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Conversion Factors

For readers who wish to convert measurements from the metric 
system of units to the inch-pound system, the conversion factors 
are listed below.

Multiply

hectacre 
square meter 

kilometer 
metric ton 
metric ton 

cubic kilometer 
liter per second 

kilogram per second

By

2.47 
10.76 
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.9842 
.2399 
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To obtain

acre 
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gallon per minute 
pound per minute

To convert from degrees Celsius (°C) to degrees Fahrenheit (°F), 
multiply the °C value by 1 .8 and add 32 to the resulting value.
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Foreword

Our Nation is powered largely by energy produced from the combustion of fossil fuels  
coal, petroleum, and natural gas. In all likelihood, these conventional sources of energy will 
be depleted within the next few hundred years, and possibly much sooner. Moreover, the 

extraction and combustion of fossil fuels cause major environmental harm. A vital issue 
facing the world therefore is how to meet our ever-increasing energy demands in an eco­ 
nomically feasible and environmentally sensitive way. There is no simple solution. In the 

short term, we can delay the depletion of conventional energy sources by energy conserva­ 
tion practiced at all consumer levels, but in the long term, an effective strategy must include 
greater use of sustainable and relatively nonpolluting energy sources such as geothermal, 
solar, wind, ocean tides, and biomass in the total energy generating mix.

This circular describes the potential for geothermal energy, the naturally occurring heat 
within the Earth, to contribute to such a mix. For thousands of years, people have benefited 

from the use of heat emitted at the Earth's surface through hot springs and steam vents. 
Modern drilling technology has allowed us to increase our use of the abundant hot water and 

steam produced deep within the Earth. Indeed, geothermal energy is the most widely used, 
sustainable, nonconventional alternative to fossil fuels today. It is highly versatile and can 
be used in the generation of electricity, as well as in a host of direct-use applications, such as 
space heating and various industrial processes. Geothermal energy suitable for electrical 
generation is found mostly in the Western United States, although direct-use applications are 
possible in almost all parts of the country. As an energy source, it is much cleaner to pro­ 
duce and use than energy from fossil fuels, including even natural gas.

The U.S. Geological Survey has been and remains active in conducting field and labora­ 
tory studies to better understand the distribution, origin, and abundance of geothermal 
resources. A principal goal is to identify and evaluate the geothermal resources of the 
Nation. An ancillary goal is to monitor the behavior of natural geothermal features in 

national parks and other protected recreational lands; such monitoring allows early detection 
and mitigation of changes that might result from nearby commercial development.

If fully harnessed using current technologies, geothermal resources of the United States 
could supply as much as 10 percent of the Nation's energy demand. With advances in 
technology, the contribution of geothermal energy might be increased substantially. As we 
look to the future, a major challenge to geoscientists, geothermal developers, government 
officials, and citizens is to work together to realize the full potential of geothermal energy. 
The U.S. Geological Survey is pleased to summarize information related to developing 

geothermal energy while minimizing its environmental impact. The quality of life in the 
future depends on timely actions to harness geothermal and other sustainable energy re­ 
sources in an environmentally sound manner.

Director, U.S. Geological Survey
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Introduction

The Earth's 

natural heat is 

cleaner than 

conventional 

sources of 

energy and there 

is less environ­ 

mental impact 

associated with 

its use.

T he Earth is a bountiful source of heat. It continuously produces heat at depth, primarily by 
the decay of naturally radioactive chemical elements (principally uranium, thorium, and 

potassium) that occur in small amounts in all rocks. This deep heat then rises toward the cooler 
surface, where scientists can measure the rate of its escape through the Earth's crust. The 
annual heat loss from the Earth is enormous equivalent to 10 times the annual energy con­ 
sumption of the United States and more than that needed to power all nations of the world, if 
it could be fully harnessed! Even if only 1 percent of the thermal energy contained within the 
uppermost 10 kilometers of our planet could be tapped, this amount would be 500 times that 
contained in all oil and gas resources of the world. The Earth's natural heat is cleaner than 
conventional sources of energy (coal, oil, and gas), and there is less environmental impact 

associated with its use.
How might we benefit from this vast amount of thermal energy beneath our feet? Where, 

by what means, and how much of the Earth's natural heat can be tapped? These are critically 
important questions as we approach the 21st century, during which the global population is 
expected to greatly exceed 6 billion and the world's fossil-fuel resources will be further de­ 
pleted, if not exhausted. Faced with this prospect, both the public and private sectors are work­ 
ing toward more fully utilizing the Earth's abundant thermal energy commonly called geo- 

thermal energy.

For centuries, people have enjoyed the benefits of geothermal energy available at hot springs, 
but it is only through technological advances made during the 20th century that we can tap this 
energy source in the subsurface and use it in a variety of ways, including the generation of 
electricity. To sustain world civilization as we know it, we must start depending more on 
energy sources other than fossil fuels (coal, oil, and gas) in addition to reducing the per capita 
amount of energy we use. Through a combination of scientific research, innovative engineer­ 
ing, and economic incentives, geothermal energy could become one of several cost-effective 
alternatives to nonrenewable and polluting energy sources, especially in meeting 
nontransportation demands, both in the United States and abroad.

A skeptic might question the wisdom of devoting much national effort to geothermal en­ 
ergy development, especially because many experts believe that geothermal heat can contrib­ 
ute at most only about 10 percent to the Nation's energy supply using current technolo­ 
gies. However, achievable advances in exploration and heat-extraction technology could in­ 
crease this contribution substantially. But whether or not such advances are made, we should
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not forget the wise proverb about "not putting all eggs in one basket." The United States is still 
powered mostly by energy from fossil fuels; at present, about half of our oil is imported. We 

have apparently forgotten the hard lessons of the 1970's oil embargo, during which we experi­ 
enced serious disruptions to daily life and the national economy when the supply of imported 
petroleum was interrupted. Just as a judicious investor does not put all capital into a single 
stock, a prudent nation will attempt to diversify its energy supply from multiple resources.

The primary purpose of this publication is to provide information that will help the reader 
understand how, where, and to what extent geothermal energy can contribute to our Nation's 
needs. We (1) describe the distribution and nature of geothermal energy; (2) review the com­ 

mon types of geothermal systems that provide useful energy using current technology; (3) 
consider potential geothermal resources that could be tapped with new technologies; and (4) 
summarize the role of earth-science information in assessing and tapping the geothermal re­ 
sources of the United States, and in providing technical assistance to developing countries in 
studies of their geothermal fields.
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Spall, and Robert Tilling for helping improve the content and presentation of this publica­ 
tion, and many other colleagues in government, academia and the private sector for helpful 
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tions is greatly appreciated. We also wish to thank Sara Boore and Susan Mayfield for the 
work they did in creating and preparing the final illustrations for publication.

The annual heat loss from the Earth is enormous equivalent to 10 times the annual 

energy consumption of the United States and more than that needed to power all 

nations of the world, if it could be fully harnessed!
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Scene from a Japa­ 
nese spa shows one of 
the early uses of geo­ 
thermal energy. Art­ 
work was originally 
published in a guide 
book called "Seven 

Hot Springs of 
Hakone" written and 
painted anonymously 

in 18}} by a writer 
whose pen name was 
Bunsou and an artist 
whose pen name was 

Rouka. Courtesy of 
Hakone Museum of 

Folk Culture in 
Hakone City, Japan.

Geothermal Then Geothermal Now

GEOTHERMAL IN ANCIENT TIMES
Long before recorded history, some ancient peoples must have been aware of geothermal 

features such as hissing steam vents, erupting geysers, boiling mud pots, and bubbling hot 

springs. One can only speculate on their reactions to such impressive natural phenomena, 

but some combination of fear, awe, and appreciation seems likely. By the time of recorded 

history, hot springs and other geothermal features were being used by people for food 

preparation and for bathing. The geothermally heated spas of the ancient Greeks, Romans, 

and Japanese have been imitated throughout history, and today their modern counterparts 

attract many visitors for recreational and medical reasons.

Prehistoric and early historical use of geothermal features was effectively limited to those 

found at the Earth's surface. With rare exception, such features produce water or steam with 

temperatures of less than 100°C (the boiling point of water at sea level); their relatively low 

temperatures restrict the variety of possible uses. Lack of knowledge and technical limita­ 

tions prohibited any attempt to develop deeper, hotter geothermal energy. Still, many early 

civilizations benefited from the geothermal resources with which they were provided by 

nature. 

GEOTHERMAL NOW
With 20th-century technology, drills can penetrate thousands of meters into the Earth in 

search of geothermal resources. Such drilling has resulted in the discovery of geothermal 

water as hot as 400°C, which can provide a resource of high-pressure steam to drive turbine 

generators at the Earth's surface. The traditional, ancient uses of geothermal water continue 

to have considerable scenic and recreational value, but the present-day capability to produce 

high-temperature fluid through drilled wells opens the door to diverse utilization of geother­ 

mal energy over a broad range of temperatures. Information gathered from measurements 

made during flow testing of geothermal wells can indicate how much power they can 

provide. Typical commercial geothermal wells are rated between 5 and 8 megawatts electric 

(1 megawatt = 1,000 kilowatts = 1 million watts).
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Research and development have also shown that the size and vigor of geothermal surface 
features are not necessarily representative of the entire system. For example, at The Geysers 
in northern California, where the surface geothermal features are relatively weak, drilling 
revealed the world's largest known reservoir of steam. Electricity generated from The 
Geysers geothermal field, which is fed into the regional power grid, is enough to meet the 
energy demands of the nearby city of San Francisco. Similarly, in the Imperial Valley of 
southern California, rare and feeble hot springs belie the presence of many large subterra­ 

nean reservoirs of hot water now partly harnessed to produce about 400 megawatts of 
electrical power. A major challenge for ongoing exploration is to develop techniques of pre- 
drilling surface studies that can help identify geothermal resources that have no surface 
expression whatsoever.

Swimmers enjoying a 
hot water pond near 
Grindavik, Iceland, 
formed by salty waste- 
water from a geother­ 
mal powerplant (in 
background) dumped 
onto the ground. This 
pond called the 
"Blue Lagoon " by 
Icelanders is be­ 
lieved to have healing 
powers. Photograph 
by Gudmundur E. 
Sigvaldason, Nordic 
Volcanological Insti­ 
tute, Reykjavik, Ice­ 
land. Used with per-

With 20th-century technology, drills can penetrate thousands of meters into the Earth 

in search of geothermal resources. Such drilling has resulted in the discovery of 

geothermal water as hot as 400°C, which can provide a resource of high-pressure 

steam to drive turbine generators at the Earth's surface.
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Geothermal Energy as a Natural Resource

G eothermal energy is present everywhere beneath the Earth's surface, although the high­ 
est temperature, and thus the most desirable, resources are concentrated in regions of 

active or geologically young volcanoes. Though the resource is thermal energy rather than a 
physical substance such as gold or coal, many aspects of geothermal energy are analogous to 
characteristics of mineral and fossil-fuel resources. Geothermal also has some unique, desir­ 
able attributes.

GLOBAL DISTRIBUTION

Measurements made in drill holes, mines, and other excavations demonstrate that tempera­ 

ture increases downward within the Earth. The rate at which the temperature increases (tem­ 

perature gradient or geothermal gradient) is proportional to the rate at which heat is escaping 
to the surface through the Earth's crust (heat flow). Thus, zones of higher-than-average heat 
flow are the most likely places for encountering high temperatures at shallow depth, perhaps

TEMPERATURE, IN DEGREES CELSIUS 

50 100 150 200

40 50 70 90 100 120 
SURFACE HEAT FLOW. IN MILLIWATTS PER SQUARE METER

Geothermal gradients and equivalent heat 
flow that illustrate differences in the amount of 
heat escaping from the Earth for broad regions and 
smaller areas of the United States (Sierra Nevada, Basin 
and Range physiographic province, Battle Mountain area of 
Nevada and nearby states, and east of the Rocky Mountains). 
The heat flow shown for the area east of the Rocky Mountains is 
equivalent to the average heat flow for continental crust worldwide. 500 KILOMETERS
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angles).
Large quantities of heat that are economically extractable tend to be concentrated in places 

where hot or even molten rock (magma) exists at relatively shallow depths in the Earth's 
outermost layer (the crust). Such "hot" zones generally are near the boundaries of the dozen or 
so slabs of rigid rock (called plates') that form the Earth's lithosphere, which is composed of 
the Earth's crust and the uppermost, solid part of the underlying denser, hotter layer (the mantle). 

According to the now widely accepted theory of plate tectonics, these large, rigid Hthospheric 
plates move relative to one another, at average rates of several centimeters per year, above 
hotter, mobile mantle material (the asthenosphere). High heat flow also is associated with the 
Earth's "hot spots" (also called melting anomalies or thermal plumes), whose origins are some­ 
how related to the narrowly-focused upward flow of extremely hot mantle material from very 
deep within the Earth. Hot spots can occur at plate boundaries (for example, in Iceland) or in 
plate interiors thousands of kilometers from the nearest boundary (for example, the Hawaiian 
hot spot in the middle of the Pacific Plate). Regions of stretched and fault-broken rocks (rift 

valleys) within plates, like those in East Africa and along the Rio Grande River in Colorado 
and New Mexico, also are favorable target areas for high concentrations of the Earth's heat at 
relatively shallow depths.

Tapping the Earth's Natural Heat



Magma, Volcanoes, and Geothermal Energy

Geologists realize that bodies of magma in the Earth's upper crust are the heat source for 
most high-temperature geothermal resources that have potential for electricity generation. 
The principal evidence for believing this is the common occurrence of young, sometimes 
active, volcanoes within areas of proven high-temperature geothermal resources. Moreover, 
in many of these volcanic regions, geophysical studies (see "Seeing Beneath the Earth's 
Surface" discussion) indicate the presence of subsurface low-density material that is softer 
and hotter than adjacent crustal materials; this is best interpreted as a magma body sur­ 
rounded by denser, cooler rigid rocks.

Because of the recognized link between magma bodies and high-temperature geothermal 
resources, geologists of the U.S. Geological Survey developed a method to determine the 
approximate size and temperature of a shallow magma body from the age and volume of 
silicic volcanic rocks (that is, rocks containing large amounts of the chemical element 
silicon) erupted from that body. A key point in this method is that for any volume of magma

Ages of selected vol­ 
canic eruptions versus 
volumes of their asso­ 
ciated magma bodies 
for several areas in 

the United States.
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erupted, a volume about ten times that is inferred to remain in the Earth's crust. The 1:10 
ratio is based on studies of volcanic and subsurface magmatic rock from many locations 
around the world and is now widely accepted. Another key point of the method is the 
calculation of about how long it takes for a body of crustal magma to cool. Both heat
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conduction and magmatic convection are considered in various combinations that lead to a 
classification of volcanic systems with high geothermal potential, systems with low geother­ 
mal potential, and an intervening "transition zone" within which the geothermal potential of 
a system cannot be determined from available information.

