland 

Onion Drying United States 

M11k Pasteurization United States 

Geothermal steam heats rotary kiln dryer. 

Fish drying in shelf dryers. 

Curing of light aggregate cement building 
slabs. 

Drying seaweed for export. 

Dehydration of onions. 

Milk processing using low-temperature 
resource. 

Industrial use represents 402 of our national energy 
consumption, the single largest share, with residen
tial space conditioning and water heating using 20%, 
coiranercial space conditioning and water heating using 
15S, and transportation accounting for the remaining 
25:'.. 

Tne energy used by Industry can be broken into the 
following categories: 

Process Steam 40.62 
Electric Drive 19.25 
Electrolitic Process 2,82 
Direct Process Heat t 27.8« 
Feedstocks & Chemicals 8.8% 
Other O.SS 

Process steam and direct process heat account for 
68.4$ of the total industrial use of energy, much 
of which can potentially be supplied by hydrother
mal energy. Today, high-temperature processing is 
being practiced in many cases only because those are 
the temperatures naturally achieved when fossil 
fuel Is consumed. A study by Intertechnology 
Corporation^") reviewed in excess of 75 processes 
and defined the associated heat requirements. 
Typical processes which can be operated in the low 
to moderate range, together with the percentage of 
the process energy needs as a function of maximum 
temperature required, are given in Table II. It 
should be noted that the methodology of the study 
considered the process temperature required, not 
the temperature supplied. However, in many pro-



c 
cesses, time and temperature can be traded-off to 
permit the use of lower temperature energy sources. 
Thus, there are potential ly many additional processes 
which can be adapted to low-temperature energy 
sources. 

Although a national market analysis has not been 
completed, an analysis of ten Rocky Hountain states 
shows.that space .conditioning and industrial pro

cessing are prime market sectors for the direct 
applications of hydrothermal energy. Currently, 
greater than 75S of the energy requirements of these 
market sectors is met by fossi l fuel consumption, 
with e lec t r i c i t y claiming the majority of the remain
ing sales. Energy competition projections for the 
referenced states indicate a future higher dependence 
upon coal, which may encounter environmental or 
other growth constraints. 

Table I I 

TYPICAL INDUSTRIAL PROCESS HEAT REQUIREMENTS 

40°C-
60°C 

eo'c-
ao'c 

SO'C-
lOO'-C 

lOO'-C-
120°C 

120''C-
UO'C 

lao'c-
160°C 

leo'c- lao'c-
ISO'C 200'C 200°C 

Dehydrated Fru i ts & Vegetables 

Concrete Block - Low-Pressure 

Autoclave 

Frozen F r u i t S Vegetables 

Poul t ry Dressing 

Meat Packing 

Prepared Feeds - Pe l le ts 

A l f a l f a Drying 

P las t i c Mater ia ls 

Dairy Industry - Cheese 

Condensed K i l k 

Dried Mi lk 

F lu id Mi lk 

Soft Drinks 

Soap 

Detergents 

0 

0 

0 

0 

lOOS 

0 

0 

0 

0 

232 

0 

0 

0 

615 

0 

0 

1002 

lOO'J 

0 

0 

0 

392 

0 

1002 

1002 

992 

0 

0 

0 

lOOS 

632 

0 

0 

1002 

1002 

0 

0 

632 

422 

1002 

0 

0 

932 

662 

0 

0 

1002 

712 

0 

0 

71". 

0 

0 

712 

0 100 

0 IOO 

100:; • 

525 

- • 1002 

. * 1002 

A cross matching of the hydrothermal resources, as 
known today and pro jected fo r the f u t u r e , on a county-
by-county basis w i t h the po ten t i a l user sec tors , has 
def ined the prime comnercial sectors that could most 
e f f e c t i v e l y convert to hydrothermal energy. This 
analysis reveals that a l l ten states under study have 
s i g n i f i c a n t resources which cor re la te w i th po ten t ia l 
energy market areas, and that the ma jor i t y of the 
i n d u s t r i a l and populat ion centers are co- located w i th 
hydrothennal resources. The current energy use, 
consider ing a l l po ten t ia l uses of d i r e c t heat , is 
362 X 1 0 ' ' B tu / y r , w i t h a growth p o t e n t i a l , by the 
year 2020, of 3980 x 10'^ B tu /y r . 

The largest s ingle user segment i s space cond i t i on 
ing and water heat ing. The current energy use f o r 
th is is 288 x 10'^ B t u / y r , and t h i s could grow to 
2504 X 10'^ Btu/yr by 2020. 

Many of the major i ndus t r i a l energy consumers in the 
states studied can use low to moderate heat sources 
to raet a p o r t i o n , i f not a l l , of t h e i r enerny needs. 

These indus t r ies include food and kindred products 
processing, wood and lumber products , mining and 
minera ls , chemical processing, and the concrete 
indus t ry . Table I I I l i s t s the top pyospect indus
t r i e s tha t are matched by counties w i t h hydrother
mal resources. 

The energy requirements of the i n d u s t r i a l sector 
are somewhat smal ler than the energy needs f o r 
res ident ia l /conmerc ia l space c o n d i t i o n i n g , but the 
ten-s ta te area growth po ten t ia l is exce l l en t . In 
a d d i t i o n , i t appears tha t the market can be more 
read i l y penetrated in the i n d u s t r i a l sector since 
i n d u s t r i a l app l ica t ions are energy in tens ive 
( there fore decreasing the de l ivered cost per B t u ) , 
requi re less publ ic acceptance, and have favorable 
tax benef i ts f o r inves to rs . Current i n d u s t r i a l 
energy use in the low to moderate heat processing 
sector which can be served by hydrothermal energy 
is 74 X 10 ' - B t u / y r , w i th a growth po ten t ia l to 
1476 X 1 0 ' ' B tu /y r by the year 2020. 
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Table III 

TOP 20 INOUSTRIAL PROCESS HEAT APPLICATIONS 
DIRECTLY MATCHED(a) FOR GEOTMERi'-iAL ENERGY 

REPLACEMENT IN THE P-HBiR REGION 
(x 10'- BTU/HR) 

ENERGY CONSUMPTION PROJECTIONS 

FOR THE RMS 8 R REGION 

Industry 

Dehydrated Fruits & Vegetables 

Concrete Block 

Frozen Fruits 4 Vegetables 

Poultry Dressing 

Meat Packing 

Prepared Feeds 

Plastic Mateijials 

Dairy Industry 

Soft Drinks 

Soaps 

Inorganic Chemicals 

Ready-Mix Concrete 

GypsiiP.: 

Canned .'ruits J Vegetables 

Beet Sugar 

Treated Minerals 

Cotton Seed Oil Mills 

Prepared Meats 

Pharmaceuticals 

Furniture 

Matched 1975 
Enerqy Use(b) 

11.80 

7.10 

5.24 

4.82 

4.45 

3.65 

3.63 

3.24 

2.91 

1.24 

1.06 

.98 

.97 

.97 

.32 

.69 

.34 

.34 

.25 

.21 

(a) 

(b) 

Industries matched by co-location with resour
ces and compatible process temperatures in 
those counties having hydrothennal resources. 

Regional consumption of direct heat energy in 
1975 replaceable by hydrothermal energy from 
co-located and temperature-matched resources. 

Market growth projections for hydrothermal energy in 
the ten-state area analyzed present an attract ive 
pro f i le . From the data i l lus t ra ted in Figure 2, i t 
is evident that a substantial portion of the region's 
energy needs can be sat isf ied by hydrothennal energy. 
Competition from conventional energy sources, as 
well as other alternative energy types (solar, bio
mass, etc.) result in the choice of conservative 
market penetration rates, as shown by the estimated 
penetration (bottom) curve. 

1980 1990 2 0 0 0 2010 2020 

{Induttr ial qaoinarmal u , t 

]R« t ld , f l t l o l / commarc loJ geotharmal u , , 

Figurt 2 

In the U.S., direct applications of hydrothermal 
energy are minimal , a result of our former abun
dant, inexpensive fossil fuel supply. However, 
with reduced fossil fuel supplies and increasing 
energy requirements, the nation can no longer delay 
implementing the significant contributions that the 
direct utilization of geothermal resources can make 
tc meeting energy demands. Reducing resource uncer
tainties, assisting industry in developing confi
dence in the applications of hydrothermal fluid, 
removing unnecessary barriers, solving environmental 
issues, demonstrating uses, and providing incentives 
are necessary activities if the objective of wide
spread utilization of geothennal resources is to be 
attained. Many applications of geothermal heat are 
considered straightforward applications of existing 
technology, but there are apol-ications, such as in
dustrial drying with low- to medium-temperature 
geothermal fluids, where technical issues remain 
to be resolved by experiment, demonstration, or 
analysis. Small-scale and pilot testing are im
portant incentives to demonstration and full-scale 
applications of Industrial processes. 

At the Raft River Geothermal Test Site in southeen
tral Idaho, a highly successful aquaculture experi
ment has demonstrated the desirability of raising 
aquatic species directly in geothennal fluids, a 
fluidized-bed geothermal dryer has converted potato 
wastes into high protein fish food, and an agricul
ture/irrigation experiment has explored the benefits 
and detriments of raising field crops with spent 
geothennal fluids. In addition, the first U.S. geo
thermal-powered air conditioner cools a Raft River 
office building; on-line building space heating is 
being examined, and new heat exchanger designs are 
being evaluated for highly corrosive and scaling 
water applications. 

To further promote the develooment and early commer
cialization of direct applications, the Department 
of Energy has issued two Program Oppartunity Notices 
for field experiments. Currently, eight projects 
are in progress and an additional fourteen are in 
the contract negotiation stage. The projects are 
listed in Table IV. 
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Table IV 

GEOTHERf'lAL DIRECT USE FIELO EXPERIMENTS 

C 

Pro ject 

Utah Roses, Inc. 

Utah Energy Ofi;ice 

Montana Energy & MHO Researeh 
& Development I n s t i t u t e , Inc. 

Madison County Energy Coninission 

Chi l ton Engineering 

Town o f Pagosa Springs 

Ci ty of Boise 

Maakon School 

South Dakota School o f Mines 

St . Mary's Hospital 

Ore-Ida Foods, Inc. 

Monroe C i ty 

Ci ty of Klamath Fa l ls 

Torbett-Hutchings-Smith 
Memorial .Hospital 

Klamath County YMCA 

City of El Centro 

T.Tvi, Inc. 

Navarro College 

Ci ty of Susanvi l le 

Geothermal Power Corp. 

Hydrothermal Energy Corp. 

Aquafarms I n t e r n a t i o n a l , Inc. 

Location 

Salt Lake City, UT 

Salt Lake City, UT 

Butte, MT 

Re.xburg, ID 

Elko, NV 

Pagosa Springs, CO 

Boise, ID 

Philip, SO 

Diamond Ring Ranch, SD 

Pierre, SD 

Boise, ID 

Monroe, UT 

Klamath Falls, OR 

Mariin, TX 

Klamath Falls, OR 

E1 Centro, CA 

Redondo Beach, CA 

Corsicana, TX 

Susanville, CA 

Novato, CA 

Reno, NV 

Mecca, CA 

Application 

greenhouse space heating 

space & water heating 

space heating 

district heating & industrial food 
processing 

space 4 water heating 

district heating 

district heating 

space & water heating 

space heating & agribusiness 

space heating 

space heating 4 industrial food 
processing ' 

district heating 

district heating 

space 4 water heating 

space S -. latsr neating 

space heating .4 cooling 

industr'ial food processing 

space 4 water heatinq 

district heating 

space heating 4 agribusiness 

space 4 water heating 

aquaculture 

Each project, with minor variations, is organized 
to include the following major phases: 

a) Environmental Report Preparation 
b) Resouree Assessment 
c j Well D r i l l i n g 
d) Well Evaluation 
e) Corrosion Evaluation 
f ) 'Ai ter Disposal Method Decision 
g) System Design 
h) System Construction 
i) System Monitoring • 

The type and complexity o f the current pro jec ts vary 
from space heating and gra in drying (Diamond Ring 
Ranch) to food processing (Ore-Ida Foods, I n c . ) . 
'//hile only e x i s t i n g technology is being employed 
to car ry out the p r o j e c t s , they w i l l provide an 
exce l len t basel ine for fu ture comnercial develop
ment. 

Valuable envi ronmental , t echn i ca l , operat ional and 
economic informat ion w i l l be generated as a resu l t 
o-f these p ro j ec t s , [n a d d i t i o n , i n s t i t u t i o n a l 

ba r r i e rs w i l l be tes ted , p r i va te f i rms and organiza
t ions w i l l gain experience, and pub l ic awareness of 
hydrothermal energy w i l l be increased. 

Since i t i s d i f f i c u l t to discuss - j i rec t app l i ca t i on 
economics except in a generic manner, these pro jec ts 
are espec ia l l y important to the development of the 
hydrothermal market. Economics i r e extremely s i t e 
and app l i ca t ion dependent. Major factors whicn 
determine the economics icQ: 

a) Depth of Resource 
b) Geophysical Surveys Required 
c) Utilization Factor ^ 
d) .iT Available 
e) Pumping Costs 
f) Disposal Method Required 
g) Fluid Transmission Distance 
h) Water Quality 
i) Heat Exchanger Surface Area Required 
j) Cost of Invest.TKnt Capital 
k) Taxation Position of Oeveloper/User 



Figure 3 i l lus t ra tes the Importance of using as much 
of the energy as possible. I f only a 10°F iT is 
available for use, the resource must be shallow and 
near i ts u t i l i za t ion point, wnereas the project 
economics are greatly improved i f iT 's of 50 to 
lOCF can be obtained. Estimates from the f ie ld 
experiments program and actual cost data from sev
eral private developments y ield energy cost rates 
from 3.46/KBtu to S5.83/HBtu. 
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Figurt 3 

ELECTRIC APPLICATIONS 

The lower temperature limit for economic electric 
power generation approaches 170 to ISO'C. Since 
many of the presentations at this symposium will 
discuss power cycles, power economics, resource 
definition and reservoir engineering for electric 
power production, only a brief description of the 
research being perfonned to include the mooerate-
temperature resources into the "economic" power 
production range is discussed herein. 

As one of the Initial steps In the application of 
moderate-temperature hydrothermal resources to 
electrical power production, a prototype power plant, 
rated at 60 kW, was constructed in Idaho's Raft 
River Valley. This was the first time a binary cycle 
generated electricity from medium-temperature 
geothermal fluid and supplied power to a comnercial 
grid. Isobutane is being used as the working fluid 
in this system. The ^ r S t m r y function of this facil
ity is to test advanced components and systems, and 
to gain actual operating experience. 

Attempts to find less expensive devices to transfer 
heat are also continuing. Both fluidized-bed and 
direct-contact heat exchangers have been developed. 
Models of flu1dized-bed exchangers, which use a bed 
of floating sand tp sci«ub the scale from heat-exchan
ger tubing, were tested to analyze their flow-distri
bution characteristics. It now appears, however, 
that component development will center on direct-
contact exchangers in which the secondary fluid 
mixes with the hot geothermal fluid. 

A second prototype system, a 500 kW direct contact 
heat exchanger pilot plant, is being designed by 
Barber Nichols Company for the Lawrence Berkeley 
Laboratory. This system will be tested at Raft 
River in the fall of 1979. It will be the *irst 
test of a binary geothennal systera with heat ex
changers large enough to eliminate size effects. 

As an outgrowth of this research and development 
work,, a 5 MW(e) binary cycle pilot plant is being 
built at Raft River, Idaho. This plant will utilize 
state-of-the-art components, but will employ a dual 
boiling power cycle using isobutane as a working 

• fluid. It is designed to take maximum advantage of 
the valley's low seasonal, temperatures which are 
typical of the intermountain west. Design work was 
completed in January of 1978, and construction 
initiated in August, 1978. The facility should begin 
ooeration by nid-1980. 

The 5 HW(e) plant will require about 2250 gallons 
per minute of US'C geothermal fluid."* The Raft River 
well field has four deep production wells. These 
wells will produce a flow of approximately 2850 gal
lons per minute, which is sufficient to operate both 
the power plant and auxiliary experiments. The pro
duction wells range in depth from 5000 to 6500 feet, 
and draw geothermal water from a zone of fractures 
3750 to 6000 .feet deeo. 

To protect the shallow groundwaters, and to prevent 
subsidence or ground settling, the expended hydro-
thermal fluid will be injected back into the 
ground. The Raft River well field contains three 
medium-depth injection wells. Tests are presently 
being conducted to detennine their ability to accept 
long-term injection. 

This research and development work, coupled with 
industry participation, will be instrumental in 
detennining the economic and technical feasibility 
of the use of moderate-temperature resources for 
electric power production. 
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TAXATION OF GEOTHERMAL ENERGY 

Sharon Wagner . 

INTBODUCnON 

WhK\ever the issxjes of taxes, tax credits, tax incentives, depletion allowances, 
and/or intangible deductd-ons are raised, it must be remanbered that tliere are 51 
tax systeins in this cxDuntry: one federal and 50 state. State oorporate and personal 
income tax structures tnay or may not parallel the federal corporate and personal in
come tax S'tructure. Generally the states have followed the federal govemment's 
lead in constructing their own tax systems. However, in the post-Proposition 13 mood 
of the electorate, it is not clear that states will adopt tax incentives for geotherrnal 
resources. Moreover, since the geothermal tax incentives adopted as part of the 1978 
Energy Tax Act are so new, there will be some uncertainty as to their application until 
the IRS prcxnulgates its Treasury Regulations for these new internal Revenue Code (IRC) 
sections. Until that time, it is safe to assume that the IPS will follow (with certain 
exceptd.ons) the Treasury Regulations and court cases that are applied to the oil and 
gas industry. Most of the Treasury Regulations cited in the footnotes in the text be-, 
low were written for the oiL and gas industry but. they are generally applicable to 
geothermal. 

THE FEDERAL TAX SYSTEM 

Prior to the passage of the Energy Tax Act of 1978,^ the federal tax treatment of geo
thermal resources was based mainly on judicial decisions; not statutory authority. In 
1969 the 9th Circuit Court of i^peals^ held that the federal intangible drilling deduc-
tion^ and the percentage depletion allowance'^ applied to the geothermal drilling at The 
Geysers. Ib reach this result the Court held that geothermal steam was "gas" within 
the meaning of §263 (c) and §613 (b) (1) of the IRC. 

In 1975 the Ccxie was revised to provide a 22% percentage depletion allovance for any 
geothermal deposit in the U.S., or a U.S. possession that was determined to te gas.^ 
But the IP5 refused to follow either the Court decisions or the new Code provision and 
contested both the intangible drilling deduction and depletion allowance on activities 
and income from Ihe Geysers. Furthermore, tecause of the IRS intransigence the tax 
treatment of drilling a geothennal deposit that was hot water instead of the steam was 
even less clear.^ 

Ip.L. 95-618, §403(b), amending IRC, §613A(b). 

^Arthur E. Reich, 52 T.C. 700 (1969), aff'.d, 454 F. 2d 1157 (9th Cir. 1972) and 
George D. Rowan, 28 T.C.M. 797 (1969). 

3lRC §263(c). 

4lRC §613. 

5p.L. 94-455. 

^In Miller v. United States, 78-1 U.S.T.C. P9127 (D.C.C.D. Cal. 1977) the federal 
district court denied the intangible drilling deduction to investors who drilled 
geothermal wells in Nevada in an area of hot water, not steam, reservoirs. 



The Energy Tax Act of 1978 has eliminated most of the uncertainties of 
tax treatment of geothermal exploration and development. The new 
tax provisions c^n be used to promote capital investment and to gen
erate for the investor certain tax savings which reduce the' risk of 
investment. Furthermore, the definition of geothermal deposits^ is 
broad enough to include all the various forms of geothermal energy 
including dry steam, hot water or dry hot rocks. The act covers three 
basic subjects: intangible drilling costs, depletion allowance, and 
tax credits-

I. INTANGIBLE DRILLING COSTS 

A. Option to Deduct Intangible Drilling Costs 

§402 of the Energy Tax Act amends §263(c) of the IRC to allow a tax
payer the option to deduct as expenses intangible drilling costs 
(called "intangibles" or IDCs) ° The costs of drilling and completing 
a geothermal well are divided for tax purposes into two classes: in
tangible drilling costs and equipment costs. The equipment costs must 
be capitalized and "recovered" through depreciation or depletion. In
tangible drilling costs may be treated in two ways.^ 

7"A geothermal reservoir consisting of natural heat which is stored in 
rocks or in an aqueous liquid or vapor (whether or not under pressure)." 

^ Intangible drilling costs are defined by Part 5A, Temporary Income 
Tax Regulations- for the Energy Tax Act, 45 Fed. Reg. 6779 (1980) (to 
be codified in 26 CRF Part 1) as any cost incurred which in itself 
has no salvage value and which is "incident to and necessary for the 
drilling of wells and the preparation of wells for the production of 
geothermal steam or hot water." Such expenditures expressly include 
"labor, fuel, repairs, hauling, supplies etc." that are used (1') in 
the drilling, shooting and cleaning of wells; (2) in such clearing 
of ground, road making, surveying, and geological works as are nece
ssary in preparation for the drilling of wells; and (3) in the con
struction of such derricks, tanks, pipelines, and other physical 
structures as are necessary for the drilling of wells and th^ prepara
tion of wells for the production of geothermal steam or hot water. 

the geothermal provision for the option to expense intangibles 
3arate from oil and gas activities, a taxpayer may make one kind 



c 

c 

They may be deducted as expenses (in tax terminology they may be 
expensed) in the year in which they are incurred or they may be 
capitalized and deducted over a certain period of time as depreci-
ation or depletion.•'•̂  Allowing a taxpayer to expense^ (deduct) all 
the intangibles in .the year in which they were incurred gives the 
taxpayer a kind of "accelerated depreciation." 

The taxpayer must make his election to expense or-to capitalize in
tangibles in his first taxable year in which he incurs such costs. ̂•*-
pnce the election is made, the taxpayer must treat such expenditures 
on all geothermal properties in the same manner for all future years.•'•̂  
For example, if Taxpayer (T)^^ has spent $50,000 of intangible costs, 
T may claim as a deduction on his incorae tax return the $50,000 of 
intangible costs. But if T decides to capitalize intangible drilling 
costs T will not take $50,000 for 1978, but instead will deduct this 
amount over a given period of time as depreciation or depletion. 
However, if the taxpayer elects to capitalize his intanaibles, he is 
granted a second election for dry or productive wells. •'•̂  

^^Part 5A, Temp. Reg. supra note 8, states that intangibles, if capi
talized, are to be separated and recovered as depreciation or deple
tion. Intangibles not represented by physical property (clearing 
ground, draining, road making, surveying geological work, excavating, 
grading, and the drilling, shooting, and cleaning of wells) are to 
be recovered through depletion. But intangible expenditures repre
sented by physical properties (wages, fuel, repairs, hauling, sup
plies, etc.) are to be recovered through depreciation. 

11A taxpayer must make a clear election either to expense or to capi
talize. If he does not, the IRS will hold that he elected to capi
talize intangibles. It is best that if a taxpayer desires to ex
pense intangibles, he include with his income tax return an express 
statement of election to expense in accordance with the option. 

^^u.s. Treasury Regulation §1.611-4(e) 

l^But this second election need not have to be exercised^until the 
first year in which a dry hole is drilled. 

The o\>mer ,of the operating rights in a property who has the respon
sibility to develop the property is granted the option of expensing 
intangibles. But each taxpayer, regardless of his relationship to 
another taxpayer, is entitled to a separate election. Thus each 
partner in a partnership is entitled to a separate election. Trusts 
as separate taxpayers are entitled to an election regardless of the 

/' kind of election made by the beneficiaries. 

v.-



The costs incurred in drilling a nonproductive well may be deducted 
by the taxpayer as an ordinary loss provided a proper election is 
niade. • But the taxpayer must make a clear statement of election to 
deduct as ordinary losses intangible drilling and development costs 
of nonproductive wells. If a clear statement is not made, such costs 
can be reco'vered only through depreciation and depletion. 

But a noncorporate taxpayer, a Subchapter S corporation or a personal 
holding company that decides to expense intangibles instead of capital
izing theip, may be subject to one of the following: the minimum tax 
(see "B"); a limitation on deductions to the amount "at risk" (see "C"); 
recapture of intangible deductions if the property is sold at a profit 
(see "D"). 

B. Preference Income-Minimum Tax 

Some types of income are given preferential treatment by special pro
visions of the tax law. A minimum tax applies to a number of items 
that are considered to be of a tax preference nature. These types 
of income include capital gains, stock options, and income offset by 
depletion, amortization, and intangible drilling costs. The tax is 
computed by totaling all the items of tax preference, then reducing 
this amount by the greater of $10,000 or one-half a taxpayer's regu
lar income tax after reduction by credits. A flat 15% rate is then 
applied against the balance.^^ 

^^A taxpayer may be able to claim the unused part of certain credits 
against his minimum tax. Also if a taxpayer has a net operating 
loss that remains to be carried forward to a succeeding tax year, 
the minimum tax otherwise due may be deferred in an amount of up to 
15% of the net operating loss to be carried forward to subsequent 
tax years when the loss is absorbed. In the years when the loss 
is absorbed, the taxpayer will be liable for the minimum tax deferred 
in an amount equal to 15% of the net operating loss absorbed in 
each year. See IRC §57 (a) (11). 
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If taxpayer has "excess intangible drilling costs" that exceed net 
geothermal income, he will have preference incorae subject to the 
minimum tax. Intangible drilling costs are considered to be exces
sive when the intangible drilling and development costs of a geother
mal well allowable for the tax year are greater than the sum of (1) 
the amount allowable if the costs had been capitalized and straight-
line recovery of the intangibles had been used and (2) the net income 
for the tax year frora the geothermal property. 

Straight-line recovery means the rateable amortization of such intan
gibles over the 120 month period beginning with the month in which pro
duction from the well begins (or, if elected, any method which would 
be permitted for purposes of determining cost depletion). Net in
come from all such property reduced by any deductions allocable to the 
properties, except inteuigible drilling and development costs in excess 
of straight recovery. 

This preference does not apply to taxpayers who elect to capitalize 
by straight-line recovery their intangibles. Nor does it apply to 
nonproductive wells.^° 

Special rules apply to corporations in computing their minimum taxl^. 
And the IRS will publish rules under which items of tax preference 
of both individuals and corporations are to be' properly adjusted where 
the tax treatment that gave rise to the preference does not result in • 
a reduction of the taxpayer's income tax for any tax year. 

In effect what this provision does is to lessen the benefit of the 
option to expense intangible drilling costs, . Few taxpayers now have 
geothermal income and if they chose to expense intangibles, they will 
have preference income (that is, the amount they deduct by expensing 
intangibles will definitely be greater than the sura of intangibles 
capitalized and net geothermal income). 

C. Losses Limited to Amount at Risk. ^^ 

^°Nonproductive.wells are those which are plugged and abandoned 
without having produced steam or hot water in commercial quantities 
for any substantial period of time. N 

l̂ See. IRS Publication 542, Corporations and the Federal Income Tax. 

^^See IRC §465(c). 

C-



The 1976 Tax Reform Act limited the tax benefits available to 
persons engaging in oil and gas operations. These same limita
tions with some changes were extended to geothermal operations by 
the 197 8 Energy Tax Act. 

Before passage of the 1976 Act a taxpayer could take deductions up 
to the amount of this cost (or "basis") in a business or investment 
venture. But the basis of a taxpayer often included expenditures 
financed by nonrecourse loans for- which the taxpayer had no personal 
liability (i.e., he had nothing "at risk" because of the way the 
loan was made to. him or to an inves'tment group). Such leveraged nonre
course loans were often employed by investors to finance drilling 
and development costs of oil and gas activities. Since a tajqsayer could 
elect to expense intangible drilling costs, he could take deductions far in ex
cess of his own actual investment. This kind of investme^nt was de
sirable ,for a high bracket taxpayer because the large deductions for 
intangibles could be used to offset income earned from other sources. 

The 1976 law added §465 to the IRC and limited the amount of lossesl^ 
deductible by a taxpayer engaged in exploring for and exploiting oil 
and gas. The taxpayer's deduction cannot exceed the total amount 
the taxpayer has at risk in the venture. Deductions taJcen for intangibles 
are considered losses for purposes of this section. 

The Revenue Act of 1978 changed the "at risk" rules for years begin
ning after December 31, 1978. The most significant change is that 
previously allowed losses must be recaptured when the taxpayer's 
"at risk" amount is reduced below zero. But only the excess of the 
losses previously all'owed in a particular "at risk" activity over any 
amounts previously recaptured will be recaptured under this provision. 
However, such recaptured losses may be deductible in a later year if 
at the "at risk" is later increased. 

The practical effect of these "at risk" provisions is to eliminate 
the use of nonrecourse financing to increase available deductions. 

D. Recapture of Intangible Costs Expenses- As Ordinary Income on 
Disposition of Geothermal Property. 

Probably the raost far-reaching change of the 1976 Tax Reforra Act 
affecting corporate and noncorporate taxpayers is the requirement 
that upon the disposition of oil and gas property taxpayers are re
quired to recapture all or some part of the intangible costs incurred 
as ordinary income if the property is disposed of at a gain (a profit). 
These recapture provisions were extended by the Energy Tax Act of 
1978 to intangible drilling costs incurred in connection with geo
thermal deposits.^^ , 

A loss is the excess of allowable deductions allocable to a parti
cular activity over the income derived frora the activity during 
the taxable year. 

20 P.L. 95-618, §402(c), amending IRC §1254(a). 
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This recapture provision applies only to intangibles which the tax
payer elects to expense in the year in which they were incurred and 
does not apply to intangibles which were capitalized. The amount of 
intangibles recaptured as ordinary income (instead of as capital gains) 
is the lesser of (1) the intangible costs incurred (reduced by an 
amount which would have been allowed as cost depletion had such in
tangibles been capitalized) or (2) the gain realized on the disposi
tion. Or, in other words, the amount recaptured and taxed as ordin
ary income is the amount that the intangibles deducted exceed that 
which would have been allowed had the intangibles been capitalized 
and amortized on a straight-line basis (120 months) from the time 
the property went into production.^1 

II. PERCENTAGE DEPLETION 

The IRC provides two methods of computing a depletion allowance: 
cost depletion and percentage depletion. Cost depletibn provides 
for a deduction for the taxpayer's basis (cost) in the property in 
relation to the production and sale of minerals from the property. 
On the other hand, percentage depletion is a statutory concept that 
provides for a deduction of specified percentages of the gross income 
frora the property. The deduction, however, cannot exceed 50% of the 
net income from the property. A taxpayer is required to compute de
pletion both ways and to claim the larger of the two amounts. 

