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FOREWORD

R

The Arid Lands Resource Information Paper presented here, the sixth prepared for the
Water Resources Scientific Information Center (WRSIC), was supported in part by U. S. Department
of the Interior, Office of Water Research and Technology Grant No. 14-31-0001-5254, to the
University of Arizona, Office of Arid Lands Studies, Patricia Paylore, Principal Investigator,
[Two other Papers, Nos., 5 and 7 in the series, were funded by another Federal agency.]

Arid Lands Resource Information Paper No, 2, '"Exploration and Exploitation of Geothermal
Resources in Arid and Semiarid Lands,' first issued in 1973, is now out-of-print. The intent of
the present Paper was to revise that earlier literature review with its annotated bibliography, by
recognizing the unusual developments in this field in the interim, with new geothermal fields dis-
covered, new demands for geothermal energy as an alternative source to more conventional
sources, and an astonishing number of new publications reflecting accelerated research.

As the knowledgeable reader of this new Paper will sense, however, the author has gone far
beyond a simple update by offering us an innovative and we believe a completely new position from
which to view this exotic energy source and contemporary efforts to develop it, To many of us, the
young are ordinarily looked upon as reckless and extremist, but this is not the first time I have
found the young looking beyond today, or even tomorrow, to think critically and soberly about long-
term effects instead of short-term benefits, Duffield, native Tucsonan, with a Master's degree in
geology and now pursuing the Ph,D. degree in Arid Lands Resource Sclences, is such a person,
Like his predecessors in this series: Casey (No. 1, 1972), Sherbrooke (No. 3, 1973), Chalmers
(No. 4, 1974), and Bowden (No. 6, 1975), Duffield has been bold to challenge conventional technical
wisdom, but I do not think I have been foolhardy to support him and those others. I believe this is
the purpose of education — to experiment, create, disagree, learn, and provoke, within a frame-
work of severe discipline. This Paper satisfies me that it too is a worthy example of such attitudes.

I wish once more to thank the National Science Foundation for its early funding of the development
of the computer program which now handles so successfully the Arid Lands Information System (ALIS).
The extensive bibliography accompanying this Paper was produced by ALIS, and includes over one
hundred references prepared by the Office of Arid Lands Studies originally under previous OWRT/
WRSIC grants, These, and others where users are referred to SWRA [ Selected Water Resources
Abstracts] in lieu of abstracts, are taken from RECON, ERDA's Oak Ridge-based information
system.

While Duffield and I are grateful to OWRT/WRSIC for their support of the Office of Arid Lands
Studies, University of Arizona, in helping maintain this Office as a U.S, Center of Competence in
water-related problems of arid lands, neither the U. S. Department of the Interior nor the University
of Arizona is responsible for the views expressed herein.

Patricia Paylore

Assistant Director

Office of Arid Lands Studies
The University of Arizona

November 22, 1976



PREFACE

Why have you opened this book?

If you are attracted by one of the key concepts in the title (geothermal, technoecosystems,
water cycles, arid lands) then there is something here for you. This is an ambitious and multifaceted
work designed for a very diverse audience, yet in its structure it is a unified whole. Naturally, I
hope that you will have time and broad enough interest to read the entire text and appreciate its overall
scheme. But I realize that for some readers only one or two sections will be especially pertinent and
useful. Therefore, to help guide you to the most relevant sections, I will briefly outline the book's
goals and underlying organization,

My aim has been to comprehensively review the literature on geothermal resources and the
technology for exploiting them, with particular attention to arid lands and the various roles of water.
But more than that, 1 have tried to develop a single holistic intellectual framework within which all this
diverse detailed technical information can be rationally and intuitively and esthetically synthesized,
and within which any future geothermal discoveries and activities can be easily comprehended. The new
framework I have come up with, what I call ""technoecology'!, is based on the close analogy between
biological ecosystems and large complex industrial systems ('technoecosystems"), and may actually
transcend in importance and universal applicability the geothermal review which it structures.

The book has three major divisions: the first chapter, the rest of the text, and the
bibliography. Chapter I presents, for the first time in print, the basic structure and major insights of
technoecology at its present embryonic stage of development, Subsequent chapters apply technoecological
methods and language in an extensive overview of geothermal topics, Those who are interested only in
technoecology need read just the first chapter; however, they will miss a concrete application and
extension of its principles. Geothermal purists can start reading at Chapter II, but they may find them-
selves bewildered by unfamiliar terminology and concepts, Clearly, these two parts of the book comple-
ment and enhance each other, The 300-item annotated bibliography not only supports the text and its
literature citations, but should also be useful in itself -- its computerized indexes offer rapid access to
the geothermal literature.

Here are a few highlights of the geothermal review;

» Chapter II traces geothermal heat back to its astrophysical origins billions of years ago. And
geological details of natural geothermal reservoirs are organized by a new unifying concept of
hierarchically cascaded convection systems -~ from continental drift to geysers and hot springs.

. In Chapter III, diverse geothermal technologies are reviewed in a way never before attempted,
from the technoecological viewpoint of biological-industrial analogy. Biological concepts like evolution,
niches, and succession are used throughout in the industrial context, Adaptations of geothermal
technoecosystems to the various geothermal resource types of the preceding chapter are described.

o Chapter IV seeks to demonstrate that geothermal resources, although large, are indeed quite
limited when compared with possible exploitation rates. Large-scale geothermal exploitation, it is
suggested, could eventually have severe and irreversible impacts on natural geological systems,
perhaps even at global scale.

« In Chapter V, the facts and principles of all preceding chapters are applied in a detailed,
extensive case study of extremely arid Imperial Valley, California, its geothermal resources, and its
existing and planned geothermal technoecosystems, A major conclusion is that here, too, the
resources are quite small compared with the giant exploitation systems which are on the drawing
board.

« Chapter VI briefly surveys the roles of geothermal technoecosystems in arid developing regions
of the world, and summarizes geothermal resource development schemes which are being planned
or implemented in them. Finally, Chapter VII brings us home again,

Water, with its innumerable roles in geological systems and geothermal technoecosystems,
is a silvery thread which is woven into the entire text, Its antithesis, aridity, forms a starkly
contrasting, pervasive background for discussions of water patterns. Inventions and conceptual
innovations are scattered throughout this manuscript; they should be readily apparent to those who are
familiar with the material,

I wish to conclude the preface with some remarks about technoecology. For more than six
years I have been fascinated by the resemblance of industrial systems, observed from a jet airliner
window, to biological systems at various scales. Reviewing for this paper the full range of literature
on geothermal resources and technology finally gave me the opportunity to bring my early intuitive
perceptions to fruition in a more solidified intellectual framework,




I have found that not only can this technoecological framework be an effective means for
comprehensively organizing countless facets and details of geothermal technology into a single coherent
structure, but that it can also be applied just as easily and effectively to other technologies. In fact,
it is now my belief that technoecology can enhance observation, comprehension, and appreciation of any
industrial system anywhere in time and space.

Technoecology offers us innumerable unexpected insights. For instance, just one major surprise
of the technoecological viewpoint is that industrial systems are not as unnatural as some of us have thought.
Perhaps we can now feel at home with them in a way never before possible. Our libraries are
exploding with diverse information and theories gathered and propounded by technical workers in
multitudinous specialized fields. Technoecology may be one broad framework within which this
diversity of thought and data fragments can be synthesized,

I hope that this book conveys some small part of my wonder and excitement in such a discovery.
Needless to say, I think I am onto something important, Almost daily I discover new applications and
possibilities of technoecological overview. And during trips to the library I find many near misses
-- books and articles, in numerous fields, which could benefit from technoecological vocabulary and
techniques, and whose authors verge closely on technoecology's explicit and elaborate statement of
macroscale biological-industrial analogy. Now seems to be the right time to bring this framework
to the attention of the global scientific and intellectual community. Technoecology is presently in a
very fluid state; written comments and suggestions from readers will be eagerly read and carefully
considered.

The philosophy of this work is that, beyond our fragmented words and artificially-structured
specializations, knowledge and nature are boundless and unified, At this level of abstract perception it
is no accident that science merges into poetry and cosmic adventure, As you prepare to start the
first chapter, I suggest that you sit back and mentally fasten your seat belt.

Christopher Duifield

Tucson, Arizona
November 22, 1976
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GEOTHERMAL TECHNOECOSYSTEMS
AND WATER CYCLES IN ARID LANDS




I. INTRODUCTION TO TECHNOECOLOGY

1. Macrovision

Drop what you're doing and let's go flying in a small private jet over the arid southwestern
United States. A roar, the crush of acceleration, and we gently part from the surface and slide up
into the clear, blue-vaulted atmosphere. Airport vehicles and buildings fall behind, looking like
miniature toys. And as we climb, mesquite trees and creosote bushes in the desert below us change
from discrete plants to dots in geometric patterns and finally to a delicate texture subtly varying with
soil gradations, topography, and dry drainage system traceries, and sliced by a sparse network of
tiny powerlines, dirt roads, and highways. In smooth, swift transition our senses have left the human
world and entered the macroscale,

As we gain speed and altitude, two geometric transformations alter our spatial perception of
environment. The first I call the "zoom effect” because it is roughly equivalent to the action of a zoom
lens. Increasing distance from earth's surface makes objects appear smaller by subtending smaller
visual angles. Small objects disappear below the resolution limit; large objects, previously not visually
comprehensible, come into view as synoptic wholes. If thinking, as R. Buckminster Fuller (1963*,

p. 141) asserts, is frequency modulation by tuning out finite microcosmic and macrocosmic irrelevancies,
then the zoom effect automatically expands the scale of our thinking by moving our sensory resolution
limits up the size hierarchy of earth systems.,

As the zoom effect takes us to the macroscale, the "parallax effect” gives this world three-
dimensional depth and the intuitive sense of reality. Nearer objects move by at angular velocity greater
than farther objects, and highly evolved neural pathways integrate these parallax clues with perspective
clues to give us the vivid perception of motion through three-dimensional space (Johansson, 1975%).
This effect is independent of the binocular depth perception mechanism, as can be verified by covering
one eye while moving about on foot or in vehicle. Even with two eyes, objects far beyond range of
binocular depth perception can be seen in three dimensions if relative motion is fast enough.

Parallax effect can be roughly simulated by substituting synchronous binocular parallax
through time. If two photographs are taken approximately perpendicular to flight path (at 900 kilometers
per hour), one four seconds after the other, and are viewed stereoscopically, objects many kilometers
away are seen in three dimensions. The appearance is that the eyes are one kilometer apart, or
alternatively that the landscape and cloudscape are miniaturized before us by a factor of 15,000,

Our flight speed increases, and what once was distant background scenery begins to move
by in perceived three dimensions against a still more distant, imperceptibly moving background. A
second's glance out the window and our eyes see enough parallax to capture macroscale geometry as a
three-dimensional mental model. We intuitively perceive a large valley much as we would a small
room, with cumulus clouds as three-dimensional sculptures and mountains as furniture. Still faster,
and the valley seems to shrink, as we begin to sense depth and shape at still greater distances.

For a moment we might imagine the zoom and parallax effects of continued acceleration and
climb, Earth curvature becomes perceptible as we rigse through the atratosphere, and soon the planet
is seen as a solid sphere drifting by in black space. Then the solar system becomes a perceptibly
three-dimensional cluster of pinpoints, and ultimately even the near stars are seen to move in three

*References marked with asterisk are listed in the Supplementary References section. All others are
listed in the Bibliography.
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dimensiony against the still more distant stellar background. Of course at the higher speeds there Is
relativigtic distortion of both space and time, probably with colorful omnidoppler effects (Fuller, 1963%),
But even these effects, with experience, might become intuitively familiar.

Zoom effect (based on digtance) and parallax effect (based on speed) work together. For beat
direct human perception of systems at a particular scale, there is an optimum combination of distance
and speed. Too much zoom is like looking at a flat photograph or peering through a telescope -- much
detail of proper scale, but no intuitive three-dimensional feel, With too much parallax, objects flash
by as streaks, like wallg of a subway.

By choice of observation vehicle, zoom and parallax effects can be rationally combined to
lever our perception through a wide range of scales, The unaided human body is suitable for observing
systems scaled from 0.1 millimeter to a hundred meters (six orders of magnitude). Automobiles, except
where roads are elevated, are not well suited for observation of systems over a few hundreds of meters
in size; with too little zoom effect, rapid parallax of nearby objects confuses the eyes. Jet aircraft are
ideal for viewing systems sized from meters to tens of kilometers (4 orders of magnitude), the general
size range of most industrlal systems. And for systems ranging from kilometera to thousands of kilo-
meters (3 orders of magnitude), orbital spacecraft are probably beat.

Small jet airplane is the best observation vehicle for our present study of industrial systems.
It has optimum speed and altitude ranges to ratio our senses up to the scale of concern, plus the advan-
tages of rapid three-dimensional maneuverability and global range extended by worldwide refueling
support network. Furthermore, speed and acceleration capabilities are such that apparent gravitational
force can be generated in any direction or even diminished to zero, which adds still another sensory
dimension to our novel experience of environment.

When we fly, we bring with us all our intellectual knowledge of macro-phenomena, gained at
human scale on the surface. As zoom and parallax effects bring direct spatial perception up to the
macroscale of these phenomena, the result can be ecstasy. The atmospheric scientist in us sees clouds
and whole weather systema; the geologist in us sees landforms and lithologic contacts; the geographer in
us sees settlement patterns and urban networks; and the ecologist in us sees vegetation distribution and
altitude zoning. And all these phenomena are seen as they really are at this instant, as three-dimension-
al realities in their natural setting, in full color, and viewable from any angle and altitude we choose.

This special mode of direct three-dimensional vigual perception at the macroscale (result of
zoom and parallax effecta together) can be called "macrovision".

H.T. Odum (1971*) writes of a ""macroscope of systems science” whereby large systems of
which men are a part can be studied by abstract model making after conceptual elimination of small-
scale details. Macrovigion from fast aerial vehicles makes such detail elimination automatic, and
makes intuitive perception of large systems effortleas for almost anyone,

The inventions of microscope and telescope opened up vast new fields of exploration and
knowledge. We might guess that the possibilities of macrovision (direct visual perception, not study of
photographs) are just starting to be realized. Only a few humans, as yet, habitually think in spatial terms
at thig scale. Macrovision experience can increase the number of members in this special group.

Another effect of fast jet flying is that humans rapidly become subvisible; we leave the human
world. We escape (temporarily) from the press of bodies, from the fascinating trivia of daily life. We
are free for a while from the influence of human personalities which dominate the popular media, free
from the countless political, economic, social, and academic territories and hierarchies (although we
must still keep track of air-patrolled international bordera). The ivory tower was never so high, And
when the blinders which all of these human-scale complexities impose on us are suddenly removed, we
can comprehensively overview the planetary patterns with new objectivity, with broadened awareness
and deeper understanding. This is a world which public consciousness seldom enters.

Airline passengers fly many millions of kilometers in jets each year. But macrovision
opportunities are mostly wasted on them. Some travelers prefer continucus immersion in the human
world, with an aiale seat, movies, and a cocktail. Others briefly glance out windows at the unfamiliar
geometries and then return to the human-scale world of a book, the stewardess, or dinner. A few
people do enjoy watching the scenery for longer periods of time. However, most of them seem to mias !
the potential impact of macrovision, and instead fit the sights into microscale concepts and the language
and labels of daily life at the surface.

But suppose we dismiss our microscale habits and accept this directly-perceived macroscale
world us reality., Let's look beyond our old words and doctrines to see what is really going on at the
mavroacale, What new insights will come to us? What new language can we create to describe these
macro-phonomenn ? What new macroscale strategies can we discover? What new things can we learn
far (:w benoeftt of our fellow humans down there, few of whom ever have the privilege to perceive at
this level?




2. Technoecosystem, Technospecles, and Technoecology

Sunlight glints off the wings as we sweep over desertscapes of varicolored alluvium and pass
waves of mountain ranges which atmospheric milkiness turns light blue with dlstance. We focus on the
complex man-controlled system which has flowered in this arid physical setting.

Behold the macro-system of citles, mines, powerplants, milltary bases, industrial complexes,
and irrigated agricultural grids, all meaningfully distributed and intricately interconnected by such
channels as highways, rallroads, plpelines, power transmission lines, canals, and chains of microwave
repeaters. Notice the geometric patterns, square tesselatlons, circles, and symmetries which order
these systems in various spatial contexts,

And behold the countless thousands of discrete industrial modules of diverse distinctive types.
Some modules are stationary (houses, office buildings) while others are mobile (automobiles, tractors,
airplanes, and trains). Each type has characteristic morphology, behavior, and distribution pattern.
And each mobile type has a distinctive support system of navigation aids, terminals, and manufacturing
and maintenance facllities.

Where we have seen this complexity, diversity, and integration of matter, energy, and infor-
mation flows and storages before? Certainly nowhere else at the macroscale, but everywhere in the
microscale biological world, from cellular to ecosystem level. Industrial systems and biological systems
are analogous. And this macroscale aggregate of human-controlled systems is so closely analogous
to a biological ecosystem that I suggest we call it a ""technoecosystem™. In this view, the distinct groups
of discrete industrial modules are analogous to biological species and can be called "technospecies',

We can tentatively define ''technoecosystem' as a large, complex, spatially or functionaily
distinguishable non-human physical system under conscious human control. Any sufficiently large and
complex subset of a technoecosystem is also a technoecosystem. And the aggregate of all technoecosystems
is simply the technoecosystem (just as the aggregate of all men is man). Since the bulk of the techno-
ecosystem is presently confined to this planet's surface, it can also be called the "technoecosphere',

But gpacecraft demonstrate that a spherical shell is not the ultimate confining geometry for the techno-
ecosystem.

"Technospecies' is tentatively defined as a type or group of spatially discrete, morphologically
and functionally similar, complex industrial modules (*'technoorganisms' or "technobes"), This defini-
tion is analogous to the definition of species in paleontology; in both cases morphology and function which
evolve through time are the only clues to speciation. '"Technospecies" is intended to be a rather loose
term to be applied to groups of industrial modules which are similar at whatever level of generalization
is useful at the time. Hence, for example, "technospecies' can refer to road vehicles in general, or
trucks in general, or a type of truck, depending on the level of detail needed. It seems unlikely that
technospecies will ever be formally grouped in a hierarchical classification system as biological species
are (species, genus, family, order, etc.), although the analogy is apparent.

"Technoecology' can probably be defined in as many ways as "ecology" is. Perhaps it is least
limiting to define "technoecology’ as the study of large, complex industrial systems by analogy to bio-
logical systems, particularly at the ecosystem level. Technoecology, though, is not solely a passive
study, for the technoecosystem is under collective human control, and our changing perception of it
will alter our management of it. Thus technoecology also involves active evolution of macroscale techno-
ecosystem strategies.

The prefix "'techno-" (from Greek ''techne'' meaning art, skill, or craft) is used as synonym
for the word "industrial" in the sense of skillful, intelligent, conscious manipulation of non-human
objects and systems by a man or men. "Technoecosystem' is a more concigse, more cohesive, more
efficient expression than "industrial ecosystem', although I regard the two as equivalent. For the same
reason, ''technospecies', "technoorganism', and "technoecology' are used in lieu of "industrial species",
"industrial organism", and "industrial ecology''.

The prefix "eco-" is from Greek 'oikos" meaning house, and may actually be used for indus-
trial systems more appropriately than for biological systems, since technoecosystem is house for man.
However, '"eco-'" brings with it a wealth of connotations from its long association with the biological
world and more recently with the sociological world. It implies diversity and complexity of discrete
parts in a dynamic, integrated whole system,

3. Technoecosystem Territory

First step in studying a system is to define it, to choose a boundary which is logical, useful,
easy to perceive, and (at best) interesting. The technoecosystem is (to restate the definition just given)
that extra-corporal part of human life support system which is under human control. Its boundary thus
has a plural concave inside-ness (the convex skins of humans) and a convex outside-ness (the outer limit
of human control and the inner boundary of the natural environment). This zone of human-controlled




environment is clearly an important subset of universe, and deserves a specific name of its own -~
"technoecosystem™, Since the boundaries we define determine what we see, this definition of technoeco-
gystem has numerous implications for our perception of the world.

Inner boundary of technoecosystem is fairly distinct. It brings food, comfort, and information
to humans, removes wastes, and responds to human actions and commands. Outer boundary is more
nebulous and indeterminate, since conscious control is difficult to define at its outer limits. This boundary
accumulates raw materials, information, and energy, and discharges waste.

No boundary in nature (which includes technoecosystem and man) is absolutely sharp, and the
technoecosystem boundary is no exception. When, for instance, does food leave technoecosystem and
enter man? And does the technoecosystem include a flashlight beam wave front pulsed at the stars? Such
questions are academic; in practical life we draw the boundary where it is expedient. From our airplane,
the outer technoecosystem boundary looks quite distinct (surfaces of vehicles, edges of settled areas), and
the inner boundary is irrelevant because men cannot be seen.

The technoecosystem includes all machines, tools, biological systems, and all flows, storages,
and channels of materials, energy, and information under conscious human influence. Perhaps we can say
it includes not only all these parts but also their relationships to each other, to man, and to the natural
environment, Technoecosystem parts range from instruments of pleasure (stereos and violins) to sophis-
ticated tools of destruction (ICBM missile networks). Scientific instruments, which extend human senses :
into new dimensions of physical reality, are included in the fechnoecosystem. This book is part of techno-
ecosystem, and was probably delivered to you via technoecosystem transport channels.

The technoecosystem is a cybernetic system of tools which create, mesh with, and destroy each
other, which support, mesh with, and destroy men, which survive by taking energy and material resources
from the natural environment and transforming them to structure and waste. This system is all under
human guidance (although often indirectly through time and space, since technoecosystem is nonsimultaneous
and only partly overlapping). And it is designed (ostensibly) for the support and benefit of the humans who
own, operate, and inhabit it. The technoecosystem is like an exoskeleton, with its own self-regulatory,
self-maintaining, self-augmenting metabolism, and quite a few internal and external feedback mechanisms
not directly known, predicted, or understood by humans. Technoecosystem and man are interdependent
(by definition), and have evolved together.

An interesting implication of the technoecosystem definition is that natural phenomena become
part of technoecosystem to the extent that they are consciously controlled or influenced by men. Thus,
managed bioecosystems such as forests and fisheries are no longer '"natural ecosystems" (as they are
frequently called), but are technoecosystem subsets. By this definition, domesticated plants and animals,
tilled soils, dammed rivers, discovered ore reserves, tapped geothermal reservoirs, and seeded clouds
are also parts of the technoecosystem, at least to the extent they are controlled.

Clearly, the global technoecosystem is much larger than most of us realize. And present
human policy is apparently to seek to extend its boundaries ever farther into the realm of natural environ-
mental cycles. It ig conceivable that the technoecogystem could very soon extend fingers of human control
into essentially all systems on the planet, but whether such a technoecosystem would survive or even
benefit man is questionable.

Another interesting aspect of the technoecosystem definition is that it rationally and specifically
defines the outer physical boundary of man: it is the surface of the decentralized, discontinuous skin of
worldwide humanity. In this manner we skirt around the complexitiea of the social, psychological, and
cultural worlds (linguistics, politics, thought, knowledge, creativity), although the technoecosystem
supports them all and includes many of their manifestations.

Much is written about the impact of man on the environment., But it is the technoecosystem,
not man, by our definition, which has most of this impact. It is not man that consumes vast quantities of
coal, oil, steel, and concrete. The technoecosystem does this (under human supervision) as part of its
gelf-maintenance and growth processes.

An important corollary of the technoecosystem definition is that we (man) are not our life
support systems (although we often confuse ourselves with them). We are not our machines. Clothing
does not make the man. Perceiving this distinction can give us a sense of distance and detachment from i
the systems we control and inhabit. Technoecosystems operate in a world of their own, not our world. !
A technoecosystem maladapted to ambient energy and matter conditions can digintegrate, but we do not ;
have to die with it if an alternative technoecosystem capable of supporting the same human population can :
be developed in time (perhaps cannibalizing highly concentrated parts and materials of the old system).
Realization of this crucial distinction between man and technoecosystem may help us approach technoeco-
system management and design more flexibly. And it may augment our empathy for our fellow naked men
embedded (often unknowingly) in a technoecosystem which they and their ancestors have built and modified
by tiny increments, and to which their reflexes, viewpoints, and even self-images are closely tuned.



There are few manifestations of human form at the macroscale. Mt. Rushmore is one of
them. As we fly over the technoecosystem, experiencing macrovision, we have essentially no clues to
the shape of the men at its controls. Other intelligent beings with radically different body shape, color,
and communication techniques could conceivably develop similar macroscale technoecosystem patterns
in a similar environment.

Archaeologists face an analogous situation. Due to passage of time (instead of geometric
zoom effect), they cannot know with exactness the physical appearance, lifestyle, or language of an ancient
people. Instead, they find the resistant hard parts of an abandoned, disintegrated technoecosystem. Soft
parts, relationships, and flow dynamics of the system are gone, the natural environment has changed,
the people are dead from time flow. The past must be inferred from what remains. Archaeology (without
study of human bones) is paleotechnoecology.

4. Technoecosystem Sectors

The technoecosystem can be conceptually divided into sectors many different ways. FEspecially
useful subdivigsions are: outward-inward, biological-mechanical-inorganic, and high-energy-low-energy.

Outward sector of technoecosystem is the outwardly oriented part (toward natural environ-
ment), and inward sector is the inwardly oriented part (toward man). Outward sector consists of basic
large-scale production systems for materials gathering and bulk processing, heavy manufacturing, energy
collection and transmission, agricultural production, and waste disposal. These systems tend to have
low component diversity and few frills, and they are adapted to natural environmental conditions and to
inward sector demands. Inward sector consists of more delicate consumption systems for micro-process-
ing of materials and energy (light manufacturing), and for support of human lives, activities, and social-
political systems. Inward sector systems tend to have very high component diversity and many frills, and
they are adapted to human physiology and culture and to support constraints (supply) of the outward sector,
Outward sector is analogous to the engine, drive train, and frame of an automobile, while inward sector
is analogous to the styled exterior and the plushinterior with comfortable seats, radio, and control levers.