Because the data needed to calculate geothermal potential include the age and volume of 
the youngest silicic volcanism for a given volcanic area, early field projects of the U.S. 
Geological Survey's Geothermal Investigations Program were designed to produce this 
information for many geologically young volcanic fields of the United States. For example, 
the results of field mapping interpreted in the light of the model led to the conclusion that 
some hundreds of cubic kilometers of magma of at least 650°C are in the crust beneath the 
Coso volcanic field (within the Coso Range) in California. Similarly, mapping has shown 
that 15 cubic kilometers of magma was erupted in 1912 at Novarupta (Katmai Group of 
volcanoes) to produce a volcanic deposit that partly fills the Valley of Ten Thousand Smokes 
in Alaska. Accordingly, the model suggests that the present magma body beneath Novarupta 
is at least 650°C and around a hundred cubic kilometers in volume. On the basis of other 
recently gathered data, the model suggests less geothermal potential for the more volumi­ 
nous magma-volcano system of the San Francisco Peaks in Arizona, because the most 
recent silicic eruption there was tens of thousands of years ago. A smaller volume and even 
older system, such as Wart Peak, Oregon, is calculated to contain little or no geothermal 
potential. The plot showing age of the most recent silicic eruption versus volume of the 
associated magma body for several magma-volcano systems demonstrates how these 

characteristics are related to geothermal potential. The large amounts of geothermal energy 
that reside in national parks such as Katmai and Yellowstone are excluded from exploration 
and development. However, the age-volume model indicates that other areas such as 
Mineral Mountains in Utah, as well as Coso volcanic field and Medicine Lake Highlands in 
California have varying high degrees of geothermal potential. Recent commercial surface 
exploration and follow-up drilling there have, in fact, proved the presence of a high-tem­ 
perature geothermal resource in each of these three areas.

In addition to a hot water-steam (hydrothermal) component, by far the majority of the 
thermal energy associated with a magma-volcano system resides in the magma body itself 
and the hot rock around it. Using current technology, only the hydrothermal component can 
be exploited; meanwhile, studies are in progress to demonstrate the feasibility of possible 
future exploitation of the nonhydrothermal components of geothermal energy.

Because of the 

recognized link 

between magma 

bodies and 

high-tempera­ 

ture geothermal 

resources, 

geologists of 

the U.S. Geo­ 

logical Survey 

developed a 

method to 

determine the 

approximate 

size and tem­ 

perature of a 

shallow magma 

body...
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Zones of high heat flow near plate boundaries are also where most volcanic eruptions and 
earthquakes occur. The magma that feeds volcanoes originates in the mantle, and considerable 
heat accompanies the rising magma as it intrudes into volcanoes. Much of this intruding magma 
remains in the crust, beneath volcanoes, and constitutes an intense, high-temperature geother- 
mal heat source for periods of thousands to millions of years, depending on the depth, volume, 
and frequency of intrusion. In addition, frequent earthquakes produced as the tectonic plates 
grind against each other fracture rocks, thus allowing water to circulate at depth and to trans­ 
port heat toward the Earth's surface. Together, the rise of magma from the mantle and the 
circulation of hot water (hydrothermal convection) maintain the high heat flow that is preva­ 
lent along plate boundaries.

Accordingly, the plate-boundary zones and hot spot regions are prime target areas for the 
discovery and development of high-temperature hydrothermal-convection systems capable of 
producing steam that can drive turbines to generate electricity. Even though such zones consti­ 
tute less than 10 percent of the Earth's surface, their potential to affect the world energy picture 
and related political and socioeconomic consequences is substantial, mainly because these 
zones include many developing nations. An excellent example is the boundary zone rimming 
the Pacific Plate called the "Ring of Fire" because of its abundance of active volcanoes  
that contains many high-temperature hydrothermal-convection systems. For the developing 
countries within this zone, the occurrence of an indigenous energy source, such as geothermal, 
could substantially bolster their national economies by reducing or eliminating the need to 
import petroleum. The Philippines, Indonesia, and several countries in Central America al­ 
ready benefit greatly from geothermally generated electricity; additional projects are under­ 
way and planned. Of course, the use of geothermal energy already contributes to the econo­ 
mies of industrialized nations along the circum-Pacific Ring of Fire, such as the United States, 
Japan, New Zealand, and Mexico; Canada is expected to have its first geothermally powered 

electrical plant on line soon.

COMPARISON WITH OTHER NATURAL RESOURCES
Geothermal resources are similar to many mineral and energy resources. A mineral deposit 

is generally evaluated in terms of the quality or purity (grade) of the ore and the amount of this 
ore (size or tonnage) that can be mined profitably. Such grade-and-size criteria also can be 
applied to the evaluation of geothermal energy potential. Grade would be roughly analogous 
to temperature, and size would correspond to the volume of heat-containing material that can 
be tapped. For mineral and geothermal deposits alike, concentrations of the natural resource 
should be significantly higher than average (the background level) for the Earth's crust and 
must be at depths accessible by present-day extraction technologies before commercial devel­ 
opment is feasible.

However, geothermal resources differ in important ways from many other natural resources. 
For example, the exploitation of metallic minerals generally involves digging, crushing, and 

processing huge amounts of rock to recover a relatively small amount of a particular element. 
In contrast, geothermal energy is tapped by means of a liquid carrier generally the water in

10 Geothermal Energy as a Natural Resource



the pores and fractures of rocks that either naturally reaches the surface at hot springs, or can 
readily be brought to the surface through drilled wells. The extraction of geothermal energy is 
accomplished without the large-scale, landscape-scarring movement of rock involved in min­ 

ing operations, such as mine shafts and tunnels, open pits, and waste heaps.
Geothermal energy has another important advantage. It is usable over a very wide spectrum 

of temperature and volume, whereas the benefits of other natural resources can be reaped only 
if a deposit exceeds some minimum size and (or) grade for profitable exploitation or efficiency 
of operation. For example, at the low end of the spectrum, geothermal energy can help heat 
and cool a single residence. To do so requires only the burial of piping a few meters under­ 
ground, where the temperature fluctuates little with the changing seasons. Then, by circulating 
water or some other fluid through this piping using a standard heat pump, thermal energy is 
extracted from the ground during the coldest times of the year and deposited in the ground 

during the hottest times. Together, the heat pump and the Earth's thermal energy form a small, 
effective, and commercially viable heating and cooling system. This type of system is already 
in use at more than 100,000 buildings in the United States.

Toward the high end of the spectrum, a single large-volume, high-temperature deposit of 
geothermal energy can be harnessed to generate electricity sufficient to serve a city of 1 mil­ 
lion people or more. For example, at The Geysers (which is the commonly used name for the 

Geysers geothermal area) in northern California, fractures in rocks beneath a large area are 
filled with steam of about 240°C at depths that can easily be reached using present-day drilling 
technology. This steam is produced through wells, piped directly to conventional turbine gen­ 
erators, and used to generate electricity. With an installed capacity of more than 1,500 mega­ 

watts electric, The Geysers is presently the largest group of geothermally powered electrical 
plants in the world. At current rates of per capita consumption in the United States, 1 megawatt 
is sufficient to supply a community with a population of 1,000.

Between these relatively extreme examples are geothermal resources that encompass a broad 
spectrum of grade (temperature) and tonnage (volume). The challenge, for governmental agen­ 
cies and the private sector alike, is to assess the amount and distribution of these resources, to 
work toward new and inventive ways to use this form of energy, and to incorporate geothermal 

into an appropriate energy mix for the Nation and the world.

Toward the high end of the spectrum, a single large-volume, high-tempera­ 

ture deposit of geothermal energy can be harnessed to generate electricity 

sufficient to serve a city of 1 million people or more.
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Geothermal Energy and the Ring of Fire

Part of the circum- 
Pacific Ring of Fire is 
defined by a chain of 

active volcanoes 
(solid triangles) par­ 

alleling the Pacific 
coast of Central 

America. Geothermal 
projects are either on 
line or in progress at 
Zunil. Amatitldn, and 
Tecuamburro (Guate­ 

mala), Ahuachapdn 
and Berlin (El Salva­ 

dor), Platanares 
(Honduras), 

Momotombo (Nicara­ 
gua), and Miravalles 

(Costa Rica). There 
are other excellent 

geothermal prospects 
in Central America.

The volcanically active and earthquake-prone region rimming the Pacific Ocean is known 
as the Ring of Fire. This region could also be called the Ring of Geothermal Energy, be­ 
cause it contains many high-temperature geothermal systems associated with active volca­ 
noes. Hundreds of volcanoes girdle the Pacific Basin from the Aleutian Range of Alaska, 
through the Kamchatka Peninsula, Japan, the Philippines, Indonesia, New Zealand, the 
Andes, Central America, Mexico, and the Cascade Range of the Pacific Northwest and 
Canada. Projects to harness geothermal energy are either underway or on line in all of these 
areas. In some developing countries, such as in Central America, the use of geothermal 
energy to provide electricity could also provide social and economic benefits.

Many active volcanoes form a long chain that parallels the Pacific Coastal Plain from 
Mexico across Guatemala, Honduras, El Salvador, Nicaragua, Costa Rica, and Panama. 
Abundant geothermal features hot springs, fumaroles, and boiling mud pots are associ­ 
ated with these volcanoes. Some Central American countries have hydroelectric resources

90° 85°
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10°

PACIFIC OCEAN

_ Lago de 
A £~^\ NicaraguaVV

100 MILES

200 KILOMETERS COSTA 
RICA

that help satisfy national energy demands. Still, all must import considerable amounts of 
petroleum to fuel their economies and to supply the energy demands of rapidly growing 
populations. Geothermal energy is a viable and developing alternative energy source to 
petroleum in these regions. El Salvador and Nicaragua began generating electricity with 
geothermal energy in the mid-1970's, and, at present, geothermal energy provides about a

12 Geothermal Energy as a Natural Resource



The volcanically active 

and earthquake-prone 

region rimming the 

Pacific Ocean is known 

as the Ring of Fire. This 

region could also be 

called the Ring of Geo­ 

thermal Energy, because 

it contains many high- 

temperature geothermal 

systems associated with 

active volcanoes.

third of the electrical power needs of El Salvador. With a more favorable political and 
economic climate, these two countries probably could satisfy much more of their electrical 
demand from geothermal resources.

In Costa Rica, about 55 megawatts of generating capacity came on line at Miravalles in 
1994. This capacity is scheduled to be doubled by 1995, thus providing about 10 percent of 
that nation's electricity. Other barely explored geothermal resource areas are present in 
Costa Rica. \     

Guatemala is close to producing its first geothermal electricity, at Zunil. An initial 15- 

megawatt-electric capacity is scheduled to be doubled by the end of the century. Geothermal 
prospects are being evaluated at Amatitlan and Tecuamburro. With an abundant hydroelec­ 
tric option, the Guatemalan Government could blend hydropower and geothermal in a way 

that reduces and minimizes the proportion of national demand now satisfied by imported 
petroleum and other conventional energy sources.

Honduras has little Pacific Ocean front and therefore occupies little of the Ring of Fire. 
Nonetheless, several geothermal prospects are identified in Honduras, and a few of these are 
hot enough to produce electricity. Holes drilled during the mid-1980's at Platanares revealed 
a hydrothermal system at 165°C, a temperature sufficient to generate electricity. Additional 
drilling at this and other locations is needed to better characterize the geothermal resources 
of that nation.

This geothermal well 
tapped a hydrother­ 
mal system of165°C, 
at only 600 meters 
depth, during a joint 
U.S. Honduras geo- 
thermal-assessment 
project at Platanares 
in the 1980s. This 
system could provide 
enough power to sup­ 
port a binary electri­ 
cal plant with a ca­ 
pacity of about 7 
megawatts. The as­ 
sessment studies also 
suggest a hydrother­ 
mal system of about 
225°C exists at about 
1,500 meters depth. 
Such a system could 
provide steam directly 
to a turbine generator. 
Additional drilling is 
needed to confirm the 
deeper hydrothermal 
resource.
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Geothermal Environments 

and Energy Potential

T hermal energy is contained in a variety of geothermal environments, and these commonly 
are classified by temperature and amount of fluid water and (or) steam available for 

carrying the thermal energy to the Earth's surface. The magma environment is the highest 
temperature and a relatively water-poor part of this classification. Magmas range in tempera­ 
ture from about 650 to 1,300°C (1,200 to 2,400°F), depending on chemical composition. For 
comparison, common steel melts at about 1,500°C. Even the most water-rich magmas contain 
no more than a few weight percent of water, an amount insufficient and unavailable for geo­ 

thermal use. These bodies of magma in the crust are termed "dry" and are the ultimate sources 

of heat for other geothermal environments.
With decreasing temperature, the magma environment passes into what is called the hot- 

dry-rock environment. This is characterized by hot, solid rock that contains little or no avail­ 
able water because it has few pore spaces or fractures to store (the open space within a rock is 
called porosity) and transmit water (the capacity of a porous rock to transmit fluid is called its 
permeability). With increasing water, the hot-dry-rock environment gives way to a broad cat-

"AVAILABLE" WATER OR STEAM

Different types of geother­ 
mal environments in the 

Earth's upper crust. Gen­ 
erally, temperature in­ 

creases with depth, but the 
depth line is dashed to in­ 

dicate that the rate of tem­ 
perature increase varies 
within the crust. "Avail­ 

able " refers to water and 
steam in rocks that can be 
tapped by a well and pro­ 
duced at the Earth's sur­ 

face. High- and moderate- 
temperature rocks with 
considerable available 

water and (or) steam are 
the only geothermal envi­ 

ronments that can cur­ 
rently be developed to gen­ 

erate electricity.
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egory of fluid-saturated rocks with variable porosity, permeability, and temperature. Within 
this category are relatively high temperature rock, saturated either with steam or liquid water 

or a mixture of both, and rocks saturated only with water at increasingly lower temperatures. 
Geothermal environments through which available water circulates freely are called hydro- 

thermal-convection, or simply, hydrothermal systems.
In nature, the various geothermal-energy environments commonly occur in close proxim­ 

ity, separated by boundaries that can be either relatively abrupt or gradual. For example, a 
body of magma in the Earth's crust is enveloped by hot, solid rock whose temperature de­ 
creases outward from the magma. With or without an associated body of magma, hot dry rock 
and fluid-saturated, high-temperature rock environments generally coexist within a well-de­ 

fined, anomalously hot part of the Earth's crust, the distinction between them being in the 

amount of available fluid and permeability. In contrast, moderate- to normal-temperature hy­ 
drothermal systems may occur in isolation, if circulating water is heated solely by flowing 
through crustal rocks, without input from an adjacent, high-temperature magmatic heat source.

Determining whether or not heat can be extracted from a particular geothermal environ­ 

ment is critically dependent on depth. The pertinent question is whether the geothermal target 
is within economically drillable depths, roughly 4 kilometers or less with current technology. 
Each of the geothermal environments can occur over a range of depths, depending upon the 
geologic characteristics of a given geographic site. For example, most magma bodies in the 
Earth's crust are estimated to be about 5 kilometers deep, or slightly deeper; yet some bodies 
of molten rock pond in craters at the Earth's surface during volcanic eruptions and cool and 

solidify there under their own thin but growing crust. Similarly, exploitable geothermal energy 
in hydrothermal systems around 250°C may be discovered at depths from one to several kilo­ 
meters, depending upon the local geothermal gradient and the vigor of upward flow of hot 
fluids. For optimum exploitation, a major challenge is to locate geothermal environments of 
maximum temperature at minimum depth.

HYDROTHERMAL SYSTEMS

Geothermal potential also is highly dependent on rock porosity and permeability. For a 
given reservoir temperature, the greater the porosity and permeability of a hydrothermal sys­ 

tem, the greater its production of available water and thus energy yield. In today's market, with 
current and foreseeable technologies, the hydrothermal environment is the only commercially 
exploitable form of geothermal energy. New technologies must be developed to extract the 
potential thermal energy associated with any of the dry geothermal environments.

