
t 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 





Geothermal energy: geology, 
exploration, and developments 

Part 1 
by Dr. L. Trowbridge Grose* 

Colorado School of Mines 

P 
e- ABSTRACT 

Geothermal energy is emerging as a potential major 

the Western United States and in many other areas of the 
world. Geology, exploration, and initial developments of sig- 
nificant geothermal areas of the world are summarized in 
this report which is divided into two parts. Part 1 is a review 
of the geological and explorational aspects of geothermal 
energy development; the author also discusses areas of poten- 
tial development in the Western United States. Part 2 is a re- 
view of significant developments of producing and potent- 
ially productive areas of the world, and includes an extensive 
and select bibliography covering Parts 1 and 2. 
’ 

The most favorable geological environment for explora- 
tion and development of geothermal steam is characterized 
by Recent normal faulting, volcanism, and high heat flow. 
Successful exploration am consists of coordinated 
multidisciplinary applic geological, geophysical, and 
geochemical knowledge and techniques. These are reviewed. 
California leads in known geothermal reserves and is fol- 
lowed by Nevada, Oregon, and New Mexico. Specific pro- 
spective areas in these 11 Western States are described. 

? source of low-cost, relatively pollution-free electric power in 

INTRODUCTION 
ergy crisis in America is focusing in- 

creasing attention on possible new and potential sources of 
”electrical energy: solar, tidal, wind, fissioqfusion, and geo- 
thermal. In the last few years, the use of nuclear fission and 
of geothermal heat for generating electricity has proven eco- 
nomic in competition with energy produced from conven- 

c ssociated geothermal resources 
means ‘‘(1) all products of geothermal processes, embracing 
indigenous steam, hot water, and hot brines; (2) steam and 
other gases, hot water, and hot brines resulting from water, 
gas, or other fluids artificially introduced into geothermal 
formations; ( 3 )  heat or other associated energy found in 
geothermal formations; and (4) any byproduct derived from 
them” (“Geothermal Steam Act of 1970,” Public Law 91- 
581, December 24, 1970). 

Professor of Geology and Consulting Exploration Geologist. 

‘ 

and hydro facilities. 
4- 

‘ 
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The first electric power-generating facility in the world 
using natural steam as an energy source was established at  
Larderello, Italy, in 1904 (fig. 1).  In 1958 electrical power 
from geothermal steam became commercial at Wairakei, 
New Zealand. In June 1960 the first commercial steam gen- 
erating plant at The Geysers, California, began to produce 
electricity. At the present time, seven countries are com- 
mercially producing electric power from geothermal energy, 
and several more are planning to go on-stream within a year 
or two (fig. 1). Worldwide installed generating capacity has 
now reached nearly 900,000 kilowatts (kw ) , and probably 
can be increased at least tenfold under current economic 
conditions. The U. S. Geological Survey has recently out- 
lined nearly 1,800,000 acres within the Western United 
States and Alaska that are potentially valuable for geotherm- 
al energy development, and that may contain an energy 
source estimated in the range of 15- to 30-thousand mega- 
watts (MW), The “Geothermal Steam Act” signed into law 
by President Nixon on December 24, 1970, provides legisla- 
tion for leasing, development, and use of geothermal re- 
sources; this long-awaited act has stimulated geothermal 
interests and investigations in the Western States. 

This report is a summary of the geological, explorational, 
and initial developmental aspects of geothermal energy tech- 
nology. Emphasis is placed on abundant reference to the 
most up-to-date literature on this rapidly expanding subject. 
The largest assemblage of data on geothermal technology is 
contained in the 190 individual reports of the United Na- 
tions Symposium on the Development and Utilization of 
Geothermal Resources, held in Pisa, Italy, in September 
1970. The first significant and comprehensive series of re- 
ports on the subject emerged from the United Nations Con- 
ference on New Sources of Energy, held in Rome, in August 
1961. Other papers that broadly cover the geology and ex- 
ploration of geothermal energy include Kiersch (1964), 
McNitt (1965), White (1965}, and Austin (1966). A com- 

ensive bibliography of geothermal phenomena, compiled 
by Summers (1971), was published in October 1971. A 
most recent paper by Rex (1971) forcefully presents the case 
for full development ‘of the enormous geothermal resource 
base available in the Western United States. 

This report is divided into two parts. Part 1 deals with 
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FIGURE l.--Geothermal areas of the world. 

basic geology, exploration methods, and geothermal resources 
in the Western United States. Part 2 includes a review of 
developments on a worldwide scale, and a selected reference 
list. 

During the preparation of this report, Dr. George W. 
Berry of Corder0 Mining Company, and Dr. George V. 
Keller of the Geophysics Department of the Colorado School 
of Mines provided encouragement and constructive criticism 
for which the author is grateful. 

GEOLOGICAL CHARACTERISTICS OF 
GEOTHERMAL SYSTEMS 

The distribution of high-temperature thermal springs in 
the world (Waring, 1965) indicates a close association with 
Late Tertiary and Quaternary volcanism and tectonism in 
areas of greater-than-normal heat flow. These regional geo- 
logical conditions-volcanism, tectonism, and high heat flow 
-are very favorable for the existence of most geothermal 
systems with potential energy production. Volcanism, a sur- 
face expression of deep-seated magmatism and intrusion, is 
a major local direct cause of high heat flow. Tectonism is 
related by cause and result to the intrusion and extrusion of 
magma, and it facilitates movement of convecting fluids that 
carry heat upward and to the earth's surface. 

On a world-wide basis, the tensional volcano-tectonic en- 
vironments of the oceanic rises and continental rift zones 
(Lee and Uyeda, 1965), and the inner sides (concave sides) 
of compressional orogenic belts and island arcs (Oxburgh 
and Turcotte, 1970) seem to harbor areas of greatest PA- 
tive geothermal anomalies. Various classifications of thermal 
water occurrences based bn tectonic setting, type of heat 
source, and age of volcanics are presented by Frolov and 
Vartanyan (1970), Makarenko and others (1970), and 
McNitt (1970). 

2 

VOLCANIC ASSOCIATIONS 
Most hot springs occur in volcanic districts and are re- 

lated to demonstrable volcanic activity in the immediate 
area. Hot springs commonly emerge from faults along cal- 
dera margins and from within volcano-tectonic grabens. The 
grabens are partially filled with volcanic flows, pyrdastics,u-- 
and continental and lacustrine sediments. Examples include 
Wairakei, New Zealand; Pauzhetsk, Kamchatka; Valles, 
New Mexico; and parts of the Basin and Range Province. 
Thermal springs and fumaroles are commonly located on 
the slopes of, and are related to, Late Quaternary volcanoes, 
such as those of Ahuachapan, El Salvador; Mt. Lassen, Cali- 
fornia; and Mt. Katmai, Alaska. 

Some energy-productive hot spring areas are indirectly 
associated with surface or shallow subsurface, time-related 
volcanism evident not in the immedate hot-spring area, but 
several kilometers away in the greater region. However, the 
ultimate source of heat is believed in many, but not all, cases 
to come from deeper magmatic intrusions. The Larderello 
Field, Italy (Marinelli, 1964), where steam comes from 
capped, porous Mesozoic anhydritic sedimentary layers, is 
believed to be deeply underlain by cooling irltrusions. The 
Geysers, California, produces steam from a long, hydro- 
thermally altered fault zone and nearby areas in Jurassic- 
Cretaceous sediments, basalts, and serpentine into which 
magma is believed to be intruding at depth (McNitt, 1964; 
Koenig, 1970). 