An alternative breakdown of technoecosystem is into biological, mechanical, and inorganic
sectors. Biological sector consists of all biological materials and living animals, plants, and bioeco-
systems under conscious human control, Mechanical sector is composed of all "man-made'" machines,
systems, materials, and structures (non-biological) whose geometry or chemistry is unique to technoeco-
system. And inorganic sector consists of all non-biological, non-mechanical materials and systems which
are under conscious human control (including soils, ore reserves, controlled water, tapped geothermal
reservoirs, and wastes in storage or transit),

High-energy (developed, rich) parts of technoecosystem and low-energy (underdeveloped,
developing, poor) technoecosystem parts grade into each other and are non-uniformly distributed at various
scales in both space and time.

In high-energy technoecosystems, mechanical and inorganic sectors dominate and biological
sector plays a relatively minor role. Large mechanical components are integrated into macroscale
ecosystem patterns. Long-distance transport and macroscale regional specialization and interdependence
are common. Technomass (analogous to biomass) and energy flow per person are high, human labor is a
small fraction of total energy flow, and large, comfortable cabins and cybernetic control rooms are
provided. Qutward and inward sectors are usually separated spatially and socially. Most people inhabit
the large inward sector, and are generally ignorant of still larger outward sector functions. Social
awareness and culture have few ties (except aesthetic) to the natural environment. Technology is highly
developed and rapidly evolving, and people play highly specialized roles in high-energy technoecosystems.

In low-energy technoecosystems, biological sector dominates; mechanical and inorganic sectors
are of relatively little importance, Mechanical components are usually few, small, and discrete, and do
not form macroscale ecosystems. Transport and specialized interdependence networks are spatially small;
local independence is common. Technomass and energy flow per person are low, human labor is a large
fraction of total energy flow, and no plush cybernetic control rooms are provided. Qutward and inward
sectors are usually very close and often combined spatially and temporally; their social systems overlap
and are usually indistinguishable, since the same people are involved in the functions of both. Inward
sector is small, and most people are aware of and participate in the functions of outward sector. Social
awareness and culture are very closely tied to the natural environment. Technology is at low level and
changes very slowly. People who live in low-energy technoecosystems tend to be generalists.




5. Technoecogystem Leverage

Human physical configuration has changed little in the past few centuries; but technoecosystem
life support systems have evolved extremely rapidly and have grown in size (at least in industrialized
regions) much faster than human population. The result has been dramatic increase in standard of living
for most humans, with concomitant amplification of social and scientific innovation. Growth and evolution
of per capita technoecosystem has increased many-fold the leverage of individual humans over flows of
matter, energy, and information.

Technoecosystem I8 a neutral system of levers which reflects at macroscale the creativity,
thought, strategy, and engineering expertise of tiny human individuals, Due to hierarchical social-econom-
ic-political syastems, macroscale technoecosystem patternings frequently reveal the strategies and inven-
tions of only a few powerful men, Technoecosystems amplify whoever is at the controls. Tiny Individual
humans (e.g., corporation presidents, political leaders) play major roles as spokesmen and decision
makers for large technoecosystem subsets.

The present potential magnitude of technoecosystem leverage becomes apparent when we
compare per capita mass and energy flows for the biosphere and for the mechanical sector of U.S, techno-
ecosystem, Leverage of powerful men can be orders of magnitude greater than these per capita figures,

Total living biomass in the biosphere is probably only slightly more than total 5plant biomass,
which Wittaker and Likens (1975*) estimate as 1841 x 109 metric tons (t), or 1.841 x 1015 kilograms ke).
Asgsuming world human population of 4 x 109, world per capita share of world plant biomass is 460, 000 kg,
By comparison, U.S. Department of the Interior (1975*) estimates 1974 U.S, per capita annual ftechnoeco~-
system] consumption of new mineral materials (excluding mineral fuels and organic chemicals) to be

22, 205 pounds/year (Ib/yr), or 10,000 kg/yr. This is only 2 percent of world per capita biomass. But if
we include lumber, organic chemicals, and earthworks in the mechanical sector, and agsume that annual
bulk solid waste is a small fraction of annual bulk solid consumption, then we can guess that U, S8, per
capita mechanical sector technomass has over several decades grown to about equal world per capita
plant biomass, If this is true then the ratio of U.S, mechanical technomass to U.S. citizen mass (50

is roughly 10, 000:1, Adding biclogical and inorganic technoecosystem sectors probably multiplies this
ratio several-fold,

Still more striking is the comparison between world per capita biosphere net primary (plant)
production and U.S. per capita technoecosystem primary fuel consumption. Total biosphere net primary
production, energy base for all bioecosystem trophic pyramids, is quoted by Wittaker and Likens (1975%)
as 6.9 x 1017 kilocalories (kcal)/yr, or a world per capita value of 1.7 x 108 kcal/yr. In contrast, U.S.
per capita [technoecosystem] consumption of primary fuels is estimated by Steinhart and Steinhart (1974%*)
to be 116 kilowatts (kw) which equals 8.7 x 108 kcal/yr (compared with approximate human metabolic rate
of 0.11 kw = 8.4 x 105 kcal/yr). Thus U,S. per capita fuel consumption is more than 5 times the magnitude
of world per capita net primary production, and ratio of U.S. per capita fuel consumption to U.8, citizen
metabolic rate is roughly 1000:1. If high energy quality of technoecosystem fuels were taken into account,
these ratios would be even greater.

Our jet plane (typical executive jet) is an excellent example of substantial technoecosystem
leverage. Its mass is roughly 5000 kg, 100 times human body mass. And its useful power at cruise is
1500 kcal/sec (6 megawatts), or 60,000 times human metabolic rate (0.027 kcal/sec). These figures do
not include the massive, high-energy engineering, manufacturing, and support facilities on the ground
which make our flight possible. Not only is substantial leverage demonstrated, but the typical outward-
inward sector duality of technoecosystem and its complex subsets is also manifest: the cabin, instruments,
and controls are carefully designed around human morphology, psychology, and biochemistry; and the
airframe is precisely engineered for rapid, maneuverable flight through its element.

In low-energy, less-developed technoecosystems, evolution of human-scale tools and techno~
species is slow. Local systems are designed from standard components by generalists, but macroscale
patterns tend to develop more by natural selection of successful configurationg than by conscious design.

In high-energy, industrialized technoecosystems, design at most gcaleg is institutionalized
and allocated chiefly to specialists. Architects design houses, engineera of all types design systems
within their specialties, Human engineers fit machines to men, and systems and industrial engineers
design complex megoscale technoecosystems, In most cases, though, these professional specialists
concern themselves with micro- to mesoscale parts and technospecies, Assembly of these parts into
macroscale technoecosystem patterns is either left o decentralized spontaneous organization or turned
over to a few powerful military or industrial macroscale generalists for whom technospecies are as toys
to manipulate within global technoecosystem strategies.

s o TSR T ™

Potential for rapid technoecosystem evolution and improvement in high-energy technoecosystems
is very great, but may be generally slowed by conservatism of established technoecosystem managers.
The role of natural selection of technoecosystem patterns is much smaller in high-energy than in low-
energy technoecosystems due to powerful observational and analytical tools and techniques as well as to

rapld transmigsion of and access to information storages. Awarenegs of failures guides future consclous
engineering practice.
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Technoecosystem design and management is a natural, intuitive human function, It can be
observed in the spontaneous play of children with dolls, toy technoecosystem parts, and toy technoorganisms.
And it is manifest in people's spontaneous ability to organize and manage complex households,

The technoecosystem is our accumulated aggregate of levers, invented and cybernetically
networked and multiplied to support us and extend our control over flows in nature, High-energy techno-
ecosystem inward sector (inner end of levers) is like a cow with countless specialized udders. It feeds,
clothes, houses, and showers us, flushes our wastes away, and gives us a workplace and a role in its
complex production system. High-energy inward sector configurations vary greatly according to human
behavioral and cultural differences, but can be relatively homogeneous despite physical environmental
differences.

In contrast, outward sector (outer end of levers) patterns are, as already mentioned, care-
fully adapted (consciously or unconsciously) to environmental conditions and resources distribution. We
find different technospecies, channels, and technoecosystem configurations in different environments
(atmospheric, subterranean, submarine, arid terrestrial, etc.), High energy outward sector macro-
technology tends to be independent of cultural background. People of many cultures drive cars, fly air-
planes, and manage electric powerplants.

At the same time that technoecosystems are adjusted to environmental conditions, the
physical environment reacts to technoecosystem configurations and actions. Even low-energy technoeco-
systems, based chiefly on biological energy flows, have major macroscale effects on natural phenomena
(e.g., extinction of game animals, desertification, rapid denudation of hillslopes). But high-energy
technoecosystems have diversified from original biological basis to tap the highest-concentrated potential
energy storages of many terrestrial energy cycles (oil, coal, geothermal heat, water power), and much
more extensive environmental effects are to be expected.

Preston Cloud (1974*) traced the early evolution of bioecosystems, their progressive revolu-
tionary transformation of surface and atmospheric geochemistry, and in turn the role of these environ-
mental changes in determining subsequent survivable ecosystem configurations. It is apparent that techno-
ecosystem evolution is subject to similar environmental feedback, and that global-scale environment-
technoecosystem interaction may be just beginning. It is important to note, however, that bioecosystem
revolutions took tens to hundreds of millions of years, while major technoecosystem revolutions are now
occurring on a scale of decades.

6. Technoecosystem as Macro-Medium

Marshall McLuhan (1964*) wrote that such media (''the extensions of man™) as speech, clothing,
radio, typewriters, automobiles, and weapons have profound consequences on our lives which nevertheless
are quite invisible. We are quite conscious of the detailed, surficial message, content, or programming
of a medium, but we are usually completely unconscious of the pervasive, subliminal, sense-stretching,
perception-altering, life-changing effects of the medium itself. We see the figure, but not the ground
within which it is immersed, The medium, according to McLuhan, is the real message, but it exists before
we think of it, and we do not usually perceive it until it changes or no longer surrounds us.

Technoecosystem is a medium. In fact it is the ultimate medium, the macroscale physical
medium within which all other extensions of man are embedded. It has been the ultimate, omni-flexible
medium of human expression through the ages, supporting human lives and expressing human lifestyles,
manifcsting ideas and inventions, weaving men into invisible perceptual networks. Civilizations, wars,
technospecies, history, science are all just messages carried by this most fluid of media.

Like water to fish, technoecosystem is invisible to most of us who inhabit it. We live our
daily lives at the microscale, the level of technoecosystem components. We are all intensely aware of
the specialized properties and behavior of these parts and how they affect us. But it is only at the macro-
scale, beyond common daily experience, that all these discrete and diverse components are elegantly
integrated into a single ecosystem. Macrovision is one powerful tool to help us look beyond microscale
messages to see the macroscale medium. The technoecosystem concept itself is another.

Still less visible than technoecosystem is the medium of media, within which not only techno-
ecosystem but also man and all other systems arc embedded: the universe with all its physical and
mathematical laws,

Biologists and environmentalists have noticed, looking outward, that bioecosystems are
perturbed and destroyed by "man" or "man's machines”. But even these observers, who are highly
sensitive to ecosystem patterns, seem (as a group) to have missed the explosive realization that industrial
systems (of which domesticated bioecosystems are only a part) have become ecosystems themselves,
through direct, unconscious, spontaneous convergence. Even these highly trained observers have not
been able to perceive clearly the true nature of the medium within which they are immersed.




It is hard for humana to escape from the technoecosystem for very long and atlll stay alive.
Usually, in trying to get away, we use and take with us a minimum set of technoecosystem life support
parts. And if we do not, we goon design and build our own technoecosystem parts and systems on the
spot. Even to rise above the technoecosystem and see it as an ecosystem through macrovision requires
a fagt aircraft technoorganism.

We experience technoecosystems other than our own when we travel in person or through books.
The change of man-made and natural environment brings both our own technoecosystem and the new one
from Invisibility to visibility, Good science fiction provides particularly rich technoecosystem imaginings,
with diverse planetary technoecospheres, embedded in nonsimultaneous interstellar technoecospace, mold-
Ing and responding to the lives of the characters.

In using radiotelescopes to search for extraterrestrial intelligent life we assume that organisms
may vary but that radio technology must be quite similar since the same laws of physics will apply (Sagan
and Drake, 1975%), If the technology is detected, then the Intelligence can be inferred. In other words,
we will not contact intelligent beings on other planets directly; instead our huge radiotelescope technoeco~
gystem modules seek electromagnetic emissions from gimilar technoecosystem modules which are light
years away. The implication here is that intelligent life develops technoecosystems., If man is defined
as conscious designer, operator, and enjoyer of technoecosystem, then we might say that the weak
intelligent signals we seek across interstellar spaces can only be from man, amplified by technoecosystem
leverage. UFO's may be technoorganisms!

7. Popular Technoecology

The concept of technoecosystem may seem foreign and unfamiliar at first, Actually, it is not
an entirely new idea. The analogy between industrial and biological systems is deeply rooted in our culture,
instinct, and language, and it has countless local manifestations.

The firgt machines known to early men were biological machines. As mechanical devices
were invented and evolved, first as discrete artifacts and later as complex modular systems, it was
probably only natural for men to give them names derived from analogous experiences in the biological
world. We see evidences of this today in such metaphorical terms as '"iron horse", and in the use of
"nose", "skin", "wings", and "tail" for parts of an airplane "bird". The deeply intuitive human sense of
biological analogy is manifested in primitive societies by totemism and many rituals, and by decoration
of weapons, boats, and other artifacts to look like animals or plants.

Children in hunter-gatherer societies learn about biospecies at an early age; such knowledge
is vital for their survival in the ambient bioecosystem. In contrast, children in a modern industrial
metropolis learn names of technospecies first ~- car, airplane, truck, train -- for these are the impor-
tant modules in their technoecosystem surroundings. As they grow up, industrialized children do not
pretend to become bioorganisms in ritual as hunter-gatherer children do. Instead, they actually learn to
sit at the controls of diverse macroscale technoorganisms., The elaborate vocabulary which technoeco-
system inhabitants have evolved for discussing varieties, behaviors, and distinguishing features of techno-
ecosystem components is directly comparable to detailed biological vocabulary of bioecosystem dwellers,

Biological analogies and metaphors are pervasive in our popular industrial culture. Streets
are called arteries, factories are called plants, cars have animal names. Jokes and humorous or meta-
phorical references to biological-industrial analogy crop up frequently in mass communication media.
Cars are used in paleontology texts as analogy for biospecies diversity and taxonomic hierarchy. In
popular art, political cartoons, and advertisements, machines and factories are personified as monsters
or politicians, and cars and buildings have smiling faces. World War II Flying Tiger airplanes were
painted to look like ferocious predators. And it is perhaps a cliche now that car and driver, ship and
crew, airplane and pilot can behave as single integrated organisms; cybernetics has become popular art
form,

Who could miss the striking resemblance of helicopters and tractors to insects, of airplanes
to birds? None of us seems to have any difficulty seeing machines as organisms. And all it takes for us 3
to see whole industrial systems as ecosystems is to extend this same organiamic perceptual filter to the :
macroscale,

Apparently we all sense to some degree that bioecosystems and technoecosystems are closely
analogous. However, this analogy seems to have been overlooked in serious thought, and remains on a
subconscious level of popular consciousness in humor and metaphor. The macroscale biological-indus-
trial analogy is a simple idea, even an obvious one, and its implications are great and many. Now may
be the time for us to bring this analogy into the open and put it to good use.

The technoecosystem concept will survive if it is a natural idea, if it does indeed lie just
below the surface of popular awarenega, just waiting for a name to bring It to life, The term 'techno-
ecogystem' may be all that is needed to golidify the bio-techno analogy on the ¢onscious level of popular
thought, to make fundamental macrogeale indugtrial strategy not only comprehensible but also interesting
to the general public.
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If the technoecosystem concept should at the same time happen to strike the global sense of
humor, all the better! It might be good for us to take ourselves, our social systems, and our machines
a little less seriously, to see ourselves from outside our technoecosystem.

8. Intellectual Technoecology

It [civilization] ended when the man-made environment began to take on the
characteristics of a natural ecology, that is, when it became interlocking,
responsive and self-regenerating. All this has happened, if only in its
crude beginnings, within the last few decades.

-- George B. Leonard (1968*, p. 83)

It is usual totalkabout "industries,' and even individual firms, as if they
were autonomous entities, yet this is somewhat artificial. Although
language and habits of thought make it easier to talk about autos or
General Motors than about the industrial enterprise as a whole, for which
we do not even have a convenient term, every industrial company depends
so intimately on its fellows that it would be convenient to have a word
similar to the biologists' term "ecosystem" to describe a community

of interdependent enterprises.

-- Sheldon Novick (1975*, p. 37)

These two quotations are the closest approaches to the technoecosystem concept that I have
yet found in the literature. They seem to indicate that the intellectual climate may now be right for
introduction of this technoecosystem idea. Many writers in numerous fields have used words and concepts
quite close to 'technoecosystem', as defined in this paper, but none that I know of has presented a term,
with the same meaning and nuances,

Biologists, and particularly bioecologists, have sensed that human and human-controlled
systems are similar to biological ecosystems. For example, E.P. Odum (1971*) wrote of "an applied
human ecology", but it is a nebulously defined expression, within which he includes items like human
population control, land-use planning, economic policy, and natural resource congervation and recycling.
Similarly, Foin (1972%) used the term ""human ecosystem' (which he did not define) to include the domain
of public health, air pollution, social and population problems, agriculture, urban systems, and fuel
resources. It might facilitate clearer thinking to use ""human ecology" and '""human ecosystems' for
human social, behavioral, and biological patterns, and reserve technological life support system patterns
for "technoecology' and '"technoecosystems'.

Caswell et al (1972*) used "industrialized ecosystem" to include earth cycles, biosphere,
humans, agricultural systems, and industrial systems. Clearly this concept is much more general (and
perhaps less useful) than “'technoecosystem'; its boundaries encompass not only technoecosystem but
also man and part of natural environment.

Loucks and D'Alessio (1975*) used '"man-occupied ecosystems" for biological ecosystems
modified by man. This concept does not include non-biological artifacts and industrial systems (as
technoecosystem does) and its fuzzy boundary includes bioecosystem parts not under conscious human
control.

Nicholson (1972*) described ''technosphere' as

. .. the whole system which man has evolved for cropping, for extracting
minerals, really for parasitising the biosphere, the lithosphere and the
hydrosphere, and for processing what he takes out of it in ways which
yield some economic production, some marketable products, but also
yield by-products or waste products which go back into the biosphere....

"Technosphere' (technological equivalent of "biosphere") seems to have the same boundaries as "techno-
ecosphere' or '"global technoecosystem', but it misses the biological analogy, the crucial connotation
of "technoecosystem" that industrial systems are complex hierarchical ecosystem networks.
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A basic assumptlon that underlles H, T, Odum's (1971*) work is that blological and Industrial
systems (and many other types of system as well) have similar patterns and behaviors because they obey
the same thermodynamic and physical laws. He writes of "systems of man and nature" and of "'man’'s
systems', but he apparently does not yet have a term (like "technoecosystem") for systems controlled by
but not including man.

Anthropologists and gociologists are mainly interested in humans and their behavioral systems.
To them, it seems, physical life support systems are mere props which are extensions of people, which
affect people, and from which people and their behaviors and world views can be inferred (as in archaeology).
Traditional terms "civilization' and "culture" refer to combined humans and technoecosystem-- there is
no boundary at the skin. "Artifacts' and “tools' are seen as physical objects separate from humans, but
these terms suggest 1solated objects, not complex, Integrated, evolving systems.

Ecological anthropologlsts study food and energy systems of primitive, low-energy socletles
in relationship to bellefs and behavior (their main concerns) and natural environment, For such a low-
energy society, 1llfe support system is primarily an obvious bioecosystem. But ecological anthropologists,
not having the technoecosystem concept, seem to have difficulty extending their observations and methods
to complex macrosgcale industrialized socleties. Perhaps closest to technoecosystem concept is their term
"material culture' (Steward, 1955*), but it implies physical life support system as an expression of human
behavior rather than as a separate unified physical system under human control. Another related term is
"the superorganic' which means "symbols, and the cultures synthesized from symbols and symbol use'
(Rappaport, 1971*), or historically developed specialized adaptations of behavior patterns found among at
least one but not all human groups (Steward, 1955*). Still more oriented toward social and behavioral
patterns are "cultural ecology" and "social ecology"” (ibid.).

The dangers of using biological analogies for social systems are suggested by the acts
committed by World War II Nazis in the name of the evolution of the social organism. There may be
similar dangers of abuse of biological analogies in industrial system design and management. But eco-
system scale analogy may be safer than analogy at organismic scale because ecosystems are more complex,
diverse, and fluidly adaptive over long and short runs than are organisms. Furthermore, ecosystems have
decentralized controls and complex networks of independence and interdependence. However, it is clear
that we must be careful with our analogies, and remember that they are not identities.

Economists deal with the human life support system, at least that part of it which experiences
money flows, But they tend to see the system from within, to model in terms of money alone, to ignore
thermodynamics and physical and environmental constraints. Economists tend to concentrate on distribu-
tion of wealth (through money switching and distortion mechanisms) rather than on the macroscale physical
life support system, which is the actual source of all wealth. Money can blind us to the physical reality
of this macroscale technoecosystem which surrounds us. The term "economy" is often used for large
technoecosystem subsets, but it focuses our attention on money flows between human technoecosystem
operators and inhabitants, rather than on actual technoecosystem physical support functioning.

Georgescu-Roegen (1975*), one economist who does look at physical and thermodynamic con-
straints, uses biologist A. Lotka's expression ""exosomatic instruments" for physical extensions of man.
This term sgpecifies the same boundary at human skin that "technoecosystem' does, but it does not suggest
the biological analogy or the ecological integration of all exosomatic instruments at the macroscale.

Historiang have tended to glorify human personalities and political events. However, a new
wave of historians, exemplified by F, Braudel (1972%, 1974%), has begun to examine and display history
within its true constraints of technology and physical-biological nature, Technoecosystem, within its
natural setting, seems to have guided human affairs more than most of us have realized.

The organismic analogy of human history (as propounded by Spengler) is apparently strongly
condemned by most historians as unscientific. But Von Bertalanffy (1968*) suggested that the analogy
simply manifests the operation of general systems principles, and can be useful if it is not mistaken for
a statement of identity. Ecosystem analogy of history might be even more useful than organismic analogy.

Geographers study people in their technoecosystem surroundings, and technoecosystem in
its physical environmental context. And they use numerous methods and theories which have their
analogous counterparts in the biological world. The technoecosystem concept may significantly enliven
geogrfaphy and open the way for substantial bioecology-geography interface and quantitative theory
transfer,

General systems theory seems to support and encourage the technoecological viewpoint.
Systems of all types and at all scales exhibit similar behavior (e.g., hierarchical organization), and
appear to be governed by the same unifying physical and mathematical laws. General systems theoretists
(e.g., Von Bertalanffy, 1968*) have seen social systems as a higher-than-organism level of the biological
organizational hierarchy. However, until now they seem to have missed the insight that industrial systems
have similar feedback mechanisms and hierarchical matter-energy organization networks, Systems
philosopher Laszlo (1972*) discussed physical, biological, and social systems. But there is no place in
his scheme for technoecosystems -- physical-biological systems controlled by social systems! Media
tend to be invisible to those who dwell within them.

te
(a

th

P e s N~

e



8,

in

:X,

11

Systems and industrial engineers use the term "industrial system' (which misses out on
macroscale ecological analogy and home-for-man connotation of 'technoecosystem'), and the term "man-
machine system" (which describes their field of concern but neglects the human-skin inner boundary of
technoecosystem), Mathematical systema theory has branched into biological and technological specialties
(among others); the technoecosystem viewpoint suggests a synthesis of these sub-fields.

Cybernetics and bionics are both sciences which interface biology and engineering, and as such
they are both closely related to technoecology.

Cybernetics (defined as study of 'control and communications in the animal and the machine"
by its originator, Norbert Weiner [Trask, 1971*])deals chiefly with the man-machine interface, and with
control mechanisms, information processing, and information flows in machines. It has been applied
mainly to engineering of computers, communications networks, and servomechanisms, although some
work has been done seeking analogous control circuitry and control mechanisms in organisms. Cybernetic
insights and methods will be of great use in technoecology.

Bionics is a less specialized field than cybernetics. It was originally defined (by J.E. Steele
in 1958) as ""the science of systems whose function is based on living systems, or which have characteristics
of living systems, or which resemble these", and it was later redefined more practically by Gerardin
(1968*) as "the art of applying the knowledge of living systems to solving technical problems", Whereas
cybernetics concentrates on engineering and only occasionally looks for biological analogs, bionics searches
the biological world for structures and innovations which can be adapted to serve analogous functions in the
technoecosystem.

Clearly, technoecology (in its pure and applied aspects) can fit into the bionics definitions just
given. But bionics as defined and bionics as it has actually been applied are two different worlds. Although
bionics is defined in terms of ""living systems" in general, it has in practice dealt with biological systems
only at subcellular to organismic level, and has found engineering applications only on the micro-component
to technoorganism scale. Technoecology, in contrast, is a macroscale science, which compares macroscale
technoecosystems to macroscale bioecosystems, and searches biological world for new macroscale industrial
designs and strategies. Applied technoecology is macroscale bionics.

8. Bio-Techno Comparison

Technoecosystems and bioecosystems have many common characteristics. They look alike,
with complex but orderly spatial patterns of diverse, discrete, mobile and stationary modules. They are
both self-organizing, self-regulating open systems, with hierarchical cybernetic control networks employ-
ing positive and negative feedback loops for homeostatic maintenance of internal order. They both accumu-
late information and project it into the future via preferred hierarchical energy, matter, and information
flow and storage patterns. Both have multilevel energy quality trophic structure, and are limited in
physical structure alternatives by availability of essential materials (e.g., metals, minerals, water,
organic chemicals). Spatial territory hierarchies occur in both technoecosystems (e.g., hierarchical
hexagonal market territories [Plattner, 1975%] 1) and bioecosystems (e.g., approximately hexagonal
desert shrub distribution patterns within approximately hexagonal rodent territories within approximately
hexagonal predator territories). And both technoecosystems and bioecosystems and their components
evolve through time, although at greatly different time scales.