Electrical-Grade Systems: Power Generation
As the name implies, an electrical-grade hydrothermal system is one that can generate 

electricity by means of driving a turbine with geothermal fluids. At present, only the high- and 
moderate-temperature hydrothermal systems can be so used. The temperature that separates 

electrical-grade from cooler hydrothermal systems varies, but it falls within the 100 to 150°C

Tapping the Earth's Natural Heat 15



(left) Diagram showing 
how electricity is gener­ 

ated from a hot-water 
hydrothermal system. 
The part of the hydro- 

thermal water that 
flashes to steam is sepa­ 
rated and used to drive a 

turbine generator. 
Wastewaterfrom separa­ 
tor and condenser is in­ 

jected back into the sub­ 
surface to help extend 

the useful life of the hy­ 
drothermal system.

(right) Diagram showing 
how electricity is gener­ 
ated from a vapor-domi­ 
nated hydrothermal sys­ 

tem. Steam is used directly 
from wells to drive a tur­ 
bine generator. Wastewa­ 
ter from the condenser is 

injected back into the sub­ 
surface to help extend the 

useful life of the hydro- 
thermal system.
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range. There are three types of electrical-grade hydrothermal systems: hot-water, vapor-domi­ 

nated, and moderate-temperature water (binary) systems.
Hot-water hydrothermal systems of about 200°C or more are capable of producing steam at 

pressures sufficient to drive turbine generators. These systems are in porous and permeable 
rock saturated with water, which partly boils to steam when it rises up production wells. This 

steam is routed to a turbine generator to produce electricity. A prime example of a hot-water 
system is the geothermal field at Coso in south-central California.

Less commonly, rocks of a high-temperature hydrothermal system are partially saturated 
with steam, rather than liquid water; such systems are called vapor-dominated. The origin of 
these systems requires a combination of a potent heat source and a restricted source of water 
recharge. In these situations, only steam is produced through the wells, and this steam can be 
routed directly into turbine generators. Because the vapor-dominated systems do not require 
the separation of steam from water, the energy they contain is relatively simple and efficient to 
harness; accordingly, such systems are most desirable for electrical power production. Like 
most highly sought after commodities, vapor-dominated systems are rare compared with their 
valuable but less-simple-to-develop counterparts, the hot-water systems. The largest vapor- 
dominated system developed in the world is at The Geysers in northern California.

Moderate-temperature hydrothermal systems are incapable of producing steam at high enough 
pressure to directly drive a turbine generator; they are hot enough to produce a high-pressure
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Diagram showing how 
electricity is generated 
from a moderate-tem­ 
perature hydrothermal 
system. The geothermal 
water is used to boil a 
second fluid (isobutane in 
this example) whose va­ 
por then drives a turbine 
generator. The wastewa- 
ter is injected back into 
the subsurface to help ex­ 
tend the useful life of the 
hydrothermal system.

Because the vapor-dominated systems do not require the separation of steam from water, the energy they 

contain is relatively simple and efficient to harness; accordingly, such systems are most desirable for elec­ 

trical power production.

vapor through heat transfer to a second "working" fluid, which in turn drives a turbine genera­ 

tor. The power-generation technique that transfers the geothermal heat to another fluid (for 

example, isobutane), whose boiling temperature is lower than that of water, is called a binary- 

cycle, or simply, a binary system. Binary systems that produce geothermal electricity were 

recently installed near Mammoth Lakes, east of the Sierra Nevada in central California. By 

taking advantage of the more widespread distribution of moderate-temperature geothermal 

water, binary systems can add significantly to the overall contribution to geothermally gener­ 

ated electricity.

As of 1990, geothermally powered generating capacity was about 2,800 megawatts electric 

in the United States and 5,800 megawatts electric worldwide. The annual rate of growth in 

power production from hydrothermal systems averaged about 6 percent through the 1980's.
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Map of Western 
United States^  
roughly heart- 

shaped area in cen­ 
ter of map is the 

Great Basin. Dot in 
upper right part of 

Great Basin is 
Roosevelt Hot 

Springs; dot in 
lower left is Coso.

Tapping the Geothermal Potential of 
the Great Basin

Geothermal systems whose main fluid is water (in contrast to steam) called 'water- 

dominated hydrothermal systems are the most common type used by the geothermal 
electrical industry. One of the most recently harnessed of these systems is at the Coso 

geothermal area in south-central California. This area lies within the Coso Range, which 
is located along the southwestern margin of the Great Basin, a physiographic section that 
includes the eastern part of California, most of Nevada, and the western part of Utah. 

The Great Basin is part of the Basin and Range physiographic province. The Great Basin 

has high geothermal potential because geologically recent fracturing of rocks in this 
region enhances the circulation of geothermal fluids, and because of the many young 
volcanoes along its margins whose underlying magma bodies serve as potent heat 

sources for geothermal fluids.
The Coso geothermal area has long been recognized to hold significant geothermal 

potential, because the area contains patches of hot, steaming ground as well as scores of 
volcanic cones and domes whose nearly uneroded shapes indicate geologic youth. In the 
mid 1970's, a team of Federal Government and university scientists began a 

multidisciplinary assessment of the Coso geothermal area in an attempt to quantify its 
resource potential. The project included a variety of geologic, geophysical, geochemical, 
and hydrologic studies, whose combined results suggested a resource equivalent to 650 
megawatts of electrical generating capacity for a minimum of 30 years.

Virtually all of the Coso geothermal area is on Federal land. Much is within the 
bounds of the China Lake Naval Weapons Center. The very first well drilled by industry 
was a commercial success, and subsequent wells have resulted in an unusually high 
success ratio. By 1990, 240 megawatts of electrical-generating capacity were on line and 
contributing power to the Naval Weapons Center and the southern California power 
network. On average, this is enough electricity to supply the needs of a United States 
city with a population of 240,000. The Coso powerplants are providing the China Lake 
Naval Weapons Center with substantial annual savings. In addition, the geothermal 
energy produced displaces the need for comparable generating capacity by other and 
perhaps less environmentally benign means.

About 550 kilometers east northeast of Coso geothermal area, along the eastern 
margin of the Great Basin, Roosevelt Hot Springs and Cove Fort geothermal area near 
Cove Fort, Utah, mark another concentration of fault-broken rocks and geologically 
youthful volcanoes, with their associated geothermal potential. Geothermally powered 
electrical generation capacity there at present is about 35 megawatts, and there are plans 
to develop about 200 megawatts more.
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First geothermal well drilled at 
Coso geothermal area, south-central 
California, by private industry. It, 
together with a few other wells, has 
been developed to feed steam into the 
initial powerplant.

Virtually noneroded 

lava domes and flows 

are visual evidence of 

the geologic youth of 

the Coso geothermal 

area. A magma body 

in the crust beneath 

this area is the likely 

heat source for the 

Coso hydrothermal- 

convection system.

Initial powerplant at 
the Coso geothermal 
area in south-central 
California. It has a 
capacity of about 35 
megawatts electric 
and is one of several 
that provide a total of 
240 megawatts of in­ 
stalled capacity as of 
1994. Exploration 
and development con­ 
tinue.

Aerial view of a rhyo- 
lite dome that partly 
fills crater formed by 
initial explosive phase 
of eruption.

A rhyolite dome, with 
a central crater that 
perhaps formed by 
subsidence in the lava 
conduit as eruption 
waned.

Aerial view of a 
basalt lava flow 
emplaced around 
the base of a 
lumpy-topped 
rhyolite dome.
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...it was not 

until 1924 that 

the first 

production 

wells were 

drilled and a 

few kilowatts 

of electrical 

power were 

generated for 

use at a local 

resort. During 

the 1950's, 

wells were 

drilled as deep 

as 300 meters, 

and the main 

steam reser­ 

voir was thus 

discovered-few 

people had 

any idea that 

the steam 

reservoir 

could be 

developed to 

the extent that 

it was by the 

1990's.

The Geysers, California World's Largest 
Producer of Geothermal Electricity

The Geysers, a vapor-dominated hydrothermal system in northern California, has 

grown into the world's largest geothermal electrical development. The production level in 

1992 was 1,300 megawatts, enough to satisfy a United States city of about 1.3 million 

people. By 1992, The Geysers had produced almost 160 billion kilowatt-hours of electric­ 

ity equivalent in energy to 200 million barrels of oil.

It took decades for people to recognize the huge energy potential of The Geysers. The 

surface geothermal features, weak fumaroles and warm springs, were known to settlers in 

the region by the mid-1800's, but it was not until 1924 that the first production wells 

were drilled and a few kilowatts of electrical power were generated for use at a local 

resort. During the 1950's, wells were drilled as deep as 300 meters, and the main steam 

reservoir was thus discovered. At that time, however, few people had any idea that the 

steam reservoir could be developed to the extent that it was by the 1990's. Accordingly, 

development proceeded cautiously, from the first powerplant of 12 megawatts electric in 

1960 to a total installed capacity of 82 megawatts by 1970. Major growth during the 

1970's brought the electrical capacity to 943 megawatts by 1980, and even faster growth 

during the 1980's pushed capacity to over 2,000 megawatts by the end of the decade. 

Twenty-six individual powerplants had been constructed by 1990, ranging from 12 

megawatts to 119 megawatts. More than 600 wells had been drilled by 1994, some as 

deep as 3.2 kilometers, and capital investment by then was over $4 billion.

Located in mountainous, sparsely inhabited terrain approximately 120 kilometers north 

of San Francisco, the production area at The Geysers geothermal field covers nearly 80 

square kilometers and is surrounded by an area 10 times as large in which the amount of 

heat being conducted to the Earth's surface is anomalously high. The Geysers is located 

just southwest of the Clear Lake volcanic field, whose most recent volcanic eruptions 

occurred only a few thousand years ago. Accordingly, it is likely that The Geysers 

geothermal field is sustained by hot or molten rock at depths of 5 to 10 kilometers. 

Despite its name, there never were true geysers (periodically spouting hot springs) in the 

area; the surface features before drilling were restricted to weak steam vents, warm 

ground, and mudpots, whose unimpressive character belied the huge resource below. 

Indeed, The Geysers is an unusual geothermal field in that its wells produce nearly pure 

steam, with no accompanying water.

Because of its large size and resultant importance to the electricity supply in Califor­ 

nia, The Geysers has been studied intensively. In the early 1970's, data from The Geysers 

were crucial to U.S. Geological Survey scientists in devising a now widely accepted 

general model for vapor-dominated ("dry steam") hydrothermal systems. The Geysers 

has been a natural laboratory for geothermal exploration and reservoir engineering
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studies, and in the application of both traditional geophysical methods from the oil 
industry and innovative geochemical methods particular to geothermal fields. And finally, 
The Geysers has led in the development of abatement techniques that reduce emissions of 
hydrogen sulfide gas commonly contained in geothermal fluids to nearly zero.

As a result of the rapid development at The Geysers during the 1980's, there has been 
a recent decline in the rate of steam production (and electrical generation) due to loss of 

pressure in production wells. Steam production peaked in 1988, and has declined continu­ 
ously since then. Current studies indicate that a lower, but more sustainable rate of steam 
production will be reached over the next decade, especially if additional water sources 
can be used to increase the quantity of liquid water injected into the reservoir. Nonethe­ 
less, The Geysers remains the world's premier geothermal field, and it continues to 
provide over 1,000 megawatts of electrical power to the people of California with little 
environmental impact. The decline in reservoir pressure has prompted the individual 
steam-producing companies each of which previously held proprietary information to 
share production data and collaborate with each other and with scientists of the U.S. 
Geological Survey and the Department of Energy's National Laboratories to find ways to 
extend the useful life of the entire geothermal system. Most of the geothermal energy of 
this system remains unmined, stored in rocks that form the hydrothermal reservoir. The 
team of private and government researchers is challenged to find ways to enhance the 
heat recovery from this reservoir and to increase the efficiency with which the steam 
produced at the surface can be converted to electricity.

The Geysers near the 
city of Santa Rosa in 
northern California is 
the world's largest 
electricity-generating 
geothermal develop­ 
ment. Most of the 
wells are about 3,000 
meters deep, or some­ 
what less, and pro­ 
duce nearly pure 
steam. Pipes carry 
steam to turbine gen­ 
erators and associ­ 
ated condensers. Va­ 
por plumes from con­ 
densers are visible 
here. Generators 
range from about 10 
to 100 megawatt rat­ 
ings; many are about 
50 megawatts. Sev­ 
eral steam wells feed 
into a single genera­ 
tor. After geothermal 
development, the land 
is available for other 
purposes, such as 
grazing. Photograph 
by Julie Donnelly- 
Nolan.
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Heat exchang­ 

ers transfer 

thermal energy 

from 170°C 

water to the 

isobutane, 

which vapor­ 

izes and drives 

the turbine 

generators...

Binary-cycle geother­ 
mal powerplants near 

Mammoth Lakes. 
California. Mammoth 

Mountain in back­ 
ground on right. Pho­ 

tograph by Edward 
Evans, Geothermal 
Resources Council, 
Davis, California. 

Used with permission.

Electricity from Moderate-Temperature 
Hydrothermal Systems

Many hydrothermal systems contain water too cool to directly power steam-driven turbine 
generators, yet hot enough to boil another fluid whose vapor can drive the turbine. This 
method of power production called a binary system utilizes the combined properties of 
geothermal water and a second so-called "working fluid" in the energy-conversion cycle. A 
geothermal development employing a binary system with isobutane as the working fluid is 

currently in operation near Mammoth Lakes, east of the Sierra Nevada in central California. 
Three binary-cycle powerplants near Mammoth Lakes produce a total of about 45 mega­ 

watts of electricity. This area is located within the Long Valley Caldera, which contains 

numerous hot springs and other surface features of an active hydrothermal system. Wells, each 
about 200 meters deep, supply the binary powerplants with 170°C water. Heat exchangers 
transfer thermal energy from this water to the isobutane, which vaporizes and drives the 

turbine generators, is then condensed and revaporized to repeat the turbine-driving cycle. 
The geothermal water for this development is kept liquid by using pumps to maintain 

appropriate pressure and is injected through wells back into the subsurface reservoir once heat 
has been transferred to the isobutane. This injection avoids problems, such as chemical 
precipitation, often associated with boiling of geothermal water, and it minimizes decline in 
reservoir pressure while maximizing recovery of thermal energy stored in the reservoir. About 

10 megawatts of the powerplants' output is used to pump the geothermal water through heat 
exchangers and back into the reservoir, resulting in a net output of about 35 megawatts for 
customer use. A flow rate of about 1,000 kilograms per second of geothermal water from the 
production wells is required for maximum powerplant output In general, binary-cycle powerplants 
can produce electricity profitably from geothermal water at temperatures as low as 100°C.

The Mammoth geothermal powerplants are built on both private and public lands. A portion 

of the revenue generated from these plants is returned through taxes and royalties to local, 
state, and Federal agencies to offset costs incurred in permitting and regulating their operation.