\ 

TECTONIC ENVIRONMENTS 
The greatest hot spring areas of the world occur where 

tectonic tension is manifested by Late Tertiary and Qua- 
ternary normal faulting and accompanied by volcanic ac 
tivity. On a worldwide scale, the great rift zones of the v 
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East Pacific Rise, the Mid-Atlantic Ridge, and. the Indian 
Ocean Ridge are characterized by high heat flow and geo- 
thermal phenomena. Where the East Pacific Rise system or 
associated spreading phenomena seems to underlie parts of 

u’the Western United States and northwestern Mexico, geo- 
thermal areas of the Basin and Range Province and the 
Salton-Imperial-Mexicali Valley occur. Where the Mid- 
Atlantic Ridge system comes to the surface in Iceland, num- 
erous thermal Breas occur. And where the Indian Ocean 
Ridge passes through the Gulf of Aden and the Red Sea, 
high heat flow and submarine hot brine areas occur. High- 
temperature regions of the USSR and the general relation- 
ships between continental drift and geothermal anomalies 
are discussed by Tamrazyan (1970). 

In other areas tectonically contrasted with the world- 
wide rift system, s’uch as orogenic belts and island arcs, 
geothermal phenomena occur in areas of normal fault col- 
lapse of volcano-tectonic grabens and related caldera, and 
in areas of normal faulting. The Late Cenozoic rifting of 
the Taupo volcanic zone of North Island, New Zealand, and 
the Trans-Mexican volcanic belt are examples. 

PETROLOGIC ASSOCIATIONS 
Specific petrologic association with modern geothermal 

phenomena has not been established systematically to date; 
however, in many areas acidic volcanics (rhyolite, ignim- 

i 

i 

brite, obsidian, dacite, etc.) seem to be more closely &oci- 
ated genetically with geothermal prospects than are the 
more basic volcanic rocks (basalt) (Healy, 1970). Rocks 
comprising geothermal reservoirs per 5e can be of practically 

’ u . a n y  type or age if they are relatively porous and permeable, 
and preferably sufficientlv brittle to sustain open fractures 
at elevated temperatures.‘A sealing or cap rock of low per- 
meability and low thermal conductivity is usually essential 
to maintain a large and deep geothermal energy source. 

/ 
HEAT FLOW AND HOT WATER SYSTEMS 

Moxe than 6OOO heat-flow measurements have been taken 
on the continents and Ocean iioors, and they are increasing 
at the rate of over 600 per year (Blackwell, 1971). Although 
most of these are not at hot spring sites, they form the basis 
for better interpretations of the thermal regime of the earth. 
The worldwide average or normal heat flow is 1.5 x 10-6 
calories per square centimeter per second, or 1.5 heat flow 
units (HFU). Hot spring areas in the upper 3000 meters 
(m) of the earth’s crust discharge heat at 10 to lo00 times 
the normal rate. For example, the Firehole Geyser Basin of 
Yellowstone includes an area of 700 square kilometers (q 
km) with an average heat flow of 67 HFU, or 45 t h e s  
normal conductive heat flow (White, 1970). The Taupo 
graben of New Zealand includes eo00 sq km with average 
heat flow of 15 times normal (Studt and Thompson, 1969). 
Steamboat Springs, Nevada, has heat flow of 150 times 
normal over 5 sq km (White, 1968a). 

Four tvpes of thermal systems, as defined by White 
( 1965) , a i  summarized as f & w s :  

(1) Regions of normal geothermal gradient and heat 
I 
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flow ( 1.2 to 1.5 HFU) . These include the continental cra- 
tonic areas and most of the ocean basins. 

Areas of higher-than-normal gradient and conduc- 
tive heat flow (about 1.5 to 3.0 HFU). These include the 
Gulf of California, parts of the Basin and Range Province, 
Hungarian Basin, Red Sea, and most areas of the world rift 
systems. 

Hot spring areas with convective transfer of most 
of the total heat flow in shallow depths by circulating water 
and steam. Most of the largest and hottest spring areas are 
of t h i s  type. Areas of intense heat transfer appear to demand 
magmatic temperatures and magma reservoirs nearby. Con- 
vective heat transfer upward by water and steam, which are 
heated by contact with hot rocks near a magmatic intrusive, 
produces a heat reservoir nearer the earth’s surface than is 
possible by simple rock conduction without circulating fluids. 

Composite hydrothermal systems with convective 
and conductive heat transfer of aforementioned types (2) 
and (3). Little or no hot spring activity is evident at the 
surface. Heat is largely transferred by conduction through 
shallow rocks of low mass permeability that prevents appre- 
ciable discharge of water or steam. Temperatures immedi- 
ately below the near-surface insulating layers are too high 
for conductive heat flow alone, and thus indicate presence 
of deep circulating fluids transferring heat convectively. The 
Salton Sea-Imperial Valley and the Larderello geothermal 
systems are of this type. Heat flow to the surface from com- 
posite systems is appreciably lower than that from hot spring 
systems with permeable upper parts. The insulating effect 
of relatively impermeable “cap rock” helps to maintain a 
large high-temperature geothermal reservoir at several hun- 
dreds or thousands of meters in depth. 

(2) 

(3) 

(4) 

SUMMARY OF CHARACTERISTICS OF POTENTIALLY 
COMMERCIAL GEOTHERMAL RESERVOIRS 

A geothermal reservoir should have the following char- 
acteristics to have potential for large-scale power generation 
from direct use of steam under present conditions: 

Reservoir or base temperature of at least 20O0C, 
which is necessary to sustain power generation of 100 MW 
or more in conventional steam plants (Bodvarsson, 1970a). 
Thermal waters at temperatures lower than 100°C may be 
used at low efficiency in low-pressure turbines, but technol- 
ogy is not established for major commercial production. 
Temperatures over 300OC may be undesirable because of 
high chemical content of fluids which causes scaling and 
corrosion. 

(2) Reservoir volume of several to tens of cubic kilo- 
meters. 

(3) Rock permeability sufficient tq permit water and/ 
or steam to flow into wells at high rate and large volume, 
and sufficient to permit recharge to the system during ex- 
ploitation. Cumulative pay permeabilities should amount to 
100 darcys x meters or more. 

Reservoir at economically drillable depth. Most 
reservoirs now undergoing exploitation produce from less 
than lo00 m. Some reservoirs produce from depths of 2000 
or nearly 3000 m. 

(1) 

(4) 
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(5) Reservoir cap rock of low permeability and low 
thermal conductivity that prevents loss of fluids and heat, 
and that consequently maintains high temperature in the 
reservoir below. 

Sufficient fluid recharge into the reservoir at ade- 
quate rate and volume from surrounding areas with favor- 
able geohydrologic and meteorologic conditions. 

Reservoir fluids that do not contain undesirable 
quantities of dissolved solids, mainly silica and calcite, and 
environmentally harmful chemicals, especially arsenic and 
boron. Reduction of temperature and pressure of reservoir 
fluids on production may cause excessive deposition and/or 
corrosion of equipment and create disposal problems. 

A large and potent heat source near enough to the 
reservoir to maintain high temperatures for at least a 20- to 
30-year plant life. 

(6) 

(7)  

( 8 )  

EXPLORATION FOR GEOTHERMAL ENERGY 
Exploration for geothermal steam in commercial quan- 

tities involves an integrated and coordinated program of 
application of many geological, geophysical, and geochemical 
techniques. These techniques should generally follow a plan 
of successive and partly concurrent stages, each dependent 
upon the analyses of results of knowledge acquired from 
previous stages. The modern exploration approach to geo- 
thermal energy is basically similar to that of metalliferous 
mineral deposits and oil and gas. However, the science and 
technology of development of geothermal resources is young 
and untested by long experience of success and failure. 