These similarities between bioecosystems and technoecosystems are not accidental. Both
types of system are governed by the same thermodynamic and physical laws, the same universal geometric,
topological, and mathematical laws, the same relativistic framework, and the same constraints of matter,
energy, and information. In addition, bioecosystems and technoecosystems that we are familiar with
have evolved on the same planet with its a priori gravitational field, thermal regime, and element abun-
dances.

Furthermore, technoecosystems have come to resemble living systems because they are
organized around and by living organisms (men), because some technoecosystem subsets are modified
bioecosystems and some technospecies are biospecies, and because some mechanical technoecosystem
parts are conscious imitations of bioecosystem parts. In the future, through technoecology, whole
technoecosystems may become conscious partial imitations of bioecosystems.

Finally, it simply makes good economic and energetic sense to design technoecosystems
with macroscale low-entropy channel networks, with energy~matter storages, with optimal energy
systems location, and with compact, efficient, well-adapted modules in rational, orderly, integrated
patterns. Such systems compete well and survive; others do not. Whether consciously or not, techno-
ccosystems must evolve to he similar to bioecosystems -- because they work.

IMarket territories in three-dimensional technoecospace might be expected to be dodecahedronal
volumes (sce Fuller, 1975*), representing closest packing of spheres. This geometry is found
in closely packed cells and hubbles.
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Although the results are similar, the means of technoecosystem and bloecosystem evolution
are different. Biospecies and bicecosystems evolve solely by long-term, decentralized, unconscious
natural selection of successful, competitive features generated by random variations. In contrast, natural
selection plays only a minor role in evolution of technospecies and technoecosystems. They evolve mainly
through short-term consclous human design and decisions based on accumulated information and highly
adapted, rapidly evolving mental and physical design strategies. Natural biological management strategy
is long-term stability, whereas technological strategy is short-term growth and maximum control.

In technoecosystem, information flow and storage is freed frombiochemical constraints,
resulting in rapid information accumulation and transfer (at speed of light) capability. Human social
networks and centralized power hierarchies facilitate direct, conscious, highly organized macroscale and
microscale design and production projects.

Technoecosystem is the extension of life into new worlds of inorganic and electromagnetic
interactions. New properties of matter and energy are utilized, and new geometries (e.g., wheels and
axles) can be exploited. Technoecosystems, unlike bioecosystems, can use the mechanical world: complex
levering and rotation, crystal structures, orbital trajectories, and macrostructures. Technoecosystem
energy flow is often in discrete packages which create structures and materials that will withstand decay
for a long time. In contrast, biological systems must maintain tissue complexity at all scales with nearly
constant energy flow.

Technoecosystem modules are not limited in size (as biological organisms are) by genetic
functions and nerve tissue performance. They can be large, dispersed, but centrally-controlled networks,
organized by high-speed electromagnetic communications channels, Technoorganisms (except biological
ones) are not self-regenerative; but the whole technoecosystem is -- new parts are made by centralized
manufacturing rather than decentralized biological reproduction.

Biological ecosystems within technoecosystems seem to have standard trophic pyramid struc-
ture, with energy concentration progressively increasing, species diversity and population decreasing,
and large energy losses between levels (although high quality fossil fuel energy is fed in for some mainte-
nance functions, rather than internal energy loopbacks). Mechanical fossil fuel technoecosystem subset
trophic structure (e.g., oil wells, tankers, refineries, pipelines, service stations, cars) is somewhat
different, however. Fuels are already concentrated, so low (producing) trophic level is characterized by
simple, non-diverse systems with low population and high energy flow, and high (consuming) trophic level
exhibits very large population and high diversity. FEnergy quality increase and energy loss appear to be
less between trophic levels for fossil fuel technoecosystems than for biological technoecosystems.

Technoecosystems exhibit behaviors and properties analogous to biological systems at several
(cellular to ecosystem) levels. But ecosystem level was chosen as the best analogy for several reasons.
Both bioecosystems and technoecosystems consist of numerous interspersed and interacting populations
of distinct types of spatially discrete and separated complex modules. Both have mobile and stationary
modules. Both have relatively simple bulk energy and materials flows. Both exist at terrestrial macro-
scale where gravity flattens them, often at horizontal planar interfaces between phases (liquid-gas, solid-
liquid, solid-gas), so vertical dimension is generally less than horizontal, And in both bioecosystems and
technoecosystems the highly organized modules are embedded in much matrix of unorganized solids and
fluids.

Furthermore, since machines are so easily and popularly seen as organisms in organismic
roles (see, for instance, Rowland, 1968*), it seems natural to liken larger systems to ecosystems. Techno~
ecosystem is like an ecosystem to the extent that its control is decentralized, and like an organism to the
extent control is centralized. Whether we see a technoecosystem as organism or as ecosystem depends on
the phenomenon and the spatial scale with which we are concerned.

I technoecosystem a form of life? It certainly is the manifestation of life at the macroscale,
freed from biochemical limitations and extending complex hierarchical organization into new realms of
geometry, speed, and matter-energy properties. Its evolutionary patterns certainly mirror aspects of
biological evolution, only on a much larger and faster scale, and semi-consciously guided by intelligent
creatures. Finally, technoecosystems are probably the only detectable manifestations of life in other
stellar systems. But we could not call technoecosystems ""macroscale life'* or "macrolife" unless we
were willing to expand our concept of life beyond the biochemical-biological world. Perhaps we can call
them "industrial life" or "technolife", instead, but we must remember that this is not identity but very
good analogy. We now recognize that in viruses life grades indistinguishably into the non-living world
at the microscale. We may someday dare to state that intechnoecosystem life grades indistinguishably
into the non-living world at the macroscale.

As soon a8 we realize that in observing industrial civilization we are just seeing an ecosystem,
then we can perceive all the diverse technological "problems", revolutions, successes and failures, and
complex evolving structures in a unifying framework. Economic development, energy crises, water and
food shortages, inventions, territory expansions and losses, and hierarchical control networks are all
as old as life, and recur in many frameworks at many levels and on many time and space scales in the
biological world.
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The technoecosystem concept brings a whole rich galaxy of biological ideas and experiences
to the technological world. There are many legsons for us to learn from present ecosystems (products
of millions of years of survival and design perfection by natural elimination of maladapted configurations)
and from records of past ecosystems. We might try projecting our observations and knowledge from
biological microacale to industrial macroscale in order to obtain new insights and perhaps evolve more
rational and successful global industrial strategies.

10. Thermodynamics, Energy, and Money (Once in Forever)

Energy flow makes things happen. And this flow is governed by the second law of thermo-
dynamics, also known as "time's arrow" and "the entropy law" (Georgescu-Roegen, 1975*). This law
can be stated in several ways: heat flows only from higher temperature object to lower temperature;
potential (free, available) energy flows only toward lower potential; order trends irreversibly toward
disorder; closed systems run down; potential energy progressively and irreversibly becomes unavailable
energy; concentrated energy becomes progressively more diffuse; entropy increases. Layzer (1975%)
suggests that this entropy law may be a result of expansion of the universe faster than processes for
attaining thermodynamic equilibrium,

But in apparent contradiction to this law, we see order in the world. We see order maintained
and even increased in stellar, earth, and atmospheric cycles, and especially in biological and industrial
systems. The contradiction is resolved when we note that these are all open systems, that order is
increased and maintained in them only by energy flow through them, at the expense of increased disorder
outside.

Open systems are what [ call "entropy jets". They maintain structure and information, grow,
and evolve by consuming high~energy orderly fuels and materials, and ejecting low-energy disorderly
wastes and low-grade heat. Or, as Georgescu-Roegen (1975*, p. 353) puts it, they maintain themselves
"by sucking low entropy (negentropy) and expelling high entropy." Systems which evolve mechanisms for
most effectively maintaining this flow survive; other systems do not. Low entropy occurs in many forms,
including thermal energy, kinetic energy, nuclear energy, gravitational potential energy, chemical bond
energy, pressure differential, geometric order, information, and purity and concentration of substances.

Entropy jet operation is irreversible; once potential energy is degraded it cannot be returned
to its original form without expending still more potential energy. Operation of technoecosystem, what
Georgescu-Roegen (1975*) calls "the economic process", is an example of this. The economic process
is irreversible; each of its events happens once in forever. Decisions are irreversible. Potential energy
resources which run technoecosystem do not care how they are used (for peace or war) or how fast. They
just follow a relentless trend--toward less. On earth we steer through time only once. It may seem that
we are doing the same thing again, cyclically. But we are not. We are always downstream from before,
potential energy has declined, the environment is different, the position of the stars has changed.

The technoecosystem we are flying over manifests the entropy law. Energy distribution
networks demonstrate that energy flow is one-way. Technoorganisms powered by heat engines take on
concentrated fuels and expel hot gases, Huge machines in well-organized technoecosystems strip mine
high-potential-energy coal reserves to be burned. Others strip mine copper ore and expend fuels to
concentrate the metal into a pure form which has high survival value in enhancing potential energy pump-~
ing performance of the technoecosystem. FEnergy in diverse forms is transported at low energy cost in
specially adapted low-noise entropy-shielded channels.

FEven our jet flight is irreversible. The plane (representing a very high concentration of
energy flow investment) slowly wears out, concentrated fuel burns, hot gases are exhausted, and energy
disperses as turbulence and as sound waves breaking across the desert, But we are gaining information,
experience, and insight, which through future weightless thoughts and decisions will (we hope) guide future
irreversible energy flows in such a way that our present energy expenditure will be repaid over and over.

Most people, if asked, say that they are making money, that many of their activities are
related to money. But as we take off in our jet, money disappears just as humans do. At the technoeco-
system macroscale, instead of money we gee large technoecosystem structures and channels for flow of
energy (including materials and information). These forms and flows all manifest microscale decisions
and strategics based in major part on money considerations; but they are not money itself.

Money is apparently a decentralized mechanism for switching and steering energy flows in
technoecosystem. It is weightless, invisible, purely abstract and mathematical, and can now be trans-
ferred and manipulated at the speed of light. Money can be viewed as perfectly distilled quanta of evolu-
tionary advantage. Money flow controls encrgy flow. But this control is very site~ and time-specific; it
depends on instantaneous local energy-dollar equivalence ratio and on local peculiarities of technoecosystem
configuration, energy and materials inventory, and flow capabilities, among other factors.

H.T. Odum (1971*) showed that money flows in the direction opposite to the energy flow it
controls, and that distortion and manipulation of the money system alters configuration and flows of the
technoecosystem cnergy system. Money cycles are entirely within technoecosystem, yet technoecosystem
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survival is based on flow of energy from environment. Hence Odum (1875) suggests either meapuring
these external flows in terms of money equivalents or stating all flows in units of energy of reference
quality.

Money can be inflated or deflated simultaneously in different parts of the technoecosystem, so
it does not always represent the same quantity of high-quality energy. Money flow is eapecially useful for
microscale allocation of technoecosystem flows and structures. But at the macroscale it has often been
badly distorted, either consciously, or through automatic functioning of maladaptive financial institutions.
Our fixation on money often blinds us to what really matters: macroscale efficiency and survivability of
the technoecosystem, based solely on energy and matter flows and structure geometries,

Energy and materials are real physical entities; their existence is independent of human whim,
But money is abatract information, and men can manipulate and warp it. Money is recycled again and
again, But the energy flow which it controls is irreversible, occurs once in forever.

Many people think that it is money flow in the global economy which supports them, though
actually it is not money but the physical functioning of the global technoecosystem (and many natural
environmental systems) which provides our physical sustenance.

Energy flow modeling techniques used by bioecologists have been adapted by H. T. Odum (1971%)
for study of industrial systems, economic systems, socio-political systems, and diverse biological and
inorganic systems. Central to Odum's work is a special energy circuit language for modeling these systems.
Some of the symbols which Odum has devised are presented in Fig., 1 and appear in diagrams scattered
through this paper. These symbols and others like them can be combined in diagrams to show conceptual
energy flow relationships between system components. And they can be replaced by differential equations
for digital modeling, or by appropriate electrical or hydraulic modules for analog modeling, Second law
of thermodynamics is included in energy circuit models by the use of the heat sink module where irre-
versible energy transformations take place,

o O ot

a. energy source b. energy storage c. heat sink

—

d. work gate e. self-maintaining system

Figure 1. Some energy circuit language modules

Siightly modified from H,T. Odum (1971%, p. 38-39). In work gate module, energy flow B makes
energy flow A-A' possible, as in turning a valve.

Besides a general introduction to energy circuit diagrams (1971*), Odum has provided a more
detailed, quantitative analysis of the various modules (1972*), and has applied them to natural geological
cycles (1972) and to arid lands technoecosystems (1975). Gilliland (1975) used Odum's techniques in a
preiiminary analysis of geothermal power production.

In their 1975 papers Odum and Gilliland summarized several energy system concepts which
are helpful for comprehension of technoecosystem functioning, Energy quality represents actual ability
to do useful work: one kilocalorie of gasoline can do more work than one kilocalorie of heat in warm water.
Those systems which maximize power flow compete best and gurvive; and power flow is maximized by
developing multi-step energy transformation chains (like biologlcal food chaina) which progressively
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concentrate some low-quality energy to higher quality (at the price of degradation of most of the low
quallty energy to still lower quality) and uge this higher-quality energy for amplification, pumping, and
control of the low-quality energy transformation (see Fig. 2).

1
i ‘ G
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Figure 2. Two-stage energy transformation chain with energy quality increasing downstream

Net Energy Ratio = A/B

) Net Energy = A - B
ems.
1 Net energy is the difference between high-quality energy produced and high~quality energy
Net

i invested in some energy transformation process at lower energy quality level (A minus B in Fig. 2).
energy must be positive for a system to survive alone. And for a system to compete, its net energy ratio
(ratio of energy output to energy cost, or A/B in Fig. 2) must at least equal the ratios of its competitors.
However, non-competitive systems can be maintained by high quality energy subsidy provided from out-
side sources, perhaps obtained through manipulation of money flows and energy-dollar exchange rates,

One monetary unit ideally represents a constant amount of energy at a particular quality level
(constant energy-dollar ratio), but this rarely happens either spatially or temporally in real technoeco-
systems. As a result, economic analysis and net energy analysis can differ in their assessment of the
favorability of a particular energy transformation process. In such a case, businessmen tend to count
their fortunes according to economic analysis, but real wealth (technoecosystem performance) accrues

only as net energy.

11. New Modules

Two important types of systems -~ men and technoecosystems ~- are included in so many
energy circuit models that they deserve symbols of their own. I propose that we use the module designs

shown in Fig, 3.

a. Man b. Technoecosystem (empty)
;
c. Manned low-energy d. Manned high-energy
Technoecosystem Technoecosystem

Figure 3. Energy circuit modules for man and technoecosystem

The "man module" (Fig. 3-a) can be used for one, several, or many humans, gathered together,
or dispersed. It is identical to the self-maintaining system module (Fig. 1-e) except for the dot in the middle.
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This dot -- we might call it the "gelf module' ~- ig important because it points out the crucial
difference between men and all other self-maintaining systems in nature. The human body is incontestibly
a physical machine, subject to thermodynamic principles, like other systems. But it seems to carry within
it something unique and special in the known universe, what we might call intelligence, consciousness,
intellect, or the sense of self.

In. H.T. Odum's (1971*) scheme, the aim of all systems evolution is to maximize energy flow.
But there seems to be more to the human world than just metabolism. As Georgescu-Roegen (1975*,
p. 353) puts it, the real purpose, ""the real output of the economic process [technoecosystem functioning)
is not the materlal flow of waste, but the still mysterious immaterial flux of the enjoyment of life.”" The
self, this unique property of humans, may be the enjoyer of this flux of enjoyment.

J. Bronowskl in The Jdentity of Man (1971*) argued that it is "knowledge of the self" which
makes man not a machine, and different from all other systems. But references to this singular human
property are not limited to philosophical discussions., Jagdish Mehra (1973*) wrote about the special role
that consciousness plays in the equations and theory of quantum mechanics. Physicist John Wheeler
(1974*) attempted to show that consciousness may be an inherent and even necessary component of the
universe. And it is possible that humanity's decentralized creative intellect and sense of self represent
antientropic metaphysical universe, which geometrically complements entropic physical universe at the
quantum level in Buckminster Fuller's (1975*) comprehensive mathematical synthesis. Indeed, it is
because the self seems to be antientropic, a creative source of organization, that the dot in the man
module is not connected to energy flow lines.

Without the dot in the man module, without the sense of self in system, our human world is
reduced to beautiful but mindless evolution, the clashing and meshing of automatons in the blind rush to
evolve maximum power flow configurations, I suggest that we keep the dot in the man module at least as
long as pure consciousness, whatever it is, has not been reduced tobiochemical formulas or mechanistic
stimulus~-response models, Behavior of systems composed of or controlled by humans seems to be
fundamentally different from behavior of other systems. The self module dot, representing this difference,
should serve to humanize energy circuit modeling.

Technoecosystem, like man, is a very special kind of self-maintaining system. It is the
physical matrix which humans control and within which their multiple, decentralized sense of self is
embedded and amplified. Just as self animates man, man animates technoecosystem,

The shape of the proposed "technoecosystem module" (Fig. 3-b,c, and d) shows this relation-
ship. This module can represent a local, regional, or global technoecosystem, just as the man module
can represent one human or many. By our definition of technoecosystem, an unmanned technoecosystem
(Fig. 3-b), a technoecosystem not under conscious human control, is no longer a technoecosystem and
will cease to behave as one. In low-energy technoecosystems (Fig. 3-c), where human metabolism is a
large fraction of technoecosystem power, energy flow lines are connected to the man module. These lines
are not drawn, though, for high-energy technoecosystems (Fig. 3-d), where human metabolism magnitude
is relatively insignificant. For simplicity, complex energy transformations and cybernetic control path-
ways are not shown in the technoecosystem module. However, specific technoecosystem functions (work
gates, energy storages) can be extracted from the module for purposes of analysis, as in Fig, 4-c.

Tools and their ultimate synthesis, the technoecosystem, are controllers and amplifiers of
energy flow, guided by conscious strategy. Fig. 4 illustrates conceptually how technoecosystems may
have started and how they expand by extension of control over ever-larger natural systems.

The sense of self may involve the sense of being in a system and somehow separate from it.
This perception of separateness paves the way for development of strategies for manipulating external
systems, in other words, for creation of technoecosystems. It may be (as Fig. 4 implies) that technoeco-
system and sense of self evolved at the same time, and that they can only coexist. Thus we might con-
sider defining man on the basis of this two-fold characteristic: man as biological system with 1) a sense
of self and 2) a technoecosystem.
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a. Stage 1
natural system pre-man
b. Stage 2 —_— Q——@
= = = low-energy =
controlled system early man technoecosystem
c. Stage 3

extension of control to expanded, high-energy
other natural systems technoecosystem

Figure 4. Creation and growth of technoecosystem

12. Technoecosystem Nicheg, Evolution, and Succession

One remarkable feature seen from our jet is the careful adjustment of many technoecosystem
components to environmental conditions. Highway and canal geometries and routes are largely determined
by topography and geology, mine sites are determined by mineral deposit locations, crops grow only where
soil and irrigation water permit. This molding of technoecosystem to environmental geometries, energy
gradients, and materials peculiarities, within the limits of human knowledge and technology, must occur
either consciously or unconsciously for the system to operate effectively and survive. A good example of
environmental determinism of technoecogystem is the pre-Columbian convergence of irrigated agricultural
patterns in both Old and New Worlds.

As environmental conditions change, so must technoecosystem. And since technoecosystem
(like living systems) changes many of the environmental variables it is adjusted to, it is always forced by
itself (if not by outside forces) to evolve into new configurations. Technoecosystem subsets boom in some
areas and are abandoned in others as technology, resource, and environmental conditions change. This
happens at many scales of time and space,

Another determining factor for technoecosystem configuration is historic precedent. Small
weightless decisions made at one time in history can steer large energy flow patterns later in time.
Precedents often have great inertia and may be irreversible because energy cost of change can be much
greater than simple maintenance of historic configurations., Examples are city locations and dam sites.
There is great potential energy in a natural landscape, and it degrades as technoecosystem design
decisions are progressively made. Clearly, making good precedents is of prime importance,

A concept of "technoecosystem niche', analogous to the biological concept of species niche
(scc Shugart and Patten, 1972* for a brief review) may be useful. A preliminary definition for technoeco-
system nichc is the hyperspace (for given environment and technology) of all possible tecchnoccosystem
configurations which will survive, at least for a rcasonable time. Niches exist apart [rom technocco-
system; technoccosystems fit into them,

Energy source is a prime determinant of technoecosystem configuration, so we can divide a
technoecosystem niche into a number of ""energy niches'. An energy niche can be defined as the hyper-
spacc of all possible technoecosystem configurations, based on a specific energy source, which will survive
for a rcasonahle time. In present technological discussions, a reasonable time seems to mean only 30
years minimum. An cnergy nichedetermincs the morphology and function of a technoecosystem or
technoecosystem subset whichexploits it, just as an organism's niche and food type determines its mor-
phology, metabolism, and behavior. One technoecosystem can exploit more than one energy niche at a
time.
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Both energy niches and technoecosystem niches are determined by such factors as technological
knowledge, natural environment patterns, pre-existing technoecosystem configurations, and thermodynamic-

physical laws.

A simplified view of a technoecosystem niche is to consider it a production possibilities surface
with three dimensions: human population supported, quality of life, and duration of technoecosystem
survival. Obviously, larger population leaves fewer options for technoecosystem configuration, duration,
and quality of life. Technoecosystem niches, however, are actually somewhat indeterminate. The many
bounding variables are non-linearly interconnected, and they react to irreversible technology changes and
real-time decision pathway precedents.

All this complex high-energy technoecosystem we are flying over is only a few decades old. A
time-lapse conceptual movie squeezing the last 100 years into a minute would show explosive growth and
incredibly fast evolution of technoecosystem components.

What we see here in southwestern U.S. is symptomatic of a synchronous explosion all around
the world, an explosion of both the technoecosystem and the human population which it supports. A century
ago the largely agrarian global technoecosystem ran mostly on human and animal labor, with a few higher
energy steam locomotives and steamships providing distribution services. Who then could have predicted
the massive, very high-energy, intricately integrated global technoecosystem of today, with cars, airplanes,
tankers, superhighways, diesel ships and trains, pipelines, and space vehicles? Today's world atlas shows
that almost every major city, ancient or modern, now has its jetport, attesting to world wide participation
in life at the new macroscale.

Only very recently has technoecosystem manifested itself at the multikilometer scale. This
extremely rapid evolution and diversification of technospecies and technoecosystem, and this accelerating
growth of technomass are seen in the biological world only if we run the tape of geological history at 1 to
10 million times its actual speed. As in the biological world, all stages of technoecosystem and techno-
species evaolution coexist on this planet, although often only in local vestigial form.

As technoecosystem evolves, independent (uncontrolled) variables progressively become
dependent (controlled) variables, in a form of technological zoom effect. Most environmental adjustments
used to be worked out by nature's balancing. But now, as technoecosystem suddenly reaches global scale,
ever larger-scale phygical processes are appearing in our economic accounting system,

This recent dramatic exponential explosion of technoecosystem and human population seems to
result directly from the discovery and opening up of what can be called the "fossil fuel energy niche". The
fantastically rapid evolution of high power flow technoecosystem networks tapping newly exploitable concen-
trated potential energy reservoirs is closely analogous to the rapid population growth, evolution, and
expansion of diversity which biological groups exhibit (over longer time periods) when new ecological
niches open up to them through their own adaptations or through environmental change.

A great technological fossil fuel energy chain has grown from nothing in only two centuries:
extraction, processing, and distribution systems for petroleum, coal, and natural gas; geological explora-
tion systems; specially adapted technospecies; and vast urban and industrial consumption centers. The
fossil fuel niche has brought to many millions of people the experience (previously limited to kings) of
control over ever-larger energy flows, with the illusion it brings of eternal improvement, relative
omnipotence, and near immortality. The secret is out, and now many more millions of people who still
live in low-energy technoecosystems seek the same thrill, the same experience of physical well-being
which high-energy technoecosystems seem to promise. As world per capita technoecosystem energy flow
continues to grow, the global technoecosystem becomes increasingly dependent on the fossil fuel energy
niche.

But there is a catch. The fossil fuel energy niche is limited, and it is closing almost as soon
as it has opened (Hubbert, 1971). By now the details are familiar to most of us: oil and gas running out
in a few decades, projected conversion to coal technology for only a century or two more, and continuously
increasing energy costs and consequent decreasing net energy yield. Furthermore, these fossil materials
are likely to have much greater value in future technoecosystems as chemical feedstocks than as fuel for
irreversible, one-time-only burning.

We can define two kinds of energy niches. 'Stock niches' are based on finite stores of energy,
and provide the opportunity for a pulse of technoecosystem expansion and subsequent decay. The fossil
fuel energy niche is a stock niche, In contrast, 'flow niches" are based on relatively constant energy
flows (which are, however, of limited size). Flow niches can support long-term relatively stable state
after initial growth episodes.

On earth, the relatively constant energy flows are solar radiation, winds, tides, water power,
and geothermal heat flow. Before humans began technoecosystem evolution, the biological world as a
whole was exploiting a solar energy flow niche. However, with possibly a few local and temporary excep-
tions, technoecosystems seem to have never reached a steady state, even when they were based on solar
energy flow through blological systems. Available flow niches have been progressively overexploited and
then technologically tranacended through new technoecosystem adaptationg, It ig uncertgin how much
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longer this can continue. The pulse of fossil fuel energy niche technoecosystem growth may result in a
larger human population and technoecosystem than can be supported in any terrestrial flow niche. Actually,
such overgrowth may already have happened.

A great global research and development scramble is on to explore and open new energy niches,
by inventorying environmental energy resources and developing new technoecosystem modules to exploit
them. Any source which provides adequate net energy at competitive net energy ratio can contribute to
global technoecosystem primary sector energy flow. An energy concentration and transport chain can be
based on any suitable primary energy source (for instance by electrolytic hydrogen production for pipeline
and cryogenic tanker distribution) and used to power any type of technoorganism anywhere. However, the
efficiency of doing this varies between energy sources, 8o only one or two will probably predominate at
any one time. While developing alternatives we must still maintain (at least for the present) the technoeco~
system configurations which fossil fuel energy niche precedents have brought us.