The Mammoth geothermal develop­ 

ment is in an environmentally 
sensitive region that is a popular 
year-round resort. A program 

designed to monitor the effects of 
development on the local environ­ 
ment has been successfully imple­ 

mented through a cooperative effort 
among the private developer, various 

regulatory agencies, and the U.S. 
Geological Survey.
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Warm-Water Systems: Direct Use
Before the development of high-temperature drilling and well-completion technology, geo- 

thermal resources were limited to nonelectrical (that is, direct-use) applications. Thermal wa­ 
ter too cool to produce electricity can still furnish energy for direct uses that range from swim­ 

ming pools and spas, to heating soil for enhanced crop production at cool-climate latitudes, to

Common nonelectric uses of geothermal water as a junction of temperature

Temperature 
(in degrees Celsius)

90 Drying fish, deicing
80 Space heating, milk pasteurization
70 Refrigeration, distillation of ethanol
60 Combined space and soil heating for greenhouses
50 Mushroom growing
40 Enhanced oil recovery
30 Water for winter mining in cold climates
20 Spas, fish hatching and raising

heating buildings (Appendix 1). The total capacity for direct use, exclusive of heat pumps and 

enhanced oil recovery, amounted to about 460 megawatts thermal nationwide in 1990, substi­ 

tuting annually for the equivalent energy from 1.2 million barrels of petroleum. Worldwide, 
comparable figures are 11,300 megawatts thermal and 20.5 million barrels of petroleum. Low- 

temperature geothermal water is a relatively low-grade "fuel" that generally cannot be trans­ 
ported far without considerable thermal-energy loss, unless piping is extremely well insulated 
and rate of flow through the piping is rapid. Yet, much of the world geothermal energy supply 
is consumed for direct-use applications. Warm-water systems the most widely distributed of 

the hydrothermal systems can locally complement or supplant conventional energy sources. 
Extensive development of the warm-water systems, most commonly found in volcanic ar­ 

eas but also in a few nonvolcanic areas, can significantly improve the energy balance of a 
nation. For example, the use of geothermal water for space heating and other direct-use appli­ 
cations in Iceland substantially benefits the economy of that nation. Similarly, people living in 

Klamath Falls, Oregon, and Boise, Idaho, have used geothermal water to heat homes and 
offices for nearly a century, though on a smaller scale than in Iceland.

The total capacity for direct use, exclusive of heat pumps and enhanced oil recovery, 

amounted to about 460 megawatts thermal nationwide in 1990, substituting annually 

for the equivalent energy from 1.2 million barrels of petroleum.
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Iceland straddles an 
irregular boundary 
between two of the 

Earth's lithospheric 
plates that are mov­ 
ing apart. The coun­ 
try literally grows  
by this plate motion 

(rifting) in a 
roughly east-west 

direction at an aver­ 
age rate of about 12 
centimeters per year. 

The plate boundary 
is the locus of many 
earthquakes, active 

volcanoes and asso­ 
ciated geothermal 

systems. Because the 
entire country con­ 

sists of geologically 
young volcanic 

rocks, warm water 
can be encountered 
in holes drilled al­ 

most anywhere.

Geothermal Space Heating A Boon to 
Iceland's Economy
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  Hydrothermal system greater than 150° C 

| | Zone of rifting and volcanism

One of the earliest and simplest applica­ 
tions of geothermal energy was to use 
naturally hot water to heat space. This still 
is the most common direct-use application 
of the Earth's heat. Space heating with 
geothermal water in Iceland has a signifi­ 

cant positive impact on that nation's 
economy. Somewhat more than 45 percent 
of the country's primary energy use comes 

from geothermal sources. Hydropower 
provides nearly 17 percent, whereas oil and 
coal account for the balance.

Situated within one of the globe-girdling 
belts of active volcanoes, Iceland has abun­ 
dant geothermal resources of both electrical and nonelectrical grade. The country also has 
abundant surface-water resources, and most of the nation's electricity is generated from 
hydropower. Nearly all buildings, however, are heated with geothermal water. The geother­ 

mal water (or fresh surface water heated with geothermal water through a heat exchanger) 

for space heating in Reykjavik, the national capital, is piped as far as 25 kilometers from 
well fields before being routed to radiators in buildings. Very little thermal energy is lost in 
transit because a high rate of flow is maintained through well-insulated pipes.

Typically, the water delivered to homes and other buildings is of a quality sufficient for 
other direct uses (for example, bathing and food preparation) in addition to space heating, 
and therefore is also piped to taps. The size of space-heating developments varies from

large enough to serve the entire national capital 
(population of about 145,000, which is about 40 
percent of the country's population) to appropri­ 
ately small enough for a single-family residence in 
a rural setting. Geothermal water also is used in 
Iceland to heat greenhouses, so that flowers and 
vegetables can be grown year round.

Aerial view of the zone where Iceland is spreading (rifting) apart. Lin­ 
ear ridges and cliffs in foreground mark traces of fractures that form 
during rifting. Plumes of steam are from geothermal wells at Hengil.

100 KILOMETERS

50 MILES
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Eruption of a thermal pool, whose Ice­ 
landic name geysir (spelled geyser 
elsewhere) is now used worldwide for 
such geothermal features. Geothermal 
water of the Geysir area is used to heat 
greenhouses for growing vegetables. 
With the aid of artificial lighting in 
winter, such greenhouses produce veg­ 
etables year round. Copyrighted pho­ 
tograph by Barbara Decker. Double 
Decker Press. Used with permission.

Interior of rotating restaurant on top of geothermal hot- 
water storage tanks in Reykjavik, Iceland. Photograph by 
Gudmundur E. Sigvaldason, Nordic Volcanological Insti­ 
tute, Reykjavik, Iceland. Used with permission.

Exterior of rotating restaurant on top of geothermal hot-water 
storage tanks in Reykjavik, Iceland. Photograph by Gudmundur E. 
Sigvaldason, Nordic Volcanological Institute. Reykjavik, Iceland. 
Used with permission.
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A geothermally 
  heated greenhouse is 

one of many indus­ 
trial applications of 

low- to moderate- 
temperature geother- 

mal water in and near 
Klamath Falls, 

Oregon. Photograph 
by Kevin Rafferty, 
Geo-Heat Center, 

Oregon Institute of 
Technology. Used 
with permission.

Direct-Use Geothermal Applications  
Paris, France, and Klamath Falls, Oregon

Geothermal heat can be the dominant source of energy for direct-use applications such as 

space heating and industrial processing as in Iceland, or it can play a smaller scale but 

important role. In the region around Paris some 13,000 apartment-housing units are heated by 

60 to 80°C water obtained from geothermal wells about 1.5 to 2 kilometers deep. Once heat 

has been extracted, the geothermal water is pumped back underground where it is reheated by 

contact with rocks.

The city of Klamath Falls, Oregon, is located in the southern part of the Cascade Range in 

an area of abundant near-surface geothermal water of temperatures appropriate for direct-use 

applications. For more than a century, citizens of this community have used this resource in 

innovative ways. Hundreds of residents have drilled shallow wells on their property to tap

geothermal energy for home heating. 

Commonly, no hot water is pumped to the 

surface, but heat is instead extracted by 

circulating cold city water through a loop of 

pipe lowered into the well. This technique 

greatly extends the life of the geothermal 

resource, because no water is removed from 

the hydrothermal system. During winter, 

many residents circulate warm water 

through pipes embedded in the concrete of 

driveways and sidewalks to melt the 

abundant snow that Klamath Falls usually 

receives.

A large-scale direct-use system provides 

heat for several government and commercial 

buildings in the downtown area of Klamath 

Falls, including the Oregon Institute of 

Technology (OIT). Geothermal water also is 

used by industry in greenhouses, at fish 

farms, and by dairies. The Geo-Heat Center 

at OIT leads the Nation in research and 

development related to direct uses of 

geothermal water.

A rig set up to drill a well for a single-family residential 
heat-exchanger system in Klamath Falls, Oregon. Photo­ 
graph by Kevin Rafferty, Geo-Heat Center, Oregon Insti­ 
tute of Technology. Used with permission.
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Geopressured Systems
A type of hydrothermal environment whose hot water is almost completely sealed from 

exchange with surrounding rocks is called a geopressured system; this type of system typi­ 
cally forms in basins that are being filled with sediment, rather than in volcanic areas. 
Geopressure refers to the hydrothermal water being at higher-than-normal pressure for its 
depth (that is, they are overpressured). Such excess pressure builds in the pore water of sedi­ 

mentary rocks when the rate at which pore water is squeezed from these rocks cannot keep 
pace with the rate of accumulation of the overlying sediment. As a result, geopressured sys­ 
tems contain some mechanical energy, stemming from the fluid overpressure, in addition to 

the thermal energy of the geothermal water. Moreover, these systems also contain potential for 
combustion energy, because considerable methane gas (otherwise known as natural gas) is 
commonly dissolved in the geothermal water. The bulk of the thermal energy of geopressured 

systems is accounted for by roughly equal contributions from the temperature of the water and 
the dissolved methane. The most intensely studied area containing geopressured-geothermal 
energy is the northern part of the Gulf of Mexico; similar systems are present in sedimentary 

rocks beneath the Great Valley of California and the Great Plains. None of these systems has 
yet been commercially developed, but active research continues.

"DRY" GEOTHERMAL ENVIRONMENTS

With current technology, the abundant thermal energy in high-temperature geothermal en­ 
vironments lacking available water or sufficient permeability for well production hot dry 

rock and magma cannot be tapped, but these environments are the focus of considerable 
research to explore the feasibility of harnessing their energy. In terms of temperature, magma 
has the highest geothermal energy potential known. Though of lower temperature, hot dry 
rock is present in most drillable parts of the Earth's crust, and therefore it will be able to 
contribute to energy needs of broad geographic areas, if the currently experimental techniques 
of energy extraction are improved to a commercially competitive status.

The lack of available water in hot dry rock usually reflects a combination of low porosity 

and low permeability, owing to the absence of fractures or to the partial filling of fractures by 
mineral deposition. However, new fractures can be created by pumping water at high pressure 
down a drill hole to increase both porosity and permeability. The artificially enhanced fracture 
system then can serve as a conduit zone, through which water can flow to extract the heat 
contained in the hot rock; water is pumped down from the surface via an injection well and, 
after being heated at depth by flowing through the artificially fractured hot rock, is brought 
back to surface via a return or production well. The technical feasibility of this mode of energy 
extraction already has been demonstrated by an experiment at Fenton Hill, New Mexico. De­ 
pending on economics, the type of application, and resolution of some remaining technical 
problems, it might be possible to apply hot-dry-rock technology over large areas of the conti­ 
nents. For example, energy for space heating on a large scale can be tapped from rocks with
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"Mining" the Earth's Heat
To date, only those hydrothermal systems with a sufficiently high temperature and permeable 

water-saturated rock have been developed. However, systems having both these characteristics 
are not widespread. Yet, rocks with temperatures high enough for direct-use applications, or 
possibly for generation of electricity, are present everywhere at drillable depths, whether or not 
they are permeable and water saturated. Accordingly, if current experimental techniques are 
perfected, the thermal energy could be "mined" from those vast areas of the Earth containing 
sufficiently hot rock but insufficient available water. Such regions potentially represent a huge 
inventory of geothermal energy.

Mining thermal energy 

from hot dry rock

Two wells are drilled 
into the rock, and a 

permeable zone (pat­ 
tern near base of wells) 

is then created by hy­ 
draulic fracturing. 

Cold water (blue) is 
then pumped down one 

well, becomes heated 
as it flows through the 
permeable zone, and 
returns as hot water 

(red) through the sec­ 
ond well. At the sur­ 

face, thermal energy is 
extracted in a heat ex­ 

changer and trans­ 
ferred to a working 

fluid, then the cooled 
water begins another 

circulation cycle.

HOT DRY ROCK

Research is underway at several locations 
worldwide, and the technical feasibility of 
mining heat from high-temperature, water- 
poor rocks has already been demonstrated, but 
the costs of doing so are still prohibitive. This 
technology has been dubbed hot-dry-rock 

(HDR) technology to emphasize the fact that 
these potential geothermal resources are either 
dry or too impermeable to transmit contained 
water at useful rates. Necessary permeability 
can be, and has been, created with various 
methods (called hydraulic fracturing or 
hydrofracting) used in the petroleum industry 
to enhance the recovery of oil and gas. 
Hydrofracting involves the high-pressure 
injection of a fluid (usually water) into a 
reservoir to crack rock and (or) enlarge 
preexisting openings. Possible sources for the 
water used in hydrofracting range from 
tapping nearby shallow, cool ground water or 
surface water to using treated sewage effluent.

The pioneering research and development

temperatures in the 40 to 60°C range, and in most continental areas, such temperatures can be 
expected at 2 to 3 kilometers, depths easily reached by conventional drilling. If environmental 
costs are considered, energy production from hot dry rock could become economically com­ 

petitive in many areas of the world.
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in HDR technology were initiated by scientists 
of the Los Alamos National Laboratory 
(LANL), New Mexico, in 1974. To date, the 
LANL field experiment has involved the 
drilling of a pair of wells (injection and 

production); the creation of a permeable 
reservoir, through hydraulic fracturing, in 
rocks surrounding the bottom parts of the 
wells; and the completion of several flow tests 

at moderate (as much as 5 megawatts thermal) 
power output to demonstrate the feasibility of 
the technology. This HDR experiment was 
conducted at Fenton Hill, near the edge of the 
volcanically young Valles Caldera, near Los 
Alamos, New Mexico. Economic projections 

indicate that electricity generated by the 
Fenton Hill installation would cost two to 
three times as much as electricity generated by 

modern gas-fired plants. Suggested changes in production strategies, not yet field-tested, could 
reduce this margin considerably. If long-term environmental costs are considered in a compari­ 
son of energy-producing means, the cost effectiveness of HDR technology is greatly increased.

, Although research at Fenton Hill has been focused on energy outputs and temperatures 
appropriate to generate electricity, the HDR technology is also applicable to direct uses, such as 
space and process heating. Pilot projects in Britain, central Europe, and Russia are directed 

toward these lower temperature applications

MAGMA
Rock materials in the Earth's crust that are molten called magma have the highest heat 

content, with temperatures that range from about 650° to 1,300°C. Applying terminology from 
the mining industry, magma is the purest form (or highest grade) of geothermal "ore." Magma 
is, in fact, the ultimate source of all high-temperature geothermal environments in the crust 
(including both wet or hydrothermal systems and dry systems or hot dry rock).

The size, distribution, and frequency of volcanic eruptions provide direct evidence that 
magma is widespread within the crust. Much of this magma is within about 5 kilometers of the

Main elements of an 
experimental system 
designed to mine ther­ 
mal energy from hot 
dry rock near Valles 
Caldera in New 
Mexico. 1, high-pres­ 
sure pumps to inject 
cold water into sub­ 
surface; 2, injection 
well; 3, production 
well; 4, gas separa­ 
tor; 5, heat ex­ 
changer. Photograph 
courtesy of Los 
Alamos National 
Laboratory.

In contrast to the widespread potential of hot dry rock, energy from magma could be ob­ 
tained at only a few sites. However, if significant technological problems are overcome, a 
large amount of energy could be extracted from these few sites because of the high tempera­ 
ture of magma. Conceptually, harnessing magma heat is straightforward: drill a hole into a
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Mining thermal energy from magma

A pipe is drilled and 
(or) pushed into 

magma. Cold water is 
pumped down the pipe, 

becomes heated by 
magma in contact with 

pipe, and rises buoy- 
  antly back to the sur­ 
face as steam. Magma 
that solidifies against 

the pipe forms an insu­ 
lating layer that must 
somehow be sloughed 

off into the magma 
body to maximize rate 

at which heat is mined. 
This sort of system was 
tested in a crusted-over 

pond of magma (lava 
lake) at Kilauea Iki 

Crater of Kilauea on 
the Island of Hawaii.

surface depths easily reached using current 
drilling technology. The 15 cubic kilometers of 
magma erupted in 1912 to produce the 
volcanic deposits in The Valley of Ten Thou­ 

sand Smokes, Alaska, was probably at drill- 
able depth before eruption. Had it been 

possible to mine this magma's thermal energy 
before eruption, using heat exchangers 
lowered into the magma through drill holes, 
the output would have been the equivalent of 
about 7,000 megawatts of electricity for a 
minimum of 30 years equal to the combined 
power of 7 hydropower stations the size of the 
one at Glen Canyon Dam, Arizona, producing 
at top capacity for 30 years.