Case histories are few and incomplete. Exploration is 
directed primarily to areas of surface heat leakage-such as 
thermal springs-which is analogous to the early days of oil 
exploration concentrated in areas of oil seeps. One of the 
greatest challenges in geothermal exploration is discovery of 
large, hidden, exploitable heat reservoirs where thermal 
manifestations at the surface are not obvious. 

The science of exploration for geothermal energy sources 
is presented in this section for organizational convenience 
according to conventional disciplines-geology, geophysics, 
and geochemistry. A recipe for an optimal exploration pro- 
gram should not be organized necessarily along these class- 
ical lines. Rather, the program should be divided into three 
major phases-reconnaissance, delineation, and evaluation. 
Each phase should draw upon knowledge and methods from 
all three disciplines according to the local and unique situa- 
tion of any given area (Banwell, 1970; Healy, 1970; White, 
1970). 

GEOLOGICAL METHODS 
Various elements of geological exploration for economic 

geothermal energy are presented in many articles, most 
prominent of which are the following: Grindley (1964), 
White (1964, 1968a), Lovering (1965), McNitt (1965, 
1970), and Healy (1970). 

Exploration now and probably for some time in the 
future will be directed to evaluation of known thermal areas, 

rather than to search for undiscovered, completely hidden 
thermal anomalies. Of prime initial importance is surface 
geological mapping by use of all conventional tools, includ- 
ing photogeologic and remote sensing techniques, for the 
purpose of synthesizing basic detailed information on the 
following : 

(1) types and geometry of structural features, especially 
intersections of fracture zones; 

(2)  lithology with emphasis on delineation of porous 
and permeable beds and impermeable interbeds in the strati- 
graphic section, and occurrence and age of all volcanic rocks; 

(3) 

(4) 

nature and extent of hydrothermal alteration and 
mineral deposition, and 

modern thermal springs, including location, size of 
area, elevation, flow volume, temperature, associated de- 
posits and rocks, chemical analyses of the hottest springs, 
possible changes in behavior through time, etc. 

Mapping in a thermal area and the immediate surround- 
ings should be integrated with reconnaissance mapping of 
the tectonic, volcanic, and hydrologic features of the region. 
Especially important is the understanding of the relation- 
ships of most recent faulting and volcanic phenomena of the 
region to the local geology of the thermal areas (Grindley, 
1964). 

Geological mapping reveals the thermal history and wo- 
lution of the area and gives clues to how long the system 
has been active, how it may have changed location, where 
and of what type and magnitude the heat source may be, 
and how thermal activity relates to the geomorphic and hy- 
drologic changes in the area (White, 1968a). The construc- 
tion of geologic cross sections based on surface geologic data 
and well data (if any, in preliminary investigative stages) 
gives insight to the geometry, depth, and location of the 
hottest reservoir areas. Blind geothermal reservoirs located 
several miles eccentric to the thermal seep may be of greater 
economic interest than the immediate surface thermal area 
(Lovering, 1965). Subsequent data derived from various 
geophysical and geochemical surveys and test holes permit 
greater refinement of the subsurface thermal geology, which 
in turn guides further exploration and evaluation. 

~ 

b-- 

GEOPHYSICAL METHODS 
Geophysical measurements applied in conjunction with 

geological and geochemical guidance provide a powerful 
means of exploring for geothermal energy sources. Numer- 
ous accounts of geophysical investigations of geothermal sys- 
tems are available from many areas of the world; the best 
comprehensive summary is provided by Banwell ( 1970). 
Geophysical methods for detection, mapping, and evalua- 
tion of geothermal reservoirs include: (1 ) surface and shal- 
low subsurface temperature and heat flow measurements; 
(2) electrical resistivity measurements; (3) gravity meas- 
urements; (4) magnetic measurements, and (5) seismic 
methods. 

1 

t Surface Temperature and Heat Flow Measurements 
Measurement and monitoring total heat flow of thermaI 
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areas provide a direct way of estimating minimum continu- 
ous power potential, the enthalpy and size of the system, and 
the Ffficiency of extracting energy from the system (Dawson 

. and Dickinson, 1970), as well as aiding in the selection of 
-bj drill hole sites. Basic data on heat flow, problems and 

techniques of measurement, and heat-energy extraction are 
covered in several comprehensive papers in Lee (1965), and 
by Banwell (1963, 1964) , and Dawson (1964). 

Rapid and inexpensive mapping of the form and distri- 
bution of surface hot areas at Wairakei, by use of a 1 m 
thermocouple probe, is described by Thompson and others 
( 1964). Measurements of geothermal gradients in holes less 
than 18 m deep at East Tintic, Utah, are described by Lover- 
ing and Goode ( 1963). Regional thermal surveys have been 
undertaken in the Larderello and Monte Amiata areas, Italy, 
by measuring gradients in 30-m. holes at several hundred 
meters spacing (Burgassi and others, 1964, 1970), Local dif- 
ferences in total heat flow within thermal areas may be de- 
tected by different rates of melting of snow cover (White, 
1969a). 

Thermal radiation from first-order manifestations of 
thermal activity-hot springs, . fumaroles, and steaming 
ground-are mappable from aircraft by infrared scanners 
sensitive to the 3 to 5 micron ( p )  and especially the 8 to 
14 p spectral zones:Hot spring areas and some alteration 

Geysers, California, as well as some subtle ra- 
res in the kea,  were depicted on 8 to 14 p 

band imagery, although no regional geothermal anomaly was 
detected (Moxham, 1969). The boundaries of some dis- 
charge areas of hydrothermal systems in New Zealand have 
been mapped by infrared imagery in the 4.5 to 5.5 p band 
(Hochstein and Dickinson, 1970). At Reykjanes, Iceland, 
infrared thermal sensing agrees well with ground-tempera- 
ture surveys, and provides a means of detecting changes in 
surface temperature when resurveyed in areas under ex- 
ploitation (Palmason and others, 1970). Results of extensive 
research on multiband (visible and near infrared spectral 
regions) and intermediate infrared reconnaissance surveys 
in the Lo$ Negritos-Ixtlan De Los Hervores geothermal area, 
Michoacan, Mexico, are provided by Gomez Valle and 
others (1970). 

The ability of the infrared line scanner to detect and de- 
lineate shoreline and sublacustrine springs in the Mono Lake 
geothermal region of California is described by Lee (1969). 
Aerial infrared surveying has thus far been applied principal- 
ly to regional thermal exploration in little-known geothermal 
areas, but rapid progress in quantitative radiometry will en- 
hance the use o[ this tool for more specific and refined ther- 
mal differentiation. Other methods of remote sensing in ad- 
dition to infrared-photographic, radar, and microwavt- 
are discussed with reference to geothermal exploration by 
Hodder (1970), with par$cular application in the Casa 
Diablo and Salton Sea thermal areas of California and with 
reference to general exploration problems by Lyon and Lee 
(1970). 

An intensive study of total heat flow of a thermal area 
from fluid flow and rock conduction involves measurement 
of surface temperature and discharge from springs and fu- 
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maroles, and measurement of thermal conductivity of the 
rocks, as well as information from magnetometer, gravity, 
resistivity, chemical, and geohydrologic surveys. As many of 
these data as possible should be acquired after geologic map- 
ping and prior to deep exploratory drilling. 