Technoecosystem energy niches currently being explored range from the nuclear energy niche
(with its configuration of fuel mining, processing, and transportation networks, powerplants, waste disposal
facilities, and associated nuclear weapons plants) to the solar energy niche (with such proposed configura-
tions as biomass harvesting for fuel synthesis, and solar power satellites [maybe manufactured from
moon-mined metals] for broadcasting electricity to the planet's surface), Later chapters of this paper
discuss present and proposed technoecosystem configurations for exploiting the geothermal energy niche.

Each alternative energy niche is currently being explored as a possible technoecosystem option
to augment the present dominant and pervasive fossil fuel technoecosystem energy flow after an initial
period of being subsidized by it. However, in not many decades it will be necessary to switch the global
technoecosystem almost completely over to other energy niches. Each alternative energy niche entails
its own unique mix of resource geometry, energy quality, and supply limits, its own environmental
effects, and a unique technoecosystem configuration (which will affect what people do and how they live).
There is as yet no integrated plan for global technoecosystem energy niche transfer; it is likely that
such a change, if it takes place, will happen spontaneously and in unexpected ways, as in previous energy
niche transfers, unless some planning is done in advance.

All energy niches being explored now, with the possible exception of the multi-faceted solar
energy niche, are finite, stock niches. Even the geothermal energy niche, based on relatively constant
heat flux from deep in the earth, is a stock niche at projected exploitation rates. The solar energy niche
looks to many people (e.g.,Georgescu-Roegen, 1975*) like the ultimate energy niche for long-term survival
and possible steady-state. It seems to promise a revolutionary transition from the current animal-like
boom-and-bust fuel-seeking state of technoecosystem to an idealized large-scale plant-like autotrophic
steady-state for the long run. But it remains to be shown that a large high-energy technoecosystem with
projected billions of human operators can be based entirely on an energy chain which concentrates incoming
solar radiation.

Energy niche transition is never instantaneous. To technoecosystem dwellers it may be almost
imperceptibly slow. As net energy ratio decreases and relative price increases for energy from fossil
fuel technoecosystems, alternative energy niches with lower net energy ratios and higher prices become
progressively more attractive and eventually competitive for some uses. If decisions were made solely
on the basis of energy units, the energy niche transfer would take place when net energy ratios were equal.
However, manipulation of the economic system through grants, tax advantages, and tariffs can subsidize
development of a new niche which is not yet (and may never be) competitive in terms of net energy. Such
subsidy can be useful for preparing a new technology in advance of the real need for it. But unfortunately
such subsidies can become institutionalized through massive public relations investments and political
maneuvering by the industrialists who control the energetically suboptimal technoecosystem, resulting in
large, inefficient, but self-perpetuating energy systems which survive on liberal fossil fuel subsidy. The
nuclear power industry may be an example of this. 3

2Gabel (1975*) attempted to show that a global technoecosystem flow niche exists which involves channeling
many energy flow resources (solar, geothermal, winds, tides,etc.) through a "'global energy utility'. He
concluded that it is possible now to build a global technoecosystem which will support all the world's humans
at a high-energy high-quality standard of living. Unfortunately, he inventoried only gross energy stocks
and flows, and did not include net energy, net energy ratios, or energy quality in his analysis.

3t appears that due to high costs of construction and industrial and regulatory infrastructure and tremen-
dous initial research and development costs, the nuclear power technoecosystem has not yet yielded net
energy, but has consumed (and continues to consume) vast amounts of fossil-fuel technoecosystem net
encrgy resources. Whether the nuclear technoecosystem will ever manage to repay this subsidy during
its extremely limited stock niche duration constraints is open to debate. In the meantime, high level
radioactive wastes continue to pile up within the technoecosystem, with no long-term technoecosystem
strategy or configuration for permanent storage,

Conversion of nuclear technoecosystem to breeder-reactor mode is now planned in order to
greatly extend the time-size limits of the nuclear energy niche. Regrettably, the breeder reactor tech-
noecosystem configuration is based on transformation of technoecosystem stocks of non-fissionable
uranium 238 into thousands of tons of fissionable plutonium -- a substance noted for its incredible toxicity
and the ease with which it can be used to fabricate nuclear explosives. Transportation, storage, and
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There is a close parallel between the evolution of the technoecosystem (from its biological
origins, as chronicled by archaeology) and the evolution of bioecosystems and their bivspecies components
(as revealed by paleontology and evolutionary paleoecology). In both, new niches are progressively
opened by evolution of new configurations and by environmental change, and expansions of populations and
diversity occur subsequently.

Tracing the history of technoecosystem we see these rough stages: 1) pre-man as bioecosystem
component, 2) early man uging simple tools within bioecosystem, 3) agriculture and husbandry, making
possible relatively rapid technological and social evolution, 4) industrialization based largely on fossil
fuel niche, resulting in great acceleration of evolution of mechanical and inorganic technoecosystem sectors,
and 5) a posslble new age of creative global technoecosystem design. In each past case, certain core
innovations opened a major new niche, making possible a new growth of technoecosystem size and diversity
and a new burst of human population growth. This pattern is reminiscent of the progressive, irreversible
evolution of life (at a rate millions of times slower) through a succession of global bioecosystem revolutions
(Cloud, 1974*). And it is also similar to ecosystem succession on a much shorter time scale when a new
habitat is opened, or to population growth of a species when a successful genetic innovation occurs.

Succession of technoecosystem configuration is seen not only on the global macroevolution
scale but also on spatially and temporally smaller scales. For instance, in copper mining the old under-
ground tunneling technoecosystem for mining high-grade veins has given way to massive open pit mining
of low-grade ore by giant machinery. In some open pit mines, in fact, the relatively minuscule tunnel
timbers, relics of an obsolete technoecosystem, are exposed on the pit walls. Fossil fuel extraction, too,
has progressed from high-grade near-surface easy-to-find deposits to ever deeper, better hidden, and
often lower-grade reserves. By analogy, geothermal resources exploitation will probably progress from
shallow to deep, from hot to cocler, from chemically pure to impure fluids, with concomitant succession
of technoecosystem configurations.

The clear trend in technoecosystem succession is for the highest~grade lowest-entropy
resources to be used up first. Any excess energy feeds inefficiency or waste, system maintenance at
high-energy level, or subsidy of system evolution for future lower grade exploitation. Once a stock
niche has been exploited for a while it cannot be exploited at the same energy return again, using the
same technology. Either technology must evolve or net energy ratio must decrease. The fossil fuel
niche, for instance, would be difficult or impossible to open up a second time if present technoecosystems
were destroyed; reserves which remain are deeper and harder to find and extract than were original fuel
reserves.

We are all familiar with the symptoms of expansion when a new niche is discovered: diversifi-
cation of technoorganisms and human roles, expansion of wealth and human populations, rapid self-amplify-
ing technological acceleration, discovery of countless new possibilities and unexpected but profitable sub-
niches. We in the developed nations have experienced these symptoms for several generations.

Numerous mechanisms maintain the momentum of this expansion. People become advocates
for their own specialized technoecosystem subset. Technological innovation becomes institutionalized,
as in patent systems and research agencies; inventors and applied research scientists consciously seek
new ways to expand and improve technoecosystem and its components. And new developments can spread
rapidly either through transmission of information or through global transfer of parts, technoorganisms,
or even whole technoecosystems (the present wholesale transfer of technoecosystem subsets to the
Middle East is an excellent example),

However, it is important to remember that new niches are finite, that initially accelerating
growth cannot continue forever. As the limits of a stock energy niche are reached and the niche begins
to close, a whole new set of symptoms appears. These can be seen at small scale in the decay of boom
towns, and analogous phenomena occur when environmental change closes a biospecies niche. Growth is
starved to a stop as net energy ratio declines and further expansion becomes unprofitable. The fluid
era of excess wealth, many choices, and easy waste through evolutionary frills comes to an end. The
structural whims of opulent expansion freeze to become the rigid framework for a less wealthy future
because there is no longer enough excess energy to change them. The structures so joyfully built in

3, Cont.

multi-step processing of large quantities of plutonium would be an integral part of the proposed "'pluto-
nium economy". Therefore extraordinary, nightmarish technoecosystem configurations and repressive
social institutions would probably be required for attempted prevention of accidents and nuclear weapons
proliferation among nations and terrorist groups.

A single accident or successful sabotage might easily wipe out and befoul the net energy profit
of many years of power output. Several mishaps could drastically curtail the global technoecosystem
niche. Furthermore, merely a few decades of power production (probably for simple maintenance or
growth of present consumer technoecosystems, rather than for transfer to a flow niche) would irreversibly
commit the global technoecosystem to keeping all the large quantities of plutonium and high level wastes
absolutely separate from the biosphere. They would have to be kept under complete control (i.e. within
technoecosystem) for thousands of centuries. Yet high-energy technoecosystems have 8o far existed on
this planet for less than one century, The Committee of Inquiry on The Plutonium Economy (1975*) has
carcfully reviewed these concerns,
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ansion phase become the pathways for entropy increase and decay. Cutbacks, diversity decreases, and

:ggndonment of maladapted, inefficient technospecies occur. Human population carrying capacity and

d materlal quality of life decline, with resultant migrations or deaths. Frantic efforts to find a new energy
niche may be made, Pollution (which cannot be disposed of because of energy scarclty)., social disorders,
and activation of military technoecosystems can help bring the niche to a quick closing if a new replacement

item niche is not found. The fossils left after a niche ends include abandoned technoecosystem parts and low-
energy-content remnants of used-up or polluted potential energy reservoirs.

tors, The global foasil fuel technoecosystem is clearly not now in such a state of rapid decline, The
petroleum energy sub~niche will probably be closing in a few decades (it already is closing in some areas

ity of the world where reservoirs have been depleted and exploitation has successionally moved to greater

‘le depths at other locations), but coal reserves promige a longer (though probably less profitable) era of

‘ong potential technoecosystem survival, However, iln order to avoid eventual technoecosystem catastrophes,

v fossil fuel technoecosystem should probably be used to subsidize development of new configurations to

exploit some new, hopefully longer-lasting high-energy niche.

Some questions to ask about a possible new energy niche are: Will it survive? Will it compete
against other niches? How long will it last? What quality of life does it give to humans? How will it
affect natural energy flow systema, bioecosystems, and existing technoecosystems? If it is a limited,
stock niche, will it permit smooth trangition to another energy niche ? WIll it trigger exponential growth
and overshoot its limits? Do we really want it? If not, can we prevent it from starting self-accelerated

growth?

Until now, energy niches have been exploited to the hilt without much planning. It appears that
from now on, as technoecosystem-grown-huge exploits one planetary energy system or reservoir after
another, some long-range macroscale planning will be necessary in order to have any chance of long-term
technoecosystem (and human) survival. We have demonstrated time and again that any technoecosystem
niche's limits can be overstepped in a very short time after first exploitation. Negative feedback mechanisms
to rationally limit technoecosystem (and human population) size are badly needed now, while new, unexploited
niches are still (we hope) available,
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13. Military Technoecosystems

‘ Very soon, if all goes according to plan, it will be possible to think
- of the entire world as one big pinball machine. And when that day
arrives it will be possible for someone to think about plugging it in.

-- Phil Stanford (1975*, p. 40)

Flying over the vast spaces of the American Southwest, we see components of still another
technoecosystem subset, the military sector. We pass over air bases and army bases (each with its
‘ specially adapted technoecosystem), a desert warfare proving ground, a storage area for hundreds of
i obsolete aircraft, huge uninhabited desert areas used for aerial gunnery practice, and (if we know where
‘ to look) the inconspicuous tops of silos where intercontinental ballistic missiles tipped with nuclear war-
heads wait silently. We are reminded that high-ranking military men, too, are conscious macroscale
strategists, that they are the pragmatic designers and commanders (through a rigidly hierarchical social
system) of a highly specialized and purposeful military technoecosystem of global extent.

Technoecosystem is neutral; it has great potential not only for life support, but also for
destruction. Throughout history humans have sporadically steered one part of technoecosystem to combat
another part and attempt to destroy its energy flows and storages, its control loops, its structures, and
its human operators. Such clashes have arisen between rival technoecosystem managers over technoeco-
system territorial disputes, over different philosophies of technoecosystem management, and over limited

i stocks of high-energy-potential natural resources. Specialized military technoecosystems and technoeco-
\ system components have evolved for purposes of: 1) destroying competing technoecosystems or social

[ hierarchies, or bringing them under control of the attacker (offense), 2) protecting local social-economic
hierarchy and its control over local technoecosystem (politics), and 3) protecting a technoecosystem from
technoecosystem competitors which threaten military destruction, maintaining control area boundaries,
eliminating noise from energy-materials-information transport channels, and protecting high-potential-
energy storages (defense).

Military technoecosystems are analogous to the top carnivores in bioecological food chains.
They utilize the highest-evolved technology and represent the cutting edge of technoecosystem innovation.
, And they contain the highest energy concentrations to be found anywhere in technoecosystem. Since
i military technoecosystem role is to rearrange macroscale technoecosystem patterns by disrupting them,
and alternatively to protect them from such modification, only the highest technology and energy valucs
will suffice.
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The history of accelerating military technoecosystem and technoorganism evolution is familiar
to us all. The same evolutionary trends toward higher energy flow, greater speed, increased cybernation
and automation, and higher per capita technomass seen in civilian technoecosystems are also manifested
by military technoecosystems. But military technoecosystems have always evolved much faster than domestic

technoecosystems, and at their expense.

Even in peaceful times, military technoecoaystem evolution and growth continue. Bouldlng
(1968*) pointed out that a classical positive (self-~enhancing) feedback mechanism operates to preserve
this trend. Bulldup of one technoecosystem's military sector triggers fear in the competitor and enhances
ability of the competitor's military sector to raige funds for a reciprocal military buildup (Fig. §-a).
In similar fashion, costly military technology refinement in one technoecosystem forces equivalent or
greater refinement in the other.

natural resources

civilian
technoecosystem

public relations

military
technoecosystem

c. Total war

Figure 5, Macroscale roles of military technoecosystems
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Today, around the world, we see the results of centuries of this kind of military technoecosystem
growth, competition, and evolution. As great fossil fuel wealth has been spent, military technoecosystems
have grown and evolved at a rapidly accelerating rate at the expense of civilian life support system possi-
bilities.

In the last 70 years, and especially the last 30, we have witnessed a spectacular ever-accelera-
ting flux of military technological innovations and a rapid succession of new military technoecosystem
configurations. Diversity and numbers of specialized military technospecies for defense and offense in
different environments and at different energy levels have skyrocketed: many thousands of specialized
aircraft, nuclear submarines, floating fortresses with aircraft technoorganisms aboard, all types of
drones and missiles, orbiting scanners, Advanced technology for speed, computing ability and real-
time cybernation, communications, remote sensing, technoecosystem destruction, and human death
engineering has progressed to an amazing level of sophistication. Still more advanced systems are in
the works: laser cannons, killer satellites, unmanned aircraft, cruise mlssiles (Stanford, 1975%).
Destruction investment ratio (destructive effect per dollar spent) has become very large.

There is no end to military evolution and growth in sight, Brushfire wars in Southeast Asia,
Afriea, and the Middle East give us a glimpse of some of the capabilities of modern military technoeco-
systems. A booming global weapons industry offers sophisticated technoorganisms and whole technoeco-
system complexes to any nation which can afford them on its own or through grants from the high-energy
industrial countries. Military technoecosystems have now reached such a state of technological and
cybernetic perfection that thousands of discrete missile-technoorganism-delivered positive-feedback
(uncontrolled) high-energy nuclear chain reactions can be effortlessly placed in just a few minutes (any
few minutes) at any chosen site in much of the world, with great spatial accuracy, and with precisely
calibrated destructive effect, Indeed, as Stanford (1975*) described it, the world has become like a
pinball machine for the major powers to manipulate (Fig. 5-b, c),

Although military technoecosystems are quite fagcinating to observe, they are unfortunately
a very large energy drain which keeps the global technoecosystem from realizing its fullest life support
capabilities, even in peacetime. A significant fraction of global technoecosystem energy flow pours into
the military sector. One official estimate (U.S. Bureau of the Census,1975*) of military sector cost is
roughly six percent of world GNP (and thus of world energy flow, if constant energy-dollar ratio is assumed),
And a private group estimates current world military spending as $300 billion per year (New York Times
News Service, March 1, 1976).

However, these figures probably understate the magnitude of military effect on the worldwide
energy economy because military technoecosystems use the highest technology and thus the highest energy
concentrations available (more energy leverage per dollar spent). Also, it is likely that many expenditures
closely related to military technoecosystem operation are not included in these numbers, Furthermore,
most of global technoecosystem energy flow goes toward maintenance of old structure, and only a small
fraction is potentially available for technoecosystem growth and for evolution of new configurations. Global
military expenditure cuts deeply into this already small technoecosystem improvement fund. And the
military sector monopolizes the lion's share of high-technology research and development,

Paradoxically, developing countries of Africa, Asia, and Latin America, many of which
desperately need life-support technoecosystem growth and improvement simply to feed and house their
rapidly expanding populations, are now devoting their resources to the greatest relative increase of military
spending in the world (ibid.). Even the planet's lowest~energy, low-technology technoecosystems are
milked of "excess" kilocalories to exchange for a few imported high-energy high-technology military tech-
noorganisms and their fuel and support systems.

Technoecosystem potential ranges from utopian landscapes to bombed-out radioactive waste-
lands. It is up to the technoecosystem dwellers, the people of the world, whether their finite technoeco-
system energy wealth flows into universities, entertainment, and structures to support new, rich life-
styles, or into bomber exhausts and continued proliferation of nuclear bombs with global destruction
capability.

When a technoecosystem niche is a finite stock niche, and its limits are known to be near, then
military technoecosystem growth and use may be inevitable, as a competitive advantage amplifier. Perhaps
it is only the myth of continued economic growth possibilities which maintains relative peace at present.
Perhaps only with current excess availability of rich fossil energies can such tremendous life-supporting
and life-destroying facilities coexist. Urgently needed now is something to defuse the global military
escalation positive feedback mechanism. Maybe global cooperation to develop a stable high-energy flow
niche technoecosystem configuration for everyone (combined with population stabilizing measures) can
serve this purpose, The technoecological viewpoint may facilitate such a reorientation.

Macroscale is the level of military strategy, but it is also the level of any potential compre-
hensive peace strategy which will succeed. High technology and concentrated energy diverted away from
military technoecosystems would have a very high amplifier action in bringing the global technoecosystem
to a higher level of life support capability and in steering technoecosystem toward a more stable flow-
type energy niche. If military systems became obsolete, very high-energy high-technology technoeco-
systems would still be necded, but their purpose would be different: to maximize technoecosystem
productivity and stability for the benefit of world humanity.
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Look past the destructive role of military technoecosystems to see the vast capability of
producing potentially life-supporting technological innovations which they demonstrate: global cybernation
and information processing networks, global application of systems science, rapid comprehensive design
and evolution of technoorganisms and technoecosystems for specific purposes and environments. Highest
technology could be designed directly for life-support systems, rather than gradually filtering down from
gecret military uses, And high-speed jets, now allocated chiefly to military patrols, could be more
beneficially used as vehicles for advanced macrovision experience by technoecologists and their students.

14. Arid Lands Technoecosystems

The arid lands have always won. They have become crypts
for man's ancient energy systems.

-- Charles Bowden (1975, p. 1)

Everywhere we fly in the arid Southwest we see evidences of the fabulous wealth of its modern
technoecosystem. Nowhere else in the arid parts of the world is such a large, highly-evolved, high-energy
technoecosystem to be found. Thus, southwestern U.S. is the ideal place to study the ultimate development
possibilities (and limits) of arid lands technoecosystems where surplus highly-concentrated energy (e.g.,
fossil fuels) is available for several decades. It is possible that no other large desert region will ever
reach such a high-energy level of cumulative technoecosystem development, if no large energy niche is
found to successfully replace the present fossil fuel energy niche.

Scattered profusely across the desert are manifestations of the new high-energy fossil fuel
energy niche technoecosystem: cities, railroads, agricultural areas, powerplants. And here and there
we gee traces of abandoned parts of ancient low-energy technoecosystems: canals, fields, cliff dwellings.
Water is scarce in arid lands, by definition, and the remarkable specialized adaptations of both ancient
and modern arid lands technoecosystems to this scarcity are strikingly visible from the air. Waterworks
of all types (dams, pumps, pipelines, canals, reservoirs, aqueducts, desalting plants) to store and trans-
port this precious fluid are inseparably woven into the fabric of these technoecosystems.

Sharply-bounded green checkerboard patchworks of agricultural land in the middle of barren,
brown, extremely arid valleys are clear signs that water in unprecedented vast quantities is being pumped
from underground or from a river system and carefully spread over the surface to match evapotranspira-
tion potential made high by low humidity and intense sunlight, And misty plumes rising from powerplant
cooling towers, and greenery and swimming pools in desert cities are further evidence of water channel-
ing, visible from the air.

Careful adaptation of desert technoecosystem components and networks to water scarcity is
closely analogous to the adaptation of animal and plant physiology and distribution patterns to arid conditions.
Water is a prime determinant of technoecosystem and biological system configurations because it has
energy value to these systems., And its scarcity in arid lands compounds this energy worth.

Water has many kinds of energy value. H.T. Odum (1970*) listed three forms of potential
energy offered by water to an energy system:

1) Gravitational potential energy. It results from solar-powered atmospheric pumping of water
to elevations higher than bage level (generally the ocean), This form of water energy drives natural fluvial
and geomorphic systems, as well as technoecosystem components like canals, siphons, and hydropower
stations.

2) Energy value as a chemical fuel for washing, dilution, and chemical solution and reaction.
This energy form results from solar-powered atmospheric distillation through the evaporation-precipita-
tion thermodynamic cycle. It drives natural processes like plant root osmotic water intake, and could
ge used to run an osmosis engine across a boundary between fresh and saline water or between water and
ry soil.

3) Energy value as a photosynthesis amplifier, where water is a limiting factor and sunlight
is in excess. In this case, the energy value of water is simply equal to the additional net primary plant i
productivity which it makes possible. Odum does not mention it, but we might also assign energy value
to water for animal metabolism which it makes possible.

4Conversely, water also has energy cost to these systems -- for concentration, purification, transport,
and storage (Fairchild, 1973). FEnergy cost of water, like its energy value, is especially high in arid
lands. Survival of biological systems and technoecosystems in the desert requires either hydro-energy
profit (cixceaa of water's energy value over its energy cost), or outside energy subsidy to overcome hydro-
energy 1oes.
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Odum's sample calculations ghow that each of these three energy components is roughly an
order of magnitude larger than the previous one. Thus, Odum concluded, water has by far the greatest
value as a concentrated fuel when used for irrigation.

There are, however, other energy values of water:

) 4) A!though I cannot think of an engine that can run on it, water has energy value in arid lands
simply because it is unexpected; its mere presence in a specific location in a contrastingly dry region
represents information and thus lower entropy.

5) More importantly, water has energy value due to the low humidity of desert air (which
results from solar-powered atmospheric circulation patterns and consequent thermodynamic dehumidifi-
cation). Vapor pressure differential drives water flow and evapotranspiration in plants and soil, cools
air in natural and technoecosystem microenvironments, and can run a heat engine simply on the difference
between wet bulb and dry bulb temperatures (which is part of the thermodynamic cycle of powerplants
with evaporative cooling towers). Water can be considered a fuel for thermal powerplants because its
use in cooling towers dramatically increases energy conversion efficiency. Burning at the hot end and
evaporation at the cool end of a thermodynamic cycle are both responsible for making a heat engine do work.

6) And finally, water has energy value as an amplifier of industrial processes, especially
where water is a limiting factor, Water's many unique properties make it vital for countless industrial
processes, including human life support, chemical industries, recreation, and air conditioning. This role
of water is directly comparable to its role as photosynthesis amplifier. In both cases water input makes
energy flow through complex systems possible. For biological systems this' means flow of solar power
through biochemical and ecological energy chains. And for technoecosystem it means macroscale flow of
concentrated fuels, and processing of other materials which have energy flow amplifying ability.

Geothermal fluids contain still another type of potential energy: thermal energy. A geothermal
fluid can contain enough heat to pump itself, produce electricity, and distill itself for use as industrial or
photosynthesis amplifier. Later chapters discuss this more fully. )

Water in arid lands can be considered a concentrated fuel not only because of its energetic
usefulness but also because of its energetic origins. It is the relatively small, concentrated, local ener-
getic residual of vast energy flows and thermodynamic cycles in the global atmospheric-hydrospheric
system. One calorie of energy value in water represents many calories of sunlight expended to drive this
system for water evaporation, transport, condensation, and delivery,

H.T. Odum (1975) presented a brief analysis of water and energy flow in the arid land techno-
ecosystem-environment complex of Arizona. One of his major points is that water, a fuel with high energy
value, may be better used for agriculture than for supporting greater urban populations. His explanation
is that agricultural products can be exported to pay for concentrated fuel imports, whereas urban centers
are non-productive.

Unfortunately, he apparently does not consider the energy value of water as industrial energy
flow amplifier, which may actually be greater than the photosynthesis amplifier value of water in arid
lands, when energy quality is considered. Even with no agricultural production it is likely that the South-
western technoecosystem would be supported by fossil fuel energy subsidy from the national and global
technoecosystems simply for housing people in the faveorable climate and for operating non-agricultural
industries.

Some agriculture may be better allocated (in energy terms) to more bumid regions, where
water is made more freely available by natural energy flows, so energy cost of water delivery and energy
opportunity cost of foregone industrial processes are lower, However, as Fischer (1973*) pointed out,
water resources are not allocated on the basis of energy value and costs, but on the basis of money value
and costs, which can be distorted by political pressures. Artificially low water prices (below energy cost
of delivery and industrial energy flow foregone) offered to agricultural users encourage profligate water
use for energetically unprofitable crops. This represents an energy and water subsidy from the local
and national technoecosystems.