The economic mining of useful energy 
from magma is not likely to be achieved any 
time soon, even though technical feasibility to 
do so has been examined theoretically and 

demonstrated both in the laboratory and in the field. The field experiments were carried out 
during the 1980's within the still-molten core of a lava lake that formed in Kilauea Iki Crater, 
Hawaii, in 1959. The long-term economics of mining heat from magma are unknown, at least in 

part because of uncertainties in the expectable life span of materials in contact with magma 
during the mining process. Finding materials that can withstand extremely high temperatures 
and the corrosive nature of magma is one of the main obstacles to overcome before magma- 
energy technology can be widely tested. Scientists at the Sandia National Laboratory, New 
Mexico, are leaders in the field of research and development devoted to solving these problems. 

Another impediment to tapping the thermal energy contained in magma is in unambiguously 
locating the magma body before drilling begins. Although experts agree that many bodies of 
magma are within the drillable part of the Earth's crust, their exact locations can be verified only 
by drilling, and drilling is expensive. The possibility of the drill missing the target adds to the 
uncertainties related to longevity of materials in a hot corrosive environment. For the present, 
these uncertainties definitely make mining of magma heat a high-risk endeavor in using this 

highest grade of geothermal ore.

magma body and then circulate a fluid, probably water, through a heat exchanger at the bottom 
of the drill hole. This process presumably would extract the thermal energy released over 
several decades as the magma cooled and crystallized to form solid rock. There are, however, 
many technical questions that must be answered before the magma-energy option can be exer-
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cised. For example, for thermal efficiency, fresh hot magma must continually be brought into 

contact with the heat exchanger, otherwise magma will solidify against it and form an ever­ 

growing layer of insulating rock that, if not periodically removed, would in time greatly re­ 

duce the heat-extraction rate. Can such removal of solidified material be done? It may occur 

naturally, if the cooled layer of solidified magma forms shrinkage cracks and splits away from 

the heat exchanger; physical agitation of the exchanger could help this process.

There are other major challenges to developing magma energy. One challenge is the unam­ 

biguous and precise location of target magma bodies. Another is the development of materials 

that can withstand the hot and chemically corrosive magma environment over the long term. 

Nonetheless, during the 1970's, successful drilling-based experiments were conducted in a 

body of solidifying magma (lava lake) that accumulated within Kilauea Iki Crater in 1959, at 

the summit of Kilauea on the Island of Hawaii. The drilling, using conventional methods, was 

relatively easy because magma was only a few meters below its capping crust, and the feasi­ 

bility of using a water-based heat exchanger in magma was demonstrated.

Conceptually, harnessing magma heat is 

straightforward: drill a hole into a 

magma body and then circulate a fluid, 

probably water, through a heat ex­ 

changer at the bottom of the drill hole.
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Geothermal Studies at 
the U.S. Geological Survey

S ince 1971, the U.S. Geological Survey has participated in a large, multiagency Federal 
Geothermal Program through its Geothermal Investigations Program. The impetus for the 

Federal Geothermal Program was recognition that the uneven distribution of petroleum re­ 
sources worldwide leaves most industrialized countries, including the United States, being 
heavily dependent upon imported fuels. Initially, the most urgent task of the Federal program 
was to develop data and methods to assess and inventory the Nation's geothermal resources, as 
a means of documenting the amount of geothermal energy that could potentially contribute to 
national energy needs.

The U.S. Geological Survey was well-suited to take on this task because of its years of 

previous research on hot springs and related hydrothermal mineral deposits. During the course 
of such research, the existence of two fundamental types of hydrothermal systems (hot-water 
and vapor-dominated) was discovered, and a basic understanding of how they work was learned. 
Accordingly, case studies of a hot-water system at Long Valley, California, and a vapor-domi­ 
nated system at The Geysers, California, were developed. Many geochemical, geologic, geo­ 
physical, and hydrologic techniques that are widely used today were developed, tested, and 
improved during these studies. For example, geochemical techniques were devised to reliably 
determine the maximum temperature in the deep subsurface of a hydrothermal system from 
the chemical composition of spring water sampled at the surface. Information on subsurface 
temperature is indispensable in quantitative assessments of geothermal resources and is ex­ 
tremely valuable in making decisions about drilling during geothermal exploration and devel­ 
opment.

The principal goals of the Geothermal Investigations Program are: (1) to understand the 
different types of geothermal environments, (2) to determine their geophysical, hydrologic 
and geochemical characteristics, and (3) to apply the information to quantitative national as­ 
sessments of geothermal resources and to monitoring of possible environmental impacts from 
geothermal-energy development. Some of the principal activities toward achieving these goals 
are summarized in Appendix 2.

... the existence of two fundamental types of hydrothermal systems was discovered, 

and a basic understanding of how they work was learned.

32 Geothermal Studies at the U.S. Geological Survey



Hot Springs "Remember" Their Deeper, Hotter Origins
Hot water circulating in the Earth's crust dissolves some of the rock through which it flows. 

The amounts and proportions of dissolved constituents in the water are a direct function of 
temperature. Thus, if water from a hydrothermal system rises to the Earth's surface fast enough, 
its chemical composition does not change significantly and bears an imprint of the subsurface 
temperature. Field and laboratory studies show that this deeper, hotter temperature is commonly 
"remembered" by thermal waters of hot springs. Subsurface temperatures calculated from hot- 
spring-water chemistry have been confirmed by direct measurements made at the base of holes 
drilled at many locations worldwide. The technique of determining temperature from the chemis­ 
try of hot-spring water is called chemical geothermometry.

Quartz is a common mineral in the Earth's crust and has almost ideal characteristics for 
chemical geothermometry. The solubility of quartz is strongly temperature dependent, dissolved 
quartz does not readily react with other common dissolved constituents, and dissolved quartz 

precipitates very slowly as temperature is lowered. The quartz geothermometer is especially 
useful in the range of about 150 to 240°C. If upflowing geothermal water mixes with cool shallow 
ground water, or partly boils in response to decreasing pressure, appropriate adjustments must be 
made to the calculated subsurface temperature.

Feldspars the most common minerals in the Earth's crust contribute the elements sodium, 
potassium, and calcium to geothermal waters, in ratios also dependent on temperature. An 

advantage of dealing with ratios of elements is that dilution by mixing with cool shallow ground 
water and boiling change the ratios little, if any. The ratio between the elements magnesium and 
lithium, which are also introduced into geothermal water from dissolution of rock, has also 

proved to be an accurate geothermometer.
Isotopes (atoms of the same chemical element but with different atomic weights) of individual 

elements also distribute themselves according to temperature. For example, virtually all hydro- 

thermal waters contain dissolved sulfate, and isotopes of oxygen distribute themselves between 
the sulfate and its solvent, water, according to a temperature-dependent relationship that can also 
indicate the subsurface temperature of a 

hydrothermal system. In practice, scientists 
generally use a combination of 
geothermometers, rather than relying on any 
single one, to determine subsurface tempera­ 
ture from the chemical composition of hot- 
spring water. In so doing, uncertainties 
associated with results obtained using only one 
method may be reduced or resolved with 
reference to the results from other methods.
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Graph of tempera­ 
tures measured in 
wells drilled into hy­ 
drothermal systems 
versus temperatures 
calculated from com­ 
positions of hot- 
spring water or 
steam, before drilling. 
Dashed line shows 
where points should 
plot if measured and 
calculated values 
agreed perfectly. Dots 
somewhat above this 
line show that calcu­ 
lated temperatures 
tend to slightly under­ 
estimate measured 
temperatures, but still 
are very useful in 
guiding exploration 
strategies.

TEMPERATURE CALCULATED FROM CHEMICAL 
GEOTHERMOMETER, IN DEGREES CELSIUS
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ASSESSING THE NATION'S GEOTHERMAL RESOURCES
The Geothermal Investigations Program completed the Nation's first well-documented as­ 

sessment of geothermal resources in 1976 and prepared an updated and expanded assessment 

in 1979. Both assessments involved the determination of the location, size, and temperature of 

hundreds of geothermal systems to estimate the amount of heat stored in subsurface reservoirs 

of hot rock and water, as well as the fraction of stored heat that might be brought to the Earth's 

surface for utilization.

In developing a data base for the assessments, nearly all known hot springs of the United 

States were sampled and chemically analyzed to permit calculation of subsurface tempera­ 

tures. Because the size (volume) of a geothermal system is not often apparent from surface 

features, geophysical techniques were developed to help determine the subsurface configura­ 

tion (size, shape, and temperature) of a hydrothermal reservoir. Determination of subsurface 

electrical conductivity can be particularly effective for outlining the extent of hydrothermal 

water. In addition, temperature was measured in many drill holes to delineate broad regions of 

high heat flow, which are most likely to contain geothermal targets. As a result of these and 

related studies, more than 200 hydrothermal systems were identified that could yield water (or 

steam) hot enough for electrical generation.

In discussions of geothermal-resource assessment, the word "resource" carries a very spe­ 

cific and restricted meaning for energy specialists. In quantitative assessments, "geothermal 

resource" explicitly refers to the thermal energy that could be extracted from the ground at 

costs competitive with other forms of energy within a foreseeable time frame, under reason­ 

able assumptions of technological improvement and economic favorability. Within this con­ 

text, all geothermal resources today are restricted to the hydrothermal environment.

The U.S. Geological Survey's assessments made in the 1970's indicated that the Nation's 

geothermal resources are much greater than the amount then being developed. The resource 

represented by known hydrothermal systems with temperatures capable of generating electric­ 

ity is equivalent to about 23,000 megawatts electric for a nominal life of 30 years. Inferred, but 

as yet undiscovered, hydrothermal systems are estimated to contain up to 150,000 megawatts 

electric for 30 years. For comparison, the installed generating capacity of a typical nuclear 

powerplant, as well as that of the hydropower development at Glen Canyon Dam on the Colo­ 

rado River, is about 1,000 megawatts electric.

As a result of these and related studies, more than 200 hydrothermal 

systems were identified that could yield water (or steam) hot enough 

for electrical generation ... known hydrothermal systems with 

temperatures capable of generating electricity equivalent to about 

23,000 megawatts electric for a nominal life of 30 years.
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With further data and refinement in the methodology for calculating resources, the U.S. 
Geological Survey published in 1983 a national assessment of low-temperature hydrothermal 
resources (less than 90°C). Although these resources are too cool for the generation of electric­ 

ity, they are efficient providers of heat for direct-use applications. These resources are esti­ 
mated to contain 87,000 megawatts thermal for a nominal period of 30 years.

For the United States, the distribution of hydrothermal systems is known well enough to 
indicate where the geothermal component can in the near future most effectively contrib­ 
ute to the national energy mix. Over the longer term, however, if technology breakthroughs are 
realized, a large addition to the energy mix could come from the environments of hot dry rock 
and magma, neither of which can currently be considered resources as strictly defined. The 
thermal energy represented by these environments is 1,000 times or more than that known to 
exist in hydrothermal systems. Even if a small fraction of this energy could be brought into the 
resource category, the contribution to national energy needs would be substantial.

500 KILOMETERS

EXPLANATION

O

G

Low-temperature geothermal resource area 
characterized by thermal springs

Low-temperature geothermal resource area of 
less than 100 square kilometers

Low-temperature geothermal resource area 
within deep sedimentary basin

Area with concentration of low-temperature 
geothermal systems

Area with concentration of intermediate and 
high-temperature geothermal systems

Area where low-temperature geothermal 
resources are inferred to exist

Geopressured geothermal resources

Geothermal resources in 
the conterminous United 
States, including low- 
temperature resources 
(less than 90°C) as well 
as intermediate and high- 
temperature (those 
greater than or equal to 
90°C).
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"Seeing" Beneath the Earth's Surface

... geophysical 

data provide a 

three-dimen­ 

sional view into 

the Earth's crust.

Geophysicist making 
gravity measurement 
in the Sierra Nevada 
near Long Valley, 
California. Such data 
are useful for helping 
to locate geologic 
structures and locat­ 
ing bodies of magma 
below the Earth's sur­ 
face. Photograph by 
Carter Roberts.

Different types of rocks have different physical properties. To detect variations in rock 
properties at depth, geophysical measurements can be made at or above the Earth's surface. 
When combined with the results of geologic, geochemical, and hydrologic studies, geophysical 
data provide a three-dimensional view into the Earth's crust. Various geophysical methods have 

long been used to explore for minerals and fossil fuels; however, their application to geothermal 
exploration is a relatively recent endeavor. Some methods can be used to determine the location 
and nature of subsurface faults or porous zones that may act as pathways for circulating geother­ 
mal water or steam; others can provide information about the temperature variation in the crust. 
Subsurface temperature data are particularly useful because most physical properties of rocks 
vary with temperature. Geophysicists have developed techniques to estimate the general size and 
shape of hydrothermal systems, and to locate bodies of magma or hot, solid rock that are likely 
sources for heat that drives such systems.

Seismology is the study of seismic waves that pass through the Earth. Seismic waves originate 
from earthquakes or other sources (explosives, for example) and are detected at the Earth's 
surface with instruments called seismometers. Because some rocks transmit seismic waves faster 
than others and because seismic velocity slows with increasing rock temperature, seismic- 
velocity data can give clues about rock type, geologic structure, and temperature beneath the 
surface.

Seismic tomography is a technique that produces a three-dimensional image of the Earth's 

subsurface. Tomography is widely used in medicine where, for example, sound waves are used 

to image internal parts of the human body. Similarly, to obtain an 

image the Earth's interior, seismic waves from natural and artificial 
sources are recorded by seismometers distributed throughout an area 
of interest and analyzed by computer. Seismic tomographic experi­ 
ments, which generally last for weeks to months, have been conducted 
at several volcanic and (or) geothermal areas (for example, Medicine 
Lake, Long Valley, and Coso, California), where zones of slow seismic 
velocity provide evidence for crustal magma bodies.

Geomagnetism is the study of the Earth's magnetic field. Some 
minerals, particularly iron oxides, are magnetic at temperatures 
prevailing in the shallow crust. Rocks containing magnetic minerals 
contribute to the overall magnetic field of the Earth. Accordingly, 
surveys of the Earth's magnetic field commonly carried out from 
aircraft provide information about the location and shape of rocks 
with unusual magnetic properties. Areas having geothermal potential 

are most common in regions of geologically young volcanic rocks. 
Because volcanic rocks are highly magnetic, geomagnetic surveys can 
be particularly useful in geothermal exploration. Laboratory experi­ 
ments show that rocks containing the most common magnetic minerals
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lose their magnetization at about 580°C, the 

Curie temperature, and the depth to crust with 

this temperature can be calculated from 
geomagnetic data. Regions characterized by 
shallow Curie-temperature depths tend to 
have geothermal potential, and these often are 
the targets of more detailed geophysical and 
geochemical exploration studies.

The ability of the Earth's crust to conduct
electricity depends mostly on pore spaces in rocks and the chemical compositions of fluids and 
hydrothermal minerals within those pores. Geophysicists can map the electrical structure of the 
crust by monitoring the Earth's electromagnetic field as it responds to natural (for example, 

lightning strikes) and artificial electrical pulses. Parts of the crust that contain hydrothermal 
systems generally are highly conductive relative to surrounding, colder rock.

Variations in rock density in the Earth's crust produce measurable variations in the strength of 
the gravity field as measured at the surface. Variations in density can be interpreted in terms of 
geologic features that may indicate geothermal potential. For example, at Long Valley, Califor­ 
nia, a large area of relatively low gravity corresponds almost exactly to the caldera delineated by 

surface geologic mapping. Thus, gravity data furnish independent evidence about the size, 
shape, and location of the caldera, as well as a semiquantitative measure of the thickness of low- 
density rocks within and beneath the caldera. Rock density depends only slightly on tempera­ 
ture, but molten magma is generally much less dense than the rock solidified from it. In prin­ 
ciple, therefore, gravity surveys can detect shallow crustal magma bodies. The gravity low at 
Long Valley may be caused in part by magma, and a gravity low over The Geysers geothermal 
field in California may also be partly related to the presence of magma.
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Airplane making low- 
altitude geophysical 
measurements. Air­ 
plane equipped with 
VLF (very low fre­ 
quency) electromag­ 
netic sensor in tail 
boom and magnetom­ 
eters on wing tips. 
Magnetic data help 
geologists define 
areas having geother­ 
mal potential.