Electrical Resistivity Meaurements 
The application of several electrical methods in geother- 

mal prospecting has proved extremely useful because of the 
direct relationship between fluid content, temperature, and 
electrical conductivity. Current conduction in rocks is carried 
out through the contained waters and is essentially directly 
proportional to the conductivity of the water, except for 
rocks of very high temperature near the melting point, and 
for compact shales, meta-shales, and metalliferous rocks. 
Conductivity of water increases with increasing dissolved 
salt content. Therefore, a geothermal anomaly of hotter, 
more saline water is characterized by a highly conductive 
(low resistivity) area in contrast to surrounding area of low 
conductivity (high resistivity) and cooler, less saline, or fresh 
water. 

Keller (1970) reviews various electrical survey methods, 
theory, and results over a wide range of depths from several 
meters to as deep as the lower crust and upper mantle. He 
emphasizes the electromagnetic induction method as an ef- 
fective method of searching for deep conductive zones. A 
brief review of electrical properties of various kinds of cover 
or overburden and problems of deep exploration by several 
electrical methods are presented by Strangway ( 1970). Map- 
ping of heat-flow anomalies, faults, and lithologic-hydroloc 
changes to depths of 760 m in the center of Imperial Valley, 
California, where no hot springs occur, is described by Mei- 
dav (1970), who used the direct-current vertical sounding 
method in conjunction with gravimetry. 

Also working in the Imperial Valley, McEuen (1970) 
reports on the relationship of apparent resistivity and air- 
borne magnetic trends to the temperature variations at depth 
in thermal and nonthermal areas. Risk and others (1970) 
define the geometry and volume of the Broadlands geother- 
mal field, New Zealand, to nearly 3 km in depth by applica- 
tion of direct-current resistivity surveys. Results of other elec- 
trical resistivity measurements in various geothermal regions 
can be found in reports by Battini and Menut (1964), Ban- 
well and MacDonald ( 1965) , Hatherton and others ( 1966) , 
Hayakawa and others (1967), Banwell and Gmez  Valle 
(1970), and Lumb and MacDonald (1970). 

Gravity Measurements 
Density contrasts between rocks produce gravity anom-- 

alies that are useful in delineating major structural depres- 
sions as well as local structural highs, buried volcanic or 
intrusive rocks, and areas of densification attributable to 
hydrothermal metamorphism-all of which may point up 
the presence of a local heat source within a depression. The 
value of gravity interpretations is greatly enhanced when 
considered together with magnetic and seismic information. 

A residual gravity anomaly up to 10 milligal (mgal) in 
the Broadlands field, New Zealand, reflects the voiume and 
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degree of hydrothermal alteration (Hochstein and Hunt, 
. Studt (1964) comments that gravity surveys in sever- 
s of New Zealand show a correlation of minor positive 

anomalies with known hot areas, a genetic association that 
may be due to buried magmatic bodies and/or local meta- 
morphism. In the Salton-Imperial Valley, Meidav ( 1970) 
reports that most, if not all, known residual gravity highs 
reflect metamorphism of loosely consolidated sediments as- 
sociated with local hot water circulation systems. Another 
aspect of gravity studies of thermal areas, though it is not 
directly related to primary exploration, is the change in 
gravity over a reservoir during exploitation (Hunt, 1970). 
Over the Wairakei field, New Zealand, water removal versus 
replenishment gives measurable gravity change patterns dur- 
ing a period of several years. 

Magnetic Surveys ' 

Magnetic susceptibility of most rocks is attributable al- 
gnetite content of the rocks. Magnetic 
areas, when combined with gravity, 

seismic, and electrical surveys, may provide information on 
vanations of depth to basement and basement faulting, lo- 
cation and size of buried igneous masses, and areas of ther- 
mal metamorphism involving alteration of magnetite to non- 
magnetic minerals. 

In the New Zealand thermal fields, low magnetic field 
intensity is usually observed and is believed to be caused by 
conversion of magnetite to pyrite (Studt, 1964), although 
a direct relationship between magnetic anomalies and oc- 
currence of geothermal steam has not been established 
(Hochstein and Hunt, 1970). At the Broadlands field, a 
first-order positive magnetic anomaly is believed to reflect a 
buried rhyolite mass which retained its magnetization. Sur- 
veys in the Tatun geothermal region of Taiwan reveal high 
magnetic values over andesitic terrain and low magnetic 
values in hydrothermally altered zones (Cheng, 1970). 

McEuen (1970) describes his work in the Imperial Val- 
ley involving the use of airborne magnetic data to locate a 
deep fault zone along which resistivity surveys were run to 
outline highly conductive hot areas. A strong linear positive 
magnetic anomaly, which is believed indicative of a shallow 
(at least 2000 m in depth) intrusive, occurs in the Salton 
Sea geothermal area (Griscom and Muffler, 1971). The in- 
terpretation of magnetic data is especially problematical as 
pointed out by Banwell (1970), and these data must be 
evaluated in light of all available geophysical and geological 
data. 

Seismic Methods 
Normal reflection and refraction seismic methods (ac- 

tive) widely used in petroleum exploration for determining 
subsurface structure have had limited application and suc- 
cess in geothermal areas. Lithologic and velocity changes 
are complex in geothermal basins, and exceptionally high 
noise levels, damping and dispersive effects accompany hy- 
drothermal activity. Seismic reflection soundings of high 
frequency and small ampIitude in areas of three Japanese 
geothermal fields reveal structure and Iithology to 4 km in 
depth that are believed related to a magmatic intrusion; 

low-frequency, large wave amplitude areas are believed re- 
lated to fractured hydrothermal reservoir areas (Hayakawa, 
1970). 

Work with seismic refraction methods (Hochstein and 
Hunt, 1970) in the Broadlands field shows the configuration 
at shallow depth (900 m) of rhyolite domes and ignimbrite 
sheets, and changes in compressionaI wave velocities of rhyo- 
lite which indicate changes in rank of hydrothermal altera- 
tion. Hochstein and others (1967) and Grindley (1970) 
report on limited mapping of five velocity layers at Broad- 
lands. Delineation of geometry of buried fault troughs in 
the Dixie Valley geothermal area, Nevada, using se,kmic 
refraction together with other geophysical methods, is de- 
scribed by Thompson and others (1967). 

Passive seismic monitoring af geothermal areas includes 
microearthquake and ground-movement detection and geo- 
thermal ground-noise studies, both of which may prove to be 
practicable techniques for locating areas of high thermal 
activity. Microearthquakes believed to arise from fault move- 
ments concentrated in major geothermal areas have been 
described by Lange and Westphal (1969) at The Geysers, 
California; by Ward and others (1969) in Iceland; by Brune 
and Allen (1967) in the Salton-lmperial Valley, California; 
and by Ward and Jacob (1971) at Ahuachapan, El Salva- 
dor. Measurements of absolute ground movement at Waio- 
tapu, New Zealand, show a threefold increase of amplitude 
in the thermal area (Whiteford, 1970). Geothermal ground 
noise, or hot water and steam-generated seismic noise, has 
been monitored at Wairakei-Broadlands (Clacy, 1968), in 
Iceland (Rinehart, 1968a), at Beowawe, Nevada (Rinehart, 
1968b), and at Yellowstone National Park (Nicholls and Le-- 
Rinehart, 1967). 

These initial studies suggest that individual hot water 
and steam systems have characteristic seismic signatures in 
some cases, and that these data may be useful in locating a 
heat source and in outlining the extent of a steam reservoir. 

GEOCHEMICAL METHODS 
The geochemistry of geothermal systems is extremely 

complex. Chemical data and interpretations contribute sig- 
nificantly to most aspects of exploration, evaluation, and 
exploitation of geothermal resources. Geochemistrjj should 
be used to the fullest extent in concert with geological and 
geophysical contributions. The most recent and comprehen- 
sive report on the application' of geochemistry to geothernial 
development is by White (1970). 