Energy and water subsidies are common in high-energy arid lands technoecosystems (e.g.,
water-rich gardens and lawns, or lakes for recreation), and there is nothing strictly wrong with them as
long as they can be afforded and as long as the technoecosystem niche is not excessively taxed. In fact,
an apparent subsidy in one part of technoecosystem may pay for itself by increasing energy flow or enjoy-
ment of life elsewhere in the system.

Specific technological inventions and adaptations of technoecosystems and their components
to aridity are a fascinating subject in themselves. A catalog of them would show great diversity of items
ranging from microscale to macroscale, from low-energy to high-energy. There are systems and com-
ponents for diverting natural water flows (in the air and above and below ground), and for water pumping,
storage, transportation, and distribution. And there are countless energy conversion systems which use
water as a fuel, as a medium, and as an amplifier of energy flows.
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Since water is so vital to energy flows in arid lands technoecosystems, we can use the term
“water niche' to refer to all the possible survivable technoecosystem configurations based on water as a
limiting factor. There are two kinds of water niches in arid lands: flow niches (based on relatively
constant water flows like perennial rivers or rainfall over long timespans) and stock niches (based on
groundwater). In the Southwest, the flow niches are filled (Colorado River, for instance, is exploited to
the hilt), and groundwater stock niches, like fossil fuel stock niches, are being acceleratingly pumped
toward rapid closure. As groundwater is depleted and fossil fuel subsidies become more costly in future
decades, we may expect these arid lands technoecosystems to continue their successional process, with
progressive technoecosystem configuration change, and with evolution of new components and patterns and

abandonment of old ones.

In speaking of the succession of arid lands technoecosystems, it is important to note that
aridity is not an independent variable. The technoecosystem itself can inadvertently enhance environmental
aridity via numerous mechanisms (e.g., soil salination, soil erosion and gullying due to overgrazing,
or even change of atmospheric circulation patterns by surficial albedo changes), asdocumented by Sherbrooke
and Paylore (1973*) and Paylore (1976*), Such desertification trends can narrow and even close a techno-

ecosystem niche. History is full of examples.

15. Future of Technoecology

Technoecology, this conceptual framework I have just outlined, is not just an interesting way
of looking at the world. It is pregnant with possibilities, It hints at an objective new basis for compre-
hensive analysis of the global human situation, And it may have numerous practical applications at all
scales, from local to universal. In this chapter I have tried to suggest some of the potential excitement,
poetry, and implications of the technoecological viewpoint, The chapters which follow explore the possibil-
ities of technoecology in greater depth by using its insights to look at geothermal technoecosystems in arid
lands.

Technoecology is a cognitive filter which reveals a different world. Macrovision, the direct
experience which gives technoecology its intuitive depth, can become a habit, a perpetual mode of percep-
tion, even when one is involved in daily life at the surface. The technoecological vocabulary proposed
in this paper can help solidify macrovision insights on the intellectual level. The use of these words can
automatically lever perception, thinking, and action to the macroscale level., And it can help make macro-
scale systems more easily and intuitively comprehensible not only for scientists, but also for the general
public.

Technoecology demands a holistic viewpoint. It takes one beyond the level of specialized,
local, short-term profit seeking to a level of perception of whole systems evolving through macro-time.
The rational design of a global technoecosystem which will work, survive, and maximize enjoyment cannot
begin with increased specialization and narrowness of focus. Instead, it must start with a large jump
upward to broad overview, in order to see what detailed knowledge and actions are needed and where they
fit into the whole system. The purpose of technoecology is to facilitate such a jump. Technoecology may
be a useful new paradigm for designing new global industrial strategies with maximum probability of success.

As I have sketched it, technoecology is a multi-disciplinary, almost omnidisciplinary field.
Principles and observations from many traditional branches of knowledge can be synthesized into new
ingights and strategies within the technoecological framework. Numerous disciplines lucidly relevant to
technoecology have been touchedon in this paper: bioecology, systems and industrial engineering, eco-
logical anthropology, cybernetics, history, economics, archaeology, bionics, geography, exobiology,
paleontology, thermodynamics, evolutionary paleoecology, general systems theory, sociology, and
diverse technological and design specialties.

In technoecology I am proposing a new idea matrix. Technoecological concepts and vocabulary
are still in a very fluid state. If they are found to be useful they will solidify, and knowledge and energy
flows will crystallize about them. There is some danger of misanalogies and misunderstandings occurring
in early stages of the development of technoecology. But introducing technoecological concepts is worth
the risk if they will be in the hands of humane, rational, intelligent men. Technoecology, like technoeco-
system itself, is a neutral medium. It can be used to design, observe, and augment an unstable, omni-
militarized, polluted, and stressful world of fleeting human misery, or a secure, peaceful, and supremely
gpjoyatiple global utopia. I have tried to give technoecology its initial boost in the second, more humanistic

irection,

Our global technoecosystem is currently far from utopia, but in spite of our frequently blind
and inefficient management of its machinery, it has produced some remarkable results. Handler (1975%)
pointed out that one billion humans now live in rich nations with average per capita GNP of $2,700 and
te(?hnoeCOsystem energy consumption of 5,000 kilograms coal equivalent. This population of those who
enjoy a high standard of living is equal to total world human population in 1850, only about six generations
ago. The experience of the world's rich minority hints at the possibilities for enjoyment of life when
technoecosystem takes over energy flow drudgery and lets men discover new mental patterns.
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But there are numerous hurdles in the way of building such a high-energy technoecosystem for
all the people alive in the world. For one thing, the present world population count is a huge number --
4 billion, the approximate number of seconds in 127 years. And this population is scheduled to double
(at 2% per year) in only 35 years. This means that the global technoecosystem must double in size in the
same time period simply to stay even with population growth.

¥ It is clear, however, that there are limits to the extent that technoecosystem can grow. As we

§ discussed earlier, the fossil fuel energy niche is running its course and no other energy niche of equivalent
size and of similar potential duration has yet been proven to exist., Diminishing mineral resource stocks

) further define the limits of the industrial technoecosystem niche. And serious disruption of environmental

systems, as lucidly outlined by Handler (1975*), Holdren and Erlich (1974*), Wittaker and Likens (1975%),

and many others, suggests that the limits of the global technoecosystem niche (at least with current

technology and management strategies) are near,if not already surpassed.

© As population continues to grow, our position on a finite technoecosystem niche production

possibilities surface must shift toward shorter duration or lower quality of life or both. Unless a new,

larger, flow-type energy niche is assured (which apparently is not the case), the obvious strategy for

maximum quality and duration of human life is to stabilize or even decrease human population. On this

! point many concerned observers, including those just mentioned by name, agree. And if population does

! manage to stabilize or diminish, and a new, larger technoecosystem niche should open up, then nothing
will be lost; men will still have the choice between greater wealth or more companionship. Our past
experience indicates that there is no difficulty in quickly obtaining enough new humans to operate and over-
fill any new technoecosystem,

Over the centuries we have unconsciously combined countless specialized parts into a macro-
scale man-made ecosystem., Perhaps it is now time for us to consciously design and manage it like one.
We are living in a span of history in which whole new technoecosystems must be engineered and constructed
to replace and augment old ones, and we might as well become aware of what we are actually doing. Techno-
ecology may help bring our aggregate human goals to the level of popular consciousness, and enable us to
better focus our energies toward their achievement.

We can have any world we want and can imagine within physical technoecosystem niche
constraints., Technoecology can free us from old macroscale habits. It can free us to be creative at the
macroscale, to explore the possibilities of the extremely pliable technoecosystem macro-medium.,

News media reverberate with stories about technoecosystem malfunctions, military techno-
ecosystem buildups and activations, new technoecosystem configurations, and things macrotribal leaders
have just said. But the real news, invisible to the media but obvious from the air and from space, is
! that there is intelligent life on earth, and that a new high-energy technoecosystem has just come into

existence,

On planets with intelligent life and technoecosystems, a critical threshold may eventually be
reached where continued survival is dependent on a phase transition in technoecosystem operational
strategy. This crucial transition from unconscious to conscious technoecosystem design and management
can be called the technoecological revolution. It is starting now.




II. EARTH CYCLES

Under brilliant sun we dip a wing to view more of the deep desert panorama. The geological
landscape below manifests in many ways the diverse geothermal and solar energy flows which have
molded it at their interface.

Folded metamorphic rocks silently remind us of their one-time presence deep in the earth,
where high pressures and temperatures transformed their minerals and where regional stresses folded
them as intricately as batter. Gray granitic batholiths, frozen remnants of ancient magmas, speak of
vast geothermal heat energy conducted to the surface and radiated to space. Volcanic rocks are quiet
evidence of violent eruptions long ago. And porphyry copper deposits, now being mined in huge open
pits by highly-coordinated fleets of ore truck technoorganisms (they look like scurrying ants from these
heights), manifest the operation of hydrothermal convection systems far below the surface in the past.

. Passing beyond these lithological details to a deeper level of geological perception, we see
evidence of the workings of the macroscale macro-time planetary engine which makes the continents
dance about the globe at 1 to 10 centimeters per year. In unifying theories of continental drift and
plate tectonics we find mechanisms for heat concentration, for generation of magmas and volcanoes,
for creation of tectonic stresses and movements of rock masses at many scales., Here we find the source
of the tectonic uplift which has exposed once-deep rocks to solar~driven weathering and erosion processes
to produce the jagged ranges and sediment-filled basins we see in vivid three dimensions today. Here,
too, we discover the mechanisms responsible for shape and position geometries of continents and mountain
ranges, which profoundly influence the climatic characteristics and even thelocation of the desert we are
exploring.

All these diverse geologic motions and all the orderly transformations, structures, and
patterns they produce are driven by flows of geothermal heat outward through the earth's surface to
gpace, It is this same heat which men seek to divert from earth cycles into geothermal technoecosystems.

1. Cosmic Heat

Most papers on geothermal energy start with the premise that there is much heat in the ground
waiting to be tapped by "man." They proceed immediately thereafter to look at various technological
structures and innovations for extracting and utilizing the heat as fast as possible.

But this subsurface heat energy has a long and venerable history. It has not been idle for the
4. 6 billion years of earth history before the sudden appearance of energy-hungry technoecosystems.
Understanding the origins of this heat and its myriad roles in geological processes can give us insight
into 1) the present global distribution of prime geothermal resources, 2) the properties of different kinds
of geothermal reservoirs (each with its unique technoecosystem requirements), 3) the ultimate limits
and parameters of the geothermal niche, and 4) the possible consequences of channeling this heat from
geological systems to technoecosystems.

That there is heat in the earth has been known to men for centuries; natural hot springs and
spectacular voleanic displays were ample proof, and experience of heat in deep mines was supporting
evidence, Let us follow this geothermal heat back to its astrophysical origins long before life on earth
began.

28
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Most of the near-surface heat flow, an estimated 80 percent (Kappelmeyer and Haenel, 1974),
is heat released by radioactive decay of unatable elements, chiefly uranium and thorium. Atoms are
fossils from the high-energy world of the interiors of stars (Wheeler, 1974*), where nuclear reactions,
transmutations, and equilibria occur in much the same way that chemical reactions occur on planets like
ours. Formation of light elements into heavier elements releases energy and is therefore spontaneous
up to iron 56. But formation of elements heavier than Fe56 (including uranium and thorium) requires
addition of outside energy. One hypothesis for heavy element nucleosynthesis (Arnett et al, 1968*) is
that the only source of such extra energy is gravitational potential energy and that heavy elements form
during gravitational collapse in supernova explosions. Another hypothesis (Clayton, 1968*) is that small
traces of heavy nuclei are formed as byproducts of apontaneous exoergic reactions among light nuclei;
this mechanism is analogous to energy concentration in many types of inorganic systems, biological
systems, and technoecosystems.

Whether the nuclear structure of heavy elements represents stored stellar gravitational
potential energy or stored stellar nuclear fusion energy, it is clear that stable heavy elements we find
on earth are like the ashes, and radioactive elements are like the last embers of ancient stellar fires.
Gradual radioactive decay time-releases this energy and slowly heats the earth, Geothermal technoeco-
systems, therefore, tap 80 percent old star fire and radiate it back to space.

The other fifth of geothermal heat flow is stored heat left from the formation of the earth;
most of it is probably transformed from gravitational potential energy (Jacobs, Russell, and Wilson,
1974*)., So if the supernova hypothesis for heavy element nucleosynthesis is correct, geothermal energy
is largely gravitational potential energy transformed and stored via two pathways: planetary accretion
(stored as heat), and supernova explosion (stored as nuclear structure). Minor primary heat sources are
tidal friction (2 to 4 percent) and possible interstellar neutrino absorption (Kappelmeyer and Haenel,
1974). Secondary heat sources include friction of lithospheric plate motions (including earthquakes) and
oxidation of sulfide minerals.

Direct and indirect effects of geothermal heat are ubiquitous in geologic systems. This heat
drives the grand, majestic, macroscale earth cycles of continental drift and plate tectonics, and drives
or influences countless fascinating, intricate microscale cycles. Earth is a thermodynamic energy
system, and geothermal heat is responsible for diverse motions, pressure-temperature changes, and
chemical and mineralogical transformations in the lithosphere. Convective heat engine mass transport
produces orderly geometries and chemistries at various scales. Scarce elements are concentrated,
ordered, and geochemically recycled, at least partly under geothermal influence. Rock masses are
uplifted as primary energy input to fluvial geomorphic processes which carve the landscape. Fven such
phenomena as earthquakes (release of stored elastic stress), tsunamis (produced by earthquakes), and
landslides (release of stored gravitational potential energy) are indirect results of geothermally-powered
earth cycles, More direct manifestations are continents, mountains, volcanoes, geysers, fumaroles,
hot springs, and many mineral deposits,

Geological systems are complex, hierarchical energy concentration systems quite analogous
to biological systems and technoecosystems. Similar energy laws apply, although complexity, materials,
and information mechanisms differ., Perhaps we could call geological systems "geoecosystems'. But the
biological analogy is not nearly so close for geological systems as for industrial systems. Figure 6 (next
page) is an energy circuit diagram showing geological cycles in conceptually simplified form.

2, Concentration

Heat gtorage of this planet is large. For only the upper 10 kilometers of the crust, heat content
(over 15°C) is estimated to be 1024 BTU = 2.5 x 1026 calories (cal) = 3 x 1020 kilowatt-hours (kwh), or
about 2, 000 times heat content of world coal reserves (Berman, 1975*). This estimate does not consider
higher energy quality of coal, however.

Heat flow rate of the planet is large, too. Total geothermal heat flow at the surface is estimated
to be 2.8 x 1014 kwh/yr = 3.2 x 107 Mwt (Steinhart and Steinhart, 1974*). This is large, but it is only
5.6 times present global human and technoecosystem energy flow of 5.0 x 1013 kwh/yr = 5.7 x 106 Mw,
again not considering energy quality (ibid.). And it is less than one five thousandth of total solar radiation
striking the atmosphere, or 1.6 x 1018 kwh/yr = 1,8 x T0IT Mw (Sellers, 1965*), and less than one two
thousandth of total average solar radiation striking the surface, or 6.6 x 1017 kwh/yr = 7.5 x 1010 Mw
(Kappelmeyer and Haenel, 1974), Clearly, temperature at the earth's surface is almost totally controlled
by solar radiation balance, In fact, Kappelmeyer and Haenel (1974) calculate that the average surface
temperature rise due to normal geothermal heat flow is less than 0.014°C,

Geothermal heat flow is generally diffuse like solar energy flux, only more so. Global average
heat flow is approximately 1.5 x 10-6 calories/square centimeter/second (cal/cm2 - sec) = 1.5 HFU
(heat flow units) (Jacobs, Russell, and Wilson, 1974*), whereas global average insolation at the top of the
atmosphere 1§ 0.5 cal/cm2 - min = 8.3 x 10-3 cal/em2 - gec = 8,300 HFU (Sellers, 1965%),
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Figure 6. Energy diagram of geothermal-powered geological systems

A = Earth formation heat

B = Radioactive decay heat

C = Heat in crust and mantle (normal heat flow and gradient)

D = Mantle convection and plate motions

E = Structure of plates and mantle

F = Heat in geothermal regions -- convergent and divergent plate boundaries and hot spots (heat flow
concentration 1.5 to 20 X normal)

G = Magma formation and rise toward surface as plutons

H = Plutonic and volcanic structures, magmatic mineral deposits

I = Heat in and around magma bodies and volcanoes (heat flow concentration 5 to 106 x normal)

J = Hydrothermal convection .

K = Convection cell geometry, hot spring systems, geysers, and hydrothermal mineral deposits

L = Heat in and around hydrothermal convection systems and hot springs (heat flow concentration
10 to 109 X normal)

U, Th = Radioactive decay of uranium and thorium

HoO = Water input from hydrological cycles

a,b, ¢,d = Heat flow to surface
e,f,g = Tendency for orderliness of structure to decrease

E, H, and K are storages of energy as orderly structure.
A,B,C,F,I, and L are storages of energy as heat.
F,I, and L are storages of heat as temperatures higher and temperature gradients steeper than would

occur if heat flow were normal.

From left to right (downstream): Structures become smaller, closer to the surface, more localized,
more highly organized, and more numerous. Total heat content and total heat flow decrease. But

heat quality (temperature relative to normal conductive gradient temperature), heat flow rate, and mass
flow velocity all increase., And accessibility and net~energy profitability for technoecosystem exploita-

tion also increase.

Heat flow concentration figures are rough estimates, for illustrative purposes only.

Just as solar energy concentrates itself through hierarchical chains of energy systems
(atmospheric, hydrologic, and biological) which it drives, so geothermal energy concentrates itself
through hierarchical chains of geothermal powered geological systems (see Figure 6). Solar energy
produces such orderly structures as clouds, air and water circulation patterns, fluvial networks, and
biological systems to channel and concentrate its flows. Similarly, geothermal energy produces orderly
geological structures like continents, volcanoes, ore deposits, and geysers, Solar energy is concentrated
into such energy flow and storage forms as wind, rain, lightning, river flow, and wood; equivalent con-
centrated forms of geothermal energy are magma, hydrothermal fluids, earthquakes, and lithospheric

plate motions.

Geothermal energy builds geologic order. Geological systems are open systems, thermo-
dynamic engines, entropy jets, just as biological, hydrologic, atmospheric, stellar, and industrial
systems are. All these types of systems channel large low quality energy flows, concentrate small
amounts of energy to higher quality, and produce structure to maintain and maximize energy flow. They
are all hierarchically organized, And all these systems undergo natural selection of random structural
variability in order to maximize power {(long or short run) -- they all evolve,

That geothermal energy is concentrated is well evidenced by spatial variations of heat flow.
At many scales we find the pattern of large areas of relatively low heat flow and small areas of high heat
flow. At global scale, for instance, 20 percent of total world heat flow is released in less than 1 percent
of the area {more than 20x concentration) along oceanic spreading ridges (Williams, 1975). And similar
concentration probably occurs along other divergent and convergent plate boundaries (the elongate,
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sinuous geothermal regions shown in the frontispiece map). At local scale, in Yellowstone Park, where
average heat flow is perhaps several times higher than global average, Old Faithful geyser discharges
heat at a rate of 1.34 x 106 cal/sec (Rinehart, 1970). Assuming a throat area of 103 ¢cm2, this repre-
sents a heat flow value of roughly 1.34 x 10° HFU or about one billiontimes the 1.5 HFU global average.

There are two primary mechanisms for geothermal heat concentration. The first is conduction,
Heat diffuses through immobile materials at a rate which is proportional to their thermal conductivity
and to the temperature gradient. Thermal conductivity of earth materials is generally quite low, so low
that the last ice age has had significant thermal effect only as deep as 1,000 meters (Kappelmeyer and
Haenel, 1974). Therefore, as heat is generated at depth it is partly stored and temperature rises until
heat flow at all levels is equalized and a stable thermal gradient profile is established -- about 30C per
1, 000 m average on land near surface (ibid.). Geothermal gradient means that geothermal heat quality
(temperature) increases with depth. Where different rock strata have different thermal conductivities,
those with lower conductivity act as heat flow bottlenecks; they develop higher temperature gradient and
greater heat is stored below them,

The second primary mechanism for geothermal energy concentration is convection. Fluid media
in gravitational fields are unstable when vertical thermal gradient is greater than adiabatic thermal gradient.
The result is cyclical flow in cellular modules whereby hot fluid rises, discharges some heat, and contracts,
descends, stores more heat, and expands and rises again. The convection cell is probably nature's simplest
heat engine (heat engines do work by transferring heat from high temperature heat source to low tempera-
ture heat sink) and may be among nature's simplest self-organizing, self-maintaining systems. Convec-
tion cells are found in rocks, oceans, atmospheres, stellar plasmas, and teapots, The work they do is
to circulate and organize materials, accelerate and horizontally concentrate vertical heat flow, and main-
tain their own structure (often against competing convection cells). Convection tends to lower tempera-~
ture gradients far below conduction temperature gradients. In geological systems convection cells occur
in semi-solid salt domes and upper mantle rock (behave as fluids for long continued forces), in magma,
and in groundwater and hydrothermal fluids.

The chief distinction between these two geothermal energy concentration mechanisms is that
conduction (in low-thermal-conductivity materials) concentrates heat storage (by raising temperature)
and retards heat flow, whereas convection concentrates heat flow and taps heat storage. Conduction heat
storage is a prerequisite for convection heat flow. And conduction heat storages and convection heat
flows in alternation can form hierarchical thermal energy concentration chzins, as in Figure 6.

Geothermal technoecosystems seek high temperatures (with high heat recharge potential) at
shallow depths. Clearly these optimum conditions occur when a convection system underlies a shallow,
non-convecting, low-conductivity layer (e.g., hydrothermal convection system), or when a thick, high-
conductivity layer or column underlies a shallow, low-conductivity layer (e.g., salt dome or geopressured
system).

For the earth as a whole, conduction regions probably cover more area and produce more
total heat flow than regions underlain by convection systems. Gabel (1975*) estimates global conduction
heat flow to be 100 times convection heat flow. But he probably does not consider macroscale mantle and
subsurface magma convection systems. ’

3. Rock Engine

As Bullard (1973) pointed out, it is not by chance that geothermal areas lie where they do.
World distribution of geothermal regions (see frontispiece) largely reflects the operation and geometry
of the macroscale thermal convection heat engine which drives sea floor spreading and continental drift.
For a recent detailed review of such plate tectonics mechanisms see LePichon, Francheteau, and Bonnin
(1973%).

The global heat engine propels lithospheric plate motions, but plate motion and structure, in
turn, affect the heat engine (Bullard, 1973). Or, as Odum (1972, p. 240) expresses it, the continents
(and plate geometry in general) act as "flow augmenting feedback structures." In other words, the
global tectonics system appears to be a dynamic, self-organizing system. Furthermore, since there is
evidence that plate tectonic mechanisms may have been operating for as long as 3 billion years (Hammond,
1975A), it appears that this global system is a self-regulating system, with negative feedback to balance
convective heat flow with heat storage. Mantle convection cell geometry and lithospheric plate structures
may be selected from randomly-generated alternative configurations in order to maximize heat flow
magnitude and stability (what might be called "lithologic Darwinism'"), given planetary parameters of
composition, heat storage and formation rate, and some inertia of primordial structural precedents.

Apparently, no one has yet produced a detailed analysis of the global tectonic system as a
heat engine, with energy budgets tabulated and mechanical efficiency calculated, Goguel (1976*) discusses
some of the difficulties involved in such an analysis, Major hypotheses for convective plate driving
mechanisms (Le Pichon, Francheteau, and Bonnin, 1973%*) center on each of three types of tectonic
areas as chief propulsive component: spreading ridges or rifts, mantle plumes or hot spots, and sub-
duction 2ones, Interestingly, these three classes of tectonic areas also comprise all the major voleanic
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and geothermal regions of the world. Each In turn wlll now be digcussed in more detail, with particular
reference to occurrences In and near arid and semlarld lands [names of speclific arid and semlar!d

locatlons are underlined],

There ig a continuous global network of rifts or spreading ridges -~ linear reglons of crustal
stretching and spreading with thin crust, high heat flow, and much basaltic volcanism (Milanovaky, 1372%),
These divergent plate boundarles are areas where new oceanlc crust g being formed by Intruslve em-
placement of basaltlc lavas (Bullard, 1973).

Spreading ridges and adjacent oceanic crust go through alx evolutionary stages (Jacoba, Russell,
and Wlilson, 1974*):

1) they atart as rift valleys In the midst of continents (e.g., East African rift valleys, Salton
Trough -- Includes Imperlal Valley, Callfornia, and perhaps the Rio Grande rift of

gouthwestern U.8.,)

2) they expand to form young, narrow intercontinental seas (Gulf of Aden, Red Sea, Gulf of
California)

3) further expanslon produces a wide ocean such as the Atlantic and Indlan oceans (geothermally

active Iceland s a particularly high part of the mid-Atlantic ridge)

~

finally, the ocean starts to shrink as its marglns subduct below adjacent continents (Pacific
Ocean)

4

~

5) complete closure of an ocean results in mountain belts like the sinuous belt which starts
in the Mediterranean area (Canary Islands (?), Morocco, Algeria, Tunisia, Italy, Greece,
Turkey) and continues into Asia (USSR near Caspian Sea, Iran, and probably Afghanistan
and Pakistan)

6) an extreme example of ocean closure is the Himalaya region where continental crust thick-
ness is doubled from continent collision (Toksoz, 1975%).

Most segments of active spreading ridges (stages 1 through 4) occur in oceans. These 55,000
km of submarine spreading ridges release 20 percent of total global heat flow, about equal to present
technoecosystem gross energy flow (Williams, 1975), yet oceanic crust cools rapidly to average heat
flow values away from them. Consequently, according to one hypothesis, here is the driving mechanism
for plate tectonics: hot magma convects upward in curtains at sprzading ridges, forms oceanic plates,
and drives them apart; the plates cool rapidly for later descent at subduction zones (Jacobs, Russell,
and Wilson, 1974*), In this scheme the rift is heat source and the ocean or atmosphere (and ultimately
gpace)is heat sink.

Whether or not this is the true plate tectonic mechanism, non-submarine rift zones (Iceland,
East African rift valleys, Salton Trough) are prime areas for geothermal technoecosystem operation.