Gravity map of Long 
Valley Caldera in 
California. Green and 
blue colors corre­ 
spond to lower 
density rocks and 
show general form of 
caldera. Yellow, 
orange, and red 
colors correspond to 
higher density rocks. 
Dashed line shows 
outline of caldera, as 
mapped by geologists.
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Geothermal Resource Assessment How Much of 
the Earth's Heat Can Be Tapped?

IDENTIFIED -

Although the Earth's heat is immense, only a fraction of it can be harnessed. But 

how large is this fraction? In trying to answer this important question, scientists must 

use an approach called geothermal resource assessment. This approach involves deter­ 

mining how much geothermal energy might become available for use in the future, 

given reasonable assumptions about technological advances and economics.

For assessments of geothermal energy to be comparable to assessments made for 

other energy resources, the same methodology and terminology must be compatible. In 

assessing geothermal resources, the U.S. Geological Survey has adapted methods and 

terms already being used by the energy and mining industries. Within the context of a 

resource assessment, the term resource is narrowly defined and takes on a meaning 

much more specific than in ordinary writing or conversation.

A graphical representation of concepts and terminology commonly used in resource 

assessments is shown by the "McKelvey Diagram, " named for the late Vincent E. 

McKelvey, a former Director of the U.S. Geological Survey. For geothermal resource

.UNDISCOVERED-*! assessment, the vertical axis of a 

slightly modified version of the 

McKelvey Diagram represents the 

degree of economic feasibility of 

exploitation, whereas the horizontal 

axis represents the degree of geo­ 

logic certainty (that is, whether the 

energy in question is already identi­ 

fied or is undiscovered). The verti­ 

cal axis is subdivided into four 

categories, with increasingly favor­ 

able economic viability toward the 

top. This diagram is used to define 

the following resource-assessment 

terms for geothermal energy:

Resource Base all the heat in the 

Earth's crust beneath a specified 

area, referenced to local mean 

annual temperature.

Accessible Resource Base the 

thermal energy at depths shallow

y / \ Reserve [___] Resource

(economics it future time)

(depth)
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enough to be tapped by drilling using technology available at present or within the 

foreseeable future.

Resource that part of the accessible resource base that is producible given reason­ 

able assumptions about future economics and technology.

Reserve that part of the resource that is identified and is producible with existing 

technology and under present economic conditions.

Using the terminology above, the U.S. Geological Survey has estimated the geother- 

mal resources of the United States, exclusive of national parks (see "Suggested Addi­ 

tional Reading" section). Identified geothermal resources at temperatures greater than 

150°C were estimated to be sufficient to generate 23,000 megawatts of electricity for 

30 years. This translates to 30 years of electricity at average urban rates of use for 

about 23 million people in the United States. In addition, identified geothermal re­ 

sources at temperatures less than 150°C are estimated to be 280,000 megawatts of 

thermal energy for 30 years, the equivalent of almost 20 years of oil imports by the 

United States at 1992 levels. These resources are appropriate for nonelectrical uses 

such as space heating, industrial processing, and other direct-use applications, although 

some with temperatures above about 120°C could also be used to generate electricity 

using binary technology.

These resource estimates are minimum values of what geothermal can contribute to 

the Nation's energy consumption. If estimates of undiscovered resources are consid­ 

ered, the total resource increases several fold. The great challenge for geothermal 

explorationists is to devise techniques and strategies to discover hidden hydrothermal 

deposits that must exist but are not obviously expressed at the Earth's surface. More- 

. over, a large amount of thermal energy resides in hot dry rock, which currently lies in 

an uncertain category between resource and accessible resource base. Promising 
techniques that could move hot dry rock into the re­ 

source category are being developed and tested. The great challenge for geothermal

Geothermal is unlikely to replace fossil fuels as a explorationists is to devise techniques

dominant energy source for the United States, yet it can
and strategies to discover hidden

make a significant contribution to our energy mix.
When environmental effects are factored into long-term hydrothermal deposits that must exist 

costs, geothermal becomes even more economically but are not obviously expressed at the 
attractive. Widespread recognition of this concept could Earth's surface 
increase the potential contribution of geothermal 

resources as a source of alternative energy.
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GEOTHERMAL-ENERGY DEVELOPMENT

The development of geothermal energy in the United States is ultimately the responsibility 
of the private sector. Traditionally, this development has involved collaboration among utility 
companies, energy companies, and venture capitalists, with minimal involvement of govern­ 
ment at any level. During recent decades, however, the U.S. Department of Energy (DOE) has 
become an active research partner in formulating exploration strategies and development of 

drilling and production technologies, especially as related to the hottest and chemically most 
hostile geothermal environments.

For its part, the U.S. Geological Survey contributes research expertise in resource charac­ 
terization and assessment. Scientists of the U.S. Geological Survey have long been mapping 
volcanic and other terranes of high heat flow. They also characterize and monitor the hydrol­ 
ogy of areas with known or probable geothermal potential. They additionally apply state-of- 

the-art geophysical and geochemical techniques during studies of resource potential to deter­ 
mine possible adverse environmental impacts of geothermal development. Scientists of the 
U.S. Geological Survey conduct cooperative research with specialists of the DOE-supported 

laboratories as well as with scientists of other government agencies. The results of such re­ 
search are shared with industry and other interested parties.

In general, industry by tradition and motivation is disinclined to take the lead on long- 
term, systematic research on the development of alternative energy sources, including geo­ 
thermal. To date, successful studies of alternative energy sources have relied strongly on pro­ 
ductive collaboration between the private and public sectors. In the field of geothermal energy, 

the U.S. Geological Survey can best contribute to this kind of fruitful private-public working 
relationship by continuing integrated field and laboratory investigations of the fundamental 
processes associated with all types of geothermal environments.

RELEVANCE TO OTHER GEOLOGIC STUDIES
Apart from providing specific information about an energy resource, geothermal studies are 

also relevant to other geologic issues of national concern. Because most geologic processes 
are ultimately driven by the Earth's internal heat engine, geothermal research contributes to an 
understanding of such natural phenomena as mineral-deposit formation, earthquakes, and vol­ 
canic eruptions.

The large volumes of thermal water that circulate within the upper few kilometers of the 
Earth's crust are not only prime targets for geothermal-energy development but are also the 
agents that form a variety of mineral deposits, including those of gold, silver, lead, zinc, and 
copper. Circulating hot water partly dissolves the rock through which it flows, only to re- 
deposit the dissolved chemical constituents elsewhere in response to changing physical and 
chemical conditions. In extreme situations, such as those inherent in some hydrothermal sys­ 
tems in the Imperial Valley of southern California, dissolved constituents are so plentiful that 
they are re-deposited as mineral encrustations along piping and other equipment of powerplants. 
In the short term, such mineral deposition (scaling) is an unwanted consequence of energy
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production that requires special treatment to minimize damage to plant equipment. Yet, over 
geologic time, similar processes occurring beneath the Imperial Valley will create valuable 
metallic mineral deposits. Explaining the formation and distribution of these and older min­ 
eral deposits in the geologic record depends on a thorough understanding of how hydrother- 
mal systems function.

The rupturing of rocks under geologic stresses to trigger earthquakes is influenced by rock 

temperature. Thus, knowledge of the temperature distribution within the Earth's crust also 
provides information about the potential distribution of earthquakes. Detailed surveys of heat 
flow along fault zones furnish data important to understanding the behavior of individual 
faults and the occurrence of earthquakes. For example, measurements of heat flow along the 
San Andreas Fault Zone in California produced the surprising result that little or no frictional 

heat has been generated during past episodes of the rocks sliding past each other. This discov­ 
ery required reevaluation of a long-held view that rock surfaces in direct contact along faults 
present great frictional resistance to earthquake-related slippage.

Most high-temperature geothermal systems are in regions of recent volcanism. Assessments 

of geothermal resources in such regions necessarily involve detailed studies of volcanoes and 
their eruptive histories, which in turn yield important insights about the magma bodies that 
feed volcanic eruptions as well as provide heat for geothermal systems. Thus, information 
critical to volcanic-hazards studies can be a cost-effective derivative benefit of geothermal 
studies, or vice versaf. The common theme that links these various earth-science fields is the 
movement of magma and its associated heat through the Earth's crust.

A powerful geologic research tool, as well as the sole means of tapping geothermal energy, 
is the drill rig. In addition to contributions in the characterization of geothermal systems, drill­ 
ing can also provide ancillary geologic information, core samples of subsurface rock for labo­ 
ratory study, and allow direct calibration of interpretations of surface-based studies. In recent 
years, scientists of the U.S. Geological Survey have participated in a number of scientific 
drilling studies of active and fossil geothermal systems in California, Colorado, Hawaii, New 
Mexico, and elsewhere (Appendix 3). These multidisciplinary investigations, supported by 
several Federal agencies, were and are expressly designed to obtain maximum scientific infor­ 
mation about the crustal rocks penetrated.

t Building on this linkage, in January 1994, the Geothermal Investigations Program and the 

Volcano Hazards Program were merged into the newly defined Volcano Hazards and Geothermal Stud­ 

ies Program. See U.S. Geological Survey Circular 1073 (Living with Volcanoes) for information about 

the Volcano Hazards Program.
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Geothermal Energy
and Environmental Impact

A with other types of energy resources, geothermal energy should be developed using methods 

that minimize environmental impacts. The U.S. Geological Survey is involved in studies 

of such issues, through its research on hydrothermal processes in general and its assessment 

and monitoring of hydrologic and chemical changes induced by geothermal energy develop­ 

ment in particular.

Compared with most other forms of power production, geothermal is environmentally be­ 

nign. A typical geothermal plant using hot water and steam to generate electricity emits only 

about 1 percent of the sulfur dioxide, less than 1 percent of the nitrous oxides, and 5 percent of 

the carbon dioxide emitted by a coal-fired plant of equal size. Airborne emissions from a 

binary geothermal plant are essentially nonexistent because geothermal gases are not released 

into the atmosphere. The experience gained in drilling and completing wells in a variety of 

geothermal environments, combined with regulatory conditions imposed by the permitting 

agencies, serves to minimize the risks of accidental releases of geothermal fluids.

Land areas required for geothermal developments involving powerplants and wells vary 

with the local reservoir conditions and the desired power outputs. A well field to support a 100 

megawatt geothermal development (for generating electricity) might require about 200 to 2,000 

hectares. However, while supporting the powerplant, this land still can be used for other pur­ 

poses, for example livestock grazing, once the powerplant and associated piping from wells 

are completed. Land-area requirements, visual and noise impacts of powerplants and well 

fields, and risks of production-related accidents must be adequately addressed during the de­ 

velopment phase of geothermal projects. In some areas, the cultural and (or) religious signifi­ 

cance of areas of land having geothermal potential must be addressed before considering geo­ 

thermal development.

Although geothermal energy is sometimes referred to as a renewable energy resource, this 

term is somewhat misleading because the available hot water, steam, and heat in any given 

hydrothermal system can be withdrawn faster than they are replenished naturally. It is more 

accurate to consider geothermal energy as a sustainable resource, one whose usefulness can 

be prolonged or sustained by optimum production strategy and methods. Indeed, the concept 

of sustainable versus renewable production of geothermal resources is the current focus of
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Geothermal Energy is Cleaner 
than Conventional Energy Sources

Coal and fossil-fuel hydrocarbons are the principal sources of energy for the United States.

Together, they account for about 95 percent of all U.S. energy consumption. Combustion of

bituminous coal emits about 5.5 metric tons of 

carbon dioxide per day for every megawatt of 

electricity produced, and even the relatively 

clean-burning hydrocarbon, methane, releases 

more than 3 tons per day for every megawatt 

produced. In contrast, geothermally driven 

powerplants are much cleaner, releasing no 

more than 7 percent and even as low as 0.3 

percent of the carbon dioxide emitted by a 

methane-burning powerplant. A similarly large 

contrast between geothermal and conventional 

fossil fuels exists for the emission of sulfurous 

gases.

Without dispute, geothermal is a clean 

source of electrical energy. Moreover, once on 

line generating electricity, geothermal 

powerplants are not only less polluting but 

also are remarkably reliable. On average,

geothermal powerplants are taken off line only about 5 percent of the time.

Carbon dioxide is a greenhouse gas, whose increasing abundance in the Earth's atmosphere

may cause global warming. The scientific community has reached no consensus, but whether or

not long-term global warming is occurring, data clearly show that the concentration of carbon

dioxide in the atmosphere began to increase

measurably with world industrialization and

rapid population growth; the rate of increase has

accelerated greatly during the past 50 years.

Combustion of fossil fuels is a major contributor

to this buildup of carbon dioxide in the atmo­ 

sphere. As scientists sort through the accumulat­ 

ing data and work to improve computer models

that forecast long-term climate trends, using

geothermal energy in place of fossil-fuel

resources provides an environmentally wise

energy option.
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Map showing the five
volcanoes (triangles
denote summits) that

make up the Island of
Hawaii, rift zones,
initial eruption site
for currently active

Puu Oo eruption, and
the development area
for proposed Hawaii
Geothermal Project.
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Geothermal Development in Hawaii Continuing Debate

Though environmentally benign compared to conventional means of generating electricity, 

geothermal-energy projects can nonetheless raise concerns when located in areas that are either 

ecologically sensitive or culturally and (or) religiously significant. Some of the most promising 
land for geothermal potential is associated with active volcanoes, hot springs, boiling mud pots, 
and geysers. Such landscapes are commonly considered to have religious significance, and they 
are often the focal points of national parks. Concerns about preserving such areas as well as 
technical-development issues are at the core of the continuing debate over the desirability of 

harnessing geothermal energy in Hawaii.
The Hawaii Geothermal Project, a cooperative 

effort between the State of Hawaii and the U.S. 
Department of Energy (DOE), has the goal of reduc­ 

ing dependence on petroleum by developing geother­ 
mal electric power from heat sources beneath Kilauea, 
an active volcano on the Island of Hawaii. Much of 
this electricity would be sent to the more densely 
populated islands of Maui and Oahu via cross-island 
and underwater cable. The project has been underway 
since the middle I970's and includes four phases. 
Phase one involves drilling a production well and 
building a small demonstration powerplant, and this 

has been completed. The second phase is to evaluate 
the feasibility of transporting electrical power to other 
islands via cable, and the necessary research has been 
completed. The third phase, still in progress, entails 
verification and characterization of a substantial 
geothermal resource through drilling of scientific and 

commercial exploration wells. The final phase includes both the construction of as many as 20 
powerplants supplied by about 200 to 250 geothermal wells, in addition to the installation of the 
transmission cables to Maui and Oahu. The production target is 500 megawatts of electricity.

intensive studies by scientists and other specialists. Major questions being addressed are: How 
many hundreds or thousands of years are required to replenish a hydrothermal system? What is the 

best method for replenishing and sustaining a system to increase its longevity?
In practice, choices must always be made between maximizing the rate of fluid withdrawal 

(energy production) for a short period of time versus sustaining a lower rate for a longer period of 
time. For example, a recent decline in steam pressure in wells at The Geysers, California, is a result 
of too-rapid development of this field during the 1980's. Nonetheless, it is anticipated that produc­ 
tion from The Geysers at the current rate of about 1,000 megawatts electric can be sustained for 
decades to come. Incremental development of a hydrothermal system, coupled with monitoring

20 KILOMETERS
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The Hawaii Geothermal Project and associated activities have become 
intensely controversial on the Island of Hawaii because of environmental, 
economic, social, and religious concerns. As a result, the U.S. District 
Court in Honolulu enjoined participation by all Federal agencies until an 
Environmental Impact Statement is completed. This statement will 
address potential environmental impacts and alternatives to geothermal 

development. The DOE has conducted meetings to obtain public input 
about specific issues of concern and has sought input from other Federal 
agencies on various technical issues. Five principal areas of concern have 
been identified for study by the U.S. Geological Survey and other agen­ 
cies: land use, air quality, water resources, geologic hazards, and cable 
safety.