Geochemical data that are particularly useful reveal in- 
formation on the type of geothermal system and on the sub- 
surface and base temperatures. High-temperature geother- 
mal systems have been divided into two types by White and 
others (1971) : hot water and vapor-dominated (steaq) . 
Hot water systems appear to outnumber the vapor-domin- 
ated systems by a b u t  20 to 1, but the vapor-dominated 
systems are considerably more attractive economically for 
power. The many characteristics of, and contrasts between, 
these two systems are discussed by White (1970) and White 
and others ( 197 1). Perhaps the best preliminary indicator 
of the type of system is the chloride content of the spring 
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waters. Usually high-temperature hat water systems have 
chloride contents greater than 50 ppm, whereas vapor- 
dominated systems have less than 20 ppm. Also, hot water + 

.systems display a range of total discharge from very small 
to thousands of gallons per minute, whereas vapor-domin- 
ated systems usually have 1 ischarge of near-boiling water. 

The subsurface t&p es of hot water systems can 
commonly be predicted from geochemical data derived from 
surface hot springs. Important general papers on chemical 
indicators and problems of geothermometry of geothermal 
systems include Ellis ( 1970), Fournier and Truesdell ( 1970) , 
Mahon (1970), and White (1970). The best geothermom- 
eter is the silica content, which is largely controlled by vari- 
ation in solubility of quartz in water as a function of tem- 
perature and pressure. Recent investigations of subsurface 
temperatures deduced from silica content are described by 
Fournier~ and Rowe (1966) and Fournier and Truesdell 

llowstone, and by Arnorsson { 1970a) in Ice- 

Next to the silica content, the sodium/potassium (Na/K) 
ratio of hot spring water is believed to provide the most 
reliable indication of underground temperatures. The Na/K 
ratio was indicative of the very high 
380OC) at Cerro Prieto, Mexico; and i 
locating productive steam zones and in determining water 
distribution and migration (Mercado, 1970). Other chemi- 
cal indices of subsurface temperature (White, 1970) , which 
have been applied with variable success, include Ca and 
HCOs contents, Mg and Mg/Ca, C1 
HCOs+COs, ClJF, and Hz/other gas 
approach to'derivation of temperatures at depth is-from iso- 
topic compositions of spring water or steam flows, and of 

1 -  

rock samples from wells. Studies have been made on isotope 
exchange reactions involving 13C/**C and 34S/32S (Ellis, 19- 
70) and l 8 0  (Clayton and others, 1968). 

Subsurface temperatures greater than 180°C are implied 
by deposits of sinter around hot springs and the presence of 
natural geysers, whereas travertine deposits usually indicate 
lower temperatures. Dilute spring waters that are neutral or 
alkaline and even of moderately high temperature in some 
areas do not have significantly higher temperatures in mod- 
erate depth (White, 1964). 

As yet, no reliable geothermometer is known for vapor- 
dominated systems. However, most of these systems (exclud- 
ing highly gassy ones) are believed, generally on the basis 
of the thermodynamic properties of steam, to have initial 
reservoir temperatures from 236OC to 240°C (James, 1968; 
White and others, 1971). 

In addition to determination of type of geothermal sys- 
tem and of subsurface temperatures, numerous data on 
chemical compositions, reactions, and equilibria, chemistry 
of individual elements and isotop&, mineralogical transform- 
ations, etc., provide valuable information on the source, age, 
distribution, and interaction of fluids and rocks in a geother- 
mal system. These data are useful in predicting size, extent, 
volume, and variations in permeability of- the reservoir, and 
compositional changes, flow patterns, and recharge potential 

- hpi of the reservoir fluids. The multiplicity of applications of 
chemical studies to geothermal exploration and development 

is treated in many papers; some of the more inclusive and 
recent papers are authored by White (1969b, 1970) , Ellis 
(1970), Mahon (1970) ~ Tonani (1970) , and Wilson (1970). 
Furthermore, geochemical studies during exploitation are 
very valuable with respect to depletion and energyxhanges 
in the reservoir, corrosion and precipitation problems in the 
well and power-plant facilities, effluent disposal at the surf- 
ace or underground, and economic recovery of chemicals 
and/or fresh water from the geothermal brines. Finally, the 
increasing knowledge of geochemistry of modern geothermal 
systems can be effectively applied to the search for epitherm- 
a1 and mesothermal metalliferous ore deposits, such as 
mercury and porphyry copper (White and others, 1971). 

GEOTHERMAL ENERGY RESOURCES 
IN THE WESTERN UNITED-STATES 

The Western States from the eastern front of the Rocky 
Mountains to the Pacific Coast are characterized almost 
everywhere (the Colorado Plateau excepted) by higher-than- 
normal heat flow (Sass and others, 1971) and seismicity, 
prevalence of Late Cenozoic tectonism, which is mostly ten- 
sional faulting, widespread Late Cenozoic volcanism, and 
an abundance of .thermal springs - all augur well for 
occurrence oi commercial geothermal resources. Waring 
(1965) lists about 1200 thermal springs in the United States;' 
more than lo00 are in the Western States (fig. 2) ,  including 
Alaska and Hawaii, and at least 100 of these are considered 
hyperthermal or having surface temperatures high enough 
to imply boiling water at depth. Koenig (1970) points out 
that the hyperthermal phenomena are closely associated with 
Quaternary volcanism allied with fauIting as well as with 
faulting alone. This fact suggests two related heat sources : 
one derived from shallow intrusives, and the other from 
mass transfer and convective rifting processes beneath a 
thinned crust with only incidental youthful volcanism. In 
either case, heat transfer to the surface is by fluid flow largely 
along normal faults. 
' In the following subsections, geothermal geology and 
developments are succinctly presented for the Western States 
in alphabetical order. 

~ ARIZONA 
Several hot springs are localized in southeastern Arizona 

and very sparsely distributed elsewhere in the southwestern 
part of the state. The hottest surface water issues frbm Gil- 
lard Hot Springs in Greenlee County at a temperature of 
about 84OC (Haigler, 1969). The most recent voIcankm in 
Arizona occurred about 900 years ago at Sunset Crater, 30 
km northeast of Fkagstaff. Mean heat flow in the southern 
half of Arizona is 2.0 HFU.and some values approach 3.0 
HFU (Roy and other ). No geothermal wells have 
been drilled in Arizona. 

CALIFORNIA 
The only commercial geothermal power plant in the 

United States, The Geyseri steam facility (fig: 3), is in Cali- 
fornia. California is also the scene of the most intense geo- 
thermal exploration at the present time. Three general areas 
have the most potential for geothermal development: (1) 
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FIGURE 2.-Themal springs in the Western United States 
(Modified from Waring, 1965, p. 12.) 1 

The Geysers - Clear Lake area, 120 km north of San Fran- 
cisco in Franciscan and Lake Cenozoic volcanic' terrain; 
(2) the Salton-Imperial Valley of southern California, a 
deep graben or rift containing very thick sedimentary fill; 

and (3) the eastern and northeastern parts of California, 
characterized by Late Cenozoic normal faulting and vol- . - 

canism associated with the Basin and Range Province, and IL 
by the volcanic Cascade Range. (See fig. 4 and table 1.) 
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FIGURE %-The Geysers geothermal area, California. view to north- 
west. Units 1 and 2 of PG and E wwer com~lex in 
foreground began commercial operason in 1960 and 
1963, respectively. On knoll in upper left center are 
Units 3 and 4 whichwent into operation in 1967 and 
1968. Pacific Gas and Electric Co. photo. u 

, 
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FIGURE 4.&othermal areas in California. (See table 1.) 