And if marine geothermal technoecosystems are ever developed, rift zones in narrow seas between arid
lands (Gulf of California, Gulf of Aden, Red Sea)will also be of great interest.

A second hypothesis (Jacobs, Russell, and Wilson, 1974*) is that plate motions are propelled
by upward convecting cylindrical plumes rooted deep in the mantle. At the surface these plumes form
domes or hot spots, which are centers of volcanism and high heat flow. Two or more domes often be-
come linked and split by rifts, and adjacent plates slowly slide downhill off them. In this scheme, magma
intrusion along rifts (and thus formation of new oceanic crust) is only a secondary effect resulting from
dome-generated tension, Heat source would be the mantle plumes, and heat sink would be the ocean or
atmosphere. Examples of isolated hot spots which do not drive plates may be the Hawaiian Islands and
the Tibesti Mountainsg of central Sahara. Domed areas spaced along the East African rift valleys may
be hot spots which are driving plate motion.

New crust is created in spreading ridges; an equivalent amount must be destroyed somewhere,
and this occurs at convergent plate margins known as subduction zones. A third hypothesis for plate
motion (Le Pichon, Francheteau, and Bonnin, 1973*) is that plates move because they are pulled by sub-
duction, the downward dipping plunge of cooled oceanic crust (now denser than underlying material) be-
neath another plate at its boundary. This is the downward component of the convection system, and
since it seems difficult to imagine subduction starting and continuing without some driving force from
the upward component of the convection system, a combination of this mechanism with one or both of
the other mechanisms is most likely the case.

Subduction apparently recycles oceanic crust to the macroscale upper mantle convection
system. But it also recycles sediments washed from continents back to them, thus helping to maintain
the elcvation of continents above sea level. It may also be responsible for maintaining the chemical-
mincralogical differentiation of continental {(granitic) crust from oceanic (basaltic) crust. And sub-
duction may actually be the differentiation and accretion mechanism whereby continents originally formed.




In a simple convection system we would expect high heat flow where upwelling occurs and much
lower heat flow where the convecting fluid is descending. But subduction zones, the descending components
of plate tectonic convection, are linear zones of high heat flow (higher than friction can account for) and
extensive volcanism and seismicity. In fact, heat flow magnitude and level of volcanism are roughly
equivalent to those found at the spreading ridges, the ascending parts of the syatem. This is quite contrary
to our predictions for simple convection. We might wonder how a convection cell can work as a heat
engine if it has equally high heat flow in both ascending and descending compartments.

This apparent paradox seems to be resolved when we realize that we are not dealing with a
single convection system, but with a hierarchical cascade of two convection systems. Low melting point
material in oceanic crust is like a heat transfer fluid continuously fed into the subduction zone by the
first, macroscale convection system. As the subducted plate descends, it is heated by conduction, com~
pression, and mineral phase change (Toksoz, 1975*). Partial melting and differentiation occur, and
relatively granitic magma bodies burble up toward the surface as the second, smaller-scale convection
system. Through convective ablation the subducting plate is left cooler than it would otherwise be. Magmas
which reach surface produce andesitic volcanism characteristic of subduction zones. Those which do not
surface increase the regional heat flow, or drive hydrothermal convection systems, the next higher level
in the cascading hierarchy of energy-concentrating convection systems (Figure 6). The abnormally low
heat flow we would seek in a simple convection system is found in the oceanic trenches just seaward of
subduction zones, where oceanic crust beging to descend but has not yet partially melted (ibid.).

An interesting analogy can be sketched between subduction zones in the geological world and
warm fronts in the atmospheric world. They are mirror images of each other, with the planetary surface
ag symmetry plane. ln the warm froat, free energy is tapped as light warm air rises at a gentle angle
over a wedge of cool air and cools adiabatically. In the subduction zone, free energy is tapped as dense
cool oceanic crust descends at a gentle angle beneath lighter, warmer asthenosphere material and heats
up by conduction and minor friction, and by adiabatic mineral compression and phase change. As the
warm front dissipates large amounts of energy, it concentrates a small amount in the form of liquid
water condensed from gas., Release of latent heat by condensation accelerates upward motion of warm
air. Similarly, as the subduction zone dissipates large amounts of energy, it concentrates a small
amount in the form of liquid magma melted from solid rock. Absorption of heat of crystallization by
melting may cool the subducting plate and speed its descent. Liquid water is denser than air and it
falls ag rain; magma is lighter than surrounding rock and it rises as a subterranean upward rain of
plutons. When the two meet at shallow depths the result is often a hydrothermal convection system, a
potentially very high quality geothermal resource.

Subduction zones, known for active volcanism, earthquakes, hot spring activity, and geothermal
potential, ring the Pacific, a stage 4 (closing) ocean. At the eastern margin of the Pacific, oceanic crust
dips below continental crust along the western coast of Central America and South America (including the
coastal deserts of Peru and Chile and a small semiarid coastal area in Ecuador).

The northern and western Pacific is lined by a complex subduction zone system dominated by
island arcs (where oceanic crust sinks below more oceanic crust). This system includes the Aleutians,
the Kurils, Japan, Taiwan, the Philippines, Papua-New Guinea, and a linear complex of islands extend-
ing through New Zealand. Other important subduction zones are where Indian Ocean crust plunges below
Indonesia and where western Atlantic Ocean crust dives under the West Indies. Except along western
South America, none of these subduction regions are arid.

Western North America, much of it arid and semiarid, is tectonically and geothermally active.
Its complex role in global tectonics is still being unraveled.

In conclusion, our planet's crust and upper mantle form a self-organizing self-maintaining
convective heat engine which runs on geothermal heat and concentrates it through several levels of a
convection cell hierarchy, starting at global scale and ending at small local scale. The global tectonics
convection system is responsible for the first level of concentration and results in the worldwide distri-
bution of geothermal regions shown in the frontispiece map. These regions contain most of the world's
high-quality geothermal resources (near surface, high temperature) and they are also the major areas
of intense recent geological activity (mountainbuilding and volcanism). Most of the geothermal regions
are long and narrow "geothermal belts". They coincide with lithospheric plate margins, particularly
divergent boundaries (rift zones and spreading ridges), convergent boundaries (subduction zones and
island arcs), and the sinuous Eurasian mountain belt (Bullard, 1973; Hammond, 1975A; Koenig, 1973B,
Lister, 1974; Tamrazyan, 1973). Isolated mantle hot spots, in contrast, create small, more equi-
dimensional geothermal regions. Of all the land area included in these geothermal regions, a large
fraction is semiarid or arid and therefore is particularly relevant to this report.

4. Earth Cycles and Life

H.T. Odum (1972, 1975) has proposed the novel idea that volcanic cycles and plate tectonics
may be driven, at least in part, by solar energy channeled through the biosphere. Small amounts of
oxidized and reduced substances (separated by photosynthesis in plants) would be laid down together in
sediments and chemically recombined (burned) much later under conditions of higher temperature and
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pressure. In one figure (1972, p. 240) Odum shows biosphere, volcanic system, and industrial system
competing in parallel for solar productivity. Actually, this is a new form of an ancient concept, The
idea that subterranean fires power earthquakes and volcanoes can be traced from Werner in the 19th
century back through many noted scientists and philosophers to Aristotle (Geikie, 1962*) and also to
pervasive myths of subsurface infernos.

Although Odum's hypothesis is interesting, it may be hard to support solar energy as a
significant geothermal heat source for several reasons: 1) There is sufficient radioactivity in the crust
to account for most geothermal heat flow, 2) geothermal heat flow occurs in tectonically quiescent
precambrian shield areas far from subsiding sedimentary basins, 3) geometry of spreading centers does
not support solar drive. Slow burning at depth might contribute a small amount of heat flow in subduction
zones and subsiding sedimentary basins, but there is no mechanism proposed for slow burning under hot
spots and spreading ridges rooted deep in the mantle, and 4) earliest evidence of plate tectonics (about
3 billion years ago) predates the appearance of the first photogynthetic plants around 2 billion years ago
(Siever, 1975*). There may be '"biovolcanism' on some planet somewhere, but probably not on this one.

Although the biovolcanism segment of Odum's (1972) world geochemical model may be incorrect,
the rest of the model does provide valuable insights into the total energetic and geochemical interrelations
of earth cycles in the lithosphere, hydrosphere, biosphere, and atmosphere. Siever (1974*) takes a
similar general systems overview of earth cycles. He portrays the planet as a comprehensive worldwide
system like a giant chemical engineering plant, with diverse heat-pressure-chemistry thermodynamic
cycles, and with inputs and outputs of all the sectors in sensitive balance. Water is a ubiquitous, vital
link in all these cycles. Geothermal heat drives the geologic subsystem.,

One sector not included in either man's global model is the technoecosphere. The technoeco-
system is starting to tap so many flows and storages in the planet's natural energy systems that the old,
stable balance must inevitably change. How, when, and how fast are uncertain,

On earth, biological systems use geothermal heat only indirectly, for its influences on environ-
mental geometry, geochemistry, and temperature. For instance, global geothermal cycles move con-
tinental stage props around and thereby influence divergent evolution of biological systems. But life here
does not use geothermal heat directly for metabolism. This is not surprising considering the relative
magnitudes of solar radiation and geothermal heat flow. Perhaps life evolves '"thermosynthesis" (as
exists in primitive form in convection cells) on planets where geothermal flux is relatively greater. We
do not need to speculate about technoecosystems, however. Our own technoecogystem has bypassed
biological limitations and can now augment its fossil-fuel industrial metabolism with geothermal heat
stored and concentrated by eons of earth cycles. Geothermal technoecosystems may not compete with
geological systems for solar energy, but they do compete for geothermal heat. And in the short run
the technoecosystems are winning,

5. Ore, Oil, and Aridity

Natural geothermal-powered systems concentrate rare elements into mineral deposits and
help concentrate organic material in sediments into petroleum deposits. These two types of geological
plum are fundamental inputs to high-energy technoecosystems. Another function of natural geothermal-
powered systems is to directly and indirectly influence climate, including aridity. It is hard to assign
to this scrvice a positive or ncgative value for technoecosystems,

From the disorderly jumble which this planet was at its beginning, we now have an exquisitely
orderly geological system. The sun has done most of the rearranging in hydrosphere, surficial litho-
sphere, and biosphere. But mostly geothermal heat lies behind the multitude of dynamic mechanisms
to which gcologists ascribe the element concentrations and ordering of the deeper lithosphere,

Old models of metal ore genesis emphasized local operation of magmatic and hydrothermal
mechanisms, Some metal deposits form solely within the magma phase through various magmatic
differentiation processes. But most deposits involve hydrothermal convection systems (meteoric water
or sea water) as transport mechanisms and as media for the physical-chemical gradients which separate
clements,

New ore deposit theorics place modified and expanded versions of the old models into the
comprehensive framework of glohal tectonics, as rccently summarized by Hammond (1975B, 1975C).
Fach environment in the global system is thought to produce unique types of mineral deposits. And every
level of the hierarchy of geothermal-powered eonvection systems (Figure 6) seems to be involved at
some stage.

Both magmatic and hydrothermal metal concentrations are formed at spreading ridges. For
example, a large hydrothermal system is now active in the Red Sea, where hot brines concentrate copper,
zinc, lead, and silver in the sediments (Ross, 1972), Some metals concentrated at spreading ridges are
thought to be concentrated a second time in subduction zones and a third time in magma-driven hydro-
thermal convection systems to form porphyry copper deposits -- major world sources of copper, molyb-
denum, lead, zinc, silver, and gold. Similarly, in island arcs various types of massive sulfide ores
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form by submarine volcanic processes, Mantle plumes may run hydrothermal convection systems to ‘
form stratified lead-zinc deposits, and may bring diamonds and rare-earth elements from the mantle ,
to the surface.

Geologic structures (e.g., faults, folds) which often localize mineral deposits are formed by
geothermal cycles. And geothermal-powered plate tectonics often remobilizes and alters primary ores
in diverse ways. Finally, it is geothermal-forced uplift of deep mineral deposits which enables sun-
driven cycles to reduce their depth or expose them, Sometimes solar cycles add still more enrichment
steps to make the mineral deposits into economically recoverable ore deposits.

Solar energy runs biological systems and geologic sedimentation processes which bury
biological residues. But geothermal heat systems operate the framework within which these organic
materials are concentrated to form fossil fuels. Geothermal heat helps concentrate coal (Steinhart and
Steinhart, 1974*), but has more complex roles in the formation of petroleum and natural gas.

Geothermal mechanisms form suitable basins and influence sedimentation (Fischer and Judson,
1975%), but that is just the start. High geothermal gradients enhance processes of formation, migration,
and entrapment of oil and gas (Klemme, 1975), and plate tectonic subduction mechanisms can help drive
these hydrocarbons toward reservoir traps where they accumulate (Dickinson, 1974). Klemme (1975)
observes that giant oil fields around the world coincide with areas of high heat flow, and that depth of
hydrocarbon occurrence appears to be related to basin temperature history. Petroleum and gas often
coexist with high-temperature, high-pressure (geopressured) water zones in sedimentary basins (Miller,
1974), Salt dome heat conduits, often part of the same system, help form structural traps (Jacoby,
1974).

The aridity of arid lands is an artifact of the solar-powered atmospheric system. Geothermal
heat concentrations are artifacts of the geothermal-powered geological system. This paper is about the
nexus of the two systems, and how they affect technoecosystems. Natural geothermal-powered systems
appear to influence aridity more than aridity influences them.

Aridity is a special case, one pole of a small range of variation in earth's relatively stabilized
climatic system. The difference between arid and humid climates is minuscule compared with the
giant range of astrophysically possible differences (e.g., between star and planet, between planets of
differing mass, chemical composition, and orbital parameters; between planets of different stellar
systems, and even between stages in the history of one planet). Therefore, it does not take a great deal
of energy flow change, relatively speaking, to transform one climate into another. Small geothermal
heat flow in geological systems strongly influences climate, including aridity, by switching and modu-
lating much larger solar-powered energy flows.

There are several major mechanisms by which this happens. Plate tectonics changes the
distribution of continents and oceans over time, with major impact (through complex pathways) on
global climatic regime and distribution of arid lands., (Actually, plate tectonics may be responsible
for the fact that there is land at all.) Large clouds of dust periodically spewed into the upper atmosphere
by volcanoes can temporarily alter the planet's albedo and thereby trigger climatic changes. Geo-
thermal~driven uplift of high mountain barriers can create deserts in basins downwind. Uplift of an area
can increase its effective precipitation and diminish its aridity (e.g., the Hoggar and Tibesti Mountains,
islands of semiaridity within the extremely arid Sahara). And conversely, tectonic subsidence can
enhance aridity (e.g., Death Valley), Finally, geothermal heat is an integral component of the dynamic,
integrated global geochemical system (Siever, 1974*) which determines the gaseous composition of the
atmosphere, the ultimate framework within which all climatic systems operate.

6. Geothermal Resource Configurations

Subsurface thermal energy concentrations (geothermal resources) occur in an endless variety
of geological substances and settings. They are never simple or static. Geothermal reservoirs are
always physically complex, three-dimensional, dynamic systems (Barnea, 1974).

Numerous clagsification systems have been applied to this diversity of resource types by
various authors (e.g., Barnea, 1974; Hickel, 1973; and White and Williams, 1975). The classification
system used in this paper, shown in Table 1, is modified to reflect the hierarchical energy concentra-
tion scheme summarized in Figure 6. Resource types (with the probable exception of subsiding sedimen-
tary basin systems) are listed in order of increasing heat flow concentration, increasing ease of accesi-
bility to high temperatures, and hence increasing likelihood of successful net energy yielding exploitation
by geothermal technoecosystems. Each resource type is now briefly distussed.
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TABLE 1. Geothermal Resource Types

1. Normal heat flow areas
2. Subsiding sedimentary basins

a. Geopressured systems

b. Salt domes
3. Igneous-related systems
a, Magma
b. Hot-dry rock
4, Hydrothermal convection systems
a. Hot water systems
b. Wet steam systems

¢. Dry steam systems

¢

Most of the earth's surface (most uncheckered areas of frontigspiece map) can be included in
the category of normal heat flow areas. These areas have near-average heat flow (roughly 1.5 HFU, de-
pending on subsurface concentration of radioactive elements) and therefore near-average temperature
gradient, which varies with thermal conductivity (Diment et al, 1975). Upward convective movement in
mantle, magma, or groundwater ig absent or minor beneath these areas; conduction is the major or
only heat transfer mechanism in operation., Compartment C in Figure 6 represents this type of resource.
A vast amount of heat is stored, and it migrates very slowly upward (outward in the global sense) to the
! surface. Temperature, and therefore thermal energy quality, increases continuously with depth, reach-
ing high values at depths of several kilometers.

But geothermal technoecosystems avoid normal heat flow areas because net energy ratio is
. either less than 1 or is less than can be obtained from other geothermal and non-geothermal resources.
i There is a large energy cost of depth for technoecosystem heat recovery: friction of fluid flow increases
with depth, and drilling and casing costs increase exponentially, Furthermore, deep rock materials
| frequently have low permeability (heat transfer area must be created artificially) and are dry (heat
. transfer fluid, usually water, must be provided from above).

‘ Subsiding sedimentary basins are geologically complex, dynamic environments which, despite

‘ normal (or slightly higher) heat flow, can produce more favorable geothermal heat concentrations. These

; are also the environments in which the world's major petroleum deposits are formed and found. Geo-

\ thermal and hydrocarbon resources are closely interrelated in these systems. The most studied basin

l in terms of geothermal development is the northern Gulf of Mexico coastal and offshore region, including
a semiarid portion of Texas., Similar basins are scattered around the world.

Jones (1973) summarizes the operation of geothermal-related geological systems in the Gulf
| of Mexico basin. Geopressured systems (hot water with pressure greater than hydrostatic) are created

as subsiding clay layers inject low-salinity pore water, derived from thermal diagenesis of clay minerals,

| into confined sand strata., Temperature of geopressured water (up to 2370C) is especially high because

| temperature gradient is high in overlying low-thermal-conductivity saturated clay layers. This is an

( excellent example of conductive concentration of stored heat. Salinity of geopressured fluids is variable,
increasing up to 90, 000 ppm (parts per million) with depth. Geopressured fluid not only has thermal

| energy and mechanical energy (more than enough pressure to drive it to the surface), but it also is often

’ saturated with natural gas, mostly methane (Papadopulos et al, 1975) formed by natural high-pressure

; high-temperature cracking of petroleum hydrocarbons (Hickel, 1973).

As mentioned earlier, high geothermal gradients (as found in geopressured systems) enhance
hydrocarbon formation and concentration mechanisms (Klemme, 1975), and hydrocarbon concentrations
often coexist with geopressured zones (Miller, 1974), Also, geopressure apparently helps force oil and

| gas to the surface, a free pumping service. Consequently, drilling by hydrocarbon-recovery technoeco-

% systems has intersected many geopressured systems around the world, including such arid oil-rich

: regions as the Middle Fast and North Africa, Oilmen often consider abnormally high pressure to be a

problem -- it causes drilling difficulties and blowouts. Fertl (1972*) compiled worldwide information

about reported occurrence of abnormal formation pressure, and Rehm (1972*) discussed specific type

examples in more detail. However, since no detailed map of global distribution of geopressured-geo-

thermal reservoirs exists (to my knowledge), they are not included in the frontispiece map. Geopressured
systems appear fo be promising for geothermal technoecosystem operation because of 1) multiple energy

value of the fluids, 2) ease of fluid extraction, and 3) abundance of fluid storage in highly permeable reservoirs.

ki
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Still another component of subsiding sedimentary basins is the salt dome. Thermal conductiv-
ity of rock salt is very high, so a salt dome can act as a vertical heat conduit through lower-conductivity
sediments, with heat flow 5 to 8 times regional average (Jacoby, 1974). Presumably, the result is low
temperature gradlent in the dome and high gradient and high heat flow In the overlying low-conductivity
sedimentary cover. Temperature is therefore unusually high In and near the tops of salt domes, another
excellent example of conductive concentration of stored heat.

Salt domes are dynamic participants in the hydrocarbon-geopressure complex of subsiding
sedimentary basins. Salt is lighter than normal sediments, and it behaves as a fluid over large time-
spans. So large blobs and columns of it rise gradually to the surface from deep-lying evaporite beds,
much as plutons of molten magma drip upward through continental crust. Salt domes probably increase
local heat flow by upward convective mass transport, as well as by the conduction enhancement just
mentioned. Since salt domes are relatively hot environments in their upper levels, they may enhance
local petroleum formation and migration (they also act as structural traps), and they may accelerate
clay diagenesls and thus geopressure formation. Geopressured systems, in turn, store heat and raise
temperatures, and thus can amplify further salt diapirism (Jones, 1973) in what is apparently a positive
feedback mechanism, Jacoby (1974) believes that salt domes will be valuable geothermal resources, and
he suggests several technoecosystem configurations for exploiting their heat content.

Igneous-related systems, their heat storages shown as compartments F and I in Fig, 6, are
what differentiate geothermal regions (frontispiece map) from the rest of the world. They represent the
first and second levels of the earth's hierarchical energy concentration system. In this resource
category I include high heat flow regions created by primary plate tectonic convection mechanisms,
magma bodies (which are almost always produced in these regions), and hot—-dry rock which surrounds
magma bodies and which the magma bodies become when they cool. Heat flow due to primary mantle
convection and heat flow due to deep secondary magma convection generally occur in the same areas,
and in practice may be difficult to separate. Hence the high-thermal-gradient hot-dry rocks which
they generate are combined here into one category.

Magma (compartments G, H, and I in Fig. 6) forms as two fundamental types in two major
kinds of geologic environment. Spreading ridges generate basic (basaltic) magma which rises in small
pulses through narrow pipes and fissures. Basic magma does not form large near-surface storage
chambers except in large oceanic volcanoes, and therefore it does not contribute large amounts of stored
heat to the crust. Subduction zones generate silicic (granitic) magma which does form large storage
chambers, probably within 10 km of the surface (but below 3 to 6 km), from which volcanic eruptions
take place (Smith and Shaw, 1975).

Magmas are probably emplaced at temperatures of 800 to 1, 2000C and thus contain a large
amount of thermal energy, 300 to 450 cal/gram (Norton and Gerlach, 1975*), In fact, for the U.S.,
molten or partly molten magma bodies at depths less than 10 km are estimated to contain about 15
times the thermal energy content of all hydrothermal convection systems (Peck, 1975). It takes 1/3
million years for steady-state temperature gradient to be established over a newly emplaced magma,
and large bodies may take 2 to 10 million years to cool to ambient temperature by conduction, or
somewhat less if significant hydrothermal convection occurs (Smith and Shaw, 1975). Even in low-
permeability, seemingly dry country rocks, slow hydrothermal convection can take place, cooling
small plutons of 5 km (cubic kilometers) in around 100, 000 years (Norton and Gerlach, 1975*),

Despite its great magnitude and high quality, thermal energy storage in molten igneous sys-
tems is not now recoverable by geothermal technoecosystems and may never be so (Peck, 1975). Suitable
drilling and heat extraction technologies do not yet exist, but a number of U.S. scientists are trying to
develop them.

Hot-dry rock, including solidified portions of magma bodies and surrounding rocks conductively
heated by them, probably contains approximately the same amount of thermal energy as molten material
contains (Peck, 1975; Smith and Shaw, 1975). Despite low permeability, slow hydrothermal convection
may occur in the hot-dry rock environment (Norton and Gerlach, 1975*); however, conduction probably
dominates total regional heat flow. This type of geothermal resource is similar to normal heat flow
areas except that isotherms curve around plutons and the temperature gradient tends to be steeper,
Therefore, high temperatures occur closer to the surface, perhaps within net-energy-yielding reach
of geothermal technoecosystems. But the same low permeability and lack of sufficient heat exchange
fluid which occur in the normal heat flow environment make exploitation of hot-dry rocks difficult and
costly. Scveral possible technoecosystem design strategies for extracting heat from hot-dry systems
have been pursued, and they will be discussed in the next chapter.

Hydrothermal convection systems (compartments J, K, and L in Figure 6) represent the
highest level in the thermal energy concentration system hierarchy. Some such systems occur in normal
heat flow areas, but practically all high-temperature hydrothermal systems occur over and are driven
hy igneous-related systems in geothermal regions (frontispiece map).

Three ingredients are required for establishment of a hydrothermal convection system:
1) a heat gource which produces a temperature gradient higher than water's adiabatic temperature
gradient, 2) water, mostly ordinary groundwater of meteoric origin, subject to all the same geologic
factors that control oceurrence and movement of groundwater (Geraghty and Miller, 1973), and
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3) permeability sufficient to permit water circulation. High permeability is usually found as porosity in
sediments deposited by solar-powered earth cycles, or as fault and fracture systema resulting from
geothermal-powered tectonic strain. A gravitational field and subsurface temperatures above freezing
are also required, but they presumably exist in all regions of interest.

Essentially all geothermal technoecosystems in practical operation to date exploit some form
of hydrothermal convection system. Exploitation of every other type of geothermal resource is atill just
a dream or is only at the highly subsidized research stage., Hydrothermal convection systems are most
used and most sought after largely because they contain water in some form. Water ig the beat low-
vigcosity geological medium for large heat storage and rapid mass-flow heat transport. It has the
beneficlal property of boiling at thermodynamically useful temperatures (100°C at sea level atmospheric
pressure, higher at greater pressure), It is easily channeled, and many technoecosystem components
are already adapted to its use. And water has many other energy values in addition to heat content,
especially in dry lands (as discussed in the first chapter). When water and adequate permeability are
present, large amounts of heat can be removed from underground storage in a very short time,

The hotter the water the better for technoecosystems because less flow of hotter fluid is
needed for equal heat transfer, because higher temperatures represent higher-quality more concentrated
energy value (and thus ability to do high~energy tasks with high thermodynamic efficiency), and because
water hot enough can pump itself out of the ground. Therefore it is only natural to classify hydrothermal
convection gystems according to temperature-dependent variables,

Several clagsification schemes exist for hydrothermal convection systems, for example those
used by Facca (1973), Hickel (1973), and Renner, White, and Williams (1975). Each scheme has a
different number of categories (3, 2, and 4) and different dividing lines; names are often given different
meanings. Classification variables can include the water's physical state, its behavior, and temperature
limits of its usefulness inkeytechnoecosystem procesges.