A depletion allowance reduces the taxpayer's basis in a property 
but the total amount taken as a depletion allowance is not restric
ted to the taxpayer's basis. Even though cost depletion will be zero 
after the taxpayer's initial basis has been recovered (for example, 
T deducts $5,000 per year for five years for a total of $25,000 -
the amount of his original investment), the taxpayer may continue to 
claim a percentage depletion based on income from the property.22 

§403 of the 1978 Energy Tax Act grants percentage depletion on in
come from geothermal deposits. The rate through 1980 is 22%. It 
decreases by 2% yearly until 1983 and thereafter the rate is 15%. 

21lt should be noted that there are questions as to the proper method 
of calculating the reduction of recapturable intangibles under this 
section. N 

22A depletion allowance on the iricome derived from production and 
sale of the minerals from a property is available only to the owner 
of an econoraic interest in that property. An owner of an economic 
interest can be an owner of mineral interests, royalties, working 
interests, overriding royalties, net profits interests or certain 
kinds of production payments. 

( . 
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This percentage depletion allowance is much more favorable than 
the one allowed oil and gas. It is not limited in any way to a ' 
specified amount of production. It has no 65% of taxable income < 
limitation nor is it restricted to independent producers. How- '' 
ever, the percentage depletion cannot exceet 50% of the taxable 
income from .the property and is subject to the minimum .tax-prefer
ence income rules.23 

There is some question about the availability of depletion on miner
als which are consumed by the producer of such minerals. Many manu
facturers are now exploring and developing their own sources of en- . 
ergy supplies, particularly natural gas reserves and in sorae areas 
geothermal. But the depletion allowance is dependent upon the sale i 
of a mineral. Some courts have held that no depletion is allowable 
for minerals consumed in the operation of the producing energy prop
erty. It is not clear, however, if a depletion allowance is preclu
ded with respect to gas used in manufacturing operations. For exam
ple, the IRS ruled in 1968 that the value of dry gas manufactured 
from wet, gas and used as fuel for gasoline absorption plant is inclu- i 
dible in determining "gross income from the property" for percentage 
depletion purposes, but the value of dry gas reinjected into the geo- I 
logical formation is not includible. One way for the corporate tax- i 
payer to avoid the problem is to conduct its exploration and develop- '-, 
ment activities through a wholly-owned subsidiary. The subsidiary ; 
could sell the gas to the parent at an arm's length price and create ' 
depletable gross income. 

i 
III. TAX CREDITS \ 

t 

A. Residential Energy Credit 

§101 of the 1978 Energy Tax Act provides for a nonrefundable tax 
credit for certain expenditures incurred for equipmeht which uses I 
geothermal energy in a taxpayer's principal residence in the United i 
States. The equpment must be new and must meet certain performance i 
and quality standards; it must reasonably be expected to remain in j 
productidn for five years. The credit is as follows: (a) 30% of the i 
expenditure \sp tb $2000, (b) 20% of the expenditure fron $2000 to $10,000. The 
maximum credit is is $2200. The credit may be carried over to future I 
years for equipraent purchased after April 20, 1977 and before January ! 
1, 1986. . i 

1 
t 

B. Additional Investment Tax Credit for Alternative Energy Property | 
I 

A 10% investment tax c r e d i t in addit ion to the ex i s t i ng investment , 
tax c r e d i t i s ava i l ab le for gecthermal equipment which q u a l i f i e s as ; 
e i t h e r " a l t e r n a t i v e energy property" or "spec ia l ly defined energy j 
p roper ty . " Public u t i l i t i e s cannot benef i t to the extent of " a l t e r - { 
na t ive energy property" but can use the c r e d i t for " spec ia l ly defined I 
energy p roper ty . " s 

' . I. ; 

The business energy c r e d i t i s l imited to 100% of tax l i a b i l i t y , ex- \ 
cept for so la r or wind energy property on which the c r e d i t i s refun
dable . Unti l the IRS issues i t s r egu la t ions on t h i s new sec t ion i t 
w i l l not be completely c l ea r what kind of equipraent q u a l i f i e s . I 

23i<he excess of the depletion deduction over 'the adjus'ted basis of the property at .. 
the end of the year (detennined without regard 'bo the depletion deduction for 'the I 
year) is vihat vrould be preference income. | 

; 
I 
I 

I 



c STATE TAX SYSTEMS 24 

Of the fifteen states with known geothermal resources Nevada, 
Texas, Washington and Wyoraing have no state personal or corporate 
incorae tax. Alaska, Colorado, Hawaii, Idaho, Montana, and New Mex
ico app lij' their income tax levies to adjusted gross* income as cal
culated for federal income tax. But five states have an indepen
dently determined income tax: Arizona, California, Louisiana, Oregon 
and Utah. Their differences frora the federal law are largly due to 
the stat6' provisions concerning percentage depletion for resources 
extraction industries. 

Two states, California and Arizona, provide two examples of how com
plex the state tax picture can be. California has a franchise tax 
and a corporate income tax. The franchise is for the privilege of 
exercising a corporate franchise within the state. The tax rate is 
9.6% for calendar or fiscal years ending in 1980. For subsequent 
years the rate is dependent on bank and corporation tax revenues. 
The following chart gives these rates. 

1981 

C 

Revenues Collected in 
1979-80 

Less than $2,950,000,000 
$2,950,000,000—$3,02 5,000,000 
$3,025,000,000~$3,100,000,000 
Greater than $3,100,000,000 

1982 
Sum of Revenues Collected 
in 1979-80 and 1980-81 

Less than $6,000,000,000 
$6,000,000,000—$6,075,000,000 
$6,075,000,000—$6,150,000,000 
$6,150,000,000—$6,225,000,000 
Greater than $6,225,000,000 

Corporation Tax Rate 
for 1981 

9.6% 
9.5% 
9.45% 
9.40% 

Corporation Tax Rate 
for 1982 

9 
9. 
9 
9. 
9 

6% 
50% 
45% 
40% 
35% 

c . 

1983 
Sum of Revenues C o l l e c t e d 

i n 1 9 7 9 - 8 1 , 1980 -81 and 
1981-82 

Less t h a n $ 9 , 4 5 0 , 0 0 0 , 0 0 0 
$ 9 , 4 5 0 , 0 0 0 , 0 0 0 — $ 9 , 5 2 5 , 0 0 0 , 0 0 0 
$ 9 , 5 2 5 , 0 0 0 , 0 0 0 — $ 9 , 6 0 0 , 0 0 0 , 0 0 0 
$ 9 , 6 0 0 , 0 0 0 , 0 0 0 — $ 9 , 6 7 5 , 0 0 0 , 0 0 0 
$ 9 , 6 7 5 , 0 0 0 , 0 0 0 — $ 9 , 7 5 0 , 0 0 0 , 0 0 0 
G r e a t e r t h a n $ 9 , 7 5 0 , 0 0 0 , 0 0 0 

C o r p o r a t i o n t a x Ra te 
f o r 198(3 

9, 
9. 
9, 
9. 
9, 
9 

6% 
50% 
45% 
40% 
35% 
30% 

24 For an extensive analys is of s-tate tax systans see State Taxation of Geother
mal Resources Ccmpared with S ta te Taxation of Other Energy Minerals, Sharon 
C. Wagner, published by the Geothermal Resources Council, Davis, CA. 



10 • 

Insofar as the franchise tax overlaps the corporate income tax, 
the amount due under the franchise tax is offset against the amount 
due under the income tax. The computation of income for both the 
franchise tax and the income tax follows generally the pattern of 
the federal income tax and interpretations of the federal law by 
the Treasury Department, with the exception of depletion provisions. 

Prior to 1975 California provisions for depletion allowance for 
oil and gas and other minerals conformed basically to federal law. 
However, California did not follow the Federal Tax Reduction Act 
of 1975 which eliminated percentage depletion for oil and gas wells 
(with a iftew exceptions). California merely placed a limit on the 
total amount deductible by each individual taxpayer. These limita
tions apply only after the total accumulated depletion allowed or 
allowable exceeds the adjusted cost of the property. 

A deduction of 22% of gross income,, less rentals and royalties, for 
the taxable year is allowed for oil and gas properties. This deduc
tion may not exceed 50% of taxable income computed without allow
ance for depletion. In addition, where the deduction exceeds $1.5 
million and is greater than the adjusted cost of the taxpayer's 
interest in the property, the deduction is reduced. The reduction 
equals 125% of the amount in excess of $1.5 million.25 

For example, suppose that the 22% depletion is $3.5 million and 
that this amount exceeds the cost of the taxpayer's;interest in 
the property. The deduction in this case is reduced by 125% of 
$2 million ($3.5 million minus $1.5 million), which equals $2.5 
million. The allowed deduction in this case is $3.5 million mi-, 
nus $2.5 million whidh equals $1 million. If, instead, the 22% 
depletion amounts to $7.5 million, then the reduction is 125% of 
$6 million, which is equivalent to the depletion allowance itself, 
and no deduction is allowed.26 

In September 1979, Governor Brown signed a bill27 that conforms 
selective provisions of the Bank and Corporation Tax Law and the 
Personal Income Tax Law to the 1978 federal Energy Tax Act. The 
major changes that affect geothermal developraent are: 

1) The at risk loss restriction provision of present law, 
which applies to four specified activities (farming, 
oil and gas, motion pictures, and equipment leasing) 
is extended to apply to all activities except real 
estate carried on by individuals and partnerships. 
This applies to geothermal properties. See discus
sion of federal "at risk rules" above. 

25cAL. REV. &'TAX CODE §17686. 

26Bock, 1978 Guidebook to California Taxes, p. 123. 

27chapter 1168, Laws 1979, effective January 1, 1979. 
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2) Under §24832 and §17686 both individuals and corpora
tions are given a 22 percent depletion allowance for 
geothermal wells. The 22 percent is computed on the 
gross income from the property during the taxable year, 

' excluding from such gross income the amount equal to 
any rents or royalties paid or incurred by the taxpayer 
in respect of the property. The allowance cannot ex
ceed 50 percent of the taxable income of the taxpayer 
(computed without allowance for depletion) from the 
property. See discussion above under oil and gas deduc
tion rules. 

3) Excess intangible drilling costs are an item of tax 
preference for personal income tax only. 

4) Owners of geothermal wells are specifically permitted 
to treat drilling costs as a current expense rather 
than being required to capitalize these costs. But 
"excess intangible drilling costs" are subject to re
capture. See discussion above under the federal law . 

Arizona has raised its corporate tax rates several times in recent 
years and another change for corporate and individual income tax 
rates was pending before the Legislature in December, 1979. The 
current rates are as follows: 

1st $1,000 2.5% 
2nd 1,000 4 
3rd 1,000 5 
4th 1,000 6.5 
Sth '1,000 8, 
6th 1,000 9 
Over 6,000 1-0.5 

In 1977 Arizona was the first state specifically to provide for a 
depletion allowance and depreciation deduction for geothermal wells 
in computing new income. The depletion allowance is 27 1/2% of 
gross income, excluding an amount equal to any rents or royalties 
paid in respect of the property. The allowance cannot exceed 50% 
of the taxable' income of the taxpayer frora the property, computed 
without subtraction for depletion. Also expenditures p^id or in
curred during the income tax year for the development of a geothermal 
resource well, if paid or incurred after 12/31/5 3, may be deducted 
from gross income or charged to the capital account. Amounts up to 
$75,000 paid or incurred for the purpose of ascertaining the exis
tence, location, extent or quality of any deposit of geothermal re
sources are allowed as a deduction. 

C 
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Management methods for evaluating business opportunities involving 
uncertainties have included the concept of risk analysis. 
Risk analysis can be a powerful tool to compare the economic 
attractiveness of the various investments available to the 
business coxnraunity. Natxiral resource development groups 
utilize this technique to select their exploration targets 
and to appraise the anomalies found. Additional funds can 
be allocated to those providing the opportunity for greatest 
return per dollar risked. 

What is the risk factor used in economic analysis? When the 
probability of occurrence of any given event has been estab
lished, the risk factor will be known. The mathematical 
concept of risk factor can be considered as: The probability 
that an event will occur in one of several ways is the sum 
of the probabilities of the occurrence of all the possible 
ways that event can occur. C 
For example, a review of exploration work on geothermal pros
pects determines that in basin fill areas containing water 
saturated rocks four electrical resistivity anomalies are 
due to low resistivity sediments and one is due to an unusual 
amount of heated pore water. . 

The chances for being successful in a temperature confirmation 
drilling program on these resistivity anomalies will be 1:5. 
The probability of being successful is not the same as risk. 
In this example, in five attempts at success in a series when 
the risk is 1:5, the probability of success is approximately 
68 percent. 

The summatibn' of risks involved in geothermal development 
evolves to essentially the question: Can the.energy compete 
with other sources of energy available to the customer and 
still provide a reasonable rate of return on the necessary in
vestment? The competitive fuel in the area of major geothermal 
steam occurrences is fuel oil. Coal is a strong competitor 
for hot water flash systeras. Coal prices will probably follow oil 
prices in the next two decades. At this time hot water systeras 
at temperatures below 400° F. cannot produce the energy for 
electricity generation inexpensive as coal fueled generating plants. 

L 



A look at tha oil supply situation will provide a background 
for assessing the risk of oil prices increasing more rapidly 
than cost associated with geothermal development. 

Saudi Arabia oil production is around 8.7 to 9 million barrels 
per day. Two years.ago that country produced 10.2 million 
barrels a day. Present capacity is believed to be 11 million 
barrels per day. ARAMCO has added about three million barrels 
per day capacity during the past two years. The capability 
for producing much more exists. . The willingness to produce 
in increased amount is another thing that poses a risk to the 
assumption they will. The Saudis are determined to maintain 
OPEC as an effective organization and will continue their pro
duction at around 8 to 9 million barrels per day.' ' World oil 
demand should continue to increase 2 to 3 percent per year 
until the end of 1980. 

r 

OPEC production in 1978 was approximately 29 million barrels 
per day. This has gradually moved back to the 1977 high of 
30 million barrels per day. 

All free world net growth in oil demand (now 48 .million barrels 
per day) during the next three years will be satisfied by 
non-OPEC sources: Mexico, North Slope and the North Sea. 

Until 1985 world oil prices will be increasing, about the 
average rate of inflation. From 1985 on, world oil prices will 
be increasing at accelerating rates as OPEC countries,maximize 
their return on a diminishing number of barrels. 

Natural sources of heat above 450° F. in the western United 
States can produce electricity at prices competitive with low 
sulfur coals shipped from the Powder River Basin of Wyoming to 
the electricity generating centers supplying western Nevada 
and California. Water within the low energy 150° F. temperature, 
range can provide processing heat, if the source is in a location 
where the energy can be used in the United States. It is ex
pected that sulfur limits for fuel oil will be set similar to 
coal. To meet such standards, additional investment and costs 
will be required to prepare acceptable fuel. With such increases 
in cost, additional new uses for geothermal heat (energy) will 
become practical. As that happens, m.ore people become interested 
in joining the exploration search to find and develop new deposits 
of heat for production of energy. 

The development of a geothermal reservoir is capital-intensive, 
requires expert planning, and long times from initial expendi
ture until positive income is achieved. The utilization of a 
geothermal reserve requires extensive engineering, approximately 
two years in negotiation ahd'planning with governmental agencies, 
and significant capital.' '.iOS.'.to 50.'.raillion dollars per 50 mw.) 
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The costs of maintaining and operating producing fields is 
about four to five times greater than the capital investment. 
An important portion of this cost is associated with the 
injection system that collects 'the cooled water and returns 
it to the sub-surface reservoirs after the heat is removed. 
Reducing these costs is an essential objective if geothermal 
energy is to remain corapetitive with other fuels. 

'. • • <• 

Countries with high fuel costs and geothermal sites are now 
developing a wide variety of geothermal plants. Japan appears 
to be building the most efficient flash systems for use in 
hydrothermal areas with reservoir teraperatures above 3509 F. 

Useful geothermal reseirve assessment requires professional 
engineering analysis. The goal is to determine how much 
heat can be pfoduced at a useful rate and temperature for at 
least 20 years from one area. This demands a thorough under
standing of the manner in which heat is transported to areas 
of acciimulation, how it accumulates, the methods and costs 
to find, produce and convert to a useable forra of energy. With 
those studies in hand, a person can then determine what part 
of this resource can be sold in competition with other fuels 
and thereby establish the size of the reserve. 

The supply of geotherraal energy has been related to: all the 
heat present above an arbitrary temperature datum; the amount 
of heat between certain temperature levels,' that heat contained 
in producing water, and; that heat contained in the rock frame--
work transferred to the moving body of water. 

The amount that could be produced in the United States if the 
government would provide incentives equal to other energy 
sources is now thought to be between 12,000 and 15,000 megowatts. 

These incentives have included tax credits, deductions in tax 
calculations, investment tax credits, rapid depreciation, and 
depletion allowances. Other incentives include aid in ex
ploration, aid in developing, engineering of generating plants, 
financing of generating plants, and reservoir engineering 
studies. Very little has been prepared showing the increased 
benefit'to governmental programs, including tax revenue by 
demonstrating the increased flow of dollars from projects that 
would become profitable with this aid compared to project 
tax revenues that would be commercial' without this aid. \ Dr. 
Robert Rex has calculated that for a 48 net mw plant paying 
25 mils/KWH for the energy the government income would be more 
than 213 million dollars during the 30 year productive life. 
If this were dn private land the government inco.Tie would be 
178 million dollars. 
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The actual potential of geothermal energy is affected by how -N 
the resource and reserves are calculated. These calculations ,. 
must consider availability and application of governmental 
incentives, tho price of other energy source.-̂ , versus the 
market price of geothermal energy, and the reliability of the 
production forecast. The size of required investment, the 
expected profit generated by those investments, plus the avail
ability of lands to explore will be the motivating forces in 
developing the true potential of geothermal energy in ths 
United States. 

The most iinportant factor in converting any resource into a 
reserve is how the individuals that are actively dedicated to 
discovery and development attack the problem. The key to 
successful reserve development is the quality of the people 
assigned to the task. 

The critical economic factors affecting the risk of a geothermal 
project being successful can be considered in two categories. 
The first is that associated with the production of the geo
thermal energy. The second is in the conversion of the energy 
into a useful form for the production of electricity. 

The energy producer, after finding the geothermal anomaly, 
must consider his risk of resource development concentrated 
into four major items. These are the reservoir life, the 
sales price for the energy, the plant design, and the pricing ^ 
structure. Other opportunites for investment will affect "" -^ 
the amount of money he may dedicate to the program. 

The number of years of reservoir production at useful temper- ' 
atures and vol-ume of fluid that can be expected is of utmost 
importance. The reservoir economic life is affected by the 
rate of decline in temperature and production as this affects 
the drilling and equipment investment and the operating costs. 

The risk the project succeeds depends upon the price of energy 
produced. The sales price defines the cash flow available for 
development and operating expense. This -price establishes the 
limits of investment that can be made and the potential rate 
of return on this investment. The competitive stature of 
the resource will be prescribed by the price of the delivered 
energy. The final size of the economic reserve is thus de
termined by these factors. That size then determines the 
amount of risk the energy producer can assume at various 
stages of exploration and development. 

The plant design affects the cost of designing the produ6tion 
mode as the delivered product must conform to the requirements 
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of the plant. Single-phase fluid delivery (for other than 
dry steara) requires greater investment to raaintain that phase 
from the reservoir into the plant than does a two-phase systera. 
Injection disposal facilities are dependent upon the plant 
requireraents. The rate of production frora the reservoir is 
also dependent upon the plant design. The limits of fluid 
temperature useful in running the plant are established by 
the piant's design. The life of the producing facility is 
seriously affected by this factor. 

The pricing'structure can encourage efficiency in developing 
new reservoirs or negate the advantage of searching for deeper, 
though hotter, horizons. Provisions for reservoir failure 
can allow the taking of a greater risk in developing the 
reservoir to its raaximum size. If the reservoir performance 
raust be guaranteed by the producer, he can then only develop 
the amount of energy that has very little risk. Thus, the 
fuel producer and the utility have little chance for maximizing 
their return on the use of this impressive source of energy 
unless pricing structures recognize this effect. 

Electricity producers are not prepared to undertake projects 
that have a risk of complete failure in the early stages. They 
are not oriented to taking risks of the magnitude considered 
acceptable by natural resource developers. For instance, 
developers' know the risk of finding one million barrels of oil 
with a wildcat is about one in forty times being successful. 
So their organization has the ability to provide for the 
unsuccessful exploration ventures effect on their marketable 
supply of energy. The ability to evaluate and predict the 
reservoirs' capability for producing certain quantities of 
fluid is highly developed in oil companies because the few 
successful finds raust be developed to their full capacity. 

Utilities historically expect a certain amount of fuel to be 
delivered on schedule throughout the plant's lifetime. The 
utility organization has not developed the capability of being 
comfortable with reservoir engineering analysis. Geo1;hermal 
energy does not provide the risk abatement feature of having 
another source of supply that can be brought in to augment a 
premature declining geothermal energy supply. This is the 
major risk- the utility management recognizes in the economic 
viability of building a geothermal plant. The risk of having 
a favorable cost at the Busbar for the electricity pVoduced 
can be determined after the design of the generating plant 
has established the production requirements for delivery of 
the geothermal energy. These requirements are strong factors 
in the producer of the energy identifying his costs of pro
duction and therefore a likely energy sales price. 
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The fixed costs affect the final price of produced electricity. 
l-:y steam plants can be constructed for a lower investment than 
i;.lngle-flash plants. The single-flash plants require a lower 
i:':vestment than the double-flash design. 

The lower efficiency of the single-flash pJ cint requires a 
much-higher volume of fluid to be produced and handled to pro
duce ̂ the same number of kilowatt hours. This effect of these 
design segments on the producer of energy and producer of 
electricity create the risk that each will have selected the 
optimum design for their components. 

Kno'v̂ ing the size of the available fuel supply lowers ths risk 
of underfinancing a development project. For rocks to be 
considered a reservoir, there must be sufficient horizontal 
and vertical permeability to allow the fluid to move easily. 
A 6,000-foot to 8,000-foot well must sustain flow rates of 
more than 100,000 pounds of steam per hour, or 500,000 pounds 
of water (at no less than 32 5 degrees Fahrenheit) per hour 
for 20 to 25 years to be considered commercial for electricity 
generation. Direct use of heat for industrial or space heating 
and cooling does not require such high heat output. The lower 
temperatures for such uses can be found in a greater number of 
anom.alies. However, their usefulness is dependent upon low 
cost being achieved in development and production. 

The geologic model that is generally accepted by geothermal 
explorers- and developers has three basic requirements: 

1. A heat sburce (presumed to be an intrusive body) 
that is about 2000° F. and within 40,000 feet of 
the surface. 

2. Meteoric waters circulating to depths of 10,000 
feet where heat is transferred from the conducting 
impermeable rocks above the heat source. 

3. Vertical permeability above the heat source 
connecting the conducting rocks with a porous 
permeable reservoir that has a low conductivity 
impermeable heat retaining mem.ber at its top. 

Geological investigation is the necessary ingredient that 
makes all exploration techniques useful. Broad reconnaissance 
of the surface data integrated into subsurface data is used to 
find an area of general interest. ̂  The ingenuity of the 
prospect finder in using data available to all workers determines 
whether an exploration program moves into advanced stages, of 
using the proper combinations of the acceptable methods. 
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Geologic interpretation of the data acquired may justify 
the raoney required for exploratory drilling. The results of 
the drilling must be integrated into the geologic investigation 
to determine if a promising prospect is present. 

The investigation must establish that: 
. •, • i 

1. High heat fldw or strong teraperature gradients 
are present at depth. 

2. The geology provides reasonable expectation that 
a reservoir sequence of rocks is present at moderate 
depths frora 2000 to 6000 feist. 

3. The sequence of rocks offers easy drilling with 
minimal hole problems. 

4. A high base teraperature and low salinity waters 
as indicated by geo-chemistry of water sources 
should be present. The surface alteration and 
occurrence of high heat flow should cover an 
area large enough to offer the chance for a 
field capacity of more than 200 megawatts. 

Table I (adjusted for 1980 costs) from C. H^inzelraan's presenta
tion of October 15, 1977 illustrates exploration techniques 
and associated costs. The overall amount of money (per succesful 
prospect) required is 3 million to 4.75 million 1977 dollars. 
This provides for limited failure and followup costs, but does 
not include the other exploration failures and land costs. 

Table I 

Explorat ion Techniques and Approximate Costs 

Objective Technique Approximate Cost ($) 

Heat Source & Plumbing Geology $ 20,000 
Microseismicity 15,000 

Temperature Regime Gravity 20,000 
R e s i s t i v i t y 25,000 
T e l l u r i c s and magneto- ^ 

t e l l u r i c s 50,000 
Magnetics 15,000 
Geochemistry (hydrology) 12,000 
Land ana lys i s and 

permi t t ing 25,000 
Temperature gradient -

20 holes(500 ' or less) 100,000 
S t r a t i g r a p h i c holes -4 160,000 •- 240,00 

Reservoir C h a r a c t e r i s t i c s Exploratory and conf i r 
mation t e s t s - 3 - 1,800,000 - 4,000,00 

Reservoir t e s t i n g 250,000 
To establish a discovery approximately $2,500,000 - $5,000,000 will be required. 
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This is probably the minimum expenditure needed to change a 
portion of the resource base into an area of reserve with 
production potential. ""N̂  

Upon deciding that a significant geothermal anomaly exists, 
the rate of engineering expenditures must increase rapidly to 
determine whether the development can proceed into a commercial 
venture. Essentially, there are no set figures for what it 
costs to develop a geothermal field. The basic reason for 
this is that each depends upon engineering the development to 
be compatible with the geology of.the accumulation, and the 
requirements of the electricity generating system. The 
electrici'ty generating system must be designed within the con
straints of available temperature, rate of production, and 
ambient conditions of the field site. The key variables 
affecting risk are: 

, 1. Temperature of the fluids produced. 
2. Composition of the reservoir fluids. 
3. Composition of surface or near surface fluids. 
4. Geology of the reservoir framework. 
5. Flow rates that can be sustained by the reservoir. 
6. Cost of drilling in the prospect area. 
7. Well spacing and geometry of the producing and 

injection sites. 
8. Turbine system to be used. 
9. General operating costs in the area. 

Test Wells - Thermal evaluation requires the drilling of test ' ' , ) 
holes. Heat flow and temperature gradient evaluation requires 
drilling to intermediate depths. Confirmation drilling requires 
holes drilled to the actual reservoir for diagnostic evaluation. 

Heat flow and temperature gradients measured in the upper 100 to 
500 feet of depth are useful in describing the area where the 
heat transfer is most intense. These do give a qualitative 
analysis as to the location and shape of the hottest near 
surface heat accumulation. Linear projection of temperatures 
obtained near the surface cannot be used to predict the terap
eratures that will be encountered 2000 to 3000 feet below the 
surface, even if the section below has a uniform lithology 
and the geothermal gradient is a straight slope. The temp
erature for a fluid-saturated system cannot be projected to a . 
maximum above that for boiling water at the pressure calculated 
for the depth of projection. At some point along the boiling 
point curve, the temperature of 'the system raay become isothermal 
and the rocks and fluids will have the sarae temperature for 
many hundreds of feet deeper. The rock temperature raay decrease 
as a hole is drilled deeper if the hole is on the descending 
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edge of a plume of hot water or merely below the spreading top 
of a plume. Heat flows from a hot body to a cooler body. 
This is not a function of being above or below a reference point 
of depth. 

To lower the risk that the perfoirmance of the geothermal cell 
can be predicted, deep tests must be drilled. These holes must 
be of sufficient size to adequately determine the ability of the 
reservoir to produce fluids above 365 F. at rates approaching 
100,000 pounds of steara per hour, or 500,000 pounds of liquid 
per hour. 

To determine if a commercial development is possible, three or 
four wells must test the reservoir to obtain the basic reservoir 
engineering data. Reservoir pressure drawdown and buildup 
analysis raust be conducted to determine reservoir permeability 
and extent. Fluid.characteristics and analysis of non-condensible 
gas present require extensive flow testing. Injectivity testing 
is required to develop plans for disposal and pressure mainten
ance systems. Rocks may produce fluids easily, but may not 
accept them on return to the reservoir. This must be established 
in the laboratory and confirmed in the field for a developer 
to consider risking the investment needed to develop a field. 
The utility customer needs the same assurance. 

A summary of-estimated development costs after exploration 
expenses for the field supply, power plant, and ancillary 
equipraent for a 50-megawatt hot water flash unit is as follows: -

Table II 

Developraent wells - 12 $ 14,400,000 
Injection wells - 6 6,000,000 , 
Pipelines 2,800,000 
Miscellaneous field expense 

(includes interest and working 
capital) 9,000,000 

Power plant 35,000,000 

^ $ 67,200,000 

Economic Considerations 
v 

To obtain an economic comparison of geothermal fuels with the 
more widely used fuels is quite difficult, because each geothermal 
area requires a plant design specifically useful for that local 
area. The California Geyser's steam price of 17.5 mills per 
kilowatt hour is as inexpensive as geotherraal energy can be pro
duced in the United States today. This is a dry steam fuel. 
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and the operators have more than a decade of experience in 
drilling, completion, and production operations. Optimum 
techniques have been developed so that maximum steam production 
per dollar invested can be maintained. The high energy content 
of this fluid provides a competitive heat rate, easy to construct 
collection systems, and the most simple of plant and reinjection 
facilities. The actual cost of the wells is frequently as 
high as $1,500,000, but the operation and the high utility 
of the steam allows a minimal price for the energy. 

The wide variation of estimates of fuel costs and electricity 
generatin'^ costs derives from treatment of fuel prdcessing and 
storage expense, income taxes, ad valorem taxes, insurance, 
interest during construction, return on investment required, 
and specific requirements for plants in the area of operation 
for the estimating companies. 

The utility usually expects to earn a minimum of 25 percent 
return on investment on its equity portion of the investment. 
The exploration and producing investors have learned that a 
minimum acceptable rate of return on investment for their portion 
of the projects is 25 percent return on inves'tment. The average 
conventional energy venture (non-geothermal) usually obtains 
about twice this rate of return to com.pensate for the risks in
volved. The prime rate has risen so high today that low risk 
venture returns will provide a ROI that is nearly as attractive. 