Land Use: Study the effects of disposal of solid and liquid waste such 
as drilling mud, sludge, and sanitary wastes on surface waters and shallow 
ground-water aquifers. :> .

Air Quality: Define the existing air quality of potentially affected areas and estimate the impacts to 
ambient air quality from controlled and uncontrolled emissions of hydrogen sulfide and other gaseous 
and paniculate emissions from construction and operation of powerplants and wells.

Water Resources: Identify existing surface-water and ground-water resources and evaluate 
impacts of development to the quantity and water quality of these resources.

Geologic Hazards: Evaluate the potential for induced subsidence and seismicity as a result of 
fluid withdrawal and injection. Also evaluate the likelihood that well fields, powerplants, and 
transmission lines will be impacted by lava flows and naturally occurring earthquakes during the 
lifetime of the project.

Cable Safety: Evaluate the danger to the undersea cable from submarine rock slides, earth­ 
quakes, and undersea eruptions.

As these studies are being carried out for the Hawaii Geothermal Project, a privately financed 
25-megawatt (electric) powerplant and associated production and injection wells have been 
placed in operation in the lower east rift zone of Kilauea. Although separate from the develop­ 
ments envisioned for the Hawaii Geothermal Project, the existing 25-megawatt development 
demonstrates the commercial viability of geothermal resources in this region.

for possible production-induced hydrologic and chemical changes, is the best way to determine the 
optimum rate of production for maximizing the longevity of a hydrothermal system.

Another important issue is the disposal of cooled geothermal water left after heat extraction or 
steam separation during the energy-production cycle. In the earliest geothermal developments, 
such "waste" water was disposed of in surface ponds or rivers. Now, in almost every geothermal 
development this water is injected through wells back into the subsurface. This now common 
practice not only minimizes the chance of contaminating surface waters, but it also provides re­ 
plenishing water to help sustain a hydrothermal system, thereby increasing the total amount of heat 
that can be extracted over its productive life.

Lavafountaining in 
September of 1984 
from Puu Oo vent of 
Kilauea, one of the 
five volcanoes that 
make up the Island of 
Hawaii. Photograph 
by Christina Heliker.
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Yellowstone National Park Threatened by 
Nearby Geothermal Development?
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 "* ' ; - Mop showing 
Yellowstone National 

Park, adjacent Corwin 
Springs Known Geo­ 

thermal Resources 
Area, principal hot 

springs, and a geother­ 
mal well drilled near 
La Duke Hot Spring.

Several national parks include hot 
springs, geysers, and other spectacular 
evidence of the Earth's geothermal energy; 

indeed, some parks were created largely 
because of such features. For example, 
Yellowstone National Park the Nation's 

first contains the world's most varied and 
abundant thermal features, including ap­ 
proximately 10,000 geysers and hot springs. 

Public Law 100-443, passed by Congress 
in 1988, requires the Secretary of Interior to 
protect the geothermal features of 
Yellowstone and other national parks from 
adverse effects of geothermal development 
on adjacent Federal lands. This legislation 

also mandates the U.S. Geological Survey, 
in consultation with the National Park 
Service, to study impacts on park geother­ 

mal features from present and potential 
geothermal development in adjacent areas. 
Specifically, the study addresses public 
concern over the possible effects on 
Yellowstone's geothermal features from 

production at a geothermal well about 3 
kilometers north of the park boundary, in the 
Corwin Springs Known Geothermal Re­ 
sources Area (KGRA). When this well was 

used in 1986 to produce warm water, a 
simultaneous reduction in flow occurred at 
La Duke Hot Spring, outside the park but 
directly across the Yellowstone River. The 
nearest thermal springs inside the park are at 
Mammoth Hot Springs, some 14 kilometers 

to the southeast, and a concern arose that these could also be impacted.
A U.S. Geological Survey study conducted from 1989 to 1991 concluded that separate 

subsurface hydrologic systems supply Mammoth Hot Springs and La Duke Hot Spring in their 
natural state, but that these systems might become connected if large-scale geothermal develop­ 
ment occurred near La Duke Hot Spring or elsewhere within the Corwin Springs KGRA. The 
study also concluded that if geothermal development is limited to use of the natural flow of La
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Duke Hot Spring and to downhole heat 
exchangers in wells in the La Duke area, or 
if production from the nearby well across 
Yellowstone River does not exceed its 
current capacity of 25 liters per second, no 
detectable effects on the park's thermal 

springs would be expected. The National 
Park Service takes a more conservative 
position: any production from geothermal 
wells outside but near the park would set an 
unacceptable precedent and that develop­ 
ment should thus be restricted to use of the 
natural surface flow of La Duke Hot 
Spring.

Following publication of the U.S. 
Geological Survey report (see "Suggested 
Additional Reading" section) and its 
transmittal to Congress by the Secretary of 
Interior, hearings were held before House 
and Senate subcommittees, and legislation 
known as the "Old Faithful Protection Act 
of 1991" was drafted. The currently 

proposed version of this legislation would 
ban the use of any geothermal well in the 
Corwin Springs KGRA, and it would 
prevent geothermal wells from being drilled 
on both public and private lands within a 
buffer zone of at least 25 kilometers around 
the park until an additional study of poten­ 
tial impacts is completed. Should this 

legislation become law, numerous questions 
would have to be resolved, including those 
related to Federal taking of geothermal and 
other water rights on private lands and 
overlapping regulations adopted by the 
legislatures of Montana, Wyoming and 
Idaho. The issues in both the scientific 
and legal sense are complex, and their 
ultimate resolution is uncertain.

In areas with natural surface thermal fea­ 
tures, such as hot springs and steam vents, sub­ 
surface depletion of geothermal fluids by pro­ 
duction wells can change the rate of flow and 
vigor of these features, which may also be sce­ 

nic and recreational attractions. Concern over 
such possible changes caused by commercial 
development has prompted legislation requir­ 
ing various Federal agencies, including the 
U.S. Geological Survey, to try to forecast the 
effects of nearby geothermal development on 

thermal features in such national parks as 
Yellowstone and Lassen Volcanic. Experience 
suggests that adverse effects can be minimized 
by proper siting of injection and production 
wells to maintain reservoir-fluid pressure at 
near pre-production levels. A program of con­ 
tinuous monitoring of hot-spring behavior and 
subsurface reservoir conditions is required to 
identify potential problems early enough to 
allow timely mitigation measures.

With proper design, monitoring, and regu­ 

lation, geothermal systems can generally be 
developed with long-term output and accept­ 
able environmental impacts. The collection 
and interpretation of information on pre- and 
post-development conditions and changes are 

necessary to adequately address environmen­ 
tal issues. Accordingly, a principal activity of 
the Geothermal Investigations Program is hy- 
drologic monitoring, which can provide early 
warnings of potential negative environmental 
effects from geothermal development, espe­ 
cially in areas adjacent to national parks. Such 
studies are being done at Long Valley Caldera 
and Lassen Volcanic National Park in Califor­ 

nia, at Yellowstone National Park in Wyoming, 
and may be desirable at Crater Lake National 
Park in Oregon.
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Map of Long Valley 
Caldera in east-central 
California showing lo­ 
cations of geothermal 

powerplants, hot 
springs, and observation 

wells. The hot springs 
and wells are being 

monitored by the U.S. 
Geological Survey to 

detect hydrologic 
changes that may result 

from geothermal 
development.

Long Valley Caldera Monitoring Hydrologic Changes 
Caused by Geothermal Development

A geothermal feature at the Earth's surface has a natural life cycle birth, maturation, and 

eventually death; the geologic record contains many "fossil" geothermal systems. The life cycle 
of a hot spring is generally very long lasting centuries to millennia compared to the human 
life cycle. However, rapid geothermal change can be caused not only by powerful geologic 
events such as earthquakes and landslides, but also by human intervention.

Hot water produced through geothermal wells will inevitably perturb the natural subsurface 
conditions of a hydrothermal system. At the surface, a geothermal feature's response to such 
effects from nearby geothermal development may range from no measurable change to drying 

up, or possibly, to increased vigor. There are social and political reasons to avoid any human-
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induced change to the natural condition, and considerable research is aimed at doing so through 
controlled and monitored development. Scientists can monitor subsurface hydrothermal condi­ 
tions, enabling the early recognition of any human-induced change and the initiation of any 
needed mitigating measures. Such hydrologic monitoring is currently being conducted at the 
Long Valley Caldera in east-central California.

Active hot springs are common in the Long Valley Caldera region, volcanically active as 
recently as about 500 years ago. Following surface exploration and test drilling during the 
1970's and early 1980's, a geothermal binary powerplant was constructed there in 1985. Two 
more binary powerplants came on line in 1990, and additional geothermal exploration and 
development are ongoing. Moreover, the ski-resort town of Mammoth Lakes, within the caldera, 
has drilled several wells to evaluate producing geothermal fluids for direct-use applications.
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These geothermal-energy developments, combined with a growing need for cool ground water 
for municipal consumption, highlight the greatly increased demands on the region's hydrologic 
resources and the need to balance the benefits of geothermal and other ground-water develop­ 
ment with the long-standing recreational activities of the area. To address such issues, the Long 
Valley Hydrologic Advisory Committee (LVHAC) was formed in 1987; it is composed of 
members from private companies and government agencies, including the U.S. Geological 
Survey, a nonvoting member.

A major purpose of the LVHAC is to oversee hydrologic monitoring focused on early 
detection of changes in hot springs and streams that might be induced by geothermal and other 
ground-water developments. In addition, the committee advises the permitting agencies of 
significant hydrologic changes and may recommend mitigation actions as appropriate to mini­ 
mize or perhaps reverse such changes. The advice and suggestions of the LVHAC are not legally 
binding, but they form the basis for regulatory decisions by permitting agencies such as the U.S. 
Forest Service, the Bureau of Land Management and the Mono County government. The U.S. 
Geological Survey is responsible for collecting and compiling baseline hydrologic data of the 

monitoring program and for furnishing this information to the committee on a quarterly basis.
Thermal springs are present in the central and eastern parts of Long Valley Caldera. Most 

important from an environmental-protection standpoint are the springs in Hot Creek Gorge and 
at the Hot Creek State Fish Hatchery. Monitoring at these and other springs includes continuous 
or periodic measurements of rate of water flow, temperature, and chemical composition; numer­ 
ous wells in the region also allow the monitoring of pressure (or water level), temperature, and 
water chemistry. Similar monitoring data from 
the production and injection wells of the 
geothermal development area are collected and 

compiled by the powerplant operator.
The formation of the LVHAC facilitated 

approval of the current geothermal develop­ 

ments in the Long Valley Caldera by providing 
a forum for discussion of the key issues and 
concerns relative to potential adverse effects on 
thermal springs from pumping and injecting 
geothermal fluid. An important function of the 
committee is to ensure that economically 

reasonable, environmentally sound compro­ 
mises can be made after consideration of the 
different concerns of various interest groups. 
The U.S. Geological Survey's role in this effort 
is to interpret the causes of the identified 
hydrologic changes and to recommend remedial 
measures to mitigate possible adverse effects.

Boiling hot springs in 
Hot Creek Gorge, lo­ 
cated within Long Val­ 
ley Caldera, approxi­ 
mately 15 kilometers 
east of the town of 
Mammoth Lakes in 
east-central California.
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A Look Toward the Future

G iven the uneven global distribution of natural energy resources and the fact that many 

experts foresee a near- to intermediate-term depletion of the most heavily used of these 

resources, alternative energies must be developed to meet future demand. Geothermal energy 

is a proven alternative, and technology for exploitation of its hydrothermal component is avail­ 

able and improving. For geothermal energy to make a more significant contribution to the 

Nation's energy appetite during the 21st century, continued efforts must be devoted to the 

following activities.

SUPPORTING NEW EXPLORATION
About twenty geothermal fields in the United States are currently being developed to gen­ 

erate electricity (Appendix 1). These include the steam field at The Geysers, California, and 

several high- and moderate-temperature hot-water fields in the Western United States. In addi­ 

tion, geothermal energy is being harnessed from hydrothermal systems at over 30 areas for

electrical^andnomiectri- direct-use applications. All these developments share a common trait; they involve hydrother-
cal geothermal 

developments in the
United states as of 1990. to discover other exploitable systems that are not obviously expressed at the surface.

mal systems that were among the easiest to discover and commercially develop. We now need

EXPLANATION
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For example, considerable promise may exist for the discovery of moderate- to high-tem­ 
perature geothermal resources within the Basin and Range physiographic province, the Cas­ 
cade Range, the Salton Trough, the Rio Grande Rift, and the northern part of the Great Plains 
physiographic province. The Basin and Range, in particular, is characterized by geologic con­ 
ditions favorable for the occurrence of hydrothermal systems. Presently-known high-tempera­ 

ture systems associated with young volcanic activity are concentrated along the margins of 
this physiographic province: along the western margin (in California, Nevada, and Arizona), 
and along the eastern margin (in Idaho and Utah). Other hydrothermal systems, not obviously 
expressed at the surface, could be present within the interior parts of the province. To date, 
only a few such systems have been developed. Discovery of additional geothermal systems 
within the Basin and Range province would be enhanced by new geophysical studies and 
scientific drilling at selected locations. Such work might be efficiently accomplished under the 

type of government-industry-coupled program that successfully produced a series of state geo- 
thermal-resource assessments during the 1970's and 1980's.

Another region that merits continued study is the Cascade Range in Washington, Oregon, 

and northern California. Hydrothermal systems have been identified and partially explored at
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Medicine Lake Highlands and Lassen Volcanic National Park in California, Newberry Crater 
and Crater Lake National Park in Oregon, and at Mount Meager in British Columbia, Canada. 
Ongoing research by the U.S. Geological Survey is focused on deciphering the evolution of 
the Cascade volcanoes and interpreting geophysical information in terms of models of fluid 
and heat flow on a regional scale within the Cascade Range. To be most useful, such studies 
should be complemented by scientific drilling of selected geothermal target areas. The results 
of this work also form the basis for a cooperative project between the U.S. Geological Survey 
and the Geological Survey of Japan, to compare and contrast geothermal aspects of two broadly 
similar volcanic chains in the two countries.
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SEARCHING FOR DEEPER HYDROTHERMAL SYSTEMS

Because all hydrothermal systems with surface expression have been explored to some 
degree, an important line of research is to develop techniques and strategies to discover hidden 
systems at great depths. This research entails deep drilling. Given the relatively high risk of 
such ventures, this work seems appropriate principally for the public sector, perhaps on a cost- 
sharing basis with the private sector.