Apparently every classification system separates the rare vapor-dominated or dry steam
systems (steam controls pressure and convectively transports most heat) from the much more common
liquid-dominated or hot water gystems (liquid water is the dominant fluid). This is done on the basis
of highly contrasting physical states of water and consequent very different technoecosystem designs
required for exploitation. The several classifications differ only in the way that they group liquid-
dominated systems.

In this paper Facca's (1973) scheme, slightly modified, is used (Table 1). Hot water systems
contain water at temperatures ranging from slightly more than ambient surface temperature up to 1500C.
And wet steam gystems contain water hotter than 1500C, the lower limit for useful flashed steam genera-
tion.

Hot water systems (temperatures up to 150°C) are dominated by liquid phase but may contain
some vapor bubbles in shallow low-pressure zones. Some small systems may be heated under normal
temperature gradient conditions by slow convection down fault zones to depths of several kilometers.

But most hot water systems, including large especially hot systems, are heated by igneous-related systems
at depth. Systems above 300C are attractive for space and process heating. Systems near 1500C are not
hot enough to drive steam turbines, but can generate electricity through alternative thermodynamic cycles.
Systems below 900C may be used only where circumstances are locally favorable (Remner, White, and

‘ Williams, 1975); in fact, their water may be pumped for its own sake and not for heat content,

Wet steam systems (temperatures above 1500C) are essentially all heated by igneous-related
‘ systems., Water at depth can be much hotter than surface boiling temperature (temperatures up to 3600C
are typical of Imperial Valley), yet boiling will be suppressed by sufficient pressure. When wells tap
this water a fraction of it boils to steam -- "flashing” -~ and a steam-water mixture (wet steam) is
yielded at the surface (Nathenson, 1974). Depending on reservoir temperature and permeability, water
flashes in the well, at well bottom, or in the reservoir itself. If flashing is deep enough, rapid well
flow is spontaneous. Production rate and steam fraction can be controlled by varying wellhead pressure
(Facca, 1973).

A ''cap rock' of very low permeability overlies and confines wet steam systems. This cap
rock can be an originally impermeabie formation, or its pore spaces and fractures can be sealed by
mineral deposition from the thermal fluids. If rate of fluid discharge through unsealed vents or techno-
ecosystem drillholes is larger than water recharge rate, the flashing surface can migrate out and down

! from the openings and can eventually transform the system into a dry steam system (ibid.).

Wet steam systems are of interest to geothermal technoecosystem developers because they
are hot enough to run high-energy processes like electricity generation and water distillation, and because
they are many times more common than still more desirable dry steam systems. Furthermore, in arid
lands, wet stcam systems can be important sources of water -- water which can often pump itself out
of the ground, distill itself, and still have enough heat left to generate electricity or warm greenhouses.
Imperial Valley, California, and the arid Salton Trough (U.S. and Mexico) of which it is a part, are
underlain by a large complex of wet-steam systems. Much work is being done to develop complex

7 geothermal technoecosystems to ¢xploit this resource; it will he reviewed in a later chapter.
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Dry steam systems are the top of the line of natural geothermal resources, as far as geothermal
technoecosystem developers are concerned. They are eagerly sought, but they are exceedingly rare. Dry
steam systems are in such high demand because when tapped they yield just superheated steam (with minor
gaseous impurities), which can be fed directly into steam turbine powerplants only slightly modified from
well-known fossil fuel technology. A good example of a dry steam system is the Geysers geothermal field
near San Francisco, where the largest geothermal power complex in the world (500 megawatts) is found,

As mentioned earlier, a dry steam system forms from an original wet steam system in porous .
or fractured rocks confined below impermeable cap rock and somehwere above a hot igneous-related
system. Conversion from wet to dry tends to happen when heat supply is large but water supply is small
(Renner, White, and Williams, 1975), such that net water discharge from the system exceeds recharge.
Steam boils from a declining water table (White, Muffler, and Truesdell, 1971), creating a volume of
permeable rock within which steam is the dominant fluid, pressure is lower than hydrostatic (Garrison,
1972), 85 percent or more of total heat is contained inreservoir rocks (Truesdell and White, 1973), and
temperatures are close to 240°C (Renner, White and Williams, 1975). Steam rises and condenses at
the top of the system, from where heat is then conducted upward, and the liquid condensate then trickles
downward to complete the convection cycle (ibid.), as in a teapot. Through time, mineral deposits
(carbonates and gypsum) seal water recharge channels and gradually isolate the system (White, Muffler,
and Truesdell, 1971). Mercury may be separated from other elements, enriched in the vapor, and
deposited in the condensation zone of a dry steam system; vapor is usually also enriched in carbon dioxide
and hydrogen sulfide gases (ibid.). When such a system is discovered and tapped by geothermal techno-
ecosystems it begins to change: water table and boiling zone move deeper, steam pressure decreases,
and steam temperature rises (Truesdell and White, 1973),

Even though some wet steam systems may be hotter, dry steam systems represent higher
energy quality for power generation technoecosystems because they have separated the higher energy
quality steam phase from lower energy quality liquid water (and any salts it contains), Water need not
be handled and separated above ground, so plumbing can be simpler. If large quantities of water are
needed, however, as in an arid region, wet steam systems may be preferable. Such a case would be
fortunate because wet steam systems are much more common than dry steam systems -- 30 times more
common in the U.S. (White and Williams, 1975).

Hydrothermal convection systems often manifest themselves at the surface through such
phenomena as hot springs, fumaroles, mud volcances, and geysers. Except for low~-temperature hot
springs, all these surface manifestations are only found in geothermal regions, where igneous-related
systems exist at depth. Waring (1965) compiled information about thermal springs around the world.
And Rinehart (1974) reviewed geology and behavior of geysers.

Faults play an important role in localizing natural geothermal systems. They serve as trans-
port channels for magmas and hydrothermal fluids; in geopressured systems they act as barriers to
form many confined, pressurized compartments (Rinehart, 1975%), Extensive faulting of volcanic areas
induces high permeability and prepares the way for hydrothermal convection systems (Ellis, 1975).
Koenig and Huttrer (1975) note that igneous and hydrothermal activity tend to localize along regional
structural alignments (frequently faults) and especially at their intersections. Faults are structures
which form to release stresses built up by geothermal-powered tectonic motions and igneous activity;
they seem to be among the structures which geothermal-powered geological systems create to maximize
their energy flow concentration (compartments E and H of Figure 6).

A persistent pattern in geothermal resources is that systems of lower energy quality are more
numerous and contain more total heat than systems of higher energy quality. For example Koenig (1973B)
wrote that useful energy in low-enthalpy fluids may be ten times or more larger than that in high-enthalpy
fluids. And Kunze (1975) theorized that the amount of geothermal water and energy available increase
logarithmically with decrease in temperature. Furthermore, it is well known that dry steam systems
are rare compared to wet steam systems.

Renner, White, and Williams (1975) observed this trend for hydrothermal convection systems
in the U.S, And they also noted that in any one resource category (roughly equal energy quality) just a
few systems contain most of the stored thermal energy. They conclude that ""geothermal convection
systems may have the same log-normal relation between grade and frequency that metalliferous deposits
and hydrocarbon reservoirs have.'"

Although it may not explain the relative dominance of a few systems in any one energy quality
level, I think the hierarchical energy concentration scheme illustrated in Figure 6 may help explain the
rapid decrease of heat storage with increasing energy quality. Large conductive heat storages (temper-
ature gradient higher than normal) must be built up through time over large convective systems before
smaller convective systems of the next higher level can begin effective operation and build smaller
conductive heat storages above themselves. The result is progressively smaller and more localized
storage of higher quality thermal energy (relative to normal gradient) up the cascaded hierarchy of con-
vection systems,
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Estimated heat content of U,S. geothermal resource base (White and Williams, 1975, Table 26,
p. 148) for identified and estimated undiscovered resources may be typical of the pattern that will be
found around the world. Heat storages for regional conductive environments (normal and high gradient
areas, compartments C and F in Figure 6), hot igneous systems (igneous-related systems, compartment
I), and hydrothermal convection systems (compartment L) in the U.S. are estimated to have values in the
ratio 2623:33:1. Total heat flow over the different types of systems, although not inventoried in the
report, should show a gimilar pattern (decreasing up the hierarchy). And average near-surface heat
flow rates over the different areas will certainly demonstrate an inverse relationship (increasing up the

hierarchy).

7. Roles of Water

Liquid water has been available on this planet for at least 3.5 billion years (Siever, 1975%),
It was originally released to the surface by geothermally-driven thermodynamic, physical, and chemical
cycles, and it continues to play an important part in them today. Water is almost ubiquitous in geological
cycles and it serves in a great many capacities: as solvent, as chemical reactant and product, as catalyst,
as heat and mass transport medium, as pressure equalizing fluid, as momentum storage and transfer
medium, as evaporative coolant, as explogive. Water may facilitate partial melting of oceanic crust in
subduction zones (Hammond, 1975B). And it is especially important as convective medium in hydrother-
mal convection systems, where the highest natural heat flow concentration can occur. Finally, it is a
vital ingredient of present geothermal technoecosystems and their heat extraction and processing systems,

which make possible still higher energy concentration,

Geothermal fluids are not pure water; their geochemistry is quite complex (see Ellis, 1975,
for a brief review), Salinity can range from quite low to over 30 percent (near the Salton Sea), but it
is most commonly between 0,1 and 1 percent (Renner, White, and Williams, 1975), Most geothermal
fluid is meteoric in origin, but a small proportion may be derived directly from magma (Garrison,
1972). Steam at the Geysers, California, "is formed, at least in substantial part, from rainwater of

recent origin" (Libby, 1975*).

A large fraction of the world's geothermally active area is under water, in the oceans, Among

these regions the spreading ridges are important (Williams, 1975), But Palmer, Green and Forns (1975)
pointed out that continental shelves are simply drowned extensions of land areas, and they probably have
continuations of known onshore geothermal resources of all types. For example, the offshore geopressured-
geothermal resources of the Gulf of Mexico may be of the same general size as onshore resources

(Papadopulos et al, 1975),

Aridity seems to have little noticeable effect on the configuration of geothermal resources.
Perhaps this is a manifestation of the slowness of the rate of change of geothermal systems relative to
climatic systems. Aridity may in some cases result in a subsurface water table and therefore hide such
usual thermal manifestations as hot springs. Renner, White, and Williams (1975) suggest that glaciation
may increase water recharge rates and thereby make dry steam systems become wet steam systems
again. We might speculate that aridity could produce just the opposite trend. Certainly if recent recharge
is an important input to the geothermal system (as it apparently is at the Geysers), then aridity will have
a major impact on system behavior, An unusual occurrence of non-aqueous thermal convection in a
semiarid environment is reported by Calamai and Ceron (1973): air convection through fractured volcanic
rock on Lanzarote, Canary Islands. However, Arafia, Ortiz, and Yugeuro (1973) dispute their findings
and suggest that the convection fluid is a mixture of steam and gases rising from a hydrothermal
convection system at depth. Aridity probably influences geothermal technoecosystems much more than

it affects subsurface natural geothermal systems.

For billions of years, thunderous geyser and volcano eruptions have been the peak of the
hierarchical chain of geothermal energy concentration systems. But there is a new top to this pyramid -~
geothermal technoecosystems, Concentrated storages of ancient heat, untouched by ice age effects, are

now starting to be tapped at geologically unprecedented rates and concentrated still more into new energy
forms for which geothermal origins are unrecognizable: electricity, distilled water, radio waves, city
lights. The next chapter reviews technoecosystem configurations which are evolving to tap and trans-

form the many kinds of geothermal resources.




1II, GEOTHERMAL TECHNOECOSYSTEMS

1. General Characteristics

Human-controlled systems for using geothermal resources have always been complex, but
only recently have they become large. Since ancient times men have been drawn to hot spring areas,
the natural surface manifestations of hydrothermal convection systems. Heat and water flows have been
used at naturally occurring flow rates for hot baths, medicinal treatments, mineral water for drinking,
livestock watering and irrigation, some chemical recovery through distillation and evaporation, minor
space heating, and, in a few locations, for cooking.

Evolution of high-energy technoecosystem components and complexes in the past century
opened the possibility of tapping deep heat storages at rates much greater than occur in nature.
Development of steel mass production, powerful drilling technology, and turbogenerators within the
fossil fuel niche technoecosystem paved the way for evolution of high-energy geothermal technoecosystems.
First large-scale geothermal power production was at Larderello, Italy, in 1904 (Berman, 1975*). Many
new geothermal industrial forms have appeared since then, and the rate of evolution of geothermal
technoecosystems is now accelerating rapidly, Power, complexity, sophistication, and number of
geothermal technoecosystems will continue to increase as technology evolves and as fossil fuel net
energy ratios continue to decline.

Geothermal technoecosystems now range in complexity from simple potable water condensation
modules embedded in low-energy technoecosystems, as in eastern Africa (Saint, 1975), to large industrial
complexes proposed for Iceland for chemical production, electricity generation, and space heating
(Lindal, 1973 B).

Large geothermal technoecosystems are easy to see as technoecosystems from the macroscopic
viewpoint, Stationary technoorganisms include power plants, office and control buildings, and
greenhouses and other auxiliary industrial modules. Mobile technoorganisms include drill rigs,
exploration vehicles, pickup trucks, and personal cars in the parking lot. Channels for energy, materials,
and information include powerlines, pipelines, drillholes, drainage ditches, and telephone wires.
Subsurface geothermal reservoirs, to the extent they are known and controlled, are technoecosystem
storage components. Artificially created reservoirs are totally within technoecosystem.

It is hard to draw a sharp boundary around a geothermal technoecosystem. It is inseparably
linked to the fossil fuel technoecosystem within which it is implanted. We might include in a geothermal
technoecosystem those portions of the global technoecosystem which provide support for it (exploration,
manufacturing, design, and repair) and its staff (houses, schools, stores). And we might include those
parts of the technoecosystem which use geothermal power and products. As before, though, we must
draw the boundary where it is useful, and that usually means including only exploration and exploitation
components in action on site.

Geothermal technoecosystems are excellent examples of technoecosystems. They are very
much like bioecosystems; the biological analogy is very good. As do bioecosystems, they have orderly
networks of diverse, complex components (well-adapted modules and low-entropy channels) arranged
according to environmental conditions, internal needs, and thermodynamic laws of energy systems.
Geometries and materials are in optimum locations and optimum roles (for example, optimum arrangement
of geothermal wells is a hexagonal grid, the same pattern which appears in bioecosystems, spatial
economic systems, and many crystals). Like bioecosystems they are entropy jets, open systems which
maintain homeostasis, have hierarchical energy transformation chains, and evolve. Like most
technoecosystems, however, they use new non-biological geometries, materials, and physical properties
(e.g., turbines, steam, heat, and pressure),
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Like other high-energy technoecosystems, geothermal technoecosystems are consciously
controlled and give much leverage to a few men--large power flows are controlled and maintained
by a small crew. Specialists design geothermal technoecosystems, and they rapidly evolve new concepts
for components and networks. On the inside, geothermal technoecosystems have cybernetic control
rooms (inward sector). On the outside (outward sector) they deal with subterranean and subaerial
environments-~-taking in energy, materials and technoorganisms, expelling waste, maintaining structures,
shielding flows and storages from entropy increase, and exporting concentrated products to the main
technoecosystem in payment for machinery investment and high-energy lifestyles of staff and managers.

Geothermal technoecosystems are governed by money flows; net energy is as uncertain as in
any other part of the technoecosystem. Geothermal technoecosystems, though relatively new, have their
own social networks and political power hierarchies. Many humans in industry, academics, and
government have come to think of themselves as geothermal people, and they have become spokesmen
for the technoecosystems they manage, develop, and dream of.

Original hot spring technoecosystems were, and are, largely for direct human support and
comfort--inward sector components. But modern high~energy high-techrology geothermal technoecosystems
are mostly outward sector subsets. As such they are largely independent of cultural background, and
are dependent chiefly on environmental conditions and local technoecosystem needs. In addition to this
environmental determinism there is a major element of inertia of surface and subsurface precedents;
drillholes and powerplants cannot be moved, and once established they influence future development
geometry.

Geothermal technoecosystems consist largely of mechanical sector components: subsurface
drillholes, and machinery and plumbing above ground. They also include inorganic sector parts:
subterranean geothermal reservoirs, and surface flows and storages of water and chemicals. Finally,
there can also be an interface with biological sector in diverse agricultural applications of geothermal
products.

When we survey geothermal technology we see that there is a fabulous variety of technoecosystem
components from which to choose: small parts, modules, technoorganisms, subsystems, small
technoecosystems. Like toy armies or electronics modules, these separate components can be assembled,
plugged into each other, and arranged in an infinite array of possible geothermal technoecosystem
morphologies. Whole systems can be designed and adapted to fit almost any environment, available
niche, purpose, or fantasy. If components available off the shelf are not sufficient, new ones can be
designed on demand. With the energy flow that one or several million dollars control, new concepts for
technoecosystem component configurations can be dreamed up and cyrstallized into solid hardware.

For someone in the money, geothermal technoecosystem design and operation can be an enjoyable
macroscale game,

Some design strategies earn lots of money, others make less, and some lose, The same
situation exists for net energy. Optimally, large amounts of both net energy and money are generated.
But with subgidies, money can be gained while net energy is lost.

Accelerating growth of geothermal technoecosystem numbers, size, and diversity seems to
indicate that a new energy niche is opening. In some marginal cases it may not be clear whether this
new niche is an actual competitive net energy niche or whether it is just another way to make money by
expending large subsidies of fossil fuel wealth.

Geothermal technoecosystems, as just shown, have typical technoecosystem properties. But
they also have peculiarities which differentiate them from other technoecosystems. Like most
technoecosystems, geothermal technoecosystems are horizontally flattened in the land surface environment
(solid-gas interface), where most humans live and where structures have solid foundations and energy
cost of movement is low. Like plants, however, geothermal technoecosystems have a vertical dimension.
They are vertical vectors along a vertical energy and materials gradient, Plants must send roots down
for water and leaves upward for radiation input. Similarly, geothermal technoecosystems drill deep for
heat and water,and run thermodynamic cycles by transferring heat upward by convection and evaporation
to atmosphere and space.

The ultimate constraints of the geothermal energy niche are the temperature (wet or dry bulb)
of the atmosphere, determined by solar radiation balance and atmospheric convection systems, and the
temperature of rocks and fluid at exploitable depth, function of geological cycles, The difference between
these temperatures determines the ultimate thermodynamic limits of exploitation. Useful potential energy,
and therefore an energy niche, exist only because there is thermal contrast.

Additional constraints are geological in nature: size of heat storage, permeability of rocks,
salinity of fluids, availability of water, rates of heat and water recharge.

Still other constraints on the geothermal niche are hased on technoecosystem factors: energy
requirements for exploration, drilling, and geothermal technoecosystem construction; energy costs of
energy, materials, and information from the main technoecosystem; and energy payments the maln
technoecosystem malies for geothermal technoecosystem outputs. Technology, knowledge, and existing
industrial capacity are also important niche-determining parameters.
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Simple geothermal technoecosystems use geothermal resources as they naturally occur at the
surface. But advanced, high~energy systems have a greater appetite for calories and high temperatures.
They cannot tap heat flow, for it is too slow and cool and diffuse except In scattered natural concentration
systems, like extremely rare geysers and intermittent volcanoes, both very difficult to exploit. Advanced
geothermal technoecosystems, therefore, can only tap heat storage. They must gain access to heat at
depth, they must drill, they must violate inner earth systems with rotary probes.

A drill hole is much like a plant root. The root taps energy storage in the form of soil
molsture and salts, and concentrates and accelerates its flow upward through a narrow conduit. Similarly,
the geothermal well taps energy storage in the form of heat and fluids and channels it upward at rates
many times normal, Drill holes connect two worlds. They announce the low-energy surface world to
the subsurface and introduce the high-energy subsurface world to the surface. Geothermal fluids are
delicately adjusted to the pressure-temperature-composition conditions of their subterranean environment.
When a drill casing, embassy and open conduit to the lower energy surface environment, penetrates to
the fluid reservoir, rapid upward flow is often spontaneous.

Since geothermal resource types and properties are highly variable, geothermal technoecosystems
must be flexible and take many forms. Each geothermal technoecosystem is a special case and must be
custom fabricated of specialized components and materials to fit the unique properties of the reservoir
it exploits: geometry, depth, temperature, pressure, fluid composition, permeability, recharge rates,
and atmospheric and water supply characteristics at the surface. Needs and capabilities of the surrounding
technoecosystem must also be taken into consideration.

Exploration complexity and ingenuity are major features of the geothermal energy niche, as
they are of the petroleum niche. However, oil is structurally and stratigraphically controlled while
geothermal heat is depth controlled. ©il does not occur at all beneath many areas, whereas there is always
high-temperature heat at some depth. Once found, though, oil is easily transported long distances. Geo-
thermal heat, in contrast, must be used near its source or transformed to a more easily channeled form
like electricity or hydrogen.

Geothermal technoecosystems for power production are much simpler and smaller than systems
which run on fossil or nuclear fuels. Geothermal heat ig already concentrated and stored underground,
whereas other systems involve complex large-scale fuel extraction, processing, transportation, storage,
and finally heat production technoecosystem subsets.

There is a geothermal energy niche; geothermal technoecosystems which survive can be and
have been built. But the next chapter shows how small the niche really is. It is apparently not large
enough to run the entire global high-energy technoecosystem for very long. The geothermal niche is
presently only a small subset of the fossil fuel niche; all of its technoecosystem components are manufactured
by the largely fossil fuel powered global technoecosystem. It is likely that the geothermal energy niche
will remain a small subsidiary niche as long as fossil fuels last and probably even after the hoped-for global
conversion to some new long-lasting energy niche.

It is interesting to compare the configuration constraints and possibilities of geothermal
technoecosystems and solar technoecosystems. Solar systems are upward oriented, collecting stellar
radiation energy; geothermal systems reach downward, toward planetary thermal energy. Solar systems
can exist solely at the surface, while geothermal systems must drill to higher temperature domains. The
greatest differences between the two systems are based on the contrast between the energy sources:
solar radiation and geothermal heat,

Solar flux, while diffuse, is strong enough to be collected directly for some technoecosystem uses,
e.g., space and water heating, distillation. It has energy value, too, because of its photon wavelength
properties; photon traps, such as certain thin film laminates, can produce high temperatures or generate
electricity (solar cells), Plants capture photons and store chemical potential energy through photosynthesis.
Perhaps most important for high-energy technoecosystems, solar radiation has geometric energy value.
Direct insolation reaches us from its distant source in orderly, parallel rays. Thus direct solar flux
can be geometrically concentrated with reflectors and lenses to very efficiently produce very high quality
concentrated light and heat, limited only by collector parameters and the brightness of the sun. No
inefficient thermodynamic energy concentration cycle is needed; the concentrating solar collector
geometrically decodes the diffuse but orderly direct solar flux to approximately reproduce the radiant
conditions of the sun's surface.

Geothermal heat flux, in contrast, is too weak globally to be collected for even low-energy
technoecosystem uses. Geothermal technoecosystems have two options: collect heat flow where it has
been concentrated by natural geological thermodynamic convection engines {€.8., hot spring areas), or
drill deep to collect heat storage concentrated at relatively shallow depths by natural convection and
conduction systems in hierarchical aiternation. Most geothermal heat flow originates as very high quality
energy (originally star energy) by nuclear fission of heavy elements. But these atoms are generally
quite scattered, and the energy they generate is quickly dispersed as much lower quality heat. Heat
energy, unlike radiant energy, cannot be geometrically and reversibly reconstituted to former higher
quality; that is the second law of thermodynamics. Heat energy can only be concentrated locally by
degradation of more heat elsewhere in some kind of limited-efficiency thermodynamic cycle, either
in the carth or in the technoecosystem.
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Geothermal technoecosystems, as integral parts of the global technoecosystem, inevitably
contribute to energy flows in military technoecosystems. They may provide heaf, water, and electricity
directly to military systems, or indirectly through the civilian industrial complex. Concentrated
synthetic fuels and hydrogen produced by geothermal technoecosystems could someday power high-energy
military technoorganisms in combat, if military technoecosystems should continue their existence.

Water plays many roles in geothermal technoecosystems: drilling fluid, heat storage and
transfer medium, thermodynamic cycle working fluid, chemical solvent and reactant, evaporative
coolant for thermodynamic power and distillation cycles, and liquid product for drinking or crop irri-
gation.

In arid lands, geothermal technoecosystems tend to be specifically adapted, where possible,
to produce fresh water for technoecosystem use, If subsurface water is scarce, they are designed to
minimize water consumption. If subsurface water is absent (hot dry rock reservoir), it may have to
be imported.

‘Geothermal technoecosystems are the top consumer in the earth heat cycle hierarchy. They
can be voracious heat consumers, A 100 megawatt power plant at 16 percent conversion efficiency
represents the equivalent normal gradient heat flow for an area of 10, 000 square kilometers. Geothermal
systems outcompete geysers and other earth systems because they extract heat so effectively and because
they have self-amplifying feedback of concentrated energy investment. But by tapping storages they can
easily outgrow sustained carrying capacity. Although the geothermal niche could be a flow niche at
low exploitation rates, it is probably a stock niche at projected exploitation rates. Geothermal techno-
ecosystem succession will probably be observed as high-grade reservoirs are depleted and competitive
net energy ratios decline.

In 1976 geothermal technoecosystems are quite young, comparable to petroleum technoecosystems
at the turn of the century (Ellis, 1975). Who in 1900 could have predicted the highly sophisticated
global petroleum technoecosystem of today ? Similarly, it is impossible to foretell with certainty what
geothermal technoecosystems will be like at maturity. Their future forms are probably not yet dreamed
of.