The return on investment for the developer is most sensitive to 
the price received for the energy. Next to reliability of supply, 
the utilities' desires to use geothermal energy in electricity 
generating systems is dependent upon its price being low enough 
to make its use worthwhile. Much like coal and uraniura, geothermal 
fuel prices will be a negotiated price between the supplier and 
the user. Each field will have significant differences in design 
so a xiniform price cannot be expected for construction of the 
production facilities, or construction of the utilities conversion 
plant. 

The nature of the reservoir geometry and the ability of the 
reservoir to respond to changes in production, rates, and 
temperatures, will determine the final costs for producing 
electricity from each geothermal project. 

The basic structure of price must provide an attractive rate of 
return to the prospector. To achieye this, the prospector's risk 
capital investment and time at risk'before income must be minimized. 
Most important, the revenue should reflect the actual value of 
the energy sold. 

-10-



Cost Comparisons 

The cost comparisons between the various sources of energy that 
will be available and useable for electricity generation during 
the next decade will affect the rate of geothermal energy's 
growth. The economic desirability of the production or use of a 
fuel is Sensitive to its price. Regulatory requirements have 
direct effect upon production and construction costs. The tax 
treatment for each fuel systera is a dynamic one. This makes it 
very difficult to assess the resulting economics. 

The amount of money needed to construct and operate plants to 
use each fuel is a strong component of how rauch the electricity 
producing customer will pay per unit of fuel. The average coal 
and oil burning plant uses 8,500 to 10,500/Btu/kwh. A nuclear 
plant uses about 14,000 Btu/kwh. Geothermal plants use between 
21,000 to 33,000 Btu/kwh. 

Oil 

Electricity produced frora oil fired plants is directly related 
to the cost of low sulfur fuel oil. An oil fired turbine generator 
plant costs between $400 - 500 per kilowatt. A combined cycle 
plant is about $360 per kilowatt. The difference in heat factor-, 
operating cost, and available capital for these plants establish 
which will be used for meeting the increased demand and plant 
replacement schedule within a utilities service area. The 
estimated cost developed by Stanford Research Institute of fuel 
oil in mills per kilowatt hour is approximately 23 mills per 
kilowatt hour. Strong competition between suppliers results 
in a stabilizing effect upon the overall price of oil. Utility 
planners have estimated the range of price of oil to be 20.5 to 
21 mills per kilowatt hour. These cost ranges corabined with the 
new plant costs will produce electricity between 33 and 44 mills 
per kilowatt hour. This figure must be adjusted for the strong 
energy price increase during the last twelve months. 

Coal 

Coal prices are related to specific sources of supply and 
dedication of. specific sources of coal to certain plants. Coal 
does not presently have the wide range of usefulness th^t oil 
enjoys today. This limits the substitution of one coal for 
another. 

The price of steam coal and plant construction costs to meet 
environmental requirements result in an estiraated price of 35 mills 
for electricity generated in new coal plants. Fuel suppliers 
currently estimate coal can be delivered within a 1,000-mile 
radius for 10 to 15 mills, per kilowatt hour if surfacs mining 
methods are used. 
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Nuclear 

Nuclc-ar fuel plants appear to offer the least cxpenr-.ive electricity 
for a non-indicjenous source of energy. 

The utility industry estimates they will be paying 6 to 6.5 mills 
per kilowatt, hour for nuclear fuels and plant costs in 1977 dollars 
will be $300 to $1,000 per kilowatt. The estimated cost of 
electricity from such plants will be between 32 to 34 mills per 
kilowatt hour. 

Geothermal 

Comparison of conventional electricity prices with geothermal 
steam prices are a matter of public record. This is the, least 
expensive of all thermal system.s employed in the United States. 
To obtain a comparison of hot water flash steeim plants, it is 
necessary to use developments outside the United States for per-
formsnce factors. Economics of hot water flash to steam projects 
continue to be impressive. Cerro Prieto's development is very 
encouraging as exploratory work confirms this development can 
exceed 500 mw. The improvement in heat recovery with double 
flash units would reduce the cost of electricity and increase the 
size of reserves significantly, seventy-five megav/atts have now 
been developed and work is underway on the next 75 megawatts. 
The first unit of 75 megawatts was developed for $264/kw and 
produced electricity for approximately $.008, tax free. Today, . 
costs %vould be about twice that amo'ant. The cost includes the 
well field operation as this is an integrated operation. It is 
estimated the second '75 megawatt plant will produce'electricity 
for about 16 mills, tax free. 

It is possible to use the development work at Momotombo Nicaragua 
to eval'uate the costs cf developing a hot water flash field today. 
DeGolyer McNaughton, the international consulting firm, and 
Herman Dykstra, a reservoir engineering consultant, have completed 
examination of all the field test data from Momotombo. Tests 
using bottom hole pressure devices in selected wells were combined 
with field flowing tests. The firm concluded that double flash 
turbines could produce 96 megawatts for more than 30 years using the 
portion of the reservoir developed. Subsequent completion tests 
have demonstrated more than 100 megawatt capacity. 

Turbine specifications prepared provide for a plant turbine with 
80 psig first stage and 20 psig second stage. The power plant 
for this 225° C. field may have two.35 megawatt units in opera
tion by raid-1980. The estimated cost for the electricity generating 
plant installed will be $460 per kilowatt. A savings of $26 
million in foreign exchange would result from this developmsiat. 

i 

-12-



Steara 

Geyser's steam price is about as inexpensive as geothermal energy 
can be produced today. The 1979 price of 17.5 mills per kilowatt 
hour is well below the corapetitive value of this energy. Twenty-
five mills per kilowatt hour would be a price more nearly re
flecting its actual value in an area using oil or coal for electri
city generation. 

PG&E's plant #15 is expected to cost $320 per kilowatt with pro
visions for H2S treatment. This is an increase of 250 percent 
over the average of the 1961-1974 period. In the same period, 
the cost of electricity generated averaged about 5.6 mills per 
net kilowatt hour. 1979 operating costs will have." increased the 
busbar price to 25 to 30 mills per kilowatt hour. 

Summarizing the preceding discussion on comparison of costs and 
resultant prices of electricity, we can tabulate oil, coal, 
nuclear versus geotherraal as follows: 

Oil Coal Nuclear 

Fuel mills oer kilowatt hour 20-23 9-11 6-7 
Plant $/kw " 400-500 780-1000 1000-1200 
Electricity Busbar 
mills/kwh ' 33-34 • 38-40 38-40 

Fuel mills per kilowatt hour 
Plant $/kw 
Electricity Busbar 
mills/kwh 

Steara 

17.5 
320 

Geothermal 

Flash 450°F. 

18-22 
450-475 

Binary 

25-30 
500-1000 

25-30 27-32 40-48 

Reserve Esitmates , 

With these competitive conditions and an idea of the required 
investments in plant and fields, we can estimate the potential 
reserves identified in relation to the proven reserve. 

The proven reserves of the Geysers is now 1507 m.egawatts. The • 
potential reserves are another 1200 megawatts. To infer that 
the hot water area surrounding the dry steam reservoir will pro
duce waters that will be used in flash steam plants is reasonable. 
Inferred hot water flash reserve should be approximately 1,000 
megawatts. 
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The proven reserves in the Imperial Valley are 400 megawatts. 
Potential resei'ves of Brawley, East Mesa, Heber, Niland, and 
Westmoreland total IGOO megawatts. Reserves have been inferred 
with anothe 1,000 megawatts in these and similar anamolies with
in, the province. Considerable work must be done on conversion 
systems, an-d c'.L"-.:p drilli.-.g in the California portion cf the 
Imperial Vfi.1 Ic-y if another 5,000 raegawatts are to be moved from 
the resource-; category into the reserve category in the next 2 0 years, 

In the western Utah area Roosevelt is the only area with proven 
reserves. 1u appears that sufficient testing and plant design 
work has bee^: completed to assign' 80 megawatts to that classifi
cation. 12-0 r.'.egawatt potential and 300 megawatt inferred re
serves can ba assigned to Roosevelt on information now available. 
The remainder of that general area including Cove Fort - Sulfurdale, 
Thermal-Black Mountain, should have 1,000 megawatts potential 
reserves and 500 megawatt inferred. 

Dixie Vailey should have 100 mw potential if continuity of pro
ductive zones can be established. Another 400 mw may be inferred 
on similar anomalies within the Valley. South Nevada from Tonopah 
to Ely should contain 500 mw of potential and inferred reserves. 
Testing of potential areas in Nevada has not progressed to the 
stage where proven reserves can be assigned. The potential 
reserves of Phillips' three areas, and Chevron's two areas in the 
norhtern half of the state, indicates 400 megawatt reserve.. An 
additional 600 megawatt can be inferred on the basis of drilling 
data being extrapolated with geophysical surveys. With continued 
confirmation success in the Carson sink area, an additional 500 
megawatts could be moved from resource to inferred reserves. 
New Mexico's Valles Caldera is considered as having 100 megawatt 
potential reserve. From the size of the anomaly and the temp
erature indicated by surface springs, an inferred reserve of 
another 300 megawatts should be assigned. This area has a total 
reserve of 400 megawatts. 

Summary 

Electricity Generation 

Proven Potential 
(Measured) (Indicated) 

MW MW 

1520 1240 

.ley 400 1600 

r 

Reserves 

Inferred 
(Geol-Geoph) 

m<i 

1000 

1000 

700 

Geysers 

Coso-Lassen 
Long Valley 

Mammoth 
Randsburg 
Dixie Valley , 100 400 
Roosevelt 80 . 120 300 

Cove Fort 
Sulfurdale 
Black Mountain- 300 400 

Thermal 
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Proven 
(Measured) 

N. Nevada -
Fallon to 
Winnemucca 

S.Nevada 
Tonopah'to 
Ely 

New Mexico 

Alvord Area 

Alvord to Vale 

Subtotal 

Total 

Potential 
(Indicated) 

400 

200 

100 

100 

2050 

11,600 raegawatts 

4160 

Inferred 
(Geol-Geoph) 

600 

300 

300 

100 

300 

5400 

The direct use of geothermal heat in the United States is on 
a local project basis except in Klamath Falls, Oregon and Boise, 
Idaho. Local greenhouse operations, individual processing plants 
in industrial and agricultural projects, are found throughout 
the western United States, Alaska, Texas and the southeast 
Appalachians. It is estimated these present direct uses 
represent proven reserves of 35 megav/atts-. It is easy to estim.ate 
the direct use potential is two to three times the 11,600 raw 
indicated as electricity generation reserves. The geographic 
distribution of direct use reserves is the m.ajor constraint to 
such developraent. 

Reserves cannot be assigned to geopressure-geothermal projects. 
It is hoped the government research work in progress can develop 
sufficient data to provide inferred reserves in 20 years. The 
resource is large but definition criteria are not established. 

An oil accumulation to provide 164,000,000 barrels per year for 
30 years, would require 4.9 billion barrels to be available for 
production. Consider that less than 0.2 of 1 percent of all 
wildcats drilled in the United States during the last four years 
discovered producible reserves over the life of the field greater 
than 1 million barrels of oil. ^ 

To assess the impact of the development of this reserve now 
identified plus the stimulus such development will give to 
exploration requires an assumption that the governmental agencies 
believe indigenous sources of energy are necessary to the 
econoray of the U.S.A. 
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Stanford Research Institute, The University of California, 
Riverside, and Science Application Ind. have each provided 
thoughtful studio?; on the effect of tax incentive.'̂  for the 
development of geothermal resources. The effect of such tax 
treatment haa been focused on the resulting price of electricity 
or upon how much iirjome this would "shelter" for the producer. 
This focus should be changed. The size of increased resources 
resulting from incentives should be emphasized. 

Each study has sidestepped critical questions of: Ho'w large a 
capacity can be economically developed from recognized prospects 
with the .subject incentives? How many would be developed 
lacking such economic stimuli? VJhat is the flow back to the 
government agencies in tax revenues if certain incentives are 
initiated? This demands careful analysis of the possibility' 
of reduced tax flo%>7 from projects that are certain to be developed 
without the incentives versus the increased tax revenue from 
those projects that would not have been developed without the 
incentives. 

Consideration of the dynamic effect of taxation regulations on 
an incipient industry will show a tremendous benefit to govern
ment agencies in increased tax revenues. Robert Rex prepared 
the following illustration de.monstrates the flow of monies to 
federal, state and county agencies for a single 4 8 net megawatt 
project on federal lands. 

ESTIMATED GOVERNMENT REVENUES 
FROM FIELD DEVELOPMENT PROG.̂ Ĵ M 

EAST MESA 4 8 MW PROJECT 

10 percent federal royalty payments 
federal income taxes 
state income taxes 
ad valorem taxes 

$ 70,200,000 
67,110,000 
16,590,000 
59,700,000 

$213,600,000 

ASSU.MES 25 MILS/KWH - 30-YEAR PROJECT LIFE - 6 PERCENT .ANNUAL 
INFLATION RATE 

If the reserves now known on federal lands are developed, 
additional ones will be added in the process of development and 
by the increased exploration attracted to the area of successful 
development. Five thousand raegawatts production on federal 
lands and two thousand megawatts on non-federal lands should 
return to the-government $903 million in revenues each .year 
over the first 30 years of the projects' lives. $7.02 billion 
would flow to the federal governraent as royalty, $9.4 billion 
as income tax. $2.3 billion would be allocated to the various 
states' income tax revenues and raore than $8.4 billion to local 
county governments as ad valorem taxes. 
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Summary 

In 1973 the geothermal reserves in the United States were 
500 megawatts, reserves identified since 1970 total about 
11,100 megawatts. This is enough energy to supply the total 
electrical needs for 11,000,000 people. To generate the same 
electricity using fuel oil, 164 million barrels per year would 
be needed; Five billion barrels of oil would need vto be dis
covered to supply the equivalent energy for 30 years. 

Geothermal energy can compete with the other types of energy 
now being used in the United States. To do so, the energy must 
be available from its reservoir at a temperature above 400° F. 
Below this temperature, operating costs rise significantly as 
the number of wells to produce and reinject the fluid increases. 

Tax incentives must be provided to encourage significant 
investraent in the mid-temperature hot water resources if this 
type e.nergy is to be developed. 

The cost of the plants rise rapidly as the temperature of the 
reservoir decreases. The volume of fluid required to move through 
the system increases rapidly to supply the required heat. There 
are economic limits established by temperataure that must be 
recognized. If the Btu content of a ton of coal drops, there is 
a point where it is not useable for power production. The sarae 
is true for oil and gas fluids as their associated water or 
inert gas ratio increases. Geothermal fluids quality and use
fulness is also dependent upon its Btu content per unit volume 
produced. , The building of power plants for mid-temperature 
projects is critical to the utilization of this large resource. 

For this reason, it is difficult to present a specific cost of 
electricity produced by broad types of resource. The probable 
range of prices for electricity generated from steam and hot 
water reservoirs today is: 

Steam 450 degrees F and above 24-30 mills/kwh 
Hot water flash - below 400° F 36-50 

above " " 27-32 
Binary 40-48 

Research must' continue on how to raake fluids with temperatures 
below 400°F. useful. The technology is now mature.- Thfire are 
vast quantities of heat in this resource awaiting the solution 
to the economic problems.of using this low grade heat. 

Risk capital must be readily available in units of 10 to 15 
million dollars at the beginning of exploration. Developraent 
to 400 megav/atts may require up to $100 million investment before 
payout of the first 50 megav/att unit is obtained. Tha investors 
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with sufficient money to carry out a successful program will 
compare the return of invested capital offered by similar 
projects (utilizing ."̂ îmilar technology and business know-how) . 
The projects offering the best rate of return for similar risk 
and investment wil]. usually be the ones selected for funding. 

'~^ 

The biggest problem in obtaining risk capital is the uncertainity 
of the business. This includes the discrimination in tax treat
ment of hot water versus steam. This precludes being able to 
market the energy at competitive prices and obtain as favorable 
rate of return as other industries offer. Prospective investors 
should have assurance that government rules and regulations 
will encourage the discovery and use of this energy. 
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What has always interested me in the geothermal 
Industry Is that "Exploratioa and Development," 
as in the title of this Short Course, are always 
linked together. In practice, however, and espe-
lally (rom che financial aspects of the business, 
there ia a great difference tn each of these. In 
discussing the various options avaUable for the 
overall geodiermal Implementation process, I 
should like to stress the need for parallel develop
ment In the financing of both the exploratioa and 
the development phases. I must also s t ress che 
critical need for Involving one's financial personnel 
and/or out-side financial advisors from che earl i
est planning stages. In addition, I must point out 
chat the ability to finance a project Co complettoa 
(through to ttte beginning of cash flow) is the net 
result of the successful completioa of all of che 
previous phases of chat project. A successful 
financing is Che boctom-line cricerlon chac bespealis 
che projecCs ultimate feaaiblllty. I say Chis be
cause, in order to finance a projecc successfully, 
the prospective investors must understand all of the 
risks and mitigating measures Involved prior co cheir 
supplying Che required cundlng. Let me discuss the 
building blocks upon which our Industry is based. 

L [NTRODUCTION 

The first of these is, of necessity, che e.'tploratioa 
phase, the scope of which includes general recon
naissance, leasing, preliminary e.xploratlon, deep 
drilling, testing, and development drilling funccions. 
.A resource company musc first decide chat it Is In 
the geochermal business and it must allocate funding 
to engage in preliminary reconnaissance activities. 
Leasing, and che attenddnc'e.xpenditure of funds, 
then takes place. Purdier monies are spent in slcs-
speclflc e.\'ploratlon (geology, geophysics, gradient 
drilling, etc.) before a decision Is made to commit 
the substantial funds necessary for deep produccion 
drilling. Based on a successful complecioa of the 
deep well, e.xcensive testing must take place before 
deciding whether step-out drilling is warranted In 
order Co bring che field Co a desired produccion 
level. 

This brief synopsis cells only half the scory, however. 
Geothermal is a capital-intensive industry. The 
utilization of the resource requires the construction 
of a power plant, agribusiness or industrial facility In 
addition to the investment In drUling. Since these are 
site-specific utUization Investments, che Invescor la 
Chis phase of development musc be assured chat Che 
resource on which che facUlcy Is being buUc will last 
as long as It cakes to recover his invescment. As a 
result, che Invescor Is sharing che risk of che reser
voir's projected performance through time, in some 
cases as long as thirty years. There are few oU 
companies that know or care how to own and run a 
utUlty or a dehydradon plant. The Idea of having Co 
invest significant funds or guarantees beyond the aor-
mal scope of their ongoing business Is hardly appeal
ing either. For e.xample, if a resource company in
vests 520 mUlion In the development of a resource 
but thea has to spend an additional S30-60 mUlloa to 
develop it to the point of cash flow - thaf s a lot of 
dollars to bet on a single reser /o l r . .\nd only the 
limited number of che largest of companies could 
participate in this game, it is clear that the utUiza
tion phase also requires the invesmient of risk capital, 
but It appears chat the sources 'iiereof wlU most likely 
be different. 

Now that we've defined the different phases of geo
thermal development process through to cash flow, 
let us discuss Cor a moment the cypes of markets chat 
geothermal resources are accive in. Previi>us speak
ers have discussed chese, so 1 wUl summarize the 
differences between geothermal for electric and for 
direct-use applications, ft is most important to note 
that the electric-market requires generaUy a higher 
Cemperawre of geochermal resources (300° F plus) 
and results in an e n e r ^ produce, elecCricity, thac can 
be transmitted over long distances. Non-electrltr or 
direct-use geothermal applications have generally 
focused on temperatures below 300 °F (although 'nigher 
temperatures can be used in Industrial and agricultural 
applications) and che energy has to be consumed within 
a fairly close pro.xlmlty to the site (five to cen mUes). 
A furcher comparison demonscraces that electric pro
jects may require minimum capital Investments (re-
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source and plant combined) of appro.ximately 320 
miUion, whereas investments for direct-use projects 
range from 5250,000 to appro.ximately S6 mlUlon. In 
addition, project time scales are very different. For 
electric projecis, from wUdcat to busbar may take 
eight to ten years; for non-eleccric,- two or three years 
at most. Clearly, based on the capita] magnitude 
.differential as weU as marketing approaches and time 
frames, there will be significant differences as to 
how to proceed with the financing of each t>T3e and each 
type of project. 

n. ELECTRIC DEVELOPME.N'T PROJECTS 

A. The E.xploratlon Phase basically has 
the same dry hole risks in geothermal 
as e.-Usc for oU and gas. Although 
development techniques differ, che same 

. financing options e.xist in geochermal 
asweU. They are , among others, as 
foUows: 

(1) Resource company financing. 
. BoCh minerals and oU and gas 
e.xploratlon companies have 
capital bases which permit the 
assumption of dry hole risk. 
The funds available for Che 
e.xploratlon and drUllng of 
geothermal production wells 
presumably would come from 

- Uie cash flows generated either 
by high-risk, hlgh-reoim 
successful oil and gas or mineral 
discoveries or high-risk, high-
return previous ge&thermal 
drilling. In the latter category, 

" ' . only Magma Power, Thermal 

Power, Thermogenics and Union 
OU Company so far share In 
this distinction in the United 

'. • States. PhiUips Petroleum, 
AMAX, and Sunedco are r e -
pres'entadve of the former. In 
the event a resource company-
wants to reduce its e.>q)osure 
associated in a given field, it 
might arrange participations 
(jolnt-vencures) with other com
panies in che weU to be drilled. 
To obtain additional properties 
or particularly attractive ones, 
a resource company might farm-
in and drill on the above-de
scribed basis to earn an interesL 
There are many varieties to 

- ' Implementing this kind of 

approach. They originate from 
the oU patch or minerals sector, 
but all basically revolve about 

the Investment capabilities of a capital base 
able to withstand dry hole risk. 

(2) Outside Investor financing is generally 
e.xpressed hy means of drilling partner
ships.. The development of'un economi
cally attractive prospect might be under
taken by a less-afQuent or participation-
oriented company or by an operating 
conpany interested in acquiring a foothold 

- tn a resource which it might not othenvise 
be capable of developing by Itself. DrUl
ing funds have been successfully utUtzed 
by Republic Ceothermal. Inc., McCulloch 
OU Company and some others. This kind 
of approach to financing should receive. 

. - added encouragement from the Energy Act 
of 197S. 

'» 
(3) User advance pavmehcs. In order Co se 

cure righcs U) an energy resource, a 
ucUit>' or a public entity may desire to 

- advance funds towards the development 
drilling uf a given reservoir. It is un
likely, however, that such advances 
would be avaUable prior to an Iniclal 
successful discovery well. .Apparendy, 
a slmUar cype of arrangement was nego-
daced at The Geysers becween a pros
pective energy user and a potential 
developer. 

(4) Other. There are numerous varieties to 
the above approaches, but one particularly 
Interesting option revolves around the 
UtUization of the Geotiiermal Loan Guar
antee Program (GLGP) to fund field 
exploratioa and development work In com
bination with risk caplcal provided in 
scenarios 1-3. Other speakers have 
dealt with the GLGP, so I shall not dweU 
on this approach further. 

B. The UtUization Phase picks up where the 
exploration phase leaves off. Once the capa
bUlty to produce resource Is demonstrated, 
the UtUization faculties are necessary to pro
vide a marketable product which. In this case. 
Is a power plant. Several questions arise at 
this point, however. First , what initial size 
of plant should be the objective of the e.xplora
tlon phase ? When should the construction of
the power plant be timed for ? At what poinc 
does the potential financial participant/inves
tor become involved ? Clearly, the time value 
of money being what It is (especially now In 
these Inflationary times), the answer must be 

-'. Uiac both the exploration and dev.eiopment pro-
- grams be Integrated, at least as to planning, 
from as early a point as the conception of the 
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project. I shaU not dwell on this point 
in detaU herein, but refer you to Che 
article on power plant sizing and r e 
financing strategy the Geothermal 
Resources CouncU la making avaUable 
Ul conjunctioa with this talk. I should 
lUce to discuss three general approaches 
to provic}lng the required equity invest
ment and loan capital sums necessary 
to implement a power plant financing 
package. 

(1) Venture capital may be defined 
for the purposes of this paper 
as tax-oriented risk capital. 
The abUlty to accept resource 
uttllzation risk as weU as die 
capabUlty to utUlze avaUable 
tax benefits wUl enable the users 
of che resource to accelerate 
the construction of power 
generation faculties. Combin
ing the use of such capital with 
portable (1-3 \Cf>'), semi-
portable (10-20 IIW) and fixed 
(site-specific 33 .\CW and up) 
units with bank financing or DOE 
-guaranteed funding is tbe most 
lUtely source of sizeable Cund
lng available for geothermal 
power plant construction. Both 
individual as well as corporate 
Investors have Che ibUlcy Co 
pardcipate under chis kind of 
Invescment arrangement Pro
vided che projecc Is strucoired 
la the appropriate fashion and 
that the financing Is e.xempc from 
ucUlty-type regulation, che vast 
amounts of "equlcy" or risk 
capital required for che e.xpected 
growth of the geothermal in
dustry can be raised in this 
manner. 

(2) At-risk lending for geothermal 
power plant coastnictton is a 
type of financing yet to be made 
available to the industry. In 
theory, reservoir evaluation 
techniques wlU evenwaUy be 
Judged by financial Instlcutlons to 
be sufficiendy reliable to permit 
the advancing of funds, without 
recourse, against the risk of die 
project itself. If the reliability 
of a given reservoir could be 
proved to Che satisfaction of a 
prospective lending Insticucion, 

it would be willing to lend a cer

tain percentage of the total project 
coat on an at-risk basis . 

(3) Intermediary Risk-.Assuming Com
panies (IRAC) represent a financ
ing vehicle contbining possibly both 
of the above mentioned approaches. 
One can best define an CR.AC as a 
wholesaler of geodiermal electric 
power. The "T formation," aa I 
call it. Includes, at left end, the 
resource company selling geother
mal Quid at the weU-head to the 
IR.AC. The IRAC Itself is the cen
ter, purchasing the fluid and con
verting it to eleccrlcicy, which it 
sells CO Che right end, che ucUicy, 
by means of a power sales 3gre«-
ment, usually on a take or pay 
basis. The [R.AC produces che 
electricity by use of the power 
plant which it leases from the 
cpiarterback - die owner/lessor. 
This concept Is spelled out in great
er detaU in the accompanying art i
cle. The basic point of this 
s t rucure Is that the utUlty accepts 
a loan planning risk, but avoids the 
reservoir risk in that It has no In
vestment la the plant on the reser
voir.' The resource company can 
seU its product without having Co 
buUd a power plane, delece ics 
financial scrength. and risk regula-
clon as a public ucUlty. As owners/ 
lessors , the power plant owners 
qualify for full Investment tax 
benefits in e.xchange for assuming 
reservoir risk. Used In conjunction 
with Che DOE Loan Cuarancee Pro
gram, che level of risk la reduced 
to accepcable levels for che In
vestors In che owner/lessor. -The 
IRAC also accepcs che operaclng 
risk or farms lc out. This overaU 
program of risk and reward alloca
tion places all of the Incentives in 
che righc places. This specialized 
form of project financing has only 
begun CO demonscrace che viability 
of developing power generacion on 
yet unutilized reservoirs.N Current 
legislation may permit further 
streamlining uf this approach by 
e.xemptlng IR.AC's producing leas 

' than 30 NWe from regulation in 
which instance the [RAC would be 
the power plant owner as well. 

( _ 



Summary. Electric commercializa
tion is most efflciendy achieved 

when both the exploration and 
development pha.se are Integrated 
financially and a construction pro
gram appropriate to the resource 
in question Is developed. Tbe 
financing of such projects can be 
streamlined and the net result, 
the cost of electricity, be achieved 
on the most cost-effective basis 
possible. 

DIRECT-USE D^VELOP.ME.N'T PROJECTS 

A. The Exploration Phase has slmUar risk 
characteristics as driUing for electric 
with one Important difference. The 
depth of the resource, and therefore the 
cost of reaching It, is significanUy 
smaUer. This results in a lot of dif
ferences In the direct-use field as com
pared with the electric. Many more and 
smaUer companies can be and are in
volved in direct-use projects, often for 
their own utUization. The variety of 
companies is much greater because BTU 
production can be used for any industry 
requiring process heat, be It agricul aire, 
dehydration, space heating, etc. Many 
more non-electric prospects appear to 
have been Identified, and once develop
ment Is planned, a much shorter turn
around time to cash flow can be expected. 
This appears to be tbe result of the 
minimal environmental impacts of such 
projects as well as of the signiflcandy 
smaller capital Investment (and lead 
time) necessary to start-up the pro
ject. Shallower and less e.xpensive 
production wells can be drUled more 
quickly. Depending on depth, temper
ature, and flow rates desired, com
pleted Don-electrlc production weU 
cost could run from as low as a few 
thousand to as much as $230,000. In 
contrast, an average electric produc
tion or Injection well to 7,000 feet 
could run from a million dollars to cwo 
mUllon or more . Sources of funds for 
non-electric produccion weU drUling are 
essentially the same as ouUlned in 
Section QA, with one further addition. 
Given the signiflcandy lower cost thres
hold of entry, an encb-user such as a 
food processor or agrlcompany might be 
willing to Invest In shallow production 
drilling themselves if the cost savings 
or back-up system potential appeared 
favorable enough. 

B, The UtUization Phase for direct uses In
volves die same cypes of risks and has 
available to ic aU the same sources of 
funding as described in Section IIB above. 
A de cailed paper wUl be coming out soon 

.describing sources and types of funds 
available to direct-use projects. This 
Information is contained in Section 
Seven on "Financing" of the Workshop 
on Direct UtUization of Geothermal 
Energy conducted by the GRC/OIT In 
Klamath Falls, Oregon in February 
1979. I shall basically restrict my com
ments on this topic to the fact It Is gen
erally easier to finance a small project 
with a quick cum-nround to cdsh flow as 
opposed to a large project with a long lead 
time to cash flow where delay and environ
mental hazards are Inherently much greater. 
Since geothermal can fumish the energy for 
a wide variety of different businesses, eval
uation and analysis of each of these different 
businesses should not concentrate primarUy 
on the geothermul aspect alone. Overall 
management capabUlty, economic viabUlty, 
process and technological risks, markeUng, 
and business structure - aU have to be 
exhaustively reviewed. In this context, 
geothermal energy is but one component in 
a processed product and is but one additional 
variable - that of the fuel supply - to be 
assessed in a business with many variables. 
In non-electric. If the resource faUs, the 
option may e.xist to retrofit to a conventional 
fuel source. In electric development. If the 
resource faUs, the project faUs. 