Additional research into the origins of vapor-dominated systems is also needed, and target 
areas should include The Geysers, California, and Larderello, Italy two areas where this 
uncommon but highly sought after geothermal environment exists. Current understanding of 
how these exceptionally high grade steam systems originate and persist over geologic time is 
poor, despite the fact that these are the electrical-grade resource most easily developed. In 
addition, recent drilling at The Geysers and Larderello has revealed high-pressure, hot-water 

regimes adjacent to the developed steam zones. This exciting discovery invites an entirely 
new thrust for the study of deeper, higher pressure underpinnings (so-called root zones) of 
hydrothermal systems. Overpressured, high-temperature hydrothermal environments may be 
common near magma bodies, within the temperature range where the physical behavior of 
rocks changes from brittle (capable of fracture) to ductile (capable of flow). Research into the 
deeper parts of magmatic hydrothermal systems, in tandem with advances in the technologies 

for drilling deeper and at higher temperatures, could lead to the identification of substantially 

more high-grade geothermal resources for the United States and the world.

DEVELOPING RESERVOIR-ENHANCEMENT TECHNOLOGY

Many rocks at cost-effective drilling depths are hot enough to provide large amounts of 
potentially usable thermal energy, but they are not sufficiently permeable to form a natural 
hydrothermal reservoir. In such cases, thermal energy can be recovered using techniques for 
creating permeability through hydraulic fracturing. Potentially attractive targets for reservoir 
enhancement include all currently developed hydrothermal systems and others that have been 

considered uneconomic because of low permeability.
Tapping into the vast store of thermal energy in hot, low-permeability rock may well hold 

the key to unlocking much more of the Earth's abundant natural heat to benefit humankind in 
the 21st century and beyond. First, however, further testing of the emerging hot-dry-rock and 
other reservoir-enhancement technologies must prove the commercial viability of such heat 
extraction. The geothermal studies of the U.S. Geological Survey could provide a solid scien­ 
tific foundation for a large-scale national project in collaboration with industry, universities, 
and national laboratories to test such commercial viability.

Because all hydrothermal systems with surface expression have been 

explored to some degree, an important line of research is to develop 

techniques and strategies to discover hidden systems at great depths.
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Geothermal Energy 

In Our Nation's Future

We face many uncertainties about future energy supplies in the United States and the 

world. Most of the energy we currently use, and have used for much of this century, 
comes from fossil-fuel resources such as coal, oil, and gas. This history has resulted in con­ 

siderable environmental degradation, both at home and abroad. One certainty is that dramati­ 
cally increasing world population and the continued spread of industrialization will result in 
increased energy demands both at home and abroad, attempts to conserve energy resources 
notwithstanding. Another certainty is that our traditional fossil-fuel resources are finite and 

cannot power the world for another century.
How can these increasing energy demands of the future be met in ways that are both envi­ 

ronmentally sound and economically beneficial? A new energy mix is needed. Geothermal 
energy can contribute significantly to such a mix. We already know that, using current tech­ 
nology, geothermal energy can contribute as much as 10 percent to the Nation's energy sup­ 
ply, if all known resources were fully developed. Moreover, reasonably expectable advances 

in both exploration and resource-development technologies would allow us to tap into the 
huge storehouse of geothermal heat that is known to exist in the Earth's crust. A final certainty 
is that geothermal energy is far cleaner than any of the fossil fuels that now dominate our 

energy supply.
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Geothermal powerplant 
at The Geysers near 
Santa Rosa, California. 
Photograph courtesy of 
Pacific Gas and Electric 
Company.
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Appendix i. Geothermal Developments in the United States as of 1990

[MW, megawatts; e, electrical; t, thermal]

Locality

Alaska
Circle Hot Springs
Manley Hot Springs
Chena Hot Springs
Other areas

Arkansas
Hot Springs National

Arizona
Safford area
Tucson

California
The Geysers
Coso
Sal ton Sea
East Mesa
Heber
Long Valley Caldera
Honey Lake
Amadee Hot Springs
Susanville
San Bernadino
Wendell Hot Spring
Paso Robles
Mecca
Coachella
Cedarville
Other areas

Colorado
Pagosa Springs
Glenwood Springs
Alamosa
Other areas

Hawaii
Puna

Idaho
Boise
Buhl
Warm Springs Creek
Ketchum
White Arrow
Cassia County
Cookes Hot Spring
Twin Falls County
Garden Valley
Boise area
Caldwell
Other areas

Montana
White Sulfur Springs
Other areas

Nevada
Dixie Valley
Steamboat Springs
Soda Lake

Electrical 
Capacity 1 

MWe

 
 
 
 

Park  

 
 

1,971
256
214
102
92
43
30

3
 
 
 
 
 
 
 
 

 
 
 
 

25

 
 
 
 
 
 
 
 
 
 
 
 

 
 

50
18
16

Direct-Use 
Capacity2 

MWt

4.1
3.9
2.3
1.5

3.6

16.7
2.3

 
 
 
 
 
 
 
 

17.8
13.7
8.3
3.8
2.2
1.8
1.0
2.1

14.0
9.6
7.7
2.1

 

57.3
22.1
20.7
12.4
11.9
10.7
7.1

16.6
2.8
2.6
1.8
5.5

4.6
5.1

 
 
 

Comments3

Space heat and swimming pool
Space heat, bath, greenhouse
Space heat, bath, greenhouse
Various uses

Space heat, baths

Fish and other animal farming
Fish and other animal farming

Dry steam plants
Flash plants
Flash plants
Binary plants
Flash and Binary
Binary plants
Binary plants
Binary plants
District heating, space heat
Sewage treatment, district heating
Greenhouses
Fish farming
Aquaculture
Greenhouses
Space heat
Various uses

District heating, space heat
Space heat, swimming pool
Space heat
Various uses

Flash plants

District heating, space heat
Greenhouse, fish farming
Greenhouse
Space heat
Greenhouse, fish farming
Greenhouse
Greenhouse
Space heat, greenhouses
Greenhouse
Greenhouse
Space heat
Space heat, greenhouses

Space heat, bath
Space heat, greenhouses

Flash plants
Flash and binary plants
Binary plants
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[MW, megawatts; e, electrical; t, thermal]

Electrical 
Locality Capacity 1 

MWe

Nevada (cont.)
Beowawe 15
Stillwater 13
Desert Peak 9
San Emidio Desert 3
Wabuska 2
Bradys Hot Spring  
Round Mountain Gold  
Caliente  
Elko  
Moana  
Reno  
Warren Estates  
Florida Canyon  
Other areas  

New Mexico
Animas  
Radium Springs  
Las Cruces  
Other areas  

New York
Auburn  

Oregon
Klamath Falls  

Vale  
Other areas  

South Dakota
Phillip  
Pierre  
Haakon County  

Texas
Marlin  
Other areas  

Utah
Cove Fort 13
Roosevelt Hot Spring 20
Salt Lake County  
Other areas  

Washington
Several areas  

Wyoming
Thermopolis  
Lander  
Other areas  

Direct-Use 
Capacity2 

MWt

 
 
 
 

11.0
18.3
14.1
13.3
10.6
6.0
4.4
2.4
1.4
3.6

7.9
2.2
2.8
6.9

1.2

18.8
12.6
6.4
5.4
3.5

4.4
2.2
2.1

1.4
0.6

 
 

11.8
0.9

1.0

9.0
2.2
0.4

Comments3

Flash plants
Binary plants
Flash plants
Binary plants
Binary plants, crop-drying
Food drying
Mineral leaching
Space heat
Space heat
Space heat
Space heat
Space heat
Mineral leaching
Various uses

Greenhouses
Greenhouses
District heating
Various uses

Space heat

Space heat (residential)
District heating
Space heat (commercial)
Agribusiness
Various uses

District heating, greenhouse
Space heat
Space heat, crop drying

Space heat
Space heat, bath, aquaculture

Flash and binary
Flash plant
Space heat, greenhouse
Greenhouses, baths

Space heat

Space heat, greenhouse
Greenhouse, fish farming
Various uses

1 Rated output of all powerplants in megawatts electric (MWe); dash indicates no development.

"Thermal capacity in megawatts thermal (MWt), calculated from maximum flow rate and water temperature data where available, 
or from annual energy use divided by load factors of 0.1-0 5 for space heating and district heating projects and 0.4-0.8 for other 
uses. Only those localities with thermal capacities greater than 1 MWt are listed separately. Dash indicates no development.

3Dry steam plant signifies that wells produce dry steam that is piped directly to the powerplant;/7as/ip/anf signifies that wells 
produce a mixture of steam and water that must be separated before steam is piped to the powerplant; binary plant signifies that 
wells produce liquid water which is piped to the powerplant where heat is transferred to a binary working fluid.
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Appendix 2.

Selected Principal Geothermal Studies of the U.S. Geological Survey

The items highlighted below give a sampling of the geothermal studies of U.S. Geological 
Survey.

  Development and refinement of methods to determine the subsurface temperature of a 
hydrothermal system from the chemical composition of surface geothermal f uids 
collected at fumaroles and hot springs fed from that system. These methods, collec­ 
tively called "chemical geothermometry," are now being used as standard exploration 
tools worldwide.

  Recognition that surface samples originating from vapor-dominated hydrothermal systems 
have a chemical signature distinctly different from surface samples originating from 
water-dominated systems (for example, low chlorine concentrations versus high 
chlorine concentrations, respectively). Such recognition provides a simple and reliable 
means of identifying the type of hydrothermal system, without the need for costly 
confirmatory drilling.

  Monitoring the chemical composition of geothermal fluids produced through wells. Early 
detection of significant variations in composition, which in turn reflect production- 

induced changes in the conditions of the hydrothermal reservoir, makes it possible to 
modify production strategy and methods at a critical early stage to prolong reser­ 
voir productivity and to minimize potential adverse environmental impacts.

  Integrated field and laboratory studies, including the making of new geologic maos, of 
many young or active volcanic fields in the western United States, Alaska, and Hawaii 
that host most known electrical-grade hydrothermal systems. Information derived from 
these studies provides the basic input for calculating geothermal resources associated 
with each volcanic field and also is used by industry to guide exploration.

  Discovery of magma bodies by means of innovative geophysical studies, includir <j seismic 
tomography.

  Preparation and publication of maps of temperature gradients in wells and heat flow for the 
contiguous United States; these maps define broad regions of differing geothermal 
potential. In addition, detailed heat-flow surveys of selected smaller areas, such as 
Long Valley Caldera, California, provide evidence of local concentrations of geother­ 
mal heat.

  Drilling of a 900-meter-deep research hole at Newberry Caldera, Oregon. The drilling and 
surface-based geologic and geophysical studies discovered a hydrothermal system of 
at least 260°C the first direct confirmation of an electrical-grade hydrothermal 
system in the Cascade Range region.
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Carrying out specific resource evaluations in support of the Federal geothermal-leasing 
program. Such activities provide the Federal Government with the information needed 
to establish a fair market value for the geothermal resources on Federal lands.

Monitoring and resource-evaluation studies at Yellowstone, Lassen, Crater Lake, and 
Mount Rainier National Parks to advise the Federal Government on possible adverse 
impacts on natural geothermal features (hot springs, fumaroles, and mud pots) that 
might be induced by nearby geothermal development. A similar and even more 

intense effort accompanies ongoing geothermal development at Long Valley Caldera, 
California.

Participation in many technical-assistance missions and training courses pertinent to
geothermal-resource evaluations in foreign countries, including Argentina, Costa Rica, 
France, Guatemala, Honduras, Iceland, Indonesia, Italy, Jordan, Korea, Mexico, 
Portugal (both the mainland and the Azores), and in the Caribbean region (Saint Lucia 

and The Dominican Republic). Such activities, typically undertaken in cooperation 
with the Department of State or international organizations such as the United Nations, 
not only help to accomplish U.S. foreign-policy objectives, but also benefit the domes­ 

tic program by allowing scientists of the U.S. Geological Survey to gain valuable 
experience in working in diverse geothermal settings and access to information from 

geothermal wells otherwise unobtainable.

1 Using the data obtained from above-listed and other geothermal studies, together with all 
other available information, the U.S. Geological Survey completed three national 
geothermal-resource assessments based on uniform methodology applied on a hydro- 
thermal-system-by-hydrothermal-system basis. This methodology now is in general 
use both domestically and worldwide.
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Appendix 3.

Scientific Drilling in Geothermal Systems

During the past two decades, shallow- to intermediate-depth research wells have 
been drilled in the Imperial Valley (the Salton Sea, California, Scientific Drilling 
Project), at the Inyo Domes, California, in the Valles Caldera, New Mexico, and in the 
Cascade Range of the Pacific Northwest. In addition, reconnaissance-style drilling to 
determine heat flow and hydrologic characteristics was completed over much of the 
western United States. The U.S. Geological Survey participated in most of these 
multidisciplinary, multiagency projects. Current and planned drilling projects with 
implications for geothermal resources include the DOE's Long Valley Caldera Explor­ 
atory Well, California, the U.S. Geological Survey's Creede Caldera Project, Colorado, 
a corehole at Hilo, Hawaii (funded by the National Science Foundation), and 
multiagency projects at Katmai, Alaska, The Geysers, California, and in the western 
part of the Long Valley Caldera, California. Foreign drilling projects with geothermal 
applications include those at White Island (New Zealand), Tyrniauz (Russia), and 
several projects in Japan. U.S. Geological Survey personnel are involved in scientific 
experiments at each of these sites.

Drilling near the center of Long Valley Caldera was envisioned initially as a probe 
into a near-magmatic regime to test the hypothesis that molten rock was present at 
drillable depth, to assess the extent and composition of corrosive geothermal gases and 
fluids, and to test various drill-hole casing and heat-exchanger materials under natural 
near-magmatic conditions. However, changes in funding sources and associated priori­ 
ties have shifted the focus toward exploration of the hydrothermal resource beneath the 
central and western parts of the caldera.

The coreholes of the Creede Caldera Project are designed to sample ancient lake- 
bottom sediments in this 25-million-year-old caldera. These sediments may have been 
the reservoir for convecting hydrothermal fluid responsible for the deposition of silver 
and base-metal ores in the adjacent Creede Mining District. This project is a useful 
counterpart to studies of active hydrothermal systems at the Salton Sea, Valles Caldera, 
Inyo Domes, and Long Valley Caldera. At Creede, much of the fossil magmati^./hydro- 
thermal system has been exposed through erosion and thus is more readily accessible 
by drilling than are the younger and deeper active systems.

The Katmai project is one of the most complex scientific drilling experiment ever 
proposed, primarily because of its remote location and extreme environmental sensitiv­ 
ity (in a national park). The project was designed to investigate a unique geothermal 
setting namely, a very young volcanic system that in 1912 produced the largest 

explosive eruption of the 20th century. At present, there are serious doubts that the 
project will go forward, based primarily on environmental concerns. If these doubts are
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resolved, the Katmai project should provide information about fundamental processes 
of volcanism and hydrothermal mineralization that occurred at Katmai, as well as 
general findings that can be applied to understanding magma-related geothermal- 
energy environments.

In response to the recent declines in steam production and quality, scientific drilling 

began in the summer of 1994 at the bottom of an existing 1,340-m-deep production 
well at The Geysers geothermal field to penetrate another 300 meters into its steam 
reservoir. This DOE-funded study The Geysers Coring Project will focus on com­ 

prehensive laboratory studies of the rock and fluid samples to be collected, together 
with related in-hole measurements, to better forecast reservoir performance, condition, 
and longevity.

Drilling for research purposes is recognized worldwide as an important and neces­ 
sary tool for advancing understanding of geothermal and related earth-science issues. A 
U.S. program is in place under the aegis of the Interagency Coordinating Group (ICG), 
which consists of the Department of Energy, National Science Foundation, and the U.S. 
Geological Survey. Each agency is responsible for initiating and funding drilling 
projects that relate to its own mission, and the ICG provides a mechanism to integrate 

the interests of all participants.
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