TABLE 1.4eotbermul areas in California (See fig. 4.) 
0 Areas with exploratory drilling to October, 1969 (from 

Koenig, 1970) 

Area No. Locality No. of Wells 
1 The Geysers 78 (101 as of 

Sept. 1971) 
2 Salton Sea 15 

Casa Diablo 11 
4 

3 
4 Clear Lake 
5 Surprise Valley 4 
6 Calistoga 3 
7 Wilbur Springs 2 
8 Mount Lassen 1 
9 Arrowhead Springs 2 
10 Cedarville 1 
i1 Wendel 1 
12 Amedee 3 
13 Kelley’s Hot Springs 1 
14 Fales Hot Springs 1 
15 Bridgeport . 1 
16 Tecopa 1 
17 C o s 0  Hot Springs 1 
18 Randsburg 1 
19 Fort Bragg 2 
20 Desert Hot Springs -a0 

X Other potentially significant areas (from “Economic Po- 
tential of Geothermal Resources in California,” 1971). 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

Glass Mountain 
Mt. Shasta 
Big Bend Hot Springs 
Bieber 
Marble Hot Wells 
Brockway Hot Springs. 
Grover’s Hot Springs 
Mono Lake 
Skagg’s Springs 
Sonoma Valley 
Tassajara Hot Springs 
Paso Robles 
Keough Hot Springs 
Kernville 
Sespe Hot Springs 
Murrieta Hot Springs 
Warner Hot Springs 

Tbe Geysers-Clear Luke Area 
Geology and developments at The Geysers are summar- 

ized later in this report. The Geysers is in the western part 
of a much larger geothermal area of about 325 sq km. This 
area includes the Clear Lake volcanic field, where several 
wells have been drilled at Sulphur Bank in southwestern 
Lake County for a combined estimated energy potential of 
54,000 kw (Geothermal Resources, 1967). However, a high 
percentage of boron (500 ppm) in the waters has discour- 
aged further development (Geothermal Resources, 1967). 
The geochemistry and mercury mineralization of the Sul- 
phur Bank hot springs are discussed by White (1955) and 
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White and Roberson (1962). Wilbur Springs, about 24 km 
northeast of Clear Lake, was drilled to 1133 m where a 
large flow of hot water with minor steam was encountered 
(Koenig, 1970) - At Calistoga in northwestern Napa County, 
space heating is accomplished by directly circulating hot 
waters. 

Salton-lmperial Valley Region 
The Salton-Imperial-Mexicali Valley geothermal pro- 

vince (fig. 5) is the landward topographic continuation of 
the Gulf of California rift. It is roughly aligned along the 
East Pacific Rise system and the San Andreas Fault system. 
The depression narrows and topographically rises in the Coa- 
chella Valley north of the Salton Sea and is terminated by 
the junction of the San Jacinto Range with the Transverse 
Ranges. To the southeast, it gradually widens into the Gulf 
of California. The geologic framework of the region is pre- 
sented by Dibblee ( 1954), Koenig ( 1967), and Biehler and 
Rex (1971 ), and portrayed on the Santa Ana, Salton Sea, 
and San Diego-El Centro geologic map sheets of California. 

The Salton-Imperial rift is generally bounded by faults 
and diagonally transected by normal and strike-slip faults 
that are actively associated with modem seismicity (Brune 
and Allen, 1967). The trough is filled with water-saturated, 

I 
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FIGURE 5 .4ut l ine  map of Salton-Imperial-Mexicali Valley. 

weakly consolidated sand and silt of the Colorado River 
delta and coarse detritus of local marginal provenance which 
have been accumulating on granitic basement since eariiest 
Pliocene time. Seismic refraction, gravity, and deep drilling 
(to 4097 m) data indicate that the sedimentary fill increases 
in thickness from about 4500 m at the Salton Sea to over 
6100 m in the Mexicali Valley south of the international 
border (Biehler and others, 1964; Rex, 1970). This abnom- 
ally thick and young sedimentary prism rests on a crust 10 
to 20 km thinner than crust in the bordekng mountain 
ranges on the east and west. 

The positive heat flow anomaly of the East Pacific Rise 
extends regionally into the Salton-Imperial-Mexicali Valley 
rift. I t  is reflected locally by at least 11 known areas, each 
of several square kilometers, where heat flows range up to 
10 times normal (Muffler and White, 1969), and tempera- 
ture gradients substantially exceed 6OF per 100 feet (Rex, 
1970). Seven “hot spots” are outlined by 
Salton-Imperial Valley. The Cerro Pri 
cussed later) in the Mexicali Valley includes at least four 
areas of groundwater isotherm highs (Koenig, 1967). 
surface anomalies will probably be discovered as wo 
gresses in the region. 

The Salton Sea geothermal field (fig. 5) covers about 
40 sq km, a distance of 8 km southwest of Niland at the 
southeast edge of the Salton Sea. Natural heat flow of 7.0 
HFU (Rex, 1966) has surface expression of feeble hot 
springs (about 20 gpm), carbon dioxide springs, and five 
small rhyolitic domes which formed about 16,000 years ago 
(Muffler and White, 1969). Much information has been - ‘ 

derived from 12 geothermal wells drilled to average depth 
of 1525 m and maximum depth of 2469 m (Koenig, 1970). 
Helgeson (1968), who studied the thermodynamics of the 
Salton Sea geothermal system, reports that the reservoir con- 
sists of over 610 m of arkosic sand overlain by 600 to 900 m 
of shale. Subsurface temperatures exceed 3OOOC at 900 m 
and 36OOC at 2135 m. The thick insulating shale section 
overlying the sandstone reservoir has a conductive heat flow 
of about 17 HFU, or about eight times normal. Hydrotherm- 
al metamorphism produced highly indurated sedimentary 
rocks of the epidote-amphibolite (greenschist) facies by re- 
action of the hot brines with the sediments at depths as shal- 
low ar 1220 m (Muffler and White, 1969). 

The Salton Sea geothermal brines contain 220,000 to 
260,000 ppm total weight of dissolved solids, which are rich 
in chlorides of sodium, calcium, and potassium and have 
significant amounts of lithium, cesium, manganese, silver, 
iron, strontium, barium, lead, zinc, and copper (White, 
1968b). This is one of the highest natural concentrations 
of salts known in the world. About 20 percent of the brine 
flashes to steam at the wellhead, leaving a residual bittern 
of 330,000 ppm concentration, which is nearly 10 times 
higher than seawater. The origin of the brines is believed to 
be essentially meteoric (Berry, 1966; White, 1965), with the 
dissolved salts being derived essentially from the containing 
rocks. Not all of the fluids in the Salton-Imperial-Mexicali 
geothermal system are as hypersaline as those found in the -- 
Salton Sea field. Cerro Prieto, 90 km southeast, yields fluids’ 
of only about 17,000 ppm solids. 

~ 
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Major problems of brine deposition, corrosion, and dis- 
posal have retarded development at the Salttm Sea field. 
I t  is estimated that enough brine exists in this poo1,to yield --cs) over 500 MW for more than 50 years (Economic Potential 

Geothermal, Resources, 197 1). Exploration activities are 
tensifying in the region. It is probable that more wells will 

be drilled on other thermal anomalies betwe 
Sea and Cerro Prieto. Data relating to a com 
vestigation of potential power generation, chemical extrac- 
tion, and desalination of geothermal fluids in the Sdton- 
Imperial-Mexicali Valley are provided by Rex (1970, 1971) 
and in a Compendium of Papers (1970). Rex (1971) esti- 
mat,es a power potential in the Imperial Valley of 20,000 to 
30,000 MW. 