In summary, based on the avaUabUlty of 
recently enacted tax t>enefits, and based on 
the enyironmentaUy and economicaUy de
sirable aspects of lower temperature geo
thermal resources, it appears tbat these 
projects offer desirable Investment oppor
tunities, although on a smaUer scale. In 
fact, at-risk loan capital should become 
much more rapidly avaUable to the commer
cialization of such direct-use quality geo
thermal resources than for electric, because 
options do exist for the use of the faculties 
on a commercial basis even with faUure of 
che resource. 

rv. CONCLUSIONS 

In both the electric and direct-use sections of this 
paper, I have maintained a paraUel strucoire In dis
cussing the kinds of capital avaUable to the explora
tion and development phases. Because the success-
6il commercialization of a previously unutUlzed 
geothermal resource depends on obtaining different 
kinds of Investment capital for each of the phases, 
I strongly recommend that one not be undertaken with
out planning for the other. Integraclon wlU save boch 
cime and signlflcanc amouncs of money, chereby en
hancing the project's potential for profitable imple
mentation. 
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INTRODUCTiON 

Geothennal energy is heat energy which 
orginates within the earth. Under suitable 
geologic circumstances, which we will examine in 
some detail in this paper, a small portion of this 
energy can be extracted and used by man. So 
active is the earth as a thermal engine that many 
of the geological processes that have helped to 
shape the earth's surface are powered by 
transport of internal thermal energy. Such 
seemingly diverse phenomena as motion of the 
earth's crustal plates, uplifting of mountain 
ranges, occurrence of earthquakes, eruption of 
volcanos and spouting of geysers all owe their 
origin to the redistribution of the earth's 
internal heat as it flows from inner regions of 
higher temperature to outer regions of lower 
temperature. 

Temperature within the earth increases 
steadily with increasing depth. Figure 1 
illustrates this increase of temperature with depth 
for the first few tens of kilometers in the earth. 

Plastic or semi-molten rock exists everywhere 
under the continents at depths ranging from 20 km 
to 40 km and under the oceans at shallower depths 
of 10 km. For reference, using present drilling 
technology, holes can be drilled to depths of 
about 10 km (6.2 miles) under good drilling 
conditions. Temperatures at these depths are 
believed to range between ZOO^C and 500°C, and to 
Increase substantially with depth so that at the 
earth's center, nearly 4,000 miles deep, the 
temperature may be more than 4000°C (Figures 1, 2 
and 3). Because the earth is hot inside, heat 
flows steadily outward to the surface where it is 
permanently lost by radiation into space at the 
prodigious rate of 35 million minion watts (2.4 
X lO'O calories/year). At present only a very 
small portion of this heat can be captured for 
man's benefit. Two ultimate sources for this 
heat appear to be most important among a number of 
contributing alteratives: 1) heat released 
throughout the earth's 4.5 billion year history by 
radioactive decay of certain isotopes of uranium, 
thorium, potassium, and other elements; and 2) 
heat released during subsequent mass redistribu
tion when much of the heavier material sank to 
form the earth's mantle and core (Figure 2 ) . 
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Geothemial resource areas, or "geothennal 
areas" for short, are those in which higher 
temperatures are found at shallower depths than 
is nonnal. This condition usually results from 
either 1) Intrusion of molten rock to high levels 
in the earth's crust, 2) higher-than-average flow 
of heat to surface, often in broad areas where 
the earth's crust is thin, 3) heating of ground 
water due to deep circulation, or 4) anomalous 
heating of a shallow rock body by an unusually 
large content of radioactive elements. We will 
consider each of these aspects in more detail 
below. In many geothennal areas heat is brought 
to the surface or near surface by convective 
circulation of groundwater. If .temperatures are 
high enough, steam may be produced, and geysers, 
fumaroles, and hot springs are common surface 
manifestations of underlying geothermal . 
reservoirs. 

Figure 4 shows the principal areas of known 
geothermal occurrences on a world map. Also 
indicated are areas of young volcanic activity 
and a number of currently active fundamental 
geologic structures. It is readily seen that 
geothennal resource areas correspond to areas 
that now have or recently have had volcanic and 
other geological activity. It is Interesting to 
look briefly at some of the reasons why this Is 
true. 

Outward flow of heat from the deep interior 
causes the earth's mantle to form convection 
cells in which deeper, hotter mantle material 
rises toward the surface, spreads out parallel to 
the surface as it cools and, upon cooling, 
descends again. The crust above these convection 
cells cracks and spreads apart along linear zones 
thousands of kilometers long (Fiqure 5). 
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GEOLOGIC PROCESSES 

The d is t r ibut ion of geothermal areas on the 
earth 's surface is not random but rather is 
governed by global and local geologic processes. 
This fact helps to lend order to exploration for 
geothennal resources once the global and local 
geologic processes are understood. At present 
our understanding of these processes i s rather 
sketchy, but with rap id ly Increasing need for use 
of geothermal resources our learning rate is high. 

FIGURE 5 

The crustal plates on each side of the crack or 
rift move apart at rates of a.few centimeters per 
year. Molten mantle material. rises in the crack 
and solidifies to form new crust. This process 
occurs at the mid-oceanic ridges.(Figure 4). As 
the laterally moving oceanic crustal plates collide 
with certain of the continental land masses, they ' 
are thrust beneath the continental plates. At 
these subduction zones the oceanic plates descend 
to regions of wanner mantle material. These 
processes give rise to the diverse phenomenon that 
geologists call plate tectonics. The cooler, 
descending plate is warmed both by surrounding 
wanner material and by frictional heating as it 1s 
thrust downward. At the upper boundary of the 
descending plate, temperatures become high enough 
in places to cause melting. This gives rise to 
molten rock bodies (magmas) that ascend buoyantly 
through the crust (Figure 6). Ascending magmas 
may reach to within 1.5 to 5 km (5,000 to 15,000 
feet) of the surface, and they may give rise to 
volcanos if part of the molten material escapes to 
the surface through faults and fractures in the 
upper crust. Referring to Figures 4 and 5, these 
processes of subduction and magma generation are 
currently operating along the west coast of Central 
and South Arnerica, in the Aleutian Islands, Japan 
and elsewhere. Hachure marks show the linear and 



S KErtrMO MOTMIMUi VOWn r«OOUCTtOM 
eioTNiRUM POMTia «MOu l i l t CM coMimicrai 

• IMMhCtKnueUSnCVACOrHIMAM t a t M T 
• OmOWQACOTHIIlUW u n OaATKM 

CM ftHovni otonamiM aiKiiffici A M U fumAi 

FIGURE 4 



Wright, H. P. 

arcuate zones, marked by deep ocean trenches, along 
which subduction of oceanic crust is currently 
taking place. The above geologic processes, 
which result in transport of large quantities of 
heat to shallow depths at mid-ocean ridges and in 
areas above subduction zones, give rise to some 
of today's "hot spots" and associated geothennal 
resources. 

CRUSTAL INTRUSICM 
• VOLSAMO 

Much of the westem U. S. is geologically active, 
as manifested by earthquakes and volcanos. Earth
quakes are caused by fracturing and sliding of 
rocks within the crust. Such processes keep 
fracture systems open and allow circulation of 
groundwater to depths of two to four miles. Here 
the water Is heated and rises buoyantly along 
other fractures to form geothennal resources near 
surface. Many of the hot springs and wells in the 
West and elsewhere owe their orgin to such 
processes. 

GEOTHERMAL RESOURCE TYPES . 

We have seen that the fundamental cause of 
geothermal resources lies in the transport o f hot 
rock or hot fluids near to the surface through a 
number of geologic processes. We have also 
considered what the ultimate source of the heat 
is. Before considering the more detailed 
distribution of resources in the United States, 
let us tum to an examination of the various 
geothennal resource types. 

The classification of geothennal resource 
types show in Table 1 is modeled after one given 
by White and Williams (1975) of the. U. S. 
Geological Survey. Each resource type will be 
described briefly with emphasis on those types 
that are presently nearest to comnercial use. 

FIGURE 6 

A second iinportant geologic process is the 
"point source" of heat in the mantle (as opposed to 
the rather large convection cells) which causes uttourta Ty|)a 
surface volcanic eruptions as molten rock is 
transported to the near surface. As crustal plates 
move over local mantle hot spots, a linear or 
arcuate zone of volcanic rocks is seen with young 
volcanic rocks at one end and older ones at the 
other end. The Hawaiian Island chain Is an 
excellent example of this process. Geologists 
speculate that Yellowstone, Wyoming, which Is one 
of the largest geothennal areas In the world, sits 
over such a hot spot and that the older volcanic 
rocks of the eastem and westem Snake River Plain 
in Idaho are the surface trace of this mantle hot 
spot in the geologic past. 

Geothermal resources are not always due to 
near-surface intrusion of molten rock bodies. 
Certain areas have a higher-than-average rate of 
increase in temperature with depth (high 
geothermal gradient) without shallow magma being 
present. Much of the westem United States is 
such an area of high heat flow. Here geophysical 
and geologic data indicate that the earth's crust «'• 
is thinner than normal, and heat therefore flows 
upward from the mantle correspondingly faster. 

GEOTHEMW. RESOUItCE CLASSIFICATION 
( A f u r WMtt ir id W l l l l u t . 197$) 
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Hvdrothermal Resources 

Hydrothennal resources are geothennal 
resources in which the earth's heat is carried 
upward by the convective circulation of hot water 
or its gaseous phase, steam. Underlying the 
system is presumably a body of still molten or 
recently solidified rock that is very hot and 
that represents a crustal intrusion of molten -
material (Figures). ..Whether or not steam 
actually exists in the geothennal reservoir 
depends critically on temperature and pressure 
conditions at depth. Figure 7, (after White, et 
al., 1971) shows a hydrothennal system where 
steam is present, a so-called vapor-dominated 
hydrothermal system (1 a. of Table 1). The 
convection of deep water brings a large amount of 
heat from depth to a region where boiling takes 
place at a temperature of about 240°C under the 
prevailing pressure conditions. Boiling 
presumably takes place at a deep subsurface water 
table as well as in pore spaces within the 
reservoir. Vapor moves upward and is probably 
superheated further by the hot surrounding rock. 
A zone of cooler, near-surface rock may induce 
condensation, with some of the condensed water 
moving downward to be vaporized again. Within 
the entire vapor-filled part of the reservoir, 
temperature is nearly uniform due to fluid 
convection. Reservoir recharge probably takes 
place mainly by cool ground water moving downward 
and into the convection system from the margins. 
If an open fracture penetrates far enough, steam 
may vent at the surface. A well drilled into 
such a reservoir would produce superheated steara. 

VAPOR DOMINATED GEOTHERMAL RESERVOIR 
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FIGURE 7 

The Geysers geothennal area in California 
(Figure 14) i s a vapor-dominated geothermal 
resource. Steam is produced frora depths of 1.5 
to 3 kra (5,000 to 10,000 fee t ) , and this steam i s 
fed directly to turbine generators that produce 
e lec t r i c i ty . The current generating capacity at 
The Geysers is 663 FWe (megawatts of electrical 

power, where 1 megawatt • 1 million watts) and 
about 860 MWe of additional generating capacity 
is scheduled to come on line by 1983. Other • 
vapor-dominated resources occur at Lardarello 
and Monte Amiata, I taly, and at Matsukawa, Japan. 
Part of the resource at Yellowstone, Wyoming 
consists of a dry steam field. There are few 
known vapor-domlnated resources because special 
geologic conditions are required for their 
fonnation. However, they are eagerly sought by 
Industry because they are presumably easier and 
less expensive to develop. 

HIGH TEMPERATURE CEOTHERMAL SYSTEM 
FLOW CONTROLLED BY FRACTURES 

HOT 
WATCR 

'CONVECTION 

HEAT 

FIGURE 8 

Figure 8 schematically I l lustrates a high 
temperature hot-water-dominated hydrothermal 
system (1 b.(i) of Table 1). The source of heat 
beneath such a system is probably molten rock or 
rock which has solidified only in the last few 
tens of thousands of years, lying at a depth of 
perhaps 3 to 10 km (10,000 to 35,000 feet) . 
Nonnal ground water circulates in open fractures 
and removes heat from these deep, hot rocks by 
convection. Fluid temperatures are uniform over 
large volumes of the reservoir because convection 
is rapid. Recharge of cooler ground water takes 
place at the margins of the system through 
circulation down fractures. Escape of hot fluids 
at the surface is often minimized by a near-
surface seal or cap-rock formed by precipitation 
from the geothermal fluids of minerals in 
fractures and pore spaces. Surface manifestations 
of such a geothennal system might include hot • 
springs, fumaroles, geysers, spring deposits, 
altered rocks, or al tematively, no surface 
manifestation at al l . If there are no surface 
manifestations, discovery is much more diff icul t . 
A well drilled into a water-dominated geothermal 
system would likely encounter t ight , hot rocks 
with hot water inflow from the rock into the well 
bore mainly along open fractures. Areas where 
different fracture sets Intersect may be 
especially favorable for production of large — 
volumes of hot water. For generation of 
electrical power a portion of the hot water 
produced from the well Is allowed to flash to 

file:////r-iJi
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steara wi th in surface equipment as pressure is 
reduced, and the steam 1s used to drive a turbine 
generator. 

Examples of th is type of geothennal resource 
are abundant in the westem U.S. and include 
Roosevelt Hot Springs, Utah, and the Valles 
Caldera area, New Mexico. A to ta l of 53 such 
resource areas have been iden t i f i ed . (Muffler and 
others, 1978) in the West, with Nevada having a 
disproportionately large share. 

A second type of hot-water system is shown 
in Figure 9. Here the reservoir rocks are 
sedimentary rocks that have intergranular 
porosi ty. Geothennal f l u ids can sometimes be 
produced from such a reservoir without the need 
to intersect open fractures by a d r i l l hole. 
Examples of th is resource type occur in the 
Imperial Valley of Ca l i fo rn ia , in such areas as 
East Mesa, Heber, Brawley, the Salton Sea, and at 
Cerro Pr ieto, Mexico. In th i s region there i s a 
crustal spreading center, as discussed above, known 
as that East Pacif ic Rise. Figure 4 shows that East 
Pacif ic Rise goes northward up the Gulf of 
Ca l i fo ra ia . I t s locat ion under the continent • 
cannot be traced very f a r , but i t i s believed to 
occur under and be responsible fo r the Imperial 
Valley geothermal resources. The source of the 
heat is upwelling, very hot molten or p last ic 
material frora the earth's raantle. This hot rock 
heats overlying sedimentary rocks and the i r 
contained f l u i ds . The locat ion of speci f ic 
resource areas appears to be control led by fau l ts 
that presumably allow deep f l u i d c i rcu la t ion to 
carry the heat upward to reservoir depths. In the 
Imperial Valley, the geothermal f l u ids are very 
saline in places; often dissolved-salt content Is 
more than 30 percent. 

IMPERIAL VAllEY. CAUFORNIA GEOTHERMAI RESODRCE 
| - ^ man nsAT now AttA '^•\ 

,_ O n L L MOLO 

FIGURE 9 

V i r tua l l y a l l of Industry's geothennal 
exploration e f f o r t is presently directed at 
locating vapor- or water-dominated hydrothennal 
systems of the types described above having 
temperatures above 200 C (392 F). . These 
resources are capable of commercial e lect r ica l 
power generation today. Exploration techniques 
are generally conceded to be inadequate for 
discovery of these resources at a fast enough 
pace to sat is fy the reliance the Nation may 
ult imately put upon them for a l temat ive energy 
souroes. Development of better and more 
cost-effect ive exploration is badly needed. 

The.fringe areas of h1gh-temperature vapor-
and water-dominated hydrothennal systems often 
produce water of low and intermediate temperature 
(1 b. (11) and 1 b. ( i l l ) of Table 1). These 
lower temperature f lu ids are suitable for d i rect 
heat applications but not for e lect r ica l power 
production. In addi t ion, low- and intermediate-
temperature waters can resul t from deep water 
c i rculat ion in areas where heat conduction and the 
geothennal gradient are merely average, as 
previously discussed. Waters circulated to depths 
of two to four miles are wanned in the norraal 
geotherraal gradient and they return to the 
surface or near surface along open fractures 
because of the i r buoyancy. Warm springs occur 
where these waters reach the surface, but i f the 
warra waters do not reach the surface, they are 
generally d i f f i c u l t to f i n d . This type of warm 
water resource is especially prevalent In the 
westem U.S. (Figure 14). 

Sedimentary Basins 

Some basins are f i l l e d to depths of 10 km 
(33,000 feet) or more with sedimentary rocks that 
have intergranular and open-space porosity. In 
some of these sedimentary un i ts , c i roulat ion of 
ground water can be very deep. Water may be 
heated in the nonnal or enhanced geothennal 
gradient and may then ei ther return to the near-
surface environment or reraain trapped at depth 
(3 a. of Table 1). The Madison group carbonate 
rack sequence of widespread occurrence in the 
Dakotas, Wyoming and Montana contains warm waters 
that are currently being tapped by d r i l l holes 
1n a few places for space heating and 
agricul tural purposes (Figure 14). Substantial 
benefit Is being .realized In-France from use of 
th is resource type for space heating by tapping 
warm waters contained In the Paris basin. Many 
other areas of occurrence of th is resource type 
are known worldwide. 

Geopressured Resouroes 

Geopressured resources (3 b. of Table 1) 
consist of deeply buried f lu ids contained in 
permeable sedimentary rocks which are wanned In 
the nonnal earth's geothennal gradient by the i r 
great burial depth. In addi t ion, these f l u ids 
are t i gh t l y confined by surrounding impermeable-
rock and thus bear pressure that is much greater 
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than h y d r o s t a t i c , t h a t I s , the f l u i d pressure 
supports a p o r t i o n o f the weight o f the o v e r l y i n g 
rock column as we l l .as the weight o f . the water 
column. Figure 10 ( f rom Figure 2 o f Papadopulos, 
1975) g ives a few t y p i c a l parameters f o r 
geopressured reservoirs and I l l u s t r a t e s the o r i g i n 
o f the above-normal f l u i d pressure. These . 
geopressured waters , found main ly i n the Gul f 
Coast (F igure 14) , gene ra l l y conta in d isso lved 
i rethane. Therefore th ree sources o f energv are 
a c t u a l l y a v a i l a b l e from such resources: 1) hea t , 
2) mechanical energy due to the great pressure 
wi th which these waters ex i t the borehole, and 
3) the available methane. 
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I ndus t r y has a g rea t deal o f I n t e r e s t i n 
development o f geopressured resouroes, al though 
they are not ye t economic. The Department o f 
Energy (OOE), D i v i s i o n o f Geothennal Energy, i s 
c u r r e n t l y sponsoring development o f appropr ia te . 
e x p l o i t a t i o n technology. 

Radiogenic Resouroes 

Research which could lead t o development o f 
rad iogen ic qeothermal resources i n the eas tem 
U. S. I 3 c . o f Table 1) i s c u r r e n t l y underway 
f o l l o w i n g Ideas developed a t V i r g i n i a Polytechnic 
I n s t i t u t e and State U n i v e r s i t y . The eas tem s ta tes 
coas ta l p la ins are b lanketed i n many places by a 
l a y e r o f the rma l l y i n s u l a t i n g sediments. In places 
beneath t h i s thennal b l a n k e t , rocks having enhanced 
heat product ion due t o h igher content o f r a d i o 
a c t i v e elements are be l i eved t o occur . These rocks 
represent o ld I n t r u s i o n s o f once-molten mater ia l 
t h a t have long s ince cooled and c r y s t a l l i z e d from 
the molten s t a t e . Geophysical and geolog ica l . 
methods f o r l o c a t i n g such rad iogen ic rocks beneath 

the sedimentary cover are being developed, and 
d r i l l t e s t i n g o f the e n t i r e geothermal t a r g e t 
concept (F igure 11) i s c u r r e n t l y being completed 
under DOE fund ing . Success would most H k e l y come 
i n the form o f low- to in termediate- temperature 
geothennal waters su i t ab le f o r space heat ing and 
i n d u s t r i a l processing. This could mean a great 
deal t o the eastem U.S. where energy consumption 
i s high and where no shal low, high-temperature 
hydrothennal convect ion systems are known. 
Geophysical and geologic data i n d i c a t e t ha t 
r a d i o g e n i c a l l y heated rock bodies may be 
reasonably widespread i n the East (Figure 14) . 

RADIOGENIC GEOTHEHMAL RESODRCE 

FIGURE 11 

Hot Rock Resouroes 

Hot dry rock (2 b. of Table 1) is defined as 
heat.-stored in rocks within about 10 km of the 
surface from which the energy can not be 
economically extracted by natural hot water or 
steara. These hot rocks have few pore spaces or 
f ractures, therefore contain l i t t l e water. The 
f e a s i b i l i t y and economics of extraction of heat 
for e lect r ica l power generation and other uses 
from hot dry rocks is presently the subject of 
intensive researeh at the U. S. Department of 
Energy's Los Alamos Scient i f ic Laboratory in New 
Mexico. Their work indicates that i t is 
technologically feasible to induce an a r t i f i c i a l 
f racture systera in hot, t igh t rocks at depths of 
about 3 kffl (10,000 feet) through hydraulic 
f ractur ing from a deep we l l . Water Is pumped into 
a borehole under high pressure and is allowed 
access to the surrounding rock through a 
packed-off Interval near the bottom. When the 
water pressure.is raised su f f i c ien t l y , the rock 
cracks to form a fracture system that usually 
consists of one or more ve r t i ca l , planar fractures.. 
Af ter the fracture system is fonned, i t s 
or ientat ion and extent are mapped using geophysical 
techniques. Then a second borehole is si ted and 
d r i l .led in such a way that I t Intersects the 
fracture systen. Water can then be circulated 
down the deeper hole, through the fracture system 
where i t is heated, and up the shallower hole 
(Figure 12). Fluids at temperatures of 150°C to 
200°C have . been produced in th is .way from 
boreholes at the Fenton Hi l l experimental s i te 
near the Valles Caldera, New Mexico. Much 
technology devel opment-remains_to be done be fo re— 
th is technique w i l l be economlcal.Ty feasible. 
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Experiments are underway a t the Department of 
Energy's Sandia Laboratory in Albuquerque, to l e a m 
how to ex t rac t heat energy d i r e c t l y from molten 
rock (2 a. of Table 1 ) . These experiments have not 
niHTcated economic f e a s i b i l i t y for t h i s scheme in 
the near fu ture . Techniques for d r i l l i n g in to 
molten rock and implanting heat exchangers or 
d i r e c t e l e c t r i c a l conver te rs remain to be 
developed. 
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FIGURE 12 

HYDROTHERMAL FLUIDS 

The process causing many of today ' s high-
temperature geothermal resouroes cons i s t s of 
convection of aqueous so lu t ions around a cooling 
in t rus ion . This same process has operated In the 
past to fonn many of t oday ' s base metal and 
precious metal ore bod ies . The f lu ids Involved 
In geothermal resources a re thus qu i t e complex 
chemically and often conta in elements t ha t cause 
scal ing and corrosion of equipment and t ha t can 
be environmentally damaging i f r e l eased . 

Geothennal f lu ids -con ta in a wide var ie ty and 
concentration of dissolved c o n s t i t u e n t s . Simple 
chemical parameters often quoted to character ize 
geothermal f lu ids are to t a l dissolved sol ids 
( tds) in par t s per mil l ion (ppm) or milligrams per 
l i t e r (mg/l) and pH. Values for tds . range from a 
few hundred to more than 300,000 mg/l. Many 
resouroes in Utah, Nevada, and New Mexico contain 
about 6,000 mg/l t d s , whereas a large portion of 
the Imperial Valley, Ca i i fomia resources are 
toward the high end of the range. Typical pH 
values range from moderately a lka l ine (8.5) to 
moderately acid ( 5 . 5 ) . A pH of 7.0 i s neutral -
ne i the r acid nor ak l a l i ne . The dissolved so l ids 
are usually composed mainly of Na, Ca, SIO2. Cl , 
SO4, and HCO3. Minor cons t i tuen t s include a wide 
range of elements with Hg, F, B and a few others 
of environmental concem. Dissolved gases usual ly 
include CO? and HgS, the l a t t e r being a safety 
hazard. Effective means have been and are s t i l l 
being developed to handle the equipment and 
environmental problems caused by dissolved 
cons t i tuen t s In geothermal f l u i d s . Some of these 
methods will be considered In l a t e r papers a t t h i s 
conference. 

RESOURCES IN THE UNITED STATES 

Figure 14 displays the d i s t r i b u t i o n in the 
United Sta tes of the various resource types 
discussed above,- Infonnation for t h i s f ioure was 
taken mainly from Muffler and others(1979) where 
a much more detai led discuss ion i s given. Not 
shown are locations of hot dry rock resources 
because very l i t t l e i s known. In addi t ion , i t 
should be emphasized t h a t the present s t a t e of 
knowledge of geothennal resources of a l l types i s 
poor. Because of the very recent emergence of 
the geothennal Industry, in su f f i c i en t exploration 
has been done to define properly the resource base. 
Each year brings more resource da ta , so tha t 
Figure 14 will rapidly become outdated. 

Figure 14 shows t h a t most of the known 
gebthermal resouroes are in the westem half of 
the U. S. All of the presen t ly known s i t e s tha t 
are capable or believed to be capable of 
geothennal e l ec t r i c power generation from 
liydrothermal convection systems are in the West. 
In addi t ion , the preponderance of thermal springs • 
i s in the West. Large areas underlain by warm 
waters in sedimentary rocks e x i s t In Montana, the 
Dakotas, and Wyoming (the Madison Group of 
a q u i f e r s ) , but the extent and potent ia l of these 
resouroes i s poorly undersood. The geopressured 
resouroe areas of the Gulf Coast and surrounding 
s t a t e s are also shown. Resouroe areas Indicated 
in the eastem states are highly speculative 
because almost no dril l ing has been done to 
actually confirm their existence, which is only 
Inferred at present. 

Regarding the temperature distribution of 
geothennal resouroes, low- and intermediate-
temperature resources are much more plentiful 
than are high-temperature resources. There are 
many, many thermal springs and wells that have ' 
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water at a temperature only slightly above the 
mean annual a i r temperature (which is the 
temperature of most non-geothermal ground water). 
Resouroes having temperatures above 150°C are 
infrequent, but represent important occurrences 
worth the discovery costs . In U. S. Geological 
Survey Circular 790, Muffler and others (1979) 
show a s ta t i s t i ca l analysis of the temperature 
distribution of geothennal resources and conclude 
that the cumulative frequency of occurrence _ - . 
increases exponentially as reservoir teraperature 
decreases (pg. 31), as i s the case for many natural 
resources (Figure IJ).- For geothennal resources 
the relationship is based only on the data for 
known occurrences having temperatures 90OC or 
higher. I t i s firmly enough established, however, 
that we can have confidence in the existence of 
a very large low-temperature resource base, most 
of which is undiscovered. In fact Circular 790 
postulates that there are nearly three times more . 
accessible geothermal resources above 90°C in the 
westem U.S. than the amount discovered to date. 
These figures do not Include possible hot dry 
rock or other more speculative resources. Table 2 
is a sunmary of the current estimate of the 
geothermal resource base as taken frora Circular 
790. Table 2 demonstrates our lack of resouroe 
knowledge through the ranges and relative amounts 
of undiscovered resources and through the many- _.i--ic'? ŝ̂ -~-=r.vjy 
raissing numbers. " •'— - :. 
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TABLE 2 

Geothennal Energy of the United States 

After Muffler and others (1979) Table 20 

RESOURCE TYPE • 

Hydrothermal 

Identified 

Undiscovered 

ELECTRICITY 
(MWe for 30 y r ) 

23,000 

72.000-127,000 

BENEFICIAL HEAT 
(lOlSjoules) 

42 

184 - 310 

RESOURCE 
(lOlSjoules) 

400 

2,000 

Sedimentary Basins 

Geopressured (N. Gulf of Mexico) 

Thermal 

Methane 

Radiogenic 
I 

Hot Rock 

? 

? 

270 - 2800 

160 - 1600 

7 

? 

11 
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2 (GEOTHERMAL RESOURCE GONSERVATTON ACT) 

3 1981 

4 GENERAL SESSION 

5 B. No. Bŷ  _̂  __^ 

6 , " 

7 ' • 

8 AN ACT' RELATING' TO THE DEVELOPMENT OF GEOTHERMAL RESOURCES IN 

9 THE STATE; D E C L A R T N G THE: PUBLIC INTEREST IN THIS 

10 DEVELOPMENT AND ASSIGNING REGULATORY AUTHORITY REGARDING 

11 THIS TO THE DIVISION OF WATER RIGHTS;; DEFINING THE 

12 RESOURCE AND ITS RELATIONSHIP TO WATER; PROVIDING, FOR THE 

13 PROTECTION OF CORRELATIVE RIGHTS AND THE PREVENTION OF 

14 WASTE; AUTHORIZING AND ESTABLISHING PROCEDURES FOR 

15 UNITIZING OF GEOTHERMAL AREAS;. .AND PROVIDING FOR 

rK'XS DIY I Sic 16 PROCEDURES TO GOVERN REGULATION BY TK'XS DIYISiON, 

17 THIS , ACT ENACTS THE UTAH GEOTHERMAL RESOURCE CONSERVATION ACT 

18 BY ENACTING SECTIONS 73-21-1 THROUGH 73-21-10; UTAH CODE 

19 ANNOTATED 1953; AND. REPEALS SECTION 73-1-20, UTAH CODE 

20 ANNOTATED 1.9-53,'AS ENACTED BY CHAPTER 189, LAWS OF UTAH 

21 1973. 

22 Be it enacted by th& Legislature of the State of Utah: 

23 Section 1. SeGtion 73-21-1, Utah Code Annotated 1953, is 

24 enacted, to read: 

25 73^21-1. This chapter shall be known and may be cited as 

25 the "Utah- Geothermal .Resource Conservation Act." 

27 Section 2., Section 73-2,l-2, Utah Code Annotated 1953, is 

28 .̂ enacted to -read: •., 

29 73^21-^2. It is declared to be in the .public interest to 

30 foster, encourage*, and promote the discovery, developraent, 

31 production, utilization^- and disposal o'f •geothermal .resources 

\ 

34 by law. When these lands are committed to a unit agreement" 

-3-
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B. No. 12-04-80 DRAFT 

2 the unit shall have a first- and prior lien for costs incurred 

3 pursuant to the plan of unitization upon each owner's 

4 geothermal rights and his share of unitized production to 

5 secure the payment of the owner'-s propo-rtionate part of the 

6 cost of developing and operating the unit area. This lien may 

7 be established and enforced in'the same manner as prbvided by 

8 sections 38-1-8 thrbugh 38-1-26. For these purposes any 

9 none on senting owner shall be deiemed to. have contracted with -fche 

10 unit operator for his proportionate part of the cost of 

11 developing and bperating the unit area. A transfer or 

.12 conversion of any owner's interest or any portion of it,. 