Several major aspects of geothermal technoecosystems are reviewed in following sections of
this chapter. In some sections geothermal resource types are discussed in the reverse of their order
in Table 1. This seems logical because hydrothermal convection systems, the nearest surface resources
with highest heat flow, are also the most easily exploited and thus the best known. Deeper resources
with lower heat flow (higher position in Table 1) are more difficult to tap, knowledge about them is more
hypothetical, and exploitation systems are either experimental or still on the drawing board. Possibilities
for advanced technoecosystem morphologies are pointed out where they are seen. And arid lands
peculiarities of geothermal technoecosystems are emphasized. Specific applications are reviewed for
developing countries and for Imperial Valley, California, in later chapters. For information about
applications in other arid locations around the world, the Bibliography and its subject index should be
consulted,

2. Exploration, the Macro-Hunt

In order to tap energy flows or storages, some energy must be invested. Exploration is the
first and perhaps the most exciting step in developing a geothermal technoecosystem. High-quality
near-surface geothermal resources are rare, unevenly distributed and often well hidden. A high degree
of ingenuity, complex strategies, and large energy investments are required to find them. Geothermal
exploration is a form of hunting, direct descendant of the bioecosystem hunting of early man. But
instead of biological systems yielding meat and hide, the quarry is dynamic geological systems which
bear water and steam. The prey is food for high-energy technoecosystems rather than for men. The
hunting ground has expanded to global scale. Senses beyond the human six are utilized, and mechanical
technoorganisms and instruments take the place of horses and spears.

Geothermal hunters are not just men of skill and experience; they have letterheads and
advanced academic degrees in place of feathers and trophies. Geothermal exploration is a complex
endeavor, and many specialists are needed: geochemists, geophysicists, remote sensing contractors,
and drilling engineers. Heading the exploration team, though, are geologists, generalists who know
earth systems intimately in all their aspects and at many scales. Geological experience gained in other
sectors of technoecosystem is put into action, and each new geothermal hunt, successful or not, adds
to the relatively young cumulative store of geothermal exploration knowledge.

Most geothermal fields now being exploited were found by observing relatively obvious surface
manifestations such as hot springs, fumaroles, and altered rocks, much as oil seeps led to the first
large oil field discoveries, and much as rich mineralized outcrops in unexplored territory revealed ore
deposits at shallow depths. But underground reservoirs must be located precisely and their properties
cogprehended before exploitation can begin, And many geothermal reservoirs leave few traces at the
suriace.
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Techniques more sophisticated than surface inapectlon are needed to gather Information about
subsurface conditions. Technoecosystem energy investment la required to pierce the geological fog by
detecting patterns through non-human perceptual filters. Specialized techniques have been evolved;
they are like senses more reflned than those we are born with. Geochemical analysis ls analogous to
our senses of taste and smell, Remote sensing is an extension of sight. And geophysical methods are
like touch, hearing, and the electrical senses of some fish. Specialized technoecosystem components
and configurations are required for each exploration perception mode.
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The only way to know for certaln what lies below is to sample It by drilling. But drilling
1s extremely costly and there ls an astronomically large number of possible drill sites on this planet.
Hence, to maximize net energy output, exploration strategy has evolved into a hlerarchically cascaded
stochastic game. Maximum Information !s galned from minimum energy lnveatment by narrowing down
the possibilities in discrete steps. Exploration techniques are used in succeasion, in order of
increasing cost per area, and from large to small scale. Combs and Muffler (1973) suggest this order
of technique utilization: literature search, aerial survey, geological and hydrological survey, geochemical
survey, geophysical survey, and drilling. McNitt (1975) reports a similar order. The actual optimum
sequence may vary with specific geological circumstances, but deep drilling is always the last stage.

Geothermal exploration strategy is like military strategy in several ways. An elusive but
not evasive target is sought through investment of finite resources. Previously gained knowledge is
applied, and specially adapted technoecosystems and technoorganisms are deployed for sensing and
manipulating the environment. Planning cascades from macroscale to microscale morphology and
actions. And highest energies are used only where most effective, for the final kill. Similar patterns
are found in the biological world, e.g., predation.

General reviews of geother'mal exploration techniques and strategies are provided by Bodvarsson

iystem
ys s (1970), Combs and Muffler (1973), Crosby (1971), Ellis (1975), and Hickel (1973).

it

aed At the macroscale, general geological knowledge is the most valuable exploration asset.

Probably more than 90 percent of the globe can be eliminated from consideration simply by understanding
global tectonics and knowing where the geothermal regions are (frontspiece map; and Lister, 1974).
Geothermal regions may look small on the world map, but they look quite large when we are there, even

if in a jet plane, More sophisticated and detailed geological knowledge is needed to narrow down the

choices within a geothermal region. Koenig and Huttrer (1975) suggest prospecting along subtle

geological linear features and at their intersections. Faults, favorable stratigraphy, and young volcanic
rocks are additional clues. McNitt (1973) reviews applications of geology and hydrology in various stages and
scales of geothermal exploration. They form the framework within which detailed data are gathered

and interpreted.
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Remote sensing in diverse electromagnetic wavelength bands from aircraft and satellite techno-
organisms can yield much useful information for narrowing down exploration target choices. Lithology
and geological structure, hydrothermal alteration haloes, soil and vegetation anomalies, and general
geography are revealed by photographs in visible and near-infrared bands (Hodder, 1973; Reynolds and
Wagner, 1975). Plant moisture stress and rapid snowmelt can indicate high heat flow areas (Reynolds and
Wagner, 1975; White, 1969). Passive thermal infrared imagery and passive microwave radiometry can
detect surface temperature anomalies (Hodder, 1973). However, heat flow must exceed 300 to 500
times normal in order to show up on infrared imagery (Kappelmeyer and Haenel, 1974), which may limit
the use of this method to only the hottest and most obvious thermal anomalies (hot springs, geysers,
fresh lava flows).

ree
1 Satellites provide remotely sensed information at lowest cost per unit area, but resolution is

low so only macroscale patterns are discerned. Aircraft provide higher microscale resolution but at
greater cost. Hence a natural cascading sequence (proposed by Hodder, 1975) suggests itself: 1) thermal
\ infrared imagery from satellite for regional coverage, then 2) from aircraft at small scale, to choose
just a few specific sites for 3) costly in-person field checks by geologists in exploration vehicle techno-
organisms,

ral

Geothermal systems are complex chemically as well as thermally. Elements, ions, molecules,
and isotopes are concentrated and recombined under the influence of a great variety of equilibrium and
solubility thermodynamic relationships. A geochemist samples some of a system's atoms either at the
surface or in wells, and he attempts to deduce information about its physical properties from detailed chemical
analyses. Geochemical determinations yield useful information at all stages of geothermal exploration
and exploitation. Geochemical methods are reviewed by Mahon (1973) and Sigvaldason (1973). Geochemical
sampling tools (Presser and Barnes, 1974) and laboratories are all technoecosytem components, optimally
arranged and adapted for this purpose.

wer

‘ace
Some elements are good indicators of the presence of thermal waters and can be used for

re reconnaissance, Lithium can be traced to its source if a continuous surface drainage system exists

59 (Brondi, Dall'Aglio, and Vitrani, 1973). Other elements more useful in arid regions are mercury

ik (Matlick and Buseck, 1975) and helium (Roberts et al, 1975). Other elements, ions, and isotopes
(geothermometers) cquilibrate to temperature in specific ways, and their analyses can be used to estimate
subsurface reservoir temperatures: sodium-potassium-calcium (Swanberg, 1974), silica, carbon isotopes,




46

and oxygen isotopes in sulfate-ion-water pairs (Cortecci, 1974), However, assumption of negligible
dilution and re-equilibration is often incorrect, so results are not certain (Fournier, White, and
Truesdell, 1974). Noble gas content may indicate whether or not the reservoir is superheated and
steam-bearing (Mazor, 1975%). Clever techniques have been devised to reconstruct the origins, paths,
and mixing histories of geothermal fluids from geochemical data (Arnason and Tomasson, 1973;
Fournief and Truesdell, 1974). Such knowledge may be important for estimating recharge potential
and thus field lifetime in arid lands (Ellis, 1975).

Geophysical exploration techniques, reviewed by Banwell (1973) and Strangway (1973) are
diverse and numerous. Electrical resistivity surveys are usually the most valuable, Low resistivity
anomalies result from high water salinity, high temperature, and high rock porosity, all favorable
reservoir characteristics (Ellis, 1975). Various electrode arrays and current pulsing strategies
yield resistivity data for vertical and horizontal dimensions through different geological cover (Strangway,
1973).

Temperature measurements are also quite useful. Surface temperatures are easy to measure,
but they are only significantly affected by very high heat flows. Temperature gradient and heat flow
measurements are much more sensitive and helpful, but require costly shallow drilling.

Many other geophysical methods are used to answer gpecific questions in specific geological
situations. Active seismic reflection, refraction, and frequency response surveys can point to
geothermal activity; high attenuation and shift to lower frequencies are common characteristics of
geothermal reservoirs (Hickel, 1973). Passive seismic observation can detect microearthquakes which
occur in hydrothermal convection systems along faults (Hamilton and Muffler, 1972; Hill, Mowinckel,
and Peake, 1975; and Ward, 1972). Aeromagnetic surveys can be used for studying geological structures,
and they can pick up evidence of hydrothermal alteration (Evans, 1972; de la Fuente Duch, 1973). Finally,
gravity surveys may yield information about subsurface structures when lithologic density contrast is
great enough.

No one exploration method, other than drilling itself, offers unambiguous results. Fach
technique can be diagnostic in one setting and misleading in another. Meidav (1975A) suggests that ex-
ploration success can be improved by combining data from specific geochemical and geophysical methods
which complement each other.

Igneous-related systems (magma bodies and associated hot-dry rocks) can be detected by
surficial geological evidence: calderas, domes, fracturing, and volcanoes. Their existence at depth
may also be indicated by the presence of hot springs and hydrothermal convection systems. Gravity
and magnetic geophysical surveys can provide volume estimates for magma bodies (Smith and Shaw,
1975). Seismic noise surveys can locate areas of slow, deep hydrothermal convection, and electrical
resistivity surveys can detect rock volumes in which high-conductivity sulfide minerals have been deposited
(Norton and Gerlach, 1975*). Geochemical analysis of volcanic rocks can reconstruct magma
crystallization history, and radioisotope dating techniques can reveal whether or not the igneous body is
young enough to still contain significant heat. However, only drilling will tell for certain whether an
exploitable resource exists. At Marysville, Montana, a geophysical prospect originally thought to be a
hot rock reservoir at shallow depths fell far below expectations and research drilling was abandoned
(Geothermal Energy, January 1975, p. 59).

Exploration for salt domes and geopressured formations in subsiding sedimentary basins is
easiest of all--it is already done. Sedimentary basins are probably the most drilled, most geophysically
surveyed, geologically best known real estate on the planet, because they are the prime petroleum
reservoir domains, However, much of the subsurface information is held confidential by petroleum
companies at present. Additional geothermal exploration in" this geological environment could continue
to use techniques evolved by the fossil fuel technoecosystem.

No exploration is needed for normal gradient resources. Drilling deep enough will reach any
temperature desired. Certain tectonic provinces and rock types (granite with high uranium-thorium content
is best) have heat flow slightly higher than others, and may be more favorable for exploitation. Thermal
conductivity contrasts may result in conductive heat storages nearer to the surface.

Succession of geothermal exploration technoecosystems is seen on local and global scales. At
the local level, for a single field, exploration systems start at the surface and work deeper, start with
general reconnaissance and work toward the specific site. One exploration technoecosystem after another
combs the area and zeroes in on the target, preparing the niche for a geothermal exploitation techno-
ecosystem (the niche is not open until it is known to exist). At the global level, succession and evolution
occur as the easiest-to-find, highest-quality resources are found and tapped. Exploration technoecosystems

must become progressively more complex and subtle. And exploration strategies must also evolve toward
increasing sophistication.
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3. Drilling

If there were an easy way to rapidly extract large amounts of heat from great depths, geological
systems probably would have done it long ago. The most effective natural configurations for rapid vertical
heat flow are volcanic vents and geyser tubes; drill holes are their technological equivalent. In
drilling, however, energy expenditure is cybernetically localized by exploration technoecosystems, and
it is focused through high-energy technology and special materials to remove solids and form a fluid-
flow channel at a precisely chosen position.

S

Exploration cost is the first energy tax imposed by depth: information becomes increasingly
uncertain yet more expensive to gain. Drilling cost (for exploration and exploitation) is the second energy
tax of depth. Energy cost of drilling increases exponentially with depth (Berman, 1975*) and temperature,
and finally becomes so high that technology to go deeper and hotter has not yet been proven or used in
practical work. Drilling cost is one limit of the geothermal energy niche. Almost anywhere on earth,
in areas of normal temperature gradient, temperatures high enough for power production (200 to 3000C)
exist at depths of only 10 or 12 kilometers (6 to 7 miles), It is easy for us to travel such distances”
horizontally within the atmosphere, but such depths can be reached by slender drill tools only by spending
a fortune of kilocalories and dollars.

iway,

ure,

il
Matsuo (1973A, 1973B) and Cromling (1973) review operational first-generation drilling and

well development technology for penetrating hydrothermal convection systems. Drill rig technoorganisms
and associated equipment are borrowed directly from petroleum exploitation technoecosystems, although
certain modifications have been necessary. Most commonly used are standard rotary rigs with mud
circulation. To cope with high temperatures, pressures, and corrosiveness of geothermal fluids, specially
adapted drilling muds, wellhead equipment, well casing, and operating procedures are required. Air
circulation can be used in dry zones and for dry steam reservoirs; it is faster and cheaper, and may

avoid water handling difficulties in arid lands.
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Wells in wet steam and dry steam geothermal fields now being exploited for power production
have average depths ranging from 300 to 1500 m, and the maximum depth reported is 2,9 km, at the
Geysers (Ellis, 1975). Rotary drilling technology is tested and reliable for depths to 7.6 km (25,000
ft) and temperatures as high as 250°C (Hickel, 1973). Just a few oil and gas exploration wells have
penetrated deeper (Berman, 1975%),

wods

Shallow hot water wells (45 to 550 m) are so inexpensive to drill that they are used for a wide
variety of small heating applications in Klamath Falls, Oregon. Standard rotary, air-rotary, and cable-
tool drilling rigs are used (Storey, 1974).

A wide choice of methods is available for logging and completing wells (Matsuo, 1973A;
Cromling, 1973). Flow rates into wells can be augmented in many situations by increasing permeability
of surrounding rocks with chemical explosives (Austin and Leonard, 1973).

osited
is
Much research is underway to develop new drilling technologies which will lower cost of

standard geothermal drilling (present costs are two to four times as much as oil drilling) and permit
penetration into deeper and hotter reservoirs (Narath, 1975). New design concepts include spark drills,
projectile-firing drills, and drill bits which can change cutting edges while remaining at depth. One
concept, the subterrene, involves melting rock with an electrically heated bit, slicing through it like
butter, and leaving a smooth glass~-lined hole surface behind. One advantage of the subterrene is that it
works better the hotter the rock is, so very deep and very hot applications may be possible., Berman
(1975*) provides a detailed review of limitations and possible improvements of present technology, lists

several additional drilling methods, and presents concepts for deep drilling which include sinking
shafts so drill rigs can be operated from successively deeper levels.

ally

le

Drilling of geopressured-geothermal reservoirs can continue with present petroleum technology,
including the use of offshore drilling platform technoecosystems. Minor modifications for high pressures
and temperatures may be needed. It is possible that in many cases the drilling has already been accom-
plished--abandoned hydrocarbon wells may be revived for geopressured-geothermal use (Papadopulos
et al, 1975).
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At :
h Drilling technology appears to be the most critical feasibility limiting factor in development of

technoecosystems which exploit energy from magma (Peck, 1975). Temperatures of 650 to 1200 °C, depths

ther
of 3 to 6 km, and a highly corrosive and stressed environment must be designed for.

ion
ystems
ward

Technological limitations of normal gradient area drilling include high costs, pressure limitations
of casing, and tensile strength (and therefore depth) limitations of casing and drill steel alloys (Berman, 1975%).




48

4. Resource Extraction

Geothermal resources wait at depth; diverse geothermal technoecosystem modules are
agsembled at the surface. Somehow the two must be brought together. Geothermal resources vary
greatly in quality and quantity; resource extraction systems must be designed to match them. Certain
characteristics are probably always found in geothermal resource extraction gystems: 1) The resource
includes heat (it can also include fluids, gases, and chemicals), 2) drill holes are involved as resource
channels, and 3) fluid flow is involved as the most effective resource transport mode. Heat exchangers
are used in many extraction schemes.

In resource extraction we find a third energy tax of depth, Fluid flow through vertical conduits
(wells) from depth to surface is a universal feature of geothermal resource extraction methods. And
fluid flow is restricted by friction. Longer and deeper conduits require greater energy expenditure (by
self-pumping fluid or by technoecosystem pumps) to overcome greater pipe friction. This effect is
compounded because thicker casing is needed to withstand greater pressures at depth, and the consequently
narrower opening increases friction per unit length, Thicker casing is more expensive, which further
increases cost. Finally, long conduits serve as crude heat exchangers and result in cooling of fluids
on their way to the surface; greater length may mean increased loss of thermal energy by cooling.

Resource extraction systems for hydrothermal convection systems range from simple to
complex. Most present~day systems bring hot natural fluids to the surface, but some proposed systems
would send artificial heat exchange fluids down instead. J.H. Smith (1973) describes typical systems in
use for collection and transmission of geothermal fluids. They tend to consist of jungles of pipes and
valves at wellhead, feeding into long, dendritically converging pipelines which zig-zag to allow for
thermal expansion and contraction. Special materials, coatings, and enclosures must often be used to
protect sensitive parts of geothermal technoecosystems from corrosive geothermal liquids, gases, and
vapors (Marshall and Braithwaite, 1973).

Dry steam resources probably have the simplest resource extraction systems. The resource
consists of heat and water in the form of superheated steam with minor gases, usually carbon dioxide
and hydrogen sulfide, and it can be fed almost directly into pipelines (J.H. Smith, 1973) for power
generation., Budd (1973) describes the simple wellhead equipment used at the Geysers. Due to reservoir
pressure depletion, new wells must be added to the collection system periodically to maintain production
rates.

Extraction systems for wet steam resources are more complicated. The resource consists of
liquid water hotter than surface boiling temperature, and dissolved gases and salts. When chemistry
of the fluid is favorable (low salinity and low COg content), it can be flashed in the well and thus pump itself
to the surface. A centrifugal "cyclone' separator separates water from steam. Steam is fed into a
pipeline and water is discharged by flashing at atmospheric pressure directly into a pond, a noisy process.
Or separated water can be flashed in a silencer and then drained by ditch to a disposal site (J. H. Smith,
1973). Such a system is used at Cerro Prieto, Mexico. Changes in pressure and temperature cause some
underground geothermal fluids to deposit minerals, and the same thing happens when flashing occurs in
wells. Scaling can reduce and eventually stop flow in wells (Nathenson, 1974). If scaling is slow, periodic
cleaning will suffice to maintain production. However, if scaling is too rapid, an alternative extraction
scheme is needed.

A large volume of hot hypersaline brine underlies Imperial Valley near the Salton Sea,
Exploitation for power production has been discouraged, though, by the brine's corrosive and rapid-
scaling properties, and by the undesirability of salt buildup at the surface (Ramley, Peterson, and
Seo, 1974). Consequently much research is in progress to develop new methods for extracting thermal
energy from such brines. Berman (1975*) summarizes several concepts for doing this. One concept
is to expand the fluid to the surface and feed the combined brine-gteam mixture directly to an impulse
turbine (total flow concept). Other concepts involve suppression of flashing and extracting heat alone
from the fluids through heat exchangers, Geothermal brines can be pumped to heat exchangers at the
surface and then returned to depth (Ramley, Peterson, and Seo, 1974), or a heat exchange fluid can be
pumped down to the brine and then back up to the surface (Engineering and Mining Journal, 1973). Further-
more, heat exchangers can be of two types: standard models where heat is conducted between fluids
through thin walls of metal tubes, and direct contact heat exchangers in which the heat exchange fluid is
immiscible with brine. Hutchinson (1974) invented a direct contact heat exchanger for use at the surface,
and Hickel (1973) suggests direct contact between brine and an immiscible working fluid which is injected
into the reservoir and then recovered.

Hot water resources can be exploited by pumping to the surface with standard pumping technology.

High-temperature hot water resource can heat a low boiling point fluid through a heat exchanger to generate
electricity.

Once a wet or dry steam hydrothermal convection system is found and drilled, the long, routine
process of exploitation begins, The field responds to exploitation, and its behavior must be carefully
monitored so that it can be managed to maximize production magnitude and duration., Numerous
measurements are made to monitor exploitation progress: well pregsure, temperature, and performance,
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fluid geochemistry, and ground level (Bolton, 1973}, Dench (1973) reviews well measurement techniques
(surface and downhole) which may be useful, and Mahon (1973) and Sigvaldason (1973) review geochemical
methods for monitoring geothermal fields. Ground level measurement can detect subsidence. due to

removal of water or to thermoelastic contraction of rocks in response to subsurface temperature decline

(Bodvarsson, 1975%),
Production lifetime of a reservoir (where natural recharge is limited) can be extended by

° reinjecting waste hot water in downward~convecting parts of the system (Bolton, 1973), Production
2 rate and duration of a hydrothermal reservoir can be increased by explosive stimulation using nuclear
or chemical explosives to increase fracture permeability and effective heat exchange surface area of
its subsurface rocks (Ewing, 1973; Ramey, Kruger, and Raghavan, 1973).
Hot-dry rock agsociated with igneous systems contains a great deal of thermal energy. One
’ cubic mile of rock cooled from 350°C to 1500C would yield usuable energy equivalent to 300 million
barrels of oil (Burnham and Stewart, 1973). But extracting heat from a cubic mile of hot-dry rock is
ently easier said than done. Water is, by definition, scarce, so heat exchange fluid must be added. And
permeability is generally low, requiring augmentation. Two major mechanisms have been proposed
for generation of fracture permeability: hydraulic fracturing and use of nuclear explosives (Friz, 1973).
Presumably, these methods will also work in deep zones of normal heat flow areas, if drilling can ever
penetrate that far.
18 Most work on hydrofracturing for heat recovery has been done by the Los Alames Scientific
n Laboratory, with field testing in hot granites underlying the Jemez Plateau, New Mexico. The basic
technique is to pump water into a borehole until a vertical fracture forms. Continued pumping enlarges
the crack until leakage rate (if any) equals pumping rate. Thermal stresses due to water-rock temperature
contrast will theoretically create new cracks and enlarge the heat-exchange area (Berman, 1975*; M. C,
1 Smith et al, 1973; Harlow and Pracht, 1972), Thermal energy might be extracted by injecting water
through one hole and recovering steam or hot water through a second bore, perhaps by natural convection.
. Hydrofracturing in granite has proven successful, but the thermal stress fracture hypothesis has yet to
€ be tested (Science, 1973; M. C, Smith et al, 1975).
. Schemes for fracturing large volumes of hot rock with nuclear explosives were included in N
oir the large U.S. government Plowshare program, now defunct. Specialized nuclear bombs, designed
lon for emplacement down drillholes, would be sequentially fired in a precisely planned array (Burnham and
Stewart, 1973; Ramey, Kruger, and Raghavan, 1973). Water would be introduced to the hot, artificially
. fractured reservoir, flashed to steam, condensed at the surface in heat exchangers, and then reinjected
i of in a closed cycle to extract heat for power generation (Nuclear News, 1971). Corrosion and scaling
) difficulties might be expected, so design and materials would have to take them into account (Krikorian,
itself 1973). Severe environmental impacts and dangers would also be involved (Sandquist and Whan, 1973).
cess Berman (1975*) provides a technical review of the Plowshare geothermal concept.
th, Where high permeability already exists, as in hot lava layers near volcanoes, water injection
some may be all that is necessary to create a hydrothermal reservoir (Furumoto, 1974). Water is not the only
- heat exchange fluid that could be used in extracting thermal energy from hot-dry rock reservoirs. Baciu
ciodic (1975*) patented the idea of using supercritical CO2 as a heat exchange and power fluid. Other fluids might
on serve as well in special situations.

Whatever technique is used to create permeability, and whatever fluid is injected for heat
extraction, hot-dry rock reservoirs are created and controlled by human-controlled systems and are
thus technoecosystem components. Fracturing hot-dry rocks is just another technoecosystem expansion
activity, like clearing frontier forests to make agricultural fields. And fracturing is like building a

al transportation network in an economic landscape--access to heat storage becomes faster and more
widespread, and energy flow accelerates.

Magma, with much higher temperatures than hot-dry rocks, has correspondingly greater thermal
energy content per volume. But heat extraction may be quite difficult. Scientists at Sandia Laboratories,

e New Mexico, have been exploring some of the possible heat extraction technologies (Colp and Brandvold,
irther- H 1975; Peck, 1975). A heat exchanger tube inserted directly into a magma chamber is the most likely

. configuration. Either water or gas could be the working fluid in a closed-cycle system. Materials which
- 18 can survive in such a hot, high-pressure, corrosive environment would have to be found. And extraction
»Catce(zl, feasibility will probably depend on how fast magma will convect near the heat exchanger (Peck, 1975).

Heat extraction from salt domes could be accomplished by drilling wells into a solution cavity

and circulating water, steam, or some other fluid through it (Jacoby, 1974). Extraction of fluids from
anology. geopressured reservoirs is not difficult. Penetration by drill hole is all that is required; the fluid
nerate pressure forces it to the surface spontaneously (Papadopulos et al, 1975).
outine
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5. Power Cycles

Most commonly mentioned use for geothermal resources is the generation of electricity.
Furthermore, most research and development emphasizes power generation technologies. This
fixation on electrical use, particularly in the U.S., may stem from the great concentration of wealth
controlled by electrical utility managers. And it may also be due to the fact that electricity is the
highest quality energy form that geothermal technoecosystems can currently produce and transport
long distances to other technoecosystems. Geothermal power production represents only about 25
percent of total global geothermal technoecosystem energy flow (Peterson, El-Ramly, and Dermengian,
1976*), but if energy quality is accounted for (they do not differentiate electrical from thermal
megawatts), it may actually be the largest use of geothermal resources. World total geothermal
generating capacity is now over 1300 Mwe, at 18 installations in 1l countries (Ellis