Eastern and Nortbeastern California 
This third region of California contains several thermal 

areas (fig. 4) which have attracted exploration effort and 
which merit more. The Casa Diablo hot springs are in 
southwestern Mono County about 64 km northwest 'of Bis- 
hop on Highway 395. Geology and drilling in the area are 
described by McNitt (1963) and Rinehart and Ross (1964) ; 
gravity and related geology are described by Pakiser ( 1961). 
Casa Diablo lies in the western part of the 500-sq-km Long 
Valley structural depression marked by a gravity low and 
filled with Late Pleistocene acidic and intermediate volcanic 
rocks that may exceed 2500 m in thickness. About 11 wells 
have been drilled to depths less than 324 
Residual brine af 

drilled and explored inconclusively during the last 10 years 
(McNitt, 1963; Koenig, 1970), include: Surprise Valley 
(Lake City) in eastern Modoc County, Mt. Lassen area in 
Tehama and Plumas Counties, Cos0 Hot Springs in south- 
western Inyo County, and other areas (fig. 4). 

CQLORADO 
Many warm and hot springs occur scattered through 

different geologic environments mainly in the central and 
southwestern mountainous portions of Colorado. Waring 

I 

- 
1968) , but Quaternary volcanism is rare in Colorado. The 
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Late Cenozoic . s o  Grande Rift Valley extends northward 
from New Mexico through the Rockies of central Colorado, 
and together with the San Juan Volcanic Field of south- 
western Colorado, represents a region of above-normal heat 
flow. The six reported heat-flow values in the region range 
from 1.52 to 2.4 HFU (Birch, 1950; Roy and others, 1968; 
Decker, 1969). Although discovery of commercial geotherm- 
al steam in Colorado seems relatively unlikely in the near 
future, these areas shoilld not be overlooked, especially if 
new technology using heat exchangers for power production 
from hot waters becomes economic. Thermal areas in Colo- 
rado have been used in many places for bathing and recrea- 
tional purposes. 

IDAHO 
About 200 thermal springs occur in Idaho (Waring, 

1965; ROSS, 1970). In a few springs the water is boiling, but 
mast are low temperature; no steam has been observed. 
Idaho is underlain by large areas of granitic rocks of the 
Cretaceous Idaho batholith, where most of the springs oc; 
cur, and by Tertiary volcanic rocks of the Snake River Plain. 
Preliminary heat-flow measurements (Blackwell, 1969) sug- 
gest that in most of Idaho the flow is above normal, abouf 
2.0 HFU, s+lar to the Basin and Range Province as a 
'whore. Although geothermal waters have not been seriously 
explored for electric power generation in  Idaho, more than 
200 homes in Boise are heated by hot water (77OC) from 
two 122-m wells (Koenig, 1970). 

MONTANA 
us western one-third of Montana is block- 

faulted and composed in part of Tertiary granitic and vol- 
canic rocks. Forty thermal springs are reported by Waring 
(1965) mainly in southwestern Montana With temperatures 
less than about 80% The waters have been used locally 

ng, resorts, and limited space heating. 

NEVADA 
' Nevada ranks second to California in exploration for 

geothermal steam. - Several discrete areas have been drilled 
as listed by Koenig (1970); three of which are especially 
noteworthy : Steamboat Springs, Brady's Hot Springs, and 
Beowawe. (See fig. 6 and table 2.) 

The detailed investigations at Steamboat Springs, carried 
out over the last 20 years (White and others, 1964, 1967, 
1968; Thompson and White, 1964), have contributed much 
to basic understanding of geology, geochemistry, geophysics, 
and fluid dynamics of geothermal systems in many parts of 
the world. Steamboat Springs is 12 km south of Reno (fig. 
7 ) .  The area consists of numerous boiling springs issuing 
from a sinter deposit built up within at least 300 m of Plio- 
Pleistocene alluvial graben fill. The alluvium is normal 
faulted against Sierran granitic basement rocks. Middle and 
Late Tertiary trachytic volcanics are abundant in the region, 
but are rare in the thermal area itself..Small Quaternary 
cinder cones occur within a few kilometers of the spring 
area. About 36 exploratory and test wells (including hot 
water wells for resarts) have been drilled at Steamboat 
Springs, the deepest being 558.m. Well waters have a 5- to 
10-percent steam flashover. Maximtim or base temperature 
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FIGURE 6.-Areas of geothermal wells in Nevada. (See table 2.) 

TABLE 2.-Areas of geothermal wells in Nevada (See fig. 6.) 
Areas of exploratory geothermal wells in Nevada 

(from Koenig, 1970) 

Area No. Locality No. of wells 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Brady’s Hot Springs 
Beowawe 
Steamboat Springs 
Darrough 
Wabuska 
Monte Neva 
Stillwater 
Genoa 
Smith Valley 
Pyramid Lake 
Fernley-Hazen 
Crescent Valley 
Ward Ranch 

9 
11 - 36 
1 
3 .  
1 
1 
2 
l ?  
3 
1 
1 
1 

The Brady’s Hot Spring area is about 90 km northeast 
of Reno along the east side of Highway 40. The springs occur 
along a fault in a large region of high-temperature phenom- - 
ena on ‘the western margin of the Carson-Humboldt struc- 
tural depression. Wells have penetrated Late Tertiary and 
Quaternary fanglomerate, lake beds, volcaniclastic sediments, 
and volcanic flows overlying an unknown basement. Nine 
wells, one drilled to 1542 m, have produced insignificant to 
appreciable volumes of hot water With 5 percent steam 
flashover (fig. 8) from reservoirs at temperatures of about 
215OC (Koenig, 1970). According to Decius (1964), early 
drilling stimulated new fumarolic activity along 4 km of the 
main fault. Magma Energy Company of Los Angela is re- 
reported to be considering construction of a pilot plant at 
Brady’s to test the economic feasibility of a 10 MW power 
plant using hot water to flash isobutane in a heat exchanger 
for propulsion of a turbine (called the Magmamax Power 
Process) (Facca, 1970). If successful, this process could sig- 
nificantly encourage exploration and development of low- 
enthalpy thermal water systems for power generation. 

Lb 
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FIGURE 7.-Steamboat Springs thermal area, Nevada. View to west. 
Light-colored spring deposits in middle-ground. Carson 
Range in background. L. T. Grose photo. 

approaches 172OC at 107 m in depth, below which the 
temperature remains essentially constant. Several dozen 
shallow warm and hot water wells have been drilled along 
a 15-km zone north into Reno; the hot waters are used for 
swimming pools, space heating, and industrial purposes. 

12 

- 
FIQURE 8.-Brady’s Hot Springs, Nevada. One of early wells d i s - b  

charging to atmosphere. L. T. Grose photo. 
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The Beowawe geyser area is in north central Nevada, 
about 65 km west-southwest of Elko. The geology of the 
area and. the thermal phenomena were described by Nolan 
ahd Anderson (1934). Studies of short-time temperature 
histories and microseismic signatures of the 'geysers . have 
been reported by Rinehart (1968b). The geysers and hot 
springs are on a large sinter terrace along a fault zone in a 
volcanic and sedimentary series typical of graben fill in the 
Basin and Range Province., Eleven wells ha drilled 
at Beowawe since 1959, the deepest to 625 well is 
reported capable of yielding over 50,000 lb of steam and 
1,400,000 Ib of hot wate'; at 172OC per hour from a depth 
less'than 213 m (Koenig, 1970). Although no wells are in 
production, Beowawe is regarded as an important geotherm- 
al 'prospect. 