13 howe'ver acccsmplished., after the effective date of the order 

i4 creating the unit, shall not relieve the transferred interest 

15' of the operator's lien on the inl^erest fbr the cost and expense 

16 of unit operations. 

17 (f) A provision, if necessary, for carrying or otherwise 

18 financing any person who elects to " be carried or otherwise 

19 financed, allowing a reasonable interest charge for this 

20 service payable out bf that person's share of the production. 

21 (g) A provision for the supervision and conduct of the 

22 unit operations-, in respect to which each person shall have a-

23 vote with a value corresponding to the percentage of the costs 

24 of unit operations chargeable against the interest of that 

25 person. 

26 (h)- Such additional provisions that "are found tp be 

27 appropriate for carrying on the unit operations. 

28 (5) No order of the division providing fbr unit 

29 operations shall become effective unless and until the plan for 

30 operations prescribed by , the divisioh has been approved in 

31 writing by those persons,- who under the division's order, will 

32 be required to pay 66% of the costs of the unit operation, and 

33 also by the owners of 66% of the production or proceeds- of same 

34 that are free of costs, such as royalties, overriding 

-10-
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2 royalties, and production payments; and the division has made a 

3 finding that the plan for unit operations has been so approved. 

4 If the persons owning the required percentage of interest in 

5 the unit area do not approve the plan within six months from 

6 the date on which the order is made, the order shall be 

7 ineffective and shall be revoked by the division unless for 

8 good cause shown the division extends this time, 

9 (6) An order providing for unit operations may be amended 

10 by an order of the division in the same manner and subject to 

11 the same conditions as an original order for unit operations; 

12 but if this amendment affects only the rights and interests of 

13 the owners, the approval of the amendment by the owners of 

14 royalty, overriding royalty, production payments, and other 

15 interests which are free of costs shall not be required. 

16 Production allocation may be amended only according to 

17 subsection 73-21-7 (4) (c). 

18 (7) All operations, including, but not limited to, the 

19 commencement, drilling, or operation of a well upon any portion 

20 of the unit area shall be deemed for all purposes the conduct 

21 of such operations upon each separately-owned tract in the unit 

22 by the several owners of tracts in the unit. The portions of 

23 the unit production allocated to a separately-owned tract in a 

24 unit area shall, when produced, be deemed for all purposes to 

25 have been actually produced from that tract by a well drilled 

26 on it. Good faith operations conducted pursuant to an order of 

27 the division providing for unit operations shall constitute a 

28 complete defense to any suit alleging breach of lease or of 

29 contractual obligations covering lands in the unit area to the 

30 extent that compliance with these obligations cannot be had 

31 because of the order of the division. 

32 (8) The portion of the unit production allocated to-any 

33 tract, and the proceeds from the sale of this production, shall 

34 be the property and income of the several persons to whom, or 
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2 to whose credit, the same are allocated or payable under the 

3 order providing for unit operations. 

4 (9) Except to the extent that the parties affected so 

5 agree and as provided in subsection 73-21-7 (4) (e), no order 

6 providing for unit operations shall be construed to result in a 

7 transfer of all or any part of the title of any person to the 

8 geothermal resource rights in any tract in the unit area. All 

9 property, whether real or personal, that may be acquired in the 

10 conduct of unit operations shall be acquired for the account of 

11 the owners within the unit area and shall be the property of 

12 these owners in the proportion that the expenses of unit 

13 operations are charged. 

14 (10) An order of the division for unit operations shall 

15 constitute a complete defense to any suit charging violation of 

16 any statute relating to trusts, monopolies, and. combinations in 

17 restraint of trade on account of unit operations conducted 

18 pursuant to the order. 

19 Section 8. Section 73-21-8, Utah Code Annotated 1953, is 

20 enacted to read: 

21 73-21-8. (1) Geothermal fluids are deemed to be a 

22 special kind of underground water resource, related to and 

23 potentially affecting other water resources of the state. The 

24 utilization or distribution for their thermal content and 

25 subsurface injection or disposal of same shall constitute a 

26 beneficial use of the water resources of the state. _ 

27 (2) (a) Geothermal owners shall, prior to the 

28 commencement of, or increase in, production from a well or 

29 group of wells to be operated in concert, file an application 

30 with the division to appropriate such geothermal fluids as will 

31 be extracted from the well or group of wells. Publication of 

32 applications shall be made as provided in section 73-3-6, and 

33 protests may be filed as provided in section 73-3-7. The 

34 division shall approve an application if it finds • that \;:the 

-12-
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2 'applicant "'is - a geothermai 'owner and that the proposed 

3 extraction, of geothermal fluids will not impair existing rights 

4 to the waters of the state. 

5 (b) The division may grant the quantity of an application 

6 on a provisional basis, to "be finalized upon stabilization of 

7 well production. Flow testing of a discovery well shall not 

8 require an application to appropriate geothermal fluids. 

9 (3) The date of an application to appropriate geothermal 

10 fluids, when approved by the division, shall be the priority 

11 date as between the geothermal owner and the owners of rights 

12 to water other than geothermal fluids. No priorities shall .be 

13 created ' among geothermal owners by the approval of . an 

14 application to appropriate geothermal fluids. 

15 Section 9. Section 73-21-9, Utah Code Annotated 1953, is 

16 enacted to read: 

17 73-21-9. Rights to geothermal resources and to geothermal 

18 fluids to be extracted in the course of production of 

19 geothermal resources acquired under section 73-21-8 shall be 

20 based on the principle of correlative rights. 

21 Section 10. Section 73-21-10, Utah Code Annotated 1953, 

22 is enacted to read: 

23 73-21-10. (1) Any person adversely affected by any rule, 

24 regulation, or order issued under this chapter may within. 60 

25 days after the effective date of the rule or regulation or 

26- ^entry of the order bring a civil suit against the division in 

27 the district court of Salt Lake County or in the district court 

28 of the county in which the complaining person resides to test 

29 the validity of the rule, regulation, or order, or to secure an 

30 injunction or to obtain other appropriate relief, including all 

31 rights of appeal. 

32 (2) An action or appeal involving any provision of this 

33 chapter, or a rule, regulation, or order issued under it shall 

34 be determined as expeditiously as feasible. The trial court 

-13-
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r 

2 shall determine the issues on both questions of law and fact 

3 and shall affirm or set aside the rule, regulation, or order, 

4 or remand the cause to the division for further proceedings. 

5 The court is authorized to enjoin permanently the enforcement 

6 by the division of this chapter, or any act done or threatened 

7 under it, if the plaintiff shall show that as to him the act or 

8 conduct complained of is unreasonable, unjust, arbitrary, or 

9 capricious, or violates any constitutional right of the 

10 plaintiff or if the plaintiff shows that the act complained of 

11 constitutes or results in waste or does not in a reasonable 

12 manner accomplish an end that is the purpose of this chapter. 

13 (3) Any person who, for the purpose of evading this 

14 chapter or any rule, regulation, or order of the division 

15 issued under it, shall make or cause to be made any false entry 

16 in any report, record, account, or memorandum required by 'this 

17 chapter, or by any rule, regulation, or order issued under it, 

18 or shall omit or cause to be omitted from the report, record, 

19 account, or memorandum, full, true and correct entries as 

20 required by this chapter, or by the rule, regulation, or order, 

21 or shall remove from this state or destroy, mutilate, alter, or 

22 falsify the record, account, or memorandum, is guilty of a 

23 class A misdemeanor. 

24 (4) No suit,, action, or other proceeding based upon a 

25 violation of this chapter or any rule, regulation, or order of 

26 the division issued under it shall be commenced or maintained 

27 unless same shall have been commenced within two years from the 

28 date of the alleged violation. 

29 Section 11. If any provision of this act, or the 

30 application of any provision to any person or circumstance, is 

31 held invalid, the remainder of this act shall not be affected 

32 thereby. 

33 Section 12. Section 73-1-20, Utah Code Annotated 1953, as 

34 enacted by Chapter 189, Laws of Utah 1973, is repealed. 
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U.S. GEOLOGICAL SURVEY GEOTIIEHHAL RESEARCH GRANTS ANO CONTRACTS FUHnEll IN FY 79 

GRANT/CONTRACT NO. 
(Propo.";.-!! No.) 

Grant No. 
14-00-0001-G-534 
(Option) 

Grant No. 
14-08-0001-G-593 
(GT-9-01) 

Grant No. 
11-08-0001-G-312 
(Incremental) 

Grant No. 
H-OS-OOOl-G-eZC 
(GT-9-1Z) 

Grant No. 
H-08-OO01-G-627 
(fiT-9 13) 

Grant No. 
11-n8-0001-R-297 
( l e t t e r s ) 

Grant Ho. 
14-08-0001-0-361 
(GT-9-02) 

Grant No. 
14-08-0001-G-628 
(GT-9-18) 

Grant Ho. 
14-00-0001-G-477 
(Letter) 

Grant No. 
14-08-0001-G-6Z4 
(GT-9-51) 

GRAHTEE/rONTRACTOR 
( P - I . ) 

Extramural Geothermal Research, Pro.iect 9700-0153 

RESEARCH TITLE 

HnnaH H. K l l c k , Pro.iect Manafler, Reston 

ORIGINAL 
START HATE 

TOTAL 
miRATIOH 

FY 79 
AMOllHT 

U.SGS SCI 

LIAISON 

r.ige 1 of 3 

.Tun. .15, 19f)0 

nOE/ORE 

LIAI.SON 

UHIV, OF ARIZONA Chemical Hass Transfer tietween 
(Denis L. Horton) Circulating Fluids anrl Rocks In 

Horlern Geothennal Systems 
Previous Fiindinn: FY 78-$36,735. 

01 SEP 78 24 mos. $56,897 

ARIZONA STAFF UHIV. 
(Peter R. nuseck) 

Mercury and Other Trace Elements 
In Soils as Geochemical Tracers 
for Geothennal Activity 

15 HEC 78 

01 AUG 76 

12 mos. t63,923 
(option for 
ad'l 12 mos.) 

48 mos. BROWN UNIVERSITY . Thermophysical Properties nf 
(Joseph Kestin) Hater Siihstance and of Aqueous 

Solutions 
Previous Funding: Current Grant: FY76-t84,878; FY77-.$R5,699; FY78-t84,432 

Previous Grant No. 14-08-0001-G-242: FY75-$81,126. 

BROWN UNIVERSITY 
(E. H. Parmentier) 

BROWN UNIVERSIIY 
(John F. Hermance) 

Studies of Hydrothermal 01 AUG 79 
Circulation 

Precision Magnetotelluric Measure- 15 .SEP 79 
ments In the Geothermal Environ
ment: Problems and Prospects 

UHIV. OF CALIFORHIA, A Study of Gravity Variations as 15 JAN 76 
SAH DIEGO a Monitor of Mater Levels at 
(John H. Goodkind) Geothermal Sites 
Previous Funding: FY76-J61,278; FY77-$46i910; FY78-$83,184. 

12 mos. 

12 mos. 

48 mns. 

Isotopic and Chemical Studies of 
Geothermal Gases 

UHIV. OF CALIFORNIA 
SAN DIEGO 
(llarmon Craiq) 
Previous Funding: FY76-$30,657; FY77- t l .913; FY78-$39.02n 

01 SEP 76 37 mos. 

UHIV. OF COLORADO 
(David R. Kassoy) 

Heat ,ind Mass Transfer in Fault 
Zone Controlled, Liquid nominated 
Geothermal Systems 

28 SEP 79 

01 DEC 77 COLORADO SCHOOL Evaluation of Methods for Deep 
OF MINES Electrical Exploration nf tiic 
(George V. Keller) Earth for Geolhermal Resources 
Previous Funding: FY78-t54,440. 

COLORADO SCHOOL Volcanotectonlcs and Thermogeology 01 HAY 79 
OF MINES of the Southastern Cascade Range. 
(L. T. Grose) Northeastern California 

12 mos. 

-p'T'raos. 

IZ mos. 

$87,050 

$34,011 

$53,239 

$39,875 
(10 raos) 

$60,581 

$50,718 

$34,218 

$82,579 

Roh Fournier, Gerry Rrophy 
MP 

Rob Fournier, Rob Gray 
HP 

.lohn Haas, R Roh Gray 

Paul Delaney, HP Gerry Rrophy 

Oal Stanley, n Rob Gray 

Roh Jachens, HP Gerry Rrophy 

Jimn'Mell, MP Gerry Rrophy 

Al Moench, HP Rob Gray 

Dal Stanley. 0 Roh Gray 

Pat H\) f f ler . HP Rob Gray 

' •^ 1 5 5 ^ 
&^ &"D &» 

t-lJ ^ ^ 

• BT! " ^ 

Grant No. UHIV. OF HAWAII Laboratory Inves t iga t ions of the 
14-08-0001-G-576 (Hu r l i H. Manghnani) Seismic and Thermal Propert ies of 
(Option) Basalts to He l l i ng Temperatures 

Previous Funding: FY78-$60,33n. 

* F o r 12 -mon th d u r a t i o n u n l e s s o t h e r w i s e s t a t e d . 

01 SFP 78 24 mns. $71,008 Garv n i hoe f t . 0 Rob Gray 



GRAHT/CONTRACT NO. 
(Proposal Ho.) 

Grant Ho, 
14-08-0001-G-631 
(GT-9-55) 

Contract Ho. 
14-08-0001-17782 
(L-9) 

Grant Ho. 
14-08-0001-G-643 
(GT-9-53) 

Grant Ho. 
14-08-0001-G-630 
(GT-9-33) 

Grant Ho. 
14-08-0001-0-406 
(GT-9-03) 

0;ant Ho. 
14-09-0001-G-623 
(GT-9-40) 

Grant Ho. 
14-08-0001-G-547 
(Option) 

Contract Ho. 
14-08-0001-16379 
(Gr-9-23) 

Grant Ho. 
14-00-0001-G-425 
(GT-9-46) 

Grant No. 
14-08-0001-G-536 
(GT-9-37) 

Contract Ho. 
14-08-0001-16321 
(Option) 

GRANTEE/CONTRACTOR 
(r.l.) 

RESEARCH TITLE ORIGINAL 
START DATE 

TOTAL 
DURATION 

FY 79' 
AMOUNT 

USGS SCI 
LIAISON 

Page 2 of 3 

OOE/OGE 
LIAISON 

UNIV. OF HAWAII 
(Michael P. Ryan) 

Partial Melting. Three-Dimensional 01 JUN 79 
Melt Topology, and Electrical 
Conductivity in Granitic and Basaltic 
Rocks of Geotherraal Environments 

ICELANDIC MUSEUM OF 
NATURAL IIISTORY 
(Sveinn P. Jakohsson, 
Head, Dept. of Geology) 

A 200-meter Drill Hole on the 
Island of Surtsey, Iceland 

MASSACHUSETTS IHST. 
OF TECHHOLOGY 
(Theodore R. Madden) 

UHIV. OF NEW MEXICO 
(Wolfgang E. Elston) 

Magnetotelluric Modeling for a 
Crustal Environment for 
Geothermal Exploration 

Regional Assessment of 
Intermediate-Temperature 
Geotbermal Resources of 
Southwestern New Mexico 

01 JUN 79 

01 SEP 79 

12 mos. 

12 mos. 

12 mos. 

01 SEP 79 12 mos. 

NEH MEXICO STATE 
UNIVERSITY 
(Chandler Swanberg) 

Previous Funding: 

OREGON STATE UNIV. 
(Richard Couch) 

SAH DIEGO STATE 
UHIVERSITY 
(Gordon Gastil) 

Previous Funding: 

SIERRA GEOPHYSICS, 
INC. 
(David M. Hadley) 

Correlation Among Hater 01 JAN 77 
Chemistry Oata, Regional Ileal Flow, 
and the Geothermal Potential of 
Western United States 

FY77-$81.764; FY78-$88.766. 

Aeromagnetic Measurements in the 
Cascade Range and Modoc Plateau 
of Northern California 

Reconnaissance Study of Thermal 01 JUL 78 
Springs and Hells and the Deposits 
of Recently Extinct Thermal Springs 
In the Peninsular Ranges Province of 
Southern and Raja California 

FY78-$18,244. 

Statistical Separation of Randora 01 AUG 79 
and Non-Random Components of the 
Spat 10-Temporal Seismicity Oistri-
butlon for Correlations with Geo
tiiermal Systems 

36 mos. 

$69,268 

$98,370 

$29,100 

$36,753 

$61,395 

Gary Olhoeft, 0 Roh Gray 

Jim Hoore, MP Gerry Rrophy 

Doug Klein, 0 Rob Gray 

Fd Wolfe, 
Flagstaff 

Gerry Rrophy 

01 JUN 79 24 mos. $143,338 

(Incremental funding for second year 

SOUTHERN ICTIIOOIST Heat Flow Study and Geothermal 
UHIVERSITY Resource Analysis of the Snake 
(David D. Blackwell) River Plain and Margins, Idaho 
Previous Funding: FY77-$126,682; FY7e-$114,353. 

01 JUN 77 

29 mos. 

12 mos. 

36 mos. 

SOUTHERN METHODIST 
UNIVERSITY 
(Hayne Peeples) 
Previous Funding; 

SYSTEMS, SCIENCE, * 
SOFTHARE, INC. 
(T, David Riney) 

Previous Funding: 

15 JUL 78 24 mos. Simultaneous Inversion nf Oata 
from Disparate Geopliysical 
Experiments In Geothermal Areas 

FY7a-$.38,675. 

Integrated Model of the .";halinw oi SEP 78 
and Deep Hydrothermal Systems In 
the East Hesa Area, Hierial Valley; 
CalIfornia 

FY78-$68,721. 

18 mns. 

$26,204 
(15 mos) 

$56,479 

$79,849 
(11 mos) 

,$39,146 

$58,90(1 
(6 mos) 

Rob Mariner, HP Gerry Rrophy 
* Rob Fournier, HP 

Oave Williams, D Rob Gray 

in FY8n-$56.994) 

Bob Fournier. MP Gerry Rrophy 

Craig Weaver, Rob Gray 
Seattle 

John Sass, HP Gerr.y Rrophy 
< Don Mabey, SLC 

Don Hahey, SLC Rob Gray 

Hanny Nathenson, MP Rob Gray 
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GRANT/CONTRACT HO. 
(Proposal No.) 

GRANTEE/CONTRACTOR RESEARCH TITLE ORIGINAL 
START m t t 

TOTAL FV 79* 
DURA!ION AMOUNT 

USGS SCI 
LIAISON 

DOE/ORE 
LIAISON 

Grant No. 
14-0e-0obl-G-629 

(GT-^-ei) 

Grant No. 
14-08-000l-fi.426 
(GT-9-58) 

Grant Ho. 
14-08-0001-0-544 
(.GT-9-56) 

UHIV. OF TEXAS, 
AUSTIN 
(Francis X. Bostick 
fl it. W. Smith) 

Magnetgte ! lur tc I n t e r p r e t a t i o n 
Procertsires f o r Three-01 men sional 
Earth Stn ic tures l h Geothermal 
flre,1S' 

Evaluat ion o f Geothermal Systems 
Using TeleseIsms 

UNIV. OF TEXAS, 
DALLAS 
(Ronald W. Hard). 
Previous Funding: FY77-$39,g93; FY78-$5D,022. 

UNIV. OF UTAH Oel lneat lon of Heat Flow 
( i lav)d S. Chapman) Provinces I n Utah 
Previous Funding: FT7R-$66,952. 

15 Alfl; 79 

01 HAY 77 

12 mos. 

36 mos. 

$40,947 

$71,926 

Dal Stanley, D 

H . H . Iyer, . MP 

01 SEP 7fl 37-mos, $59,158 John Snss, HP 

()ncrem.enta1 funding Tor th i rd year In FY80-$B9,29,1) 

Rob pray 

Roh Gray 

Gerry Rrophy 

Grant Ho. 
14-08-000l-R-600 
(RT-9-15) 

Grant. No. 
14-08-000L-G-625 
(GT-9-22) 

Contract No. 
14-08-0001-16546 
(GT-9-52) 

Grant No. 
14-08-0001-G-361 
(GT-g-64) 

Grant No.-
14-08-000i-G-G74 
{GT-9-57) 

VIRGINIA POLYTECHNIC Rasemnnt Trends 1n HetamorphIsm, 15 HAR 79 1? mos, 
INSTITIJ.fE AND STATE Plutonism, and Heat Flow Under the 
UHIVEUSITY A t l a n t i c Coastal P la in I n North 
(Lynn Glover , Carol ina f o r Potent (a l Geothermal 

.John Cbsta lo i and Resoiirces 
KHshna Sinha) 

UNIV. OF HASIDNGTON Geomagnetic Sounding,In the Cascsde 0 ! JUL 79 12 mos. 
(John R. Booker) Mountains of Has hi riglon State as a ^ 

Geothermal Exp lo fa t i on Technique 

FY 79 PROPOSALS ALSO FUflDEG IN EARLY FY BO 

UHiy. OF CAI-IFORNtA, I n t e r p r e t a t i o n o f Sel f -Potent (n1 01 OCT 77 3fi mos. 
BERKELEY Data from Geothermal Areas 
(Hi Frank Morrison) 
Previous Funding: FY77-t38,149; FY78-$60,353. 

UNIV, OF CALIFORHIA, Iso top ic and Chemical Sti idies of 01 SEP 76 46 moss 
SAN 01 EW Geotherraal Gases 
(Harmon Craig) 
Previous Fund tng: FY76'-$30,657; FY77->V,913; FY;7B-t39,020; i^Y79-t'60,581 .-

FtfRDUE UNIVERSITY 
(Lawrence i l r a i l e ) 

Eva Ida t i o n p f Deta t i e d Seismic 
Ref ract ion P r o f i l i n g for Regional 
ReothenTtal Exp lora t ion w i th 
AppUcat ion to Yellows tone and tl ie 
Snnke River P la in and Adjacent Areas 

01 DEC 79 24 mns. 

$99,859 

$25;921 

FY 80* ' 
Amount 

$73,494 

$45,470 
(9 mos) 

$163,941 

Han M i l t on , R 

Jim'Towle, R 

Onn llonwer, 0 

Jim O 'Ne i l , MP 

Dave i l l l l , HP. 

Gerry Brophy 

Roh Rray 

Bnh Gray 

Gorpy Rrophy 

Rob.Gray 

(incremental fimdlng for second year In FY8I-$41,747) 

Grant Ko. 
i4-08-O001-G-541 
(GT-9-B3) 

Contract No. 
14-08-0001-16310 
(GT-9-44) 

HOODS IIOLE 
OeEANOGRAPillC 
INST l.TUT ION 
( H t V i i a m J . Jenkins) 

Previoi i s Fundi ng: 

HOODHARD-CLYDE 
COMSULTAHTS 
(George E. Rrogan) 
Previous Funding: 

Mapjring of Volcanic -and Conducted 
lieat Flow Sources f o r Thtirmal 
Springs I n the Western United 
States Us tng Iteliim) Isotopes and 
Other Rare Gases 

FY78-$47,659. 

Faul ts and Occurrences of 
Geothermal Anomalies 

rY78-$5e,713. 

30 SEP, 7B 24 mbs. tS6;716 Jln) 0^ f te i l , MP Gerry Brophy 

IS SEP 78 26 mos. $fl4,09n Jim Rohlson, HP Rob f i rsy 
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CONVERSION FACTORS 

Length 1 meter = 3.281 feet (ft) 1 foot = 0.3048 meter (m) 

1 kilometer = 0.621A oiie (mi) 1 mile = 1.6093 kilometers (km) 

Mass 1 gallon per rainute = 3.785 liters per ninute (Ipm) 
flow 

1 liter per minute = 0.2642 gallon per minute (gpm) 

Pressure 1 pound per square inch = 0.07031 kilogram per square 
centimeter (kg/cm^) 

= 0.06805 atmosphere (atm.) 

1 kilogram per square centimeter = 14.22 pounds per square inch (psi) 
= 0.9678 atm. 

Thermal 1 degree Fahrenheit per thousand feet = 
gradient = 1.823 degrees Celsius per kilometer (°C/km) 

1 degree Celsius per kilometer = 0.5486° Fahrenheit per thousand 
feet ("F/l.OOO ft) 

Thermal 1 milllcalorie per centimeter per second per degree Celsius 
conduc- (10~3 cal/cm sec*C) =» 
tivity = 241.8 British thermal units per foot per hour per degree 

Fahrenheit (Btu/ft hr^F) 
= 0.418 watt per meter per degree Kelvin (W/m^K) 

Heat 1 mlcrocalorie per square centimeter per second (10~6cal/cm2sec)= 
flow = 1 heat flow unit (HFU) .] 

= 0.013228 British thermal unit per square foot per hour i 
(Btu/ft2hr) j 

= 41.8 milliwatts per square meter (10~3y/ni2 or mW/m2) . 

Temperature 1 degree Fahrenheit = 0.56 degree Celsius ("C) 

I'Celsius = 1.8''Fahrenheit (°F) 

."F - 1.8°C + 32 "C = ("F - 32)/1.8 



INTRODUCTION 

This is the fifth in a series of 
reports describing the geothermal re
sources of Wyoming basins (see Figure 
1). Each basin report contains a dis
cussion of hydrology as it relates to 
the movement of heated water, a descrip
tion and interpretation of the thermal 
regime, and four maps: a generalized 
geological map (Plate I), a thermal gra
dient contour map (Plate H ) , and a 
structure contour map and ground-water 
temperature map (Plates III and IV) for 
a key formation. 

The format of the reports varies, as 
does the detail of Interpretation. This 
Is because the type of geothermal sys
tem, the quantity and reliability of 
therraal data, and the amount of avail
able geologic information vary substan
tially between basins and between areas 
within basins. 

This Introduction contains (1) a 
general discussion of how geothermal 
resources occur, (2) a discussion of the 
temperatures, distribution, and possible 
applications of geothermal resources in 
Wyoming and a general description of the 
State's thermal setting, and (3) a dis
cussion of the methods we used in asses
sing the geothermal resources. This 
introduction is followed by a descrip
tion of the geothermal resources of the 
Green River Basin of southwestern 
Wyoming (Figure 1). Also included iiv 
this report is a discussion of thermal 
data available for the Wyoming portion 
of the Thrust Belt. 

Funding for this project was provided 
by the U. S. Department of Energy to the 
Wyoming Geothermal Resource Assessment 
Group under Cooperative Agreement 
DE-F107-79ID12026 with the University of 
Wyoming Department of Geology and Geo
physics. Compilations of oil-well 
bottom-hole temperatures can be examined 
at the office of the Geological Survey 
of Wyoraing in Laramie. 

The text uses primarily British 
units. As outlined in footnotes on the 



-2-
following page, heat flow and thermal 
conductivity data are generally pre
sented in metric units. A table of con
version factors faces this page. 

GEOTHERMAL SYSTEMS AND RESOURCES 

By a geothermal resource, we mean 
heated water close enough to the earth's 
surface to be useful. Further defini
tion or classification of geotheirmal 
resources is not attempted because such 
definition and classification are based 
upon changing technological and economic 
parameters. Rather, we have used 
geothermal data to describe the thermal 
regime in each basin. In these descrip
tions, thermal anomalies have been iden
tified, but we do not try to determine 
to what degree a given anomaly Is a 
geothermal resource. 

Geothermal systems vary from the 
very-high-temperature, steam-dominated 
type to warm water being pumped from a 
drill hole. The type of system depends 
on how the heat flowing out of the earth 
is modified by the complex of geologic 
and hydrologic conditions. Most places 
in the earth warm up about I4°F for 
every 1,000 feet of depth (Anderson and 
Lund, 1979). An attractive geothermal 
resource may exist where the thermal 
g rad ien t* is significantly higher than 
lA^F/l.OOO ft. 

Heat flotif' studies In Wyoming basins 
(Decker et al., 1980; Heasler et al., 
1982) have reported heat flows of about 
33 to 80 mW/m2 (Figure 2). The only 
exception is in the northwest corner of 
Wyoming, In Yellowstone National Park, 
where high-temperature water exists at 
shallow depth due to very high heat 
flows of over 105 mW/m^ (Morgan et al., 
1977). By Itself, a background heat 
flow of 33 to 80 mW/m2 would not suggest 
a significant geothermal resource. 

In Wyoming basins, the primary 
mechanism for the translation of moder
ate heat flow into above-normal tem
perature gradients is ground-water flow 
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through geologic structures. Figures 3 
and 4 Illustrate systems based on two 
mechanisms. The temperatures listed in 
the lower portions of the diagrams 
reflect normal temperature Increase with 
depth. Since the rocks through which 
the water flows are folded or faulted 
upwards, water at those same high tem
peratures rises to much shallower depth 
at the top of the fold or above the 
fault. If water proceeds through such a 
system without major temperature dissi
pation, a highly elevated thermal gra
dient is developed. In other words, a 
fold or fault system provides the 
"plumbing" to bring deep-heated water to 
a shallow depth. Any natural or man-
made zone through which water can rise, 
such as an extensive fracture system or 
deep drill hole, serves the same pur
pose. 

Because warm water is less dense than 
cold water, deep-heated water tends to 
rise, a process known as f r e e convec
tion. Free convection is relatively 
weak, and is significant only under con
ditions of extreme temperature differ
ence or relatively unrestricted flow. 
Of more importance in Wyoming basins is 
forced convec t ion , in which water moves 
in a confined aquifer from a high out
crop recharge area at a basin margin to 
a lower discharge area. Water is forced 
over folds or up faults, fractures, or 
wells by the artesian pressure developed 
within the confined aquifer. 

TEMPERATURE, DISTRIBUTION, 
AND APPLICATION OF RESOURCES 

White and Williams (1975) of the U.S. 
Geological Survey divide geothermal 
systems into three groups: (1) high-
temperature systems, greater than 302°F 
(150°C); (2) intermediate-temperature 
systems, 194-302°F (90-150°C); and (3) 
low-temperature systems, less than 194°F 
(90°C). While Yellowstone National Park 
is a high-temperature system, the sedi
mentary basins of Wyoming fall mostly 
into the low-temperature and interme
diate-temperature groups. 
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Due to the great depth of many 

Wyoming basins, ground water at elevated 
teraperature exists beneath vast areas of 
the State (Heasler et al., 1983). Where 
a system like those described above 
(Figures 3 and 4) creates a local area 
of high gradient, it may be feasible to 
develop the shallow geothermal resource 
directly. Outside these scattered areas 
of high thermal gradient, it is likely 
that geothermal development will depend 
upon much deeper drilling, such as that 
provided by oil and gas exploration. 

The geothermal resources in the 
basins are suited to relatively small-
scale, direct-use projects located close 
by. Energy uses Include a wide range of 
space heating, agricultural, aquacul
tural, and low-temperature processing 
applications. (See Anderson and Lund, 
1979, for a discussion of direct-use 
geothermal applications.) Below lOO^F, 
uses are limited to such applications as 
soil and swimming pool warming, de-
icing, and fish farming. Through the 
use of ground-water heat pumps, energy 
can be extracted from natural waters as 
cool as 40°F (Gass and Lehr, 1977). 

The presently documented thermal 
springs in the State's basin areas 
(Breckenridge and Hinckley, 1978; 
Heasler et al., 1983) release 3.5 tril
lion British thermal units (Btu's) of 
heat per year in cooling to ambient tem
perature. Like the oil springs and 
seeps that led developers to Wyoming's 
vast petroleum fields, thermal springs 
are simply the surface manifestation of 
the much larger, unseen geothermal 
resource. For example, Hinckley (1984) 
has calculated that approximately 24 
trillion Btu's of heat would be released 
per year if all the thermal water pro
duced as a by-product in Wyoming oil 
fields were cooled to ambient tem
perature. 

METHODS OF ASSESSMENT 

The principal purpose of these 
reports is the documentation and predic-
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tlon of temperatures in the subsurface. 
In sections above, we have established a 
qualitative framework in which higher 
than-expected thermal gradients occur 
where deep-heated water is brought to 
shallow depth. For quantification of 
temperatures and gradients, a variety of 
techniques was used. 

Sources of subsurface temperature data 
are (1) thermal logs of wells, (2) oil 
and gas well bottom-hole teraperatures, 
and (3) surface temperatures of springs 
and flowing wells. 

(1) The most reliable data on subsur
face temperatures result from direct 
measurement under thermally stable con
ditions. Using thermistor probes pre
cise to +0.005"'C (Decker, 1973), the 
Wyoming Geothermal Resource Assessment 
Group has obtained temperature measure
raents in over 380 holes across Wyoming 
(Heasler et al., 1983). Temperatures 
were measured at intervals of 32 feet or 
less in holes up to 6,500 feet deep. 
Many of the logged holes had had years 
to equilibrate, so temperatures of 
sampled intervals approached true rock 
temperatures. With these temperature-
depth data, least squares statistical 
analysis was used to determine gradients 
at depths below the effects of long-term 
and short-term surface teraperature fluc
tuations. These values are accepted as 
the most reliable thermal gradients, to 
which other temperature and gradient in
formation is compared. 

Where rock samples from a logged hole 
were available for testing, laboratory 
determinations of thermal conductivity 
were made.* This information was coupled 
with the measured gradients to calculate 
the local heat flow. Where stratigraphic 
relationships or multiple holes with 
similar heat flow allowed us to rule out 
hydrologic disturbance, we could deter
mine a purely conductive heat flow. 
This heat flow was, in turn, applied to 
all sequences of strata for which ther
mal conductivities could be estimated to 
obtain gradient values in the absence of 
holes that could be logged. Particu-
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larly in the deeper portions of Wyoming 
sedimentary basins, this technique was 
used as a seralquantltatlve check on less 
reliable data. 

(2) The most abundant subsurface tem
perature data are the bottom-hole tem
peratures (BHT's) reported with logs 
from oil and gas wells. We used BHT's, 
because of their abundance, to assess 
geothermal resources in this study. 
About 14,000 oil and gas well bottom-
hole temperatures were collected for the 
study areas (Table 1). Thermal gra
dients were calculated from BHT informa
tion using the formula 

Gradient = (BHT) - (MAAT) 
Depth 

where MAAT is the mean annual air tem
perature. 

Mean annual air temperatures for 
Wyoming basins are between 40 and 48**F 
(Lowers, 1960). These values, assumed 
to approximate mean annual ground tem
peratures, were used in calculating gra
dients over fairly large areas under the 
assumption that variations due to eleva
tion and micro-climatic effects are 
negligible corapared with BHT inac
curacies. The files of the Geological 
Survey of Wyoming were the principal 
source of BHT data. (A slightly larger 
data base is available at the Wyoming 
Oil and Gas Conservation Commission 
Office in Casper, Wyoming.) 

The use of oil field bottora-hole tem
peratures in geothermal gradient studies 
is the subject of some controversy among 
geothermal researchers. There are prob
lems associated with the thermal effects 
of drilling and with operator inatten
tion in measuring and reporting BHT's 
which cast doubt on the accuracy of 
individual temperature reports. It has 
been suggested, for example, that in 
some areas BHT's may correlate with the 
ambient temperature during drilling and, 
specifically, that many of the thermo
meters used in the summer are reading 
their maximum temperature before they 
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are lowered down the drill hole. Simi
larly, drilling fluids may transfer heat 
to the bottora of a drill hole, warming 
or cooling the rock depending on the 
drilling fluid teraperature and the depth 
of the hole. The magnitude of a thermal 
disturbance depends on the temperature 
difference between the drilling fluid 
and the rock, the time between the end 
of fluid circulation and temperature 
measurement, the type of drilling fluid 
used, the length of tirae of fluid cir
culation, and the degree to which 
drilling fluids have penetrated the 
strata. 

Theoretical analysis of the deviation 
of a reported BHT from true formation 
temperature may be possible on a de
tailed, well-by-well basis, but is an 
overwhelming task basin-wide. Therefore, 
for these studies it was assumed that 
such factors as time of year, operator 
error, time since circulation, and 
drilling fluid characteristics are ran
dom disturbances which "average' out" 
because of the large number of BHT's. 
However, circulation of drilling fluids 
was considered a systematic effect which 
depresses temperature more with increas
ing depth. With sufficient data at all 
depths, anomalous gradients may be iden
tified despite the fact that they are 
depressed in value. 

The following procedure was used to 
assess the geothermal resources of a 
basin from oil and gas well bottom-hole 
teraperatures: First, all available BHT's 
were corapiled and gradients calculated. 
The gradients were then plotted on a map 
and contoured for the basin. Thermally 
logged holes define fixed points in the 
contouring. 

As explained above, temperature 
gradient values may be lower in deeper 
holes because of drilling effects. This 
was taken into account in Identifying 
gradient anomalies by grouping all tem
perature and gradient data for a basin 
into 500-foot depth intervals and then 
calculating the mean value and the 50th, 
66th, 80th, and 90th percentile for each 
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interval. These calculations are tabu
lated in each basin report. The 80th 
percentile - the value below which 80 
percent of the data fall - was chosen 
arbitrarily as a lower cutoff for the 
identification of geothermal anomalies. 

We calculated a single background 
thermal g r ad i en t for each basin (Table 
1), based on therraal logs, thermal con
ductivities of the basin's sedimentary 
sequence, and heat flow. Although BHT 
gradients are assumed to be depressed 
with depth, we do not feel that we can 
define as anomalous those gradients 
which are lower than the background 
thermal gradient. Therefore, thermal 
gradient values are identified as anoraa
lous only if they fall above the 80th 
percentile for their depth range and 
above the background thermal gradient 
for the basin in which they occur. Thus, 
a gradient of 16°F/1,000 ft, which is 
considered anomalous at 8,000 feet 
because It is above both the background 
thermal gradient and the 80th percentile 
for the 7,500-8,000-foot depth range, is 
not considered anomalous at 3,000 feet 
if it falls below the SOth percentile 
for the 2,500-3,000-foot depth range. 

In these basin studies, a lower BHT 
cut-off of I O C F was used. In our 
experience, a temperature gradient based 
on a temperature lower than 100°F is 
usually not reliable. Also, sub-100°F 
water will be of little economic value 
unless found at very shallow depth. 

The final criterion for identifica
tion of an area of anomalous gradient is 
that a group of anomalous points (deter
mined as outlined above) occur in the 
same area. 

Particularly above and within zones 
of ground-water movement, gradients 
defined from bottom-hole teraperatures 
raay not completely reflect the character 
of a geothermal resource. For example, 
Figure 5 shows the effect of ground
water raoveraent homogenizing temperatures 
in the lower portion of a hole at the 
top of the Thermopolis Anticline. A 
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gradlent calculated from a single BHT at 
800 feet would miss the very high gra
dients and temperatures in the top part 
of the hole. Conversely, a gradient 
calculated from a BHT at 400 feet would 
give a seriously erroneous temperature 
at 600 feet. These effects iiiustrate 
the importance of thermal logging In 
areas of suspected hydrologic distur
bance*. As a general check on the down
ward projection of thermal gradients^ we 
know from heat flow and rock thermal 
conductivity considerations that gradi
ents below levels of hydrologic distur
bance are similar throughout WyiJiaing. 

An additional constraint on the use 
of gradient data to evaluate geothermal 
resources is that ground water must be 
present to transport the heat. There
fore, we have identified for each basin 
a productive, basin-wide aquifer which 
is deep enough to contain water at use
ful temperatures and for which thermal 
and hydrologic data are available. A 
map of temperatures within that aquifer, 
on which BHT's of that formation are 
plotted and contoured, is included in 
each basin report. As with the tem
perature gradient maps, verification is 
provided by the much sparser thermal 
logging datat No attempt was made to 
correct BHT's for drilling effects, so a 
certain degree of underestimation of 
temperatures may be expected in the 
deeper zones, as described above. 
Although the deviation of BHT's from 
true formation temperatures is not 
knownJ a tempering effect is that a 
drill hole in an aquifer with active 
circulation Should equilibrate to undis
turbed -temperatures relati-vely quickly. 

(3) The third source of subsurface 
teraperature data is raeasureraents in 
springs and flowing wells. The amount 
that these waters cool before they reach 
the surface is generally unknown; there
fore, they provide only a minimum tem
perature check on BHT data. There is 
also commonly some uncertainty about the 
depth and source of flow. One can 
assume that all flow is from the bottom 
of a flowing well to obtain a miriimum 
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gradient. The most useful subsurface 
temperature data from springs and wells 
come from those whose source aquifer can 
be determined. 

The most important aspect of any 
geothermal resource is the temperature 
and flow that can be delivered to the 
surface. In this sense, flowing wells 
and springs give excellent data, leaving 
no need for prediction. Selected loca
tions where therraal water (greater than 
70°F) discharges at the surface are 
indicated on the thermal gradient maps. 

SUMMARY 

The authors have investigated the 
geothermal resources of several Wyoming 
sedimentary basins. Oil-well bottora-
hole temperatures, thermal logs of 
wells, and heat flow data have been 
interpreted within a framework of geolo
gic and hydrologic constraints. Basic 
thermal data, which Includes the back
ground thermal gradient and the highest 
recorded teraperature and corresponding 
depth for each basin, is tabulated in 
Table 1. 

These investigations of the geother
mal resources of Wyoming sedimentary 
basins have resulted in two main conclu-
s ions. 

(1) Large areas in Wyoming are under
lain by water at temperatures greater 
than 120°F (Figure 6). Although much of 
this water is too deep to be economi
cally tapped solely for geothermal use, 
oil and gas . wells presently provide 
access to this significant geothermal 
resource. 

(2) Isolated areas with high tempera
ture gradients exist within each basin. 
These areas — many revealed by hot 
springs — represent geothermal systems 
which might presently be developed eco
nomically. 



GEOTHERMAL RESOURCES OF THE GREEN RIVER BASIN, WYOMING, 
INCLUDING THERMAL DATA FOR THE WYOMING PORTION OF THE THRUST BELT 

Study Area 

The Green River Basin is located in 
southwestern Wyoming (see Figure 1), and 
Includes all of Sublette County and 
parts of Uinta, Lincoln, and Sweetwater 
Counties. It is approximately 180 miles 
long and 90 miles in width near the 
southern end. Major uplifts border the 
basin on all sides reaching elevations 
of over 13,000 feet in the Wind River 
Range. The basin floor ranges in eleva
tion from 6000-7500 feet. 

The climate in the area varies with 
altitude. Most of the basin receives 
less than eight Inches of precipitation 
per year while the surrounding raountains 
often receive greater than 50 inches per 
year (Ahern et al., 1981). The mean 
annual surface air temperature for the 
Green River Basin is approximately 42"F 
(Lowers, 1960). 

Stratigraphy 

The sedimentary rocks in the Green 
River Basin range in age from Cambrian 
to Recent and unconformably overlie the 
Precambrian igneous-metamorphic base
ment. Figure 7 is a stratigraphic 
column indicating the general litholo
gies and thicknesses for the formations 
present in the basin. The greatest 
total sedimentary thickness (about 
30,000 feet) occurs in the deep syncline 
which parallels the Wind River Mountains 
(Krueger, 1968). Surface outcrops in 
the basin are primarily Tertiary and 
Quarternary in age (see Plate I). 

The Paleozoic rocks of the Green 
River Basin consist mainly of marine 
shelf deposits with maximum aggregate 
thickness of 4500 feet. The western 
edge of the basin bordering the Thrust 
Belt marks the eastern edge of the Rocky 
Mountain geosyncline where much thicker 
sections of Paleozoic and early Mesozoic 
rocks were deposited (Ralston et al., 
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1981). These rocks generally consist of 
calcareous crystalline limestones and 
dolomites which grade upward into inter
bedded mudstones, siltstones and shales. 

The Mesozoic stratigraphic section is 
essentially composed of clastic material 
deposited in marine shelf and continen
tal environments (Ahern, et al., 1981). 
The Triassic and Jurassic rocks are 
approximately 3000 feet thick while 
those of Cretaceous age have an aggre
gate thickness of up to 15,000 feet. 
The Mesaverde Group, a thick sequence of 
sandstones and shales with Interbedded 
coals and conglomerates, is much thicker 
and more distinctive in the eastern por
tion of the basin, where it is divided 
into four members. It thins signifi
cantly to the west and is absent (due to 
nondeposltlon or erosion) on the Moxa 
Arch (Hale, 1955). The Lewis Shale and 
Lance Formation are also truncated in 
the western portion of the basin. 

The lower Paleocene Fort Union For
mation is similar to the underlying sha
les, sandstones and siltstones of the 
Mesaverde Group except that it contains 
more coal sequences. It is equivalent 
to the Hoback Formation in the northwest 
part of the basin which reaches a thick
ness of 16,000 feet (Dorr, et al., 
1977). 

The late Paleocene and Eocene depo
sits of the Green River Basin are com
posed of a complex intertonguelng of 
fluvial and lacustrine sediments of the 
Wasatch, Green River and Bridger For
mations. The aggregate thickness of the 
sediments is more than 12,000 feet in 
the south central basin but averages 
about 6000 feet over most of the area 
(Ahern et al., 1981). 

Sediments of Miocene and Pliocene age 
are primarily conglomerates, claystones 
and sandstones with a raaxiraum thickness 
of 4000 feet in the southeast portion of 
the basin (Ahern et al., 1981). Quater
nary sediments consist of unconsolidated 
silt, sand, clay and gravel usually less 
than 100 feet in thickness. 
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Strueture 

The ' Green River Basin is a north-
south elongated intermontane basin 
formed during the Laramide Orogeny. 
According to Berg (1971) tectonic actl-̂  
vity has resulted in approximately 
35,000 feet of structural relief in the 
syncline parallel to the Wind River 
Mountains (see Figure 8) where the top 
of the Precambrian is believed to be 
about 27j000 feet below sea level. In 
general, the basin is structurally 
simple., with a few major north to north
east trending folds occurring beneath 
the unconformable Eocene strata 
(Blackstone, 1955) . 

Figure 8 shows the major tectonic 
features surrounding and within the 
Green River Basin. To the north and 
northeast are the Gros Ventre and Wind, 
River Mountains, respectively. The Gros 
Ventre Range has a small granitic core 
area flanked by Mesozoic and Paleozoic 
sediments which apparently have been 
thrust southwest (Krueger, 1968). The 
southwest flank of the northwest-
southeast trending Wind River Mountains 
is overlapped by Eocene sediments which 
cover the structural details of the 
area. However, several small outcrops 
of steeply dipping Paleozoic rocks as 
well as seismic data indicate a. major 
thrust fault at the base of the south
west flank of" these mountains (Berg, 
1971). According to Berg (1971) a Pre
cambrian wedge of the Wind River Moun
tains has been thriist over the deep 
basin syncline resulting in a wedge 
underlain by Paleozoic sediments and 
overlain by Eocene rocks. 

Further to the south the basin rises 
gradually to the Rock Springs uplift, a 
north-south trending asymmetric a'nti-
cllne which bounds the Green River Basin 
on the east. The core of the uplift is 
eroded into the Cretaceous Baxter Shale. 
A series of east-west trending faults 
occur along the stucture. The southern 
margin of the Green River Basin is the 
Uinta Mountain uplift which has been 
thrust northward into the basin 
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(Krueger, 1968). The northern flank 
of the Uintas has been partially covered 
by the Eocene lacustrine Green River 
Formation, the Bishop Conglomerate, and 
the Browns Park Formation. 

The north-south trending Thrust Belt 
forms the western boundary of the Green 
River Basin (see Figure 8 and Plate I). 
The Thrust Belt consists of a very thick 
series of Paleozoic and Mesozoic 
miogeosynclinal sediments which have 
been thrust eastward onto a much thinner 
shelf sequence (Krueger, 1968). The 
Darby Thrust is the easternmost fault of 
the Wyoraing Thrust Belt, forming the 
western boundary of the Green River 
Basin. 

In the northwestern portion of the 
area is a small sub-basin known as the 
Hoback Basin (see Figure 8). Although, 
the Hoback Basin is physiographlcally a 
continuation of the Green River Basin, 
the two basins are separated by a con
tinuous topographic divide called The 
Rim. Surface drainage of the former is 
to the north. The Hoback Basin is 
overridden on the southwest and 
northeast by the Thrust Belt and Gros 
Ventre Range respectively (Dorr et al., 
1977). The Hoback Basin contains at 
least 15,000 feet and possibly as much 
as 30,000 feet of lower Tertiary clastic 
sediments shed from the adjacent uplift 
(Ahern et al., 1981). 

An east-west profile through the 
central part of the Green River Basin 
has the configuration of a broad, gentle 
syncline with the east flank rising at a 
very low angle to the Rock Springs up
lift while the west flank is cut 
abruptly by the Thrust Belt. The Moxa 
Arch is a north-south trending feature 
which extends from the Bridger Lake area 
on the Wyoming-Utah border 120 miles 
north to the LaBarge platform where it 
swings to the northwest under the Darby-
Prospect Fault (Wach, 1977). Although 
the arch is a very gentle anticline with 
a maximum relief of 2000 feet (Krueger, 
1968), its georaetry is slightly as37m-
metrlc, with the steep side to the east. 
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The east flank Is reported to have high 
angle reverse faults displacing Paleo
zoic and Mesozoic rocks with Tertiary 
strata left undeformed. Numerous clo
sures ha've been seismically located 
alohg the arch, giving rise to a riumbef 
of oil and gas fields including Church 
Buttes, Opal, Moxa, and Emralgrant 
Springs. 

A general structure cbntour map of 
the Green River Basin indicates the ele
vation o£ the top of the Dakota Sand
stone (Plate II). Because most of the 
tectonic activity In the basin occurred 
in late Mesozoic and early Cenozoic time 
the structural configuration of sedi
ments deposited prior 'to that activity 
is roughly similar. The Dakota Sand
stone was chosen as a datum for con
touring because it is knowii to be a 
regional aquifer and a large data base 
exists for it compared to other stra
tigraphic units. 

Hydrology 

Very few data are available for pre-
Tertiary aquifers In the Green River 
Basin. Most of the material for the 
following discussion is takeii from Ahern 
et al., 1981, the only comprehensive 
report attempting to deal with basinwide 
hydrology. 

Due to the lack of available data, 
the water-bearing properties of the pre-
Tertiary formations have in some cases 
been inferred from lithologic properties 
in outcrop and from hydrologic datza 
obtained from other Wyoming basins 
(Ahern et al., 1981). However, water 
production and transmissivities in the 
central portion of the basin inay be less 
than reported due to a possible reduc
tion in permeabiltiy of 20-60% with the 
increase of overburden pressure (Fatt 
and Davis, 1952; Fatt, 1953; Wyble, 
1958). A further restriction on pre-
Tertiary formation groundwater in the 
Green Ri'̂ er Basin is that thrusting 
along the margins of the basin severely 
inhibits recharge of these aquifers due 
to extensive fault displacement. 
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The stratigraphic column in Figure 7 

includes the general water bearing pro
perties for each formation. Ahern et 
al. (1981) have assigned eight division 
to the water-bearing rocks in the Green 
River Basin-Thrust Belt area: 

(1) The Precambrian aquifer is 
highly fractured and weathered in 
outcrop near the Gros Ventre and Wind 
River Mountains producing zones of 
high permeability. A few wells and 
springs produce water from the 
aquifer along the flank of the Wind 
Ri'ver Mountains although no flpw data 
are available. 

(2) The Flathead aquifer (composed 
of the Flathead Sandstone), Is con
sidered to be a good potential source 
of water because it is known to con
tain lenses pf permeable sandstone, 
has a conglomeratic base, and good 
secondary permeability, (Lines and 
Glass, 1975). Howe'ver, except on the 
LaBarge Platform it is burled too 
deeply to be within economic reach. 

(3) The Paleozoic aquifer inciudes 
the Bighorn Dolomite, Darby For
mation, Madison Limestone, Tensleep 
Sandstone and Phosphoria Formation. 
Because these formatiohs are pri
marily carbonates the greatest per
meability exists where solutipn open
ings and fractures occur. A.lthough 
few data are available for the Madi
son Liiaestone in the Green River 
Basin due to lack of outcrop and 
great depth of burial, this aquifer 
exhibits excellent porosity and great 
yield throughout Wyoming. 

(4) The Nugget aquifer includes the 
Thaynes Limestone, Nugget Sandstone, 
and Twin Creek Limestone. This 
aquifer yields 20-900 gpm, in springs 
just west of the LaBarge Platform. 
However, there is a notable decrease 
in measured transmissivity and poro
sity values from the Thrust Belt tP 
the Green River Basin, although there 
is no change in lithology. The dlf^ 
ference inay be due to Increased 
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11thostatic pressure and, decreased 
fracture occurrence in the Green 
River Basin (ithern et al., 1981). 

(5) The Upper Jurassic-Lower Creta-̂  
ceous aquifer is comprised d t a 
series of vertically and areally 
discontinuous aquifers. The low per^ 
meability and general absence of 
springs is probaljly due to the large 
amounts- of shales, siltsones and 
mudstones present in these units 
(Ahern et. al., 1981). 

(6) The Frontier aquifer, composed 
solely of the Frontier Formation, 
produces moderate amounts of water 
(Ahern et al. 1981). Permeability is 
highly dependent on cementation of 
the sandstone;. 

(7) The Mesaverde aquifer outcrops 
along the Rock Springs uplift, which 
provides a, favorable recharge zone. 
Seven wells north of the uplift yield 
15-200 gpm from the Rock Spririgs and 
Ericson Formations. Farther to the 
west this aquifer has been partla;ily 
truncated by an erosional nnconfor-
mity on the Moxa Arch. 

(8) The Tertiary aquifer is by far 
the best understood and most produc
tive in the Green River Basin (Ahern 
et al., 1981; Welder 1968). The 
Wasatch Fornnation, the Laney Member 
of the Green River Formation and the 
Bridger. Formation are the major water 
producers in this aquifer. The 
Wasatch Formation Is most productive 
along the basin fianks In the 
noi:thern and central portion of the 
basin as well as in the southwest 
corner. Impermeable shales and 
marlstones of the Green River For
mation intertongue with the Wasatch 
in the basin center creating a hydro-
logic barriet. Water-bearing sand 
lenses In the Laney. Member of the 
Green River Formation are utilized 
along the eastern margin of the 
basin. The permeable sands of the 
Bridger Formation, overlying the 
Green River and Wasatch Formations 
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produce water In the south-cenral 
part of basin (Ahern et al., 1981). 

In general, circulatioh in the 
Paleozoic and Mesozoic aquifers is 
highly restricted due to deep burial of 
the sediment's as well as lack of 
recharge areas (Ahern et al., 1981). 
Due to the large stratigraphic displace
ment of the Pre-Tertiary sediments of 
the eastern margin of the Thrust Belt 
against the Baxter-Hi11lard aquitard, 
any water entering the basin from the 
outcrop area must transfer down through 
this thick sequence of shales (Ahern et 
al., 1981). Flat potentiometric gra
dients and very saline water within 
these aquifers (Ahern et al., 1981) 
further indicate that the amourit of 'flow 
in the basin is small and circulation is 
restricted. 

Based on drill stem test data pn the 
periphery of the basin, ground water 
flow In the Mesozoic and Paleozoic 
aquifers appears to come from recharge 
areas along the LaBarge Platform. Water 
then flows southeast towards the south
ern part of the basin. Additional flow 
may come from the Great Divide and 
Washakie Basins to the east (Collentine 
et al.., 1981). 

Groundwater movement in the post 
Baxter-Hi 11 laird strata is better under
stood due to more data, little struc
tural disturbance of the sediments and 
good stratigraphic control. Recharge 
for these aquifers Is generally alorig 
the flanks of the uplifts but imper
meable zones within the Green River For
mation . prevent downward movement of 
groundwater (Ahern, et al., 1981). 

Circulation in the Tertiary strata is 
from foothill, outcrops toward the center 
of the basin and then southward. In the 
southwest part of the basin recharge 
comes from the north flank of the Uinta 
Mountains and moyement is from south to 
north (Ahern et al., 1981). 

Groundwater quality in the Green 
River Basin ranges from very poor to 
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excellent, showing a general tendency to 
become more mineralized with increasing 
depth (Welder, 1968). Total dissolved 
solids (TDS) concentrations frequently 
exceed 10,000 mg/l in the Precambrian to 
Upper, Gretacebus aquifers. Total 
Dissolved Solids (TDS) in most Tertiary 
aquifers frequently falls in the 500 to 
3000 mg/l range (Ahern et al., 1981). 
Table 2 is a compilation bf pre-Teirt lary 
water quality data in the Green River 
Basin along with select groundwater ana
lyses from Tertiary aquifers. 

Heat Flow and Thermal Modeling 

The conductive thermal modeling of an 
area incorporates stratigraphic, struc
tural, and hydrologic data. ' These are 
parameters which set limits on the ther
mal conductivity of irocks, thermal gra
dients, and depths to aquifers. Also a 
regional heat flow value must be deter
mined. Published heat flow values iri 
the Green River Basin range from 46 to 
67 milliwattg per square meter (mW/m^) 
(Sass et al., 1971, Heasler et al., 
1982), These values indicate the most 
reliable value for a regional heat flow 
is 54 mW/m?. This value and an upper 
value of 67 mW/m^ were used iii Table 3 
for the modeling of temperatures. To 
model the temperature a.t a given depth 
the following equation is used: 

TA = TO + (Q/Ki)dxi, + (Q/K2)dx2 + .... 

where T^ is the temperature in a certain 
aquifer, Tg i^ the mean annual surface 
temperature, Q is the regional heat 
flow^ Kl and dxi are the thermal conduc
tivity and thickness of the lithologic 
unit closest to the ground surface, K2 
and dx2 are the thermal conductivity and 
thickness of the lithologic unit below 
unit 1, arid so on until the desired 
depth is reached. 

Therraal conductivity values used for 
formations In the Green River Basin were 
taken from a variety of sources. Values 
foir the Green River Basin from Sass et 
al., (1971), Decker and Bucher (1979), 
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and Heasler et al. (1982) were used in 
addition to thermal conductivities mea
sured for other Wyoming basins (see 
Decker at al., 1980; Decker arid Bucher, 
1979; Heasler and Hinckley, 1985; arid 
Heasler, 1978). Where no thermal con
ductivity measurements haye been taade on 
a formation, a value was estimated using 
the approximate lithologies for the for
mation* 

There are two basic structural models 
which have been utilized in the theinnal 
modeling of the Green River Basin. 
These models are: 1) a deep sedimentary 
basin, arid 2) ari ant id ine-sync line 
geothermal system (see Figure 3). Con
ductive therraal modeling techniques were 
used to estimate subsurface temperatures 
In each case. 

As a whole, the Green River Basin is 
a deep sedimentary basin, and could be 
considered to contain a moderate 
C194''F-302''F) to high (>302''F) geother
mal resouirce simply due to the earth's 
normal increase in temperature with 
depth. In the Green River Basin the 
average thermal gradient is approxiina
tely 13OF/1000 feet. 

By using conductive thermal modeling 
techniques for the central portions of 
the basin (characterized by Pacific 
Creek in Table 3) It is evident that a 
depth of approxiinately l0,000 to 12,500 
feet must be reached to attain a tem
perature of 200"F. The structure con
tour map (Plate II) shows that in more 
than half the basiri the Dakota Sandstone 
lies beneath at least 13,000 feet of 
sedimentsi A maximum temperature at the 
base of the sedimentary section in that 
area would probably exceed 350°F at a 
depth of approximately 27,000 feet. Re
lative depths and temperatures can be 
estiraated for bther formations abbve and 
below the Dakota Sandstone using the 
thicknesses shown in Figure 7. 

While such temperatures (greater than 
200°F) thecretically seem promising as 
potential geothermal reaources, the 
great depth and poor quality of the 
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wa'ters associated with such depths place 
a severe constraint on the prac it leal use 
of the resource. An additional problem 
with this particular model is the lack 
of knowledge concerning quantities of 
water at these depths. Howe'ver, many of 
the deeply buried aquifers are being 
drilled in search of oil and gas. These 
holes may prbvide feasible access to 
geothermal respurces. 

The second type of gebthermal system 
evaluated by conductive thermal modeling 
was the syncline-anticline system near 
the Church Buttes oil field on the 
southern portion of the Moxa Arch. 
Available data indicates that a high 
gradient area, shown as a hachured 
ericlosure on the gradient contour map 
(Plate III), exists on the anticline. 
However, there is little information for 
the synclinal axis located to the west 
of the Arch. Conductive thermal 
modeling was used tb estimate tem
peratures iri the syricline tb determine 
if upward movement of water could cause 
the high temperatures. From Table 3 it 
can be seen that conductive thermal 
modeling predicts teraperatures in the 
Dakota Sandstone of 250°F - 300"F (for 
54 to 67 mW/ra2). Thermal modeling for 
the anticline portion of the system pre
dicts temperatures- of 2190F to 260°?, 
The actual measured temperatures in the 
anticline rarige from 2280F to 2780F. 
Thus .the temperature anomaly may be the 
result of local hydrolbgic conditions^, 
i.e. flowing water heated in the 
syncline raoving up over the anticline. 

In order for such a thermal inodel to 
be applicable in terms of geothermal 
resource developraent a number of con
ditions must be met: 1) the aquifer 
must bring heated water close to the 
surface (generally within 5,000 feet) 
for the resource to be considered econo
mical, 2) the water in the aquifer must 
be flowing rapidly enough so that there 
is no significarit heat loss. Generally, 
the anticlines in the Green River Basin 
do not meet these criteria., The few 
structures that exist in, the basin are 
buried under a minimum of 9,000 feet of' 
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Tertiary sediments except on the LaBarge 
platform. In addition, recharge to the 
deeper,' potentially warmer aquifers is 
essentially unknown; their water flbw 
rates cannot be estimated. As pre
viously mentioned circulatlpn is pro
bably very poor in these aquifers. 

Additipnal high gradient areas have 
been located on the Moxa Arch In the 
vicinity of the LaBarge Platfonn (see 
Plate III). Because the Darby -
Prospect Thrust overldes the Moxa Arch 
iri this area, the syriclinê  anticline 
model cannot be applied. The structure 
contour map (Plate tl) indicates that 
the arch has been broken by faults in 
this area and thus- any groundwater flow 
has probably been severely disturbed. 

Gradient Contours 

Plate III shpws thermal gradient con
tours for the Green River Basin. Most 
of the data used for the map were 
obtained from oil and gas well bottom 
hole temperatures (BHT's). There are 
approximately 1500 BHT's for this basin, 
most of which are concentrated along the 
Moxa Arch, the site of greatest known 
oil and gas potential. Thermal logs of 
drill holes, shown as +'s on the map and 
in Table 4; were also used in contour
ing. 

Using BHT's and thermal logs, the 
average thermal gradient for the Green 
River Basin is approximately 130F/1000 
feet. This value, has been substantiated 
by conductive raodeling from the land 
surface to the base of the Morrison For
mation (See Table 3) i The conductive 
model yields a gradient of 12.9''F/1,000 
feet. 

Table 5 and 6 list the statistical 
distribution of the BHT's and BHT-
derived gradients in 500 foot depth 
intervals with the mean BHT and gradient 
and the 50th, 66th, 80th and 90th per
centile for each interval. From Table 6 
it is evident that in general the 
shallow holes (<4,500 feet deep) have 
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higher gradients, while those deeper 
than 4,500 feet tend to have lower gra
dients (see alsb Figure 9). Thus 
shallow gradients tend to be higher thaii 
the average gradient while gradients 
from deep holes may be slightly lower 
than the average. 

The gradierits obtained from thermally 
logged holes correspond closely with 
those of BHT's pbtained from deeper 
holes. The statistical analyses in 
Table 5 and 6 may be used in addition 
with data from thermally logged holes to 
obtain reliable temperature information 
as discussed in the introduction. 

The gradient contour (Plate III) map 
has been contoured on 2.5"F/1,000ft 
intervals. In. uiany areas there has been 
generalization, e.g. the odd values in a 
specific area have not been contoured. 
(In such cases the gradierit is listed 
beside the hole location bn Plate III). 
In most areas of the Green River Basin 
except the Mpxa Arch, BHT data are 
•sparse. In these aireas of little data 
the gradient contours are approxitnate 
and may not refiect high gradient areas 
if such areas exist. For example, from 
flowing well information, a high, gra
dient area may be present in the 
southeast portion of the basin near 
Flaming Gorge but there is insufficient 
BHT data to substantiate this. The Moxa 
Arch has been explbred and drilled 
extensively, thus creating a degree of 
bias regarding density of data in the 
area. As mentioned previously, a 
sync line-ant ici ine system Is one of the 
most likely places to find a geothermal 
resource. Thus, the present distribu
tion of data should be sufficierit for 
locating- most of the larger anomalous 
areas. 

The hachured areas oil Plates II, III, 
and IV delineate groupings of anoma
lously high gradients. These high gra
dient areas were determined by the 
followirig characteristics: 1) gradients 
of at least 16"F/ 1,000 ft, 2) 80th per
centile groiip for their depth range (see 
Table 3), 3) BHT of at least 100°F. 
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Horizontal hachures identify thermai 
gradient anomalies bf less than 4^500 
feet In depth while vertical hachures 
Indicate anomalies at depths greater 
than 4,500 feet. A cutoff point of 
4,500 feet was used because, as seen in 
Table 5., there appears to be a natural 
break between gradients at 4,000 and 
4,500 foot depth ranges. 

There are a few cases in which a 
potential geothermal resource raay net 
show up as an arioraalous gradient area. 
One such Instance would be existing 
drill hbles which have reached warm or 
hot water. Using the average basin gra
dient of 13''F/1,000 ft, a depth of 4,500 
feet should produce water of lOO^F. If 
such water is under great enough pres
sure to produce artesian flow, a viable 
geothermal resource may exist at that 
particular area even through it is not 
indicated as a high gradient area. 
Locations of three flowing thermai wells 
(temperatures greater than 70''F) are 
given in Table 7. 

Warm spririgs are a second instance 
where a pbtential resource may not be 
indicated on the gradient map. Two 
springs flowing water warmer than 70''F 
(Steele Hot Springs and Kendall Warm 
Springs) have been located on the gran
dient contour map (Plate III). Loca-
tloris, flows, and other pertinent infor
mation for these springs are given in 
Table 7. 

The Steele Hot Springs issue from the 
corrier of Fremont Butte on the southwest 
flank of the Wind .River Mountains. Ac
cording to Breckenridge and Hinckley 
(1978), basement faults in the area pro
vide a conduit for convectively rising 
therraal waters from a source in the 
underlying granite. Kendall Warm 
Springs are located In the nbrthernmost 
part bf the Green River Basin, occurring 
on the westerri flank of the Wind River 
Mountains which is cut by many major 
thrust faults. This thrusting has moved 
the Precambrian crystalline rocks over 
the Paleozpic section causing numerous 
faults and tight folds to form parallel 



-25-
to the trend of the range (Breckenridge 
arid Hinckleyj 1978). The Kendall Warm 
Springs occur where the Phosphoria For
mation crops out in the center of one 
such anticline. An adjacent syncline 
lies east of the springs with a minimum 
depth of approximately 4,200 feet. 
According to Breckenridge arid. Hlrickley 
(1978) recharge occurs at nearly 9,000 
feet iri elevatIbri en the flank pf the 
mountains .where the Phosphoria outcrops. 
Since the elevat ion of the springs is 
7,800 feet, artesian flow can be 
expected in the system. In addition, 
the depth of the syncline should be more. 
thari sufficient to produce fhe 85°F tem
perature of the springs'. 

Teraperature Contours 

The teraperature contour map (Plate 
IV) was compiled from oil arid gas well 
BHT's from the Dakota Sandstone and 
Morrisbn Fbrmatloni These BHT's are 
depicted by a solid dot on Plate IV. 
Additional data were Pbtained from ,BHT's 
In the Frontier Formation which were 
extrapolated to the Dakota Sandstone 
using the average gradient of the hole. 
These values ,are shown as open, circles 
on Plate IV and were used only as a 
means of further defining the Dakota 
teraperature contours. 

Temperature differences within a for
mat Ibn are a functiori of depth of 
burial, the regional heat flow, changes 
in -thermal conductivity within the fbr-
matton, convective (water flow) heat 
transfer,, and BHT measureiaerit inac
curacies . 

Since the Paleozoic and .Mesozoic 
strata have very similar structural con-
figuratioos in the - (ireen River Basin It 
is possible to estimate temperatures 
above and below the Dakota Sandstone 
from the temperature contoiir map. The 
thicknesses shown in Figure 7 can be 
used iri conjuriction with an average 
basin gradient of 13''F/l,0b0 ft to 
adjust mapped Dakota Sandstone tem
peratures to greater or lesser depths. 
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Because there is a minimura of 5,000 feet 
of strata below the Dakota Sandstone, 
the highest teinperatures likely to be 
produced from any Eiedimerits iri the basin 
are probably at least 65 "F higher than 
those shown bn Plate IV. 

The deepest portions bf the basin in 
the east and nbrtheast have not been 
contoured due to thê  lack bf data in 
those areas. Nb wells in the area have 
been, drilled deep enough to reach the 
Dakota Sandstone. The highest Dakota 
temperature reported was iri a well near 
Farson with a teraperature of 288''F at a 
depth of 17,007 feet. Temperaturies In 
the area can be estimated using the pre
viously described raethod. 

As stated earlier, deeply circulating 
water is an essential ingredient bf low-
temperature geothertnal resources iri 
other basins Iri Wyoming, Unfortunately, 
very few data are available on the 
deeply buried Paleozoic arid Mesozoic 
aquifers In the Green River Basin, con
sequently, hypothesis coiicerning poten
tial geothermal resources In these 
aquifers cannot address the imporant 
question of the amount of water 
aiva liable. 

Virtually all available hydrologic 
data for the Green River Basin is from 
the Upper Cretaceous arid Tertiary sedi
ments. All avaiiable hydrologic sources 
indicate that these formations consti
tute the principle water resources for 
the basin (Ahern et al., 1981; Welder, 
1968; Robinove and Cummings, 1963),. 
Referring to the gradient contour map 
(Plate III), it is evident that some of 
the anoraalously high gradient areas are 
located in shallow (less than 4,500 
feet) depth ranges. In alraost any area 
of the basin such a depth occurs within 
the relatively flat-lying Tertiary sedi
ments, The BHT's for these shallow ano— 
'malous area are as high as 130*F for a 
depth of 4,500 feet making them areas of 
potential geothemial use. However, much 
additional research needs to be under
taken in order tb delineate such areas. 
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Therraal Data for the Wyoming Portion of 
the Thrust Belt 

The Thrust Belt of Wyoming is an area 
of complex geblogy with unknpwn geother
mal potential. Thermal data were 
gatheired for the region west of the 
Green River Basin and east of the Wyo
ming border in Lincoln and Uinta Coun
ties. Scant thermal data exist In this 
region. No heat flow values ,nor thermal 
conductivity studies have been publish
ed. Oii well BHT's were available for 
only 51 wells iri Wyoming. Temperature-
depth and gradient-depth plots of this 
data are shown in Figures 10 and 11, 
respectively. Since so few oil iijell 
BHT's were available, no statistical 
analysis of the data set was attempted. 
Twelve oil and gas exploration holes in 
Idaho (Ralstpn, et al., 1981) and 51. in 
Wyoming have thermal gradients ranging 
from 19 tb 86"C/km. Maximum reported 
teraperatures for these wells are 210°G 
at 3,810 meters in Idaho and 132°C at 
4,122 meters in Wyoraing, 

Table 8 lists data for 38 thermally 
measured wells In the general area of 
the Thrust Belt, Measured thermal gra
dients are variable, ranging from 9,2 to 
39.1''C/km, Due to the lack of thermal 
data and complex geology, no thermal 
gradient maps' nor teraperature conto'ur 
maps were constructed. 

Thermal springs as hot as 140"E occur 
both in Idaho (Ralston, e.t al,, 1981) 
and Wyoming portions of the Thrust Belt 
(Breckerirldge and Hinckley, 1978). The 
spring systeins are comaionly associated 
with deep, high arigle faults (Ralston, 
et al,, 19i81) . The most productive deep 
aquifers are the Madlspn Liraestone and 
Bighorn Dblbralte, frora which spring 
flows of up to 40,000 gpra are reported 
(Lines and Glass, 1975). 

Two hot springs of interest exist in 
the northern. Green River Basin - Thrust 
Belt area. Auburn Hot Springs are: lo
cated in.T.33N., R.119W., sec. 20 in 
northern Lincoln County, Several areas 
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of travertine cones, terraces, warm 
pools, small springs, and seeps are 
located in the area. Surface discharge 
"temperatures .for the springs range from 
61 to 144''F (Breckenridge and Hinckley, 
1978). Geocheraical. thermometry indica
tes subsurface- temperatures of 162 to 
216''F (Muffler, 1979), The springs are 
located at the crest of a tightly folded 
anticline near the intersections of 
several faults. Faults and folds 
gerierally trend north-northwest, coln-
ci.dent with the alignraent of travertine 
depbsits that extend 13 miles north-
northwest of the springs (Breckenridge 
and Hinckley, 1978), These hot springs 
may be the result of local deep cir
culation along major faults although the 
existence of an anomalbus heat source 
can not be, exclude'd due tb the sparse 
thermal data. 

The other springs of interest are 
Qranit.e Hot Springs, These springs are 
located in T.39N., R.113W., sec. 6 in 
the southeastern corner of Teton County 
and flow 300 gpm at a teraperature of 
106"F (Breckenridge and Hinckley, 1978) 
They are in the G-ros Ventre Mouritalns at 
the northern; end of the Green River 
Basin adjacerit to the Thrust Belt, Geo
chemical thermometry indicates the sub
surface temperature of Granite Hot 
Springs may be as high as 199'F 
(Muffler, 1979). The springs are appar
ently the result of deep water circula
tion along a high angle, large displace-
merit fault (Breckenridge arid Hinckley, 
1978) although existing data dpes not 
exclude the existence of an anomalous 
heat source. 
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Table 1. Sumraary of greothermai da ta on Wyoming sedimentary bas ' ins . 
- 3 5 -

Basin: Bighorn 

Great 
Divide 

and. 
Washakie 

Laramie, Southern 
Green Hanna, arid Powder Wind 
River S h i r l e y River River 

Number of bot tom-
ho le teni^er a tu r e s 
analyzed 

Number of wel l s 
the rmal ly logged 

Background t h e r 
mal grad ien t i n 
°F/1,000 ft 
C°C/km) 

Highest recorded 
temperature and 
corresponding 
depth 

Basin depth in 
fee t (km) 

2 ;03S 

70 

16 
(29) 

306°"F- at 
23,000 f t 
(152°G at 
7,035 m) 

26,000 
C8.0) 

1,880 

68 

15 
(27) 

376° F -at 
24,000 f t 
(IPl^C a t 
7,300 m) 

28,000 
(8.5) 

1,530 

47 

13 
(24) 

306"F -at 
21,200 f t 

(isa^c at 
6,453 Ift) 

30,200 
(9.2) 

445 

57 

12-15 
(22-28) 

223°F at 
12,000 f t 
(106^0 a t 
5,600 m) 

12,000.; 
39,000; 

8„200 
( 3 . 7 ; 

- 12 .0 ; 
2.5) 

6,100 

6,0 

14 
m) 

275°F at 
16,000 f t 
C135°C a t 
4,900 m) 

16,400 
(5 .0) 

1,740 

67 

15 
(28) 

370°F at 
21,500 f t 
(ISS^'C a t 
6,, 555 ta) 

25,800 
(7.6) 



Table 2 . Ground water chemistry data f o r t h e Green River Bas in . 

TERITARY AQUIFER SYSTEM 

Loca 
SEC 

15 
15 
16 
23 
16 
30 
23 
24 
26 

13 
27 
28 
26 
27 
28 
25 
31 

tion 
RNG 

108 
109 
114 
110 
107 
111 
107 
109 
106 

111 
113 
112 
112 
113 
112 
110 
108 ' 

TNP 

28 
10 
30 
13 
22 
31 
30 
9 
3 

26 
25 
19 
9 
2 
29 
7 

29 

Ca 

49.0 
13.0 
1.2 
7 
8 
0.0 
.0 
.0 

174 
18 
7 
23 
20 
6 

186 
290 

Mg 

0.1 
12.0 
2 
.4 

1 
1 
6.8 
.0 
.6 

79 
17 
8 
12 
13 
20 
42 
35 

Na 

720 
2,496 
552 
292 
436 
217 
338 
330 
218 
Na 
7, 

2, 
2 
2 
2 
4, 
4, 

K 

2.6 
10 
1 
.8 

2 
1 
4.0 
.8 

3.1 
+ K 
,321 
119 
,471 
,803 
,662 
,709 
,346 
,369 

1 

1 
1 
1 
4 

HCO3 

,720 
402 
274 
605 
701 
317 
567 
519 
115 

305 
317 
,732 
,354 
,598 
,209 
378 
610 

SO4 

2.2 
528 
512 
1.8 

115 
142 
93 

.0 
84.2 

3,325 
95 
5 
0 
8 
60 
47 

Cl 

94 
3,340 
296 
85 
42 
16 
39 
62 
66 

9,200 
12 

2,766 
3,600 
3,140 
1,660 
6,900 
7,000 

TDS 

1,690 
6,564 
1,512 
704 

1,016 
490 
883 
777 
592 

20,249 
418 

6,191 
7,143 
6,753 
6,661 
11,707 
11,994 

Reference 

a 
b 
b 
a 
b 
b 
a 
a 
a 

c 
c 
c 
c 
c 
c 
c 
c 

TERTIARY AQUIFER (UNDIVDED) 

18 
26 
32 
38 
39 
13 
17 
24 
19 

116 
114 
107 
110 
111 
120 
120 
115 
105 

6 
1 
8 
22 
22 
25 
6 

32 
33 

46 
2.1 

215 
68 
83.8 
33.9 
65.8 
120 

16 
0 
52 
6 

23. 
37. 
15. 
87 

,9 
,8 
9 

1.2 
92 
4.0 
11 

24.3 
54.3 

0.4 
.9 

2.7 

4.6 
1.7 

885 
197 
0 

120 
165 
352. 
257. 
275. 
424. 

,2 
,4 
,4 
,8 

26 
19 
11 
650 
80 
24.0 
42.0 
75.8 
929 

323 
.8 

83 
3.2 
0 
10.0 
31.0 
31.0 
40.0 

1 

1 

1 

,470 
186 
300 
,000 
246 
326 
315 
397 
,740 

a 
a 
f 
a 
a 
b 
b 
b 
b 

I 
U) 

I 



Table 2 continued. 

Location 
SEC 

18 
27 
28 
29 
32 
19 
16 
17 
27 

RNG 

110 
113 
113 
113 
114 
113 
106 
108 
113 

TNP 

27 
23 
32 
25 
29 
25 
12 
26 
17 

Ca 

28 
174 
67 
26 
158 
132 
76 
31 
84 

Hi 

10 
88 
62 
9 

116 
10 
50 
27 
36 

Na K HCO3 S04 

0 
24 
4 

256 
280 

150 

Cl 

4,550 
6,200 
6,900 
1,510 
4,450 
6,000 

14,000 
5,978 

TDS 

12,089 
11,212 
13,076 
9,252 
10,232 
11,230 

28,620 
10,357 

Reference 

c 
c 
c 
c 
c 
c 

c 
c 
d 

-9 116 18 518.8 179.8 

4,894 
4,205 
5,045 
3,853 
3,750 
4,304 
41,786 
11,242 
3,949 

126.9 14.0 

4,660 
1,208 
1,903 
7,088 
3,001 
1,453 

6,076 
630 

259 20,985 140 3,340 

FRONTIER AQUIFER SYSTEM 

16 
17 
18 
18 
23 
23 
26 
27 
28 
30 
29 
28 
28 
28 
27 
27 
27 
27 
27 
27 
27 
27 
26 
26 
26 

118 
118 
117 
116 
115 
112 
113 
114 
113 
113 
114 
115 
113 
113 
113 
114 
114 
113 
113 
113 
113 
113 
113 
113 
112 

25 
13 
13 
6 
6 
2 
17 
4 
30 
32 
19 
14 
13 
30 
4 
12 
24 
3 
3 
10 
15 
19 
14 
17 
26 

119.8 
120 
130 

60.8 
124 
50 
37 
202 

64. 
47. 
63. 

11. 
29 
5 
28 
27 

,0 
,0 
,9 

,0 

155.2 
54.3 

592.5 
42.6 
5,359 
2,364 
2,853 
4,913 

19.0 
L9.0 

2.9 

431 
2,812 
336.6 
870.3 
275.3 

1,147 
2,001 
1,793 
490 
500 

1,525 
1,793 
573 
490 

2,070 
1,501 
1,305 

4 
110 
317 
805 
365 
927 

2,001 
1,070 

470 
340 
420 
26 
58.9 
48 
7 

142 
40 

1,506 
716 
309 
39 
40 
0 
40 
127 
220 
8 
15 
190 
5 

136 
7 
53 

55.1 
450 
55 
323.4 
13.0 

8,000 
2,580 
3,400 
7,700 
5,000 
2,520 
4,320 
7,000 
7,700 
4,040 
5,600 
1,360 
560 
900 
544 

3,830 
1,560 
33,000 
2,580 
4,280 

1,110 
776 
939 

1,467 
341 

14,258 
5,992 
7,343 
13,123 
10,859 
6,522 
9,119 
11,903 
13,123 
8,439 
10,578 
3,550 
1,108 
1,579 
1,184 
7,528 
2,878 
55,095 
5,992 
8,041 

b 
b 
b 
b 
b 
c 
c 
c 
c 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 

I 

^1 



Table 2 . continued 

Locat ion 
SEC RNG TNP Ca Mg Na HCO3 SO4 Cl TDS Reference 

UPPER JURASSIC-LOWER CRETACEOUS AQUIFER SYSTEM 

22 
25 
25 

115 
115 14 

50,9 
67.8 

115 14 1,196 

12.0 
12.0 
22.2 

27 
26 
26 
26 
26 
26 
26 
17 
27 
27 
27 
20 
29 
29 
17 
17 
16 
16 

17 
16 
28 

113 
113 
113 
113 
113 
113 
113 
104 
113 
113 
113 
114 
114 
114 
112 
112 
113 
112 

112 
113 
114 

1.4 
11 
2 
4 
4 
10 
11 
2 
33 
33 
35 
19 
11 
12 
22 
22 
13 
4 

6 
13 
12 

1,539 
697 

139 
25 
182 

104 
133 

29 

2 
30 

71.8 
16.,5 
3,2 
Na + K 
8,088 
6,281 

.7 
2,3 
2.7 

Na + K 
4,352 
4,825 
6,923 

309,6 
216.3 
277.2 

329 
525 
268 
281 
573 
403 
525 

4,260 
403 
207 
317 

1,405 
865 
855 
889 

1,220 
l,06l 
905 

815 
795 
855 

56,0 
56,9 
169.9 

7 
5 
5 
5. 
5 
10 
5 
0 
5 

35 
417 
395 
35 

370 

35 
270 
395 

16.0 
8.4 
16,0 

16,300 
11,000 
14,300 
5,400 
10,700 
13,800 
11,000 
4,032 
8,100 
5,000 
12,600 
5,400 
1,100 
10,300 
6,500 
6,100 
6,600 
6,200 

6,500 
6,600 
10,300 

9,383 
283 
505 

25,200 
18,375 
23,482 
9,021 
17,967 
22,968 
18,375 
10,309 
13,569 
8^343 
20,814 
10,149 
19,599 
18,251 
11,493 
11,138 
12,346 
10,983 

11,493 
12,346 
18,251 

b 
b 
b 

c 
c 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 
e 

d 
c 
c 

NUGGET AQUIFER, SYSTEM: 

16 112 17 1,475 139 28,670 990 216 46,500 77,487 

26 
26 

115 
115 

26 
15 • 

63.8 
50,8 

5.9 
11,0 

3.7 
4.2 

0.9 
.6 

226,2 
2,064 

4,9 
5.1 

2,7 
3.2 

209 
198 

b 
b 

I 
w 
00 
1 



Table 2 continued. 

Location 
SEC 

27 
28 
28 
17 

RNG 

113 
114 
115 
116 

TNP Ca 

14 2,112 
11 2,489 
14 777 
8 1,696 

Mg 

107 
357 
113 

1,260 

Na 

Ha + R 

36,830 
33,799 
16,400 
7,066 

K HCO3 

364 
500 
380 

1,584 
2 
4 

SO4 

881 
936 
,416 
,813 

Cl 

60,000 
56,600 
25,000 
13,100 

TDS 

1,000,110 
94,426 
44,893 
28,717 

Reference 

c 
c 
c 
c 

27 115 22 63,8 250 10.7 .8 1,839 190 1,9 390 

PALEOZOIC AQUIFER SYSTEM 

38 
16 
18 
26 
26 
26 

110 
117 
113 
114 
113 
113 

2 
33 
19 
1 
7 
7 

2,146 
820 
247 
503,8 
45.9' 
48.8 

520 
568 
110 
16.0 
25.0 
30.0 

3.9 2.7 
4,740 
7,282 
1.2 .4 
5.8 .7 
6.7 1.3 

118.0 
3,540 
1,806 
193.8 
216.3 
275,3 

649.4 
4,021 
13,341 

19.0 
22.0 
33.0 

3,2 
5,400 
1,100 

.8 
7.7 
10,0 

1,000 
17,297 
22,969 

185 
227 
287 

b 
c 
c 
b 
b 
b 

a Welder, 1968 
b Ahern, et al,, 1981 
c Crawford, 1963? 
d Biggs and Espach, 1960 
e Crawford and Davis, 1962 
f Breckenridge and Hinckley, 1978 

I 

I 



Teible 3 . ComJuctiwe thernial models for the Green »iver .Basin. 
- 4 0 -

Formacloo 

Browns Park 
Bridger 
Gteen Rlvee 
Waaatch 
Fort Union 
Lance 
Lewis 
Mesaverde 
Baxter 
Frontier 
Mowry 
Dakota 
(iorriaon 
Stump 
Twin Creek 
Sugget 
Woodside 
thaynes 
Ankareh 
Di.nwoody 
Phosphoria 
Tensleep 
Amsden 
Madison 
Darby 
Bighorn 
Gallatin 
Gros Ventre 
Flathead 
Frecauibrl&a 

Wasatch 
Fort Union 
Lance 
Lewis 
Mesaverde 
Baxter 
Frontier 
Howry 
Dakota 
Morriapn 
Stump 
Twin Creek 
Nugget 
Woodside 
Thaynes 
Ankareh 
Dinwoody 
Phosphoria 
Tensleep 
Amsden 
Madison 
Darby 
Bighorn 
Gallatin 
Gros Ventre 
Flathead 
Precaobrtan 

Conduc
tivity 

(10-3cal/ 
cm sec'C) 

S.S 
S.S 
4.0 
6.0 
7.0 
4.5 
6.0 
6.0 
4.5 
6.5 
5.0 
8.7 
5.7 
7.4 
.6.0 
7.4 

- 7.2 

2.8 
9.6 
10,4 
8.0 
9.6 
8.2 

,11.0 
7.4 
6.0 
8.5 
7.0 

6.0 
7.0 
4.S 
6.0 
6.0 
4,5 
6.S 
5.0 
8.7 
5.7 
7.4 
^.0 
7.4 

- 7.2 

2.8 
9 i t 

10.4 
8.0 
9.6 
8.2 

11.0 
7.4 
6.0 
8.5 
7.0 

Formation 
Gradient^ 
1.3 

pu 

23.6 
.23.6 
32.5 
21.7 
18.6 
28.9 
21,7 
21.8 
28,9 
20.0 
26.0 
14.9 
22.8 
17 i 6 
16.3 
17.6 

18.1 

46,4 
13,5 
12.5 
16,3 
13,S 
IS,9 

li.a 
17.6 
21.7 

is.3 
18.6 

21.7 
18,6 
28,9 
21.7 
21.8 
28.9 
20.0 
26.0 
14.9' 
22.8 
17 .6 
16.3 
17,6 

18,1 

46.4 
13.5 
12.S 
16,3 
13. S 
IS .9 
11.8 
17.6 
21,7 
15.3 
18.6 

l i b 
HFU 

CHURCH 

29.1 
29.1 
40,0 
26.7 
22.9 
35.6 
26.7 
26,7 
35,6 
'24.6 
32,6 
18.4 
28.1 
•21.6 
20,0 
21.6 

22.2 

57,1 
16.7 
15.4 
.20.0 
16.7 
19,5 
14.5 
21,6 
26,7 
18,8 
22,9 

Depth 
Fe'et 

BUTTE 

1,300 
3,200 
5,325 
8,67S 

9,475 
12,325 
12.425 
12.750 
13,000 
13,650 
13,900 
14,500 
15,275 

16.850 

16,925 
17,300 
17,825 
18,275 

PACIFIC CaB,EK 

26.7 
22.9 
35,6 
26,7 
26,7 
35.6 
24.6 
32,0 
18,4 
28.1 
21.6 
20.0 
21.6 

22,2 

57.1 
16.7 
1.S.4 
20.0 
16,7 
19,5 
14,5 
21.6 
26,7 
18,8 
22.9 

7,600 
7,600 
9.325 
10.225 
12 ,'4 70 
15,760 
20,15S 
20,767 
21,160 
21,489 
21,850 
22.100 
22,348 

22,686 

24,065 
24f090 
24,410 
25,075 
25,426 
25,920 
26,270 
26,570 
26i670 
27.170 
27,320 

Thickness 
ieet (meters) 

1.300(396) 
1.900(674) 
2,125(648) 
3,350(1,021) 

800(244) 
2,850(869) 

100(31). 
325(99) 
250(76) 
650(198) 
250(76) 
600(183) 
775(236) 

1^575(400) 

75(23) 
375(114) 
525(160) 
450(137) 

7,600(2,316) 
M, 725(526) 

906{274) 
900(274) 

2.245(684) 
4,395(1,340 

612(187) 
393(120) 
329(100) 
.361(110) 
250(76) 
248(76) 
338(103) 

1,379(420) 

25(8) 
320(98) 
665(203) 
345(105) 
500(152) 
350(107) 
366(91) 
100(30) 
500(152) 
150(46) 

Temperature 
(•Q) at base 
of format lon^ 

1.3 
HFU 

14.4 
36.3 
SO.3 
69.3 

74,6 
99.7 

100.3 
102,9 
104.0 
108.5 
109.8 
112,8 
117,0 

125.7 

126,8 
128,3 
130,3 
132.5 

56,1 
65.9 
73,8 
79.7 
94.5 
133,2 
136,9 
140.0 
142.5 
144.0 
145i4 
146.6 
148.4 

156,0 

156,4 
157.7 
160,2 
161,9 
164.0 
165.7 
166.8 
167,3 
170,6 
171.3 

1.6 
HFU 

16.5 
43.5 
60,7 
84.0 

90,5 
121.3 
122.1 
125,3 
126,7 
132.3 
133.9 
137.6 
142.7 

153,4 

154,7 
156.6 
159,9 
161,8 

66,8 
78,9 
88,6 
96.0 

114.2 
161.9 
166,5 
170,4 
172,2 
175.3 
176.9 
178.5 
180.7 

190,0 

190.5 
192.1 
195,2 
197,3 
199.9 
201.9 
203,3 
203; 9 
208,0 
208,8 

1 Calculated for heat flow values of 1.3 HFU (54 aW/m^) and 1.6 HFU 
(67 mH/m^J, One-HFU o iO-^ cal-/"?" sec, 

^ Assuming a 4l'F (S'C) mean annual air temperature.' 



Table 4 . Thermally measured wells in the Green River Basin.^ 

Hole 

Location 
West North 
Longitude Latitude 

Depth 
Meters Feet 

Bottom-Hole 
Temperature 
"C °F 

Gradient^ 
°F/1,000 

°C/km ft 
Interval^ 

(M) 

LINCOLN COUNTY 

East LaBarge 37-4 
Green River 79-12 
Wilson Ranch 8 

SUBLETTE COUNTY 

110 09.6 
110 12.6 
110 04.9 

42 
42 
41 

15.7 
15.2 
38.4 

650 
1,770 
1,900 

2,133 
5,807 
6,234 

24.9 
60.4 
70.9 

76.8 
140.8 
159.5 

23.0 
28.6 
25.3 

12.6 280-650 
15.7 160-1,770 
13.9 10-1,900 

Wagon Wheel 1 
Wagon Wheel 2 
Belco C-217 
Belco S33-28 
Belco S32-33 

109 44.7 42 36.0 
109 44.9 42 35.9 
110 19.7 42 35.4 
110 18.8 42 33.4 
110 18.1 42 32.4 

748 
1,480 
1,229 
991 
931 

2,454 
4,856 
4,032 
3,252 
3,055 

28.0 
50.7 
42.7 
33.0 
33.7 

82.4 
123.2 
108.8 
91.4 
92.7 

27.7 
30.4 
29.1 
25.6 
26.3 

15.2 
16.7 
16.0 
14.1 
14.5 

240-690 
120-1,480 
10-1,220 
20-980 
20-931 

110 02.1 41 55.8 
110 00.3 41 45.2 
109 52.4 41 32.4 
109 49.5 41 58.0 

230 
1,910 
445 
497 

755 
6,267 
1,460 
1,630 

15.3 
71.3 
23.4 
22.4 

59.5 
160.3 
74.2 
72.3 

37.3 
24.8 
20.0 

20.5 
13.6 
11.0 

70-180 
10-1.910 
10-445 

SWEETWATER COUNTY 

BLM Dodge Pass 1 
7 Mile Gulch ifl 
Little America 
BLM Horn 1-A 

1 Measured by University of Wyoming personnel following the method of Decker, 1973. 

2 Gradient represents a linear least square fit of the temperature-depth data over the raost 
thermally stable portion of the hole. 

^ Interval refers to the depth range in meters over which the least squares gradient was calcu
lated. 

I 
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'' Tabl,e 5 , Sunmary of bot tom-hole tempera ture da ta and s t a t i s t i c s , inc luding the 

50 th , 66 th , 80 th , and 90th p e r c e n t i l e s , from t h e Green River Bas in . A temperature 
under a p e r c e n t i l e i s the tempera ture below which t h a t pe rcen t of t h e BHT's f a l l . 
For a depth i n t e r v a l f o r which very few BHT's have 'been measured, the p e r c e n t i l e 
t empera tu res have l i t t i e meaning. 

Depth inter
val (feet) 

500 - 1,000 
1,000 - 1^500 
1,500 - 2,000 
2,000 - 2,500 

2,500 - 3,000 
3,000 - 3,500 
3,500 - 4,000 
4,000 - 4,500 
4,500 - 5,000 

5,000- 5,500 
5,500 - 6,000 
6,000 - 6,500 
6,500 - 7,000 
7,000 - 7,500 

7,500 - 8,000 
8,000 - 8,500 
8,500 - 9,000 
9,000 - 9,500 
9,500 - 10,000 

10,000 - 10,500 
10,500 - 11,000 
11,000 - 11,500 
11,500 - 12,000 
12,000 - 12,500 

12,500 - 13,000 
13,000 - 13,500 
13,500 - 14,000 
14,000 - 14,500 
14,500 - 15,000 

15,000 - 15,500 
15,500 - 16,000 
16,000 - 16,500 
16,500 - 17^000 
17,000 - 17,500 

17,500 - 18,000 
18,000 - 18,506 
18,500 - 19,000 
19,000 - 19,500 
19,500 - 20,000 

20,000 - 20,500 
20,500 - 21,.000 
21,000 - 21,500 

Num
ber 

6 
5 
10 
26 

50 
108 
121 
61 
55 

29 
32 
23 
38 
136 

152 
105 
74 
43 
49 

34 
64 
79 
60 
26 

41 
25 
15 
2 
19 

5 
7 
5 
5 
7 

3 
4 
6 
4 
2 

0 
1 
0 

high 

99 
94 

117 
120 

110 
126 
152 
130 
150 

146 
134 
139 
162 
190 

176 
240 
191 
235 
258 

235 
208 
220 
249 
265 

320 
278 
236 
248 
258 

260 
255 
248 
280 
288 

274 
300 
292 
313 
304 

-

305 
-

low 

72 
60 
74 
64 

78 
70 
81 
87 
85 

95 
96 

lio 
108 
108 

112 
il7 
98 
124 
122 

149 
135 
138 
162 
168 

166 
160 
162 
176 
168 

201 
205 
195 
212 
190 

210 
213 
.202 
161 
255 

— 

305 
-

Temperature 
mean 

85,8 
79.4 
89,1 
86.9 

90.3 
94.4 
97.1 
101,6 
106.6 

109.9 
115,8 
122.0 
127,2 
137,7 

140,1 
145.3 
150,7 
155,0 
168.0 

175.7 
169,0 
181.7 
188,8 
199.4 

210.2 
204.0 
195.2 
212,0 
227.4 

226,8 
226.6 
232,0 
250,8 
241.0 

252.0 
263,3 
268.7 
26i.5 
279.5 

— 

305.5 
-

50% 

85 
80 
87 
86 

90 
94 
96 
102 
104 

108 
117 
121 
129 
138 

142 
146 
153 
159 
168 

176 
168 
184 
188 
196 

207 
204 
192 
248 
235 

218 
223 
246 
256 
230 

272 
282 
281 
296 
304 

— 

305 
-

(°F) 
66% 

97 
93 
92 
88 

93 
97 
99 
104 
109 

112 
119 
125 
131 
143 

147 
151 
157 
162 
176 

180 
177 
189 
196 
206 

212 
209 
208 
248 
241. 

250 
240 
248 
280 
256 

274 
282 
287 
296 
304 

— 

305 
-

80% 

97 
94 
105 
94 

102 
102 
103 
107 
112 

115 
126 
129 
132 
148 

151 
154 
162 
167 
178 

186 
181 
193 
200 
210 

216 
214, 
212 
248 
244 

260 
248 
248 
280 
288 

274 
300 
287 
313 
304 

— 

-305 
-

90% 

99 
94 
117 
104 

102 
107 
110 
109 
126 

122 
131 
138 
140 
153 

155 
160 
172 
174 
190 

191 
196 
199 
206 
218 

232 
220 
219 
248 
258 

260 
255 
248 
280 
288 

274 
300 
292 
313 
304 

— 

305 
-

T o t a l : l j529 bottbiit-hole temperature measuremerits, 
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TaJble 6. Summary of gradient data and s t a t i s t i c s , including the SOth, 66th, SOth, 
and 90th pe rcen t i l e s , derived from bottom-hole temperatures from the Green River 
Basin. A gradient under a percent i le i s the gradient below which that percent of 
the gradients f a l l . For a depth interval for which'very few BHT's have been 
measured, the percent i le gradients have l i t t l e meaning. 

Depth i 
val (fe 

500 
1,000 
1,500 
2,000 

2,500 
3,000 
3,500 
4,000 
4,500 

5,000 
5,500 
6,000 
6,500 
7,000 

7,500 
8,000 
8,500 
9,000 
9,500 

10,000 
10,500 
11,000 
11,500 
12,000 

12,500 
13,000 
13,500 
14,000 
14,500 

15,000 
15,500 
16,000 
16,500 
17,000 

17,500 
18,000 
18,500 
19,000 
19,500 

20,000 
20,500 
21,000 

G 

.nter-
•et) 

^̂  

-
-
-

-
-
-
-
-

-
-
-
-
-

-
-
-
-
-

-
-
-
-
-

-
-
-
-
-

-
-
-
-
-

-
-
-
-
-

-
-
— 

1,000 
1 
2 
2 

3 
3 
4 
4 
5 

5 
6 
6 
7 
7 

8 
8 
9 
9 
10 

10 
11 
11 
12 
12 

13 
13 
14 
14 
15 

15 
16 
16 
17 
17, 

18 
18 
19 
19, 
20 

20, 
21, 
21 

,500 
,000 
,500 

,000 
,500 
,000 
,500 
,000 

,500 
,000 
,500 
,000 
,500 

,000 
,500 
,000 
,500 
,000 

,500 
000 
,500 
,000 
500 

,000 
,500 
,000 
,500 
,000 

500 
000 
500 
000 
500 

000 
500 
000 
500 
000 

500 
000 
500 

radient = 

Nura
ber 

6 
5 
10 
26 

50 
108 
121 
61 
55 

29 
32 
23 
38 
136 

152 
105 
74 
43 
49 

34 
64 
79 
60 
26 

41 
25 
15 
2 
11 

5 
7 
5 
5 
4 

3 
4 
6 
4 
2 

0 
0 
1 

high 

63 
45 
41 
33 

24 
25 
27 
20 
21 

20 
15 
15 
17 
20 

17 
24 
17 
20 
22 

18 
15 
16 
18 
18 

21 
18 
14 
14 
14 

14 
13 
12 
14 
14 

13 
14 
13 
13 
13 

-
-

12 

Bottom-hole 

temperature -

low 

32 
13 
16 
9 

12 
9 
10 
10 
9 

10 
9 
10 
9 
9 

8 
8 
6 
8 
8 

10 
8 
8 
10 
10 

9 
8 
8 
9 
8 

10 
10 
9 
10 
8 

9 
9 
8 
6 
10 

— 
-

12 

Mean 

Gradient 
mean 

49.5 
30.0 
26.1 
19.4 

17.3 
15.9 
14.8 
14.1 
13.5 

13.1 
12.8 
12.8 
12.7 
13.1 

12.7 
12.6 
12.4 
12.2 
12.9 

13.1 
11.8 
12.4 
12.5 
12.8 

13.2 
12.3 
11.1 
12.1 
12.6 

12.1 
11.7 
11.7 
12.5 
11.6 

11.8 
12.1 
12.1 
11.4 
12.1 

— 
-

12.3 

("F/l 
50% 

48 
28 
24 
17 

16 
15 
14 
14 
13 

12 
12 
12 
12 
13 

12 
12 
12 
12 
12 

13 
11 
12 
12 
12 

12 
12 
10 
14 
13 

11 
11 
12 
12 
10 

12 
13 
12 
13 
13 

— 
-

12 

annual surface 

teraperature 
Depth 

,000ft) 
66% 

59 
41 
27 
20 

18 
16 
15 
14 
13 

13 
13 
13 
13 
13 

13 
13 
13 
12 
13 

13 
12 
12 
13 
13 

13 
12 
12 
14 
13 

13 
12 
12 
12 
12 

13 
13 
13 
13 
13 

-
-

12 

. X 1,000 

80% 

59 
45 
41 
23 

19 
17 
16 
15 
14 

14 
14 
13 
13 
14 

14 
13 
13 
13 
14 

14 
12 
13 
13 
13 

13 
13 
12 
14 
13 

14 
13 
12 
14 
14 

13 
14 
13 
13 
13 

-
• -

12 

90% 

63 
45 
41 
27 

22 
19 
18 
15 
15 

15 
15 
14 
14 
15 

14 
14 
14 
14 
15 

14 
14 
13 
14 
14 

14 
13 
13 
14 
13 

14 
13 
12 
14 
14 

13 
14 
13 
13 
13 

— 
-

12 



' Table 7 . Green River Basin thermal we l l s and s p r i n g s . 
. ^ ^ . 

Flowing Thermal Wells (>70OF) 

Plate 3 
Reference 
Number 

Location 
(TNP-RGE-SEC) Formation Depth(ft) Yield Temp Reference 

1 
2 
3 

15-108-28 
15-109-10 
23-110-13 

Wasatch 
Wasatch 
Wasatch 

2218 
2420 
1725 

42 gpm 
20 gpm 
420 gpm 

79OF 
77OF 
710F 

a 
a 
a 

Name and Location 

Thermal Springs 

Formation Yield Temp. Reference 

4 Steele Hot Springs 32-107-16 Precambrian? 20 gpm 960F b 
Precambrian? 5 gpm 102OF b 

5 Kendall Warm Springs 38-110-2 Phosphoria? 3,600 gpm 850F b 

awelder, 1968 
hfireckenridge and Hinckley, 1978 



Table 8, Thermally measured wells in the Thrust Belt^ 

-45-

Bottora-Hole 
Location Depth Temperature Gradient2 Interval^ 

Latitude Longitude (meters) (°C) (°C/km) (meters) 

42 58.8 
42 49.8 
42 47.2 
42 46.8 
41 51.8 
41 51.5 
41 50.7 
41 50.7 
41 50.7 
41 50.2 
41 50.1 
41 49.7 
41 49.4 
41 41.6 
41 41.6 
41 41.6 
41 41.4 
41 41.3 
41 41.3 
41 41.0 
41 41.0 
41 41.0 
41 40.9 
41 40.8 
41 40.8 
41 40.8 
41 40.8 
41 40.8 
41 40.8 
41 40.2 
41 17.7 
41 16.9 
41 16.8 
41 16.5 
41 9.9 

111 
110 
111 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
220 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 
110 

0.7 
56.8 
2.4 
55.1 
34.8 
35.9 
36.0 
35.6 
31.0 
36.2 
30.8 
36.7 
36.1 
37.9 
37.9 
37.8 
37.7 
37.9 
37.8 
37.8 
37.5 
37.5 
36.9 
37.7 
37.7 
37.7 
37.7 
37.7 
37.7 
36.9 
40.1 
40.9 
40.9 
41.0 
47.9 

83.0 
195.0 
44.0 
60.0 
130.0 
262.0 
161.0 
61.0 
42.0 
168.0 
86.0 
96.0 
61.0 
153.0 
152.0 
52.0 
125.0 
125.0 
102.0 
96.0 
174.0 
80.0 
60.0 
174.0 
142.0 
176.0 
176.0 
86.0 
166.0 
101.0 
75.0 
110.0 
218.0 
98.0 
270.0 

10.496 
11.188 
7.336 
11.338 
28.499 
33.366 
21.312 
21.640 
18.104 
23.646 
22.342 
32.160 
31.115 
10.694 
10.478 
8.175 
10.123 
9.979 
8.553 
9.363 
11.526 
8.317 
8.472 
11.050 
9.582 
12.604 
10.232 
8.684 
10.630 
9.145 
9.197 
9.082 
12.899 
8.277 
13.688 

27.9 
25.6 
21.4 
18.6 

30.1 

30.7 

39.1 

22.6 
26.3 

37.9 
23.2 

26.3 
15.5 

12.2 
20.2 
13.4 
18.5 
19.1 

20.0 
9.2 
15.6 
17.1 
26.6 
11.1 
28.0 

20-83 
120-195 
10-44 
20-60 

40-260 

110-160 

50-96 

80-150 
80-140 

90-120 
50-120 

50-90 
50-174 

40-60 
9-130 
70-140 
60-176 
90-140 

80-160 
50-101 
50-75 
40-110 
120-218 
30-98 
50-240 

1 Measured by University of Wyoraing personnel following the method 
of Decker, 1973. 

2 Gradient represents a linear least squares fit of the tempera
ture-depth data over the most therraally stable portion of the hole. 

3 Interval refers to the depth range in meters over which the least 
squares gradient was calculated. 
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Figure 1. Study areas 
completed in th i s s e r i e s . 

planned or 
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Figure 2. Generalized geology and generalized heat flow in Wyoming and adjacent 
a r ea s . From Heasler e t a l , , 1982, 
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Mountoin 
Outcrops 

(rechorge oreo) Anticline 

Figure 3 . S imp l i 
f i e d c r o s s s e c t i o n 
of a t y p i c a l Wyoming 
f o l d - c o n t r o l l e d geo
thermal system. 

400011 

6000 ft 

8000 fl 

Figure 4 , S impl i 
f i e d c r o s s s e c t i o n 
of a t y p i c a l Wyoming 
f a u l t - c o n t r o l l e d geo
thermal system. 
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TEMPERATURE "F 

70 85 IOO 115 130 145 160 
O f l 1 1 1 1 1 r -

T 1 

THERMOPOLIS 

T43N R96W SEC 2 

ELEV. 4823 FT, 

Chugwater 

Formation 

Dinwoocjy Formotion 

Pork 

City 

Formation 

Figu re 5 . Temperature-depth p l o t , based 
on a thermal log of a well a t Thermo
p o l i s , showing hydro log ic d i s t u r b a n c e . 
From Hinckley e t a l . , 1982. 
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EXPLANATION 

\V:^ 

1 1 
0 
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0 
1 
1 

50 

VOLCANICS 
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SEDIMENTARY BASIN 
AREAS UNDERLAIN 
BY WATER WARMER 
THAN 120° F, ofter 
Heasler et ol., 1983 

AREA IN 
WYOMING NOT 
INVESTIGATED 

Figure 6. S impl i f i ed geo log ic map of Wyoming, showing sedimentary bas in a r ea s 
def ined in t h i s s e r i e s of r e p o r t s t o be under la in by water warmer than 120''F. 
Af te r Heas ler e t a l . , 1983J 
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G E O a i C FOmTICN micwEss (FT) LIIMUGIC DESCSlPriON" 

CnconioMdAIfd u n d , gra«*l, s t l t . and clay 

Conglaactate, tlmeatona, aandaionc and iu(lae>wi« mtdatona 

Tuffacaoua lacuatrtna and flood plain d»poalta, bcconlnt locally 
c o n t l o T a i l c naai tha Utnta .Hsnotalna 

Craan l lvar t» - lacuatrlna ctayatonc, narlatona, oLl ihala and u l l n t 
depoalta with dlacontlnuoua lm*»a of (Ina-gralocd Banditona tn tha 
Lanajr and Tipton ahala Rcnbari: trona dapodta la tha WlUlna Pfak .MnrtiaT 

Uaaateh Fa - K«wfoTh toaitua (waat) constat! ol «udiCona. landy with o*tij 
lenaaa o( t lne-to coursa* itralnad sanditonai Cathedral Blulta longuv 
conalata ot nudatona and aandstona 

S tUr to sandy clayatona. laoilctilar b#da ef fine- te acdlua- gralr 
aandatODo b«coatn( congloiMraitc to tha aouth and weal 

Roback roraatlon - tntcrbaddad aandateo* and calcareous ahala with 
thlch conslOMratlc laoaaa (0000-16.000 faat thick) 

r t . Union Fomation - ( l ac - to acdluar- gralnad at l ty sandaiona. 
Ugnl t lc audsEooa with coal; coaraana nrar nountatra, najor coal 
aaua tn lower portion 

Very finr* te floa- itralnad. Imi l ca l a r . clayay. calcaraoua, dark 
•hale, coal and l lgnl ta 

C«lc«reeua to noa-calcaraoua ahala with ba4a of a l l ta toa* and v r j Unt 
gralnad aandatona 

S«DdataB«, a l l t s tona. ahala and coal 

Sandaiona. flna-cralnad to coniloMarattc: aUdl* al l ta toaa and ahala ualt 

ftandatona, flea- to Bnll ia- gralnod with Intarbaddad ahala and coal 

Shala tatarbaddad with al l ta toaa and aandiiena 

Sandy ahala with Intarbaddcd Kidaiena and ahalay aandatooa 

Lanclcolar aandatona. (Ipa- to ncdlia 
clayaiona. al l taiona, alnor coal 

•ralnad; lotarbMlded cudatooa. 

Shala, hard, ( taa l la with a t l ty aireaka, alltcaous bantonlta bada 

Sandaiona with Intarbatfdad shala. clay and l t (ntc« 

Interbeddad sandaiona, alltatwnB, aeudtcun*. and Itocatoaa 
(Curtla Forvatlon - Entrada Sandatona lo •outbaaai) 

LLaaacena. calcaraou* ahi te , fypain and aohydrlt* (uppar) 
Cypaus and anhydrlta, red ahala, a l l ta toaa, and doloatta (towar) 
(Cypaua Sprint ' "d Carnal ForBatiens la aouihaaac) 

Sandatona. fliM- te nedtuB- traload. wait aortcd. otnor aaounta ef 
croaa-beddad clay and allc.lncraaalB( wtth depth 

SiMla. Iflterbaddad al l tatona, t laa-iraload aatidaiaoe. locally l ine-
•tana In the alddla portion 

Si l ty llaaatooa with al l tatona and ahala In uPper part 

Aahydrittc al l tatona ai^ audatona with Bomm flne-sr«lo«d aandatoaa 

Sll tatona. ahala, doloalte;tntarbeddod anhydrite In upper part 

Phoaphaclc carbonate, cherty ahala, aandatena (northwaat) 
Carbonate with Modatone (aouthaaat) 

rine-irelnod wall-aortod aandatone with quar t i l ie and thinly layered 
atltceoua dolo«ltlc llaaatODa 

Hudaione, a l l ta toaa , aandatana with cherty Itocatoaa 

LUeatena. thln-beddcd to aaaalve. biaccUta4 and partly cherty: 
doldalta, thlck-be^ed to aaaalva 

Llaaatoofl and doloMlta. thtn-b«dded co Maalve. al l tateoe 

Naaalve doloalte end doloalttc Uneatooe 

Interbedded Iloastone. • l l ta tona , and thin ahale 

Shale, wtth • I aandatona and llDeatone heda 

(^artEltw. Itnr-HrMlavd with cu«ra«-Kralnrd ^and^tunc l«n«ea 

Cnalaalc | r enU« with acblat . t r a a l t a and p«K«atlta 

•rtilckaeaaae froa Aheni, ec a l . , IMt; Welder. IWB; and Petroleta lofon 

\ lEholoKU daactlpttoaa epd watar-baarlai properElea froa Abam, et a l . , 
« al, , isai' 

IttTEB-BEARIHB P T C R H I D ' * 

Productive weter-bearlni dapoalta 
yleldlnt *0-S00 Rpa .. 

Major aquifer - well ylalda 
10-120 tpn 

Kajor aqwtfcr In aouth - ylalda 
1-100 gpB 

Hajor aquifer In eaat - landaCena 
lanaca In Laney and Tlpcon yield 
1-100 ipa to wella and i p r t n i i , 
vert ical peracablllty low due to 
haiaroc«neout t l lholeiy 

Major a<)ulfer - wall yteldt 
1-1300 gpa tn pcroaabla aandatona 
and coagloaeratlc Icniaa 

Hloor aquifer - locally u t t l t i ad 

Minor aquifer probably capable of 
yieldlita t aa l l quantit ies of 
watar froa flne-gralnad unde 
and confloaeratle sanditonee at 
baaa 

Kegtoaal aquitard 

RaJor aquifer; Crtcaoo aaadstono 
capable of larsa ylalda la 1 wella 
eaat of baain boundary raQ|tn| 
froa IS-IOO gpa 

Major rcgtoaat conflnlnt unit 

Minor aquifer - Irreiular occur
rence ef high tranaalaalvlty due 
to variable ccaanteclon and lao-
t lcu lar t ty of ba<d»; aprlng yielda 
lo weat 1-100 spa 

OlacontlRuoua aqulfara - aod-
erate watar-baartn| capablltlea 
lo Dakota and tkiddy aandatonea 
wall ylalda 30-100 fPa ta thruat 
bait 

Minor aquifer -apr la i yielda to 
weat fVlOO cpa 

Major Meaoiolc aqultar -
thruat bete aprlnta yield up 
CO 2000 ipB 

Minor regional aquifer -locally 
coaf ta tm; aprlog la oorihwast 
yielda 200 gpn 
Major aquifer - aoai productive 
where aolutlon openlnfa and frac-

_ tucea exLat 

teglonal aquitard 

Kloar aquifer - locally conflolog 

Major aquifer - eacellent second
ary pcraeabtllty where fractured; 
apriags In thruat belt yield up to 
1000 gpa 
Minor aquifer - locally cooflnlng 

Major rvglenat aquifer - paraaa-
b l l l ty dependant en degree of 
fracturing! iprlog to weat ylalda 
tooo gp« 

Minor aquifer - poteflttalty pro
ductive 

Minor aquifer 

Locally u t l l l i ed aqulfar near 
outcrop arcai : iprlag ylalda 
2000 gpa In northwest 

•tton Cards 

1981; Wetdar, 19M. Coltoatloa 

Figure 7. Strat igraphic column for the Green River Basin, 
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INDEX AND TECTONIC SKETCH MAP OF THE GREEN RIVER BASIN. 
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77r7;r;r>;r<.\iJiNTA.\MTNs..\x^--.-v'.\--/s-/v-fC--:-
After Krueger, 1968; Ahern, et al., 1981. 

Figure 8. Index and tectonic sketch map of the Green River Basin. 
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Figure 9. GRADIENT-DEPTH PROFILE FOR GREEN RIVER BASIN, 

BASED ON 1529 BOTTOM-HOLE TEMPERATURES 
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TEMPERATURE (X) 
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Figure 10. TEMPERATURE'DEPTH PROFILE FOR THE THRUST BELT 
(based on 51 data values) 
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Figure 11, GRADIENT-DEPTH PROFILE FOR THE THRUST BELT 
(based on 51 data values) 
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PLATE I 

EXPLANATION 

CONTACT 

NORMAL OR REVERSE FAULTS 

— — THRUST FAULT 

r ° " 1 QUATERNARY DEPOSITS 

I n I TERTIARY BROWNS PARK FM., BISHOP 
CONGLOMERATE AND BRIDGER FM. 

I '» I TERTIARY GREEN RIVER FM. 

I •<• I TERTIARY WASATCH FM. 

I ' » . | TERTIARY GREEN RIVER. WASATCH 
ANO FORT UNION FMS UNDIVIDED 

I •" I TERTIARY FORT UNION FM. 

I ••' I TERTIARY ROCKS UNDIVIDED 

n n CRETACEOUS THROUGH CAMBRIAN 
ROCKS UNDIVIDED 

;'?*.-1 PRECAMBRIAN ROCKS UNDIVIDED 

GKQLOCT O d K R A L O n rnOH : W t L K , ( I M M «JO .tOltM CT « . . ( I M I ) . 



PLATE I I 
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GENERAL STRUCTURE CONTOUR MAP 

OF THE 

DAKOTA SANDSTONE. 

GREEN RIVER BASIN. WYOMING 

EXPLANATION 

CONTOURS ON THE DAKOTA SANDSTONE 
0 0 0 FT CONtOUB WTERVAU, DATUM S£A LEVEL 

PINEDALE ANTICLINE CONTOURED ON 
TERTIARY DATA 

SELECT CX)NTOURS ON THE LAND SURFACE 
o o o FT CONTOUB NTEHVAL, DATUM SEA LEVEL 
exaUD(NG WND RIVER RANGE AND WYOMNS THIUST BELT 

NORMAL FAULT 

- ^ THRUST FAULT 

-I • ANTICLINE 

-t • SYNCLINE 

ANOMALOUS GRADIENT POINT 
XXJCF/OOO FT 

APPROXIMATE AREA OF 
ANOMALOUS GRADENTS 
OEFWEO Br OEPTtS '"ISOO FT. 
SEE TEXT FOR EXPLANATION 

APPROXIMATE AREA OF 
ANOMALOUS GRADIENTS 
OCFNEO BT DEPTHS -ASOO FT 
SEE TEXT FOR EXPLANATION 

COW)«.ED FROM- AXRN, C C L L C N T M C . COGKE. 1961 OCCURRENCE 
AM) CHARACTERISTICS OF GROUM) WATER M T l « GREEN 
RIVER BASH AND OVERTHRUST 8ELT. WYOMING' WATER 
RESIXRCES RESEARCH MSTITUTE. UNIVERSITY OF 
WYOMING. U.V.B. PLATE 1. 

FtTRtXEUM OWNERSHP MAP COMPANY. GE(X.0OC 
STRUCTURE_or WYOMPIO PO.eOXJK». CASPER.. 



PLATE I I I 

-58-

THERMAL GRADIENT CONTOUR MAP 

OF THE 

GREEN RIVER BASIN. WYOMING 

EXPLANATION 

THERMAL GRADIENT CONTOURS 
XXXn^/IOOOFT, Z i f n O O O f X CONTOl« HTERVALS, 
DASCD WHERE APPROXIMATE 

BOTTOM HOLE TEMPERATURE DERIVED 
GRADIENT DATA POINT 
J U K I Of) MORE GRADIENT OATA POMTJ 
W1THN A SECTION 

DATA POINTS OUTSIDE CONTOURING 
XXX.F/IOOO FT. 

.o™_ TEMPERATURE GRADIENT OF THERMALLY 
LOGGED HOLES 
XXX-F/XXJOFT, (XXXXI FEET LOGGED 

/ WELLS FLOWING GREATER THAN 
T C F WATER 
X REFERS TO T A B L E 7 

SPRINGS FLOWING GREATER THAN 
70»F WATER 
X REFERS TO TABLE 7 1 

HEAT FLOW DATA POINTS 
XXmW/m' 

APPROXIMATE AREA OF 
ANOMALOUS GRADIENTS 
DEFINED BY DEPTHS .A500 FT 
SEE TEXT FOB EXPLANATION 

APPROXIMATE AREA OF 
ANOMALOUS GRADENTS 
DEFINED BY DEPTHS -4500 FT 
SEE TEXT FOB EXPLANATION 
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PLATE IV -59-

TEMPERATURE CONTOUR MAP 

OF THE 

DAKOTA SANDSTONE. 

GREEN RIVER BASIN. WYOMING 

EXPLANATION 

TEMPERATURE CONTOUR 
XXX'F. lO-F CONTOUR NTERVAL. 
CASHED WHERE APPROXIMATE 

BOTTOM HOLE TEMPERATURE DATA POINT 
FOR DAKOTA SANDSTONE 

BOTTOM HOLE TEMPERATURE OATA POINT 
EXTRAPOLATED TO DAKOTA SANDSTONE 
SEE TEXT FOR EXPLANATON 

LOCATION AND TEMPERATURE PF) OF 
ANOMALOUS DATA POINTS AND 
POINTS OUTSIDE CONTOURING 

APPROXIMATE AREA OF ANOMALOUS 
GRADIENTS- DEFINED BY DEPTHS 4500 FT 
SEE TEXT FOB EXPLANATION 

APPROXIMATE AREA OF ANOMALOUS 
GRADIENTS- OEFWEO BY DEPTHS 4500 FT 
SEE TEXT FOB EXPLANATION 