In addition to the above three areas in Nevada, Koenig 
(1970) presents summary data on nine other. significant 
thermal spring areas that have been drilled and have yielded 
water a t  temperatures near and above the boiling point (fig- 
6). Most of.the 152 hot springs listed by Waring (1965) 
and the 185 hot springs located by Horton (1964) occur in 
the central and northern portions. of Nevada, 

I 
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NEW MEXICO 
Fiftyseven thermal areas are concentrated in the block- 

faulted volcanic terrain of the southwest and 'along the 
faulted western margin the Rio Grande Rift Valley. 
According to Summers 1965a, 1965b, 1970a, 1970b) , 

has compiled ext bask. data on geochemistry 
logy of hot springs in New Mexico, at least seven 

show some promise for steam exploitation. Most of 
as are in the Gila River Basin of southwestern 

Mexico. One prominent and potentially productive 
Valles (Jemez) caldera, 80 km northwest of Santa 

in Sandovai County, has been explored recently by deep 
Iling. Five wells have been drilled e, one in 1970 to a 

depth of 2286 my in which large vol of dry steam and 
very hot water (up to 290OC) are reported to have been 
encountered in several horizons. The Valles caldera is an 
Early Pleistocene circular collapse following the explosive 
extrusion of a large volume of rhyolitic pyroclastics (Smith 
and others, 1961, 1970). Subsequent minor volcanic activity 
within the caldera, the youngest being 400,000 years before 
present (BP) , has supplied heat to many hot springs issuing 
from faults along the western margin of the caldera rim. 
Tertiary and Quaternary volcanism is extensive in south- 
western New Mexico and in the Rio Grande Rift Valley 
region (Kottlowski and others, 1969), and heat flow in these 

to 2.77 HFU (Roy and others, 1968; 

w 
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rcent of the land area of Oregon, main- 
ava plains and the Cascade Range, is 

underlain by Late Cenozoic volcanic rocks that locally are 
faulted and involved in volcano-tectonic and caldera 
structures. Bowen and Peterson (1970) have located 

and provided precise temperature and flow data on 169 
- u - t h e r m a l  springs and wells in Oregon. Seven prospective areas 

(fig. 9 and table 3) are described by Groh (1966) and four 
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FIGURE 9-Prospective geotheraal areas in Oregon. (See table 3. ). 

TABLE 3.4rospect ive  geothermal areas in Oregon (See fig. 

A Klamath Falls 
B Newberry Volcano 
C '  Warner Range . 
D Warner Valley 
E Diamond Craters 
F Alvord Valley 
G Jordan Craters , 

9.) (From Groh, 1966.) 

0 Areas with exploratory drilling to October €969 
(from Koenig, 1970) 

Area No. Locality ' No. of Wells 
Crump (Adel) 1 

2 
1 
2 Lakeview , 

3 Klamath Falls >350 
4 Burns 1 

have been drilled (Koenig, 1970) encountering temperatures 
over 1OOOC at shallow depths. Geothermal investigations 
thus far have been directed mostly to the Klamath Falls 
graben and the Goose Lake-Summer Lake graben complex 
(Lakeview region) of south-central Oregon (Peterson and 
Groh, 1967; Peterson and McIntyre, 1970). Fractured, scori- 
aceous, and permeable basalt layers interbedded with im- 
permeable lake beds and cut by normal faults are typical of 
the region. At Klamath Falls, hot water slightly Over 100°C 
is derived from about 350 wells, about 150 m in average 
depth, to heat over 400 buildings. As more basic data are ac- 
cumulated on thermal geology of Oregon, several additional 
areas should emerge as highly prospective for geothermal. 
power. 

UTAH 
Utah has about 50 thermal springs. Most of them occur 

within a north-south zone 110 to 130 km in width, which 
is bordered on the east by the Wasatch-Hurricane normal 
fault zone and which lies entirely within the Basin and Range 



Province. Geologic, chemical, and thermal data on these 
springs are presented systematically by Mundorf€ (1970), 
and the geothermal power potential of Utah is discussed by 
Heylmun (1966)* Most of the springs are closely associated 
with Late Cenozoic faults, but only several are close to vol- 
canic rocks. Only three springs have temperatures near the 
boiling point of water, the maximum recorded temperature 
of these being 86OC. Most of the higher temperature springs 
(over 38OC) occur along the Wasatch fault zone from Provo 
northward to the Utah-Idaho border. Two springs are re- 
garded as potentially valuable geothermal areas ( Mundorf€, 
1970) ; Rooswelt (McKeans) hot springs in north central 
Beaver County, and Abraham (Crater) hot springs in south 
central Juab County. Also, the geothermal anomaly in the 
East Tintic mining district (Lovering, 1965) may be another 
worthwhile target. 

WASHINGTON 
Campbell and others (1970) list 18 mineral spring areas 

in Washington; most are located in, and marginal to, the 
High Cascade volcanic range. Only one spring known to 
have a temperature approaching the boiling point of water 
is on the north slope of Mount St. Helens, a Quaternary 
volcano (Phillips, 1941 ) ; the maximum temperature re- 
corded there is 88OC. Washington is mostly underlain by 
Tertiary volcanic rocks, and in the northern areas by Meso- 
zoic granitic and metamorphic complexes. Several major 
Quaternary volcanoes cap the Cascade Range. Although 
young tectonic activity (normal faulting) and surface ther- 
mal phenomena are relatively minor in these regions, several 
heat-flow measurements (Blackwell, 1960) suggest that the 
region is basically thermally continuous with the Basin and 
Range Province. A review of the volcanic geology of Wash- 
ington by Thorsen ( 1971 ) and of geothermal exploration by 
Crosby (1971) suggests that the basic conditions for occur- 
rence of steam reservoirs are present in various places in 
Washington, but that basic data are thus far nonexistent. 

WYOMING 
Within the borders of Wyoming, the occurrence of geo- 

thermal phenomena can be divided into two distinct geo- 
logical provinces: ( 1) Yellowstone National Park, a high 
volcanic plateau with nearly 100 separate localities of var- 
ious types of intense, high-temperature hot spring and geyser 
activity; and (2) the rest of the state, which is mostly nm- 
volcanic Laramide Rocky Mountain ranges and basins with 
only about 20 scattered low-temperature springs. 

The Yellowstone thermal region includes about 41Ob 
sq km of voluminous, locally faulted, Late Tertiary and 
Quaternary volcanic rocks  that are interpreted to overlie a 
batholith (Hamilton, 1960). A review of the igneous and 
geothermal geology of Yellowstone is incorporated in the 
Geological Society of America Field Trip Guide (1968). 
Basic data on the hot springs and geysers are presented by 
Allen and Day (1935). Since 1967, the U. S. Geological 
Survey has drilled 13 test holes at six localities in Yellow- 
stone (White and others, 1968; Koenig, 1970). The deepest 
hole, 332 m, encountered the highest temperature, greater 
than 238OC. In many holes isothermal conditions were ob- 
tained which suggests a higher reservoir base temperature. 
One well produced dry steam; all others produced large 
flows of hot water with minor steam flashover. A recent 
article by White and others (1971) draws upon criticzil 
physical data from results of research drilling in Yellow- 
stone that provides a better understanding of relationship 
between vapor-dominated and hot-water systems. In spite 
of the natural potential for dry-steam production in Yellow- 
stone, thermal areas fall entirely within the National Park 
boundaries and are unavailable for commercial exploitation. 

The few thermal springs known elsewhere in Wyoming 
(Waring, 1965) have temperatures less than 6OOC. Heat 
flow in the region is about normal, 1.5 HFU (Blackwell, 

Part 2 of this Bulletin will be the January 1972 issue. 
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1969). 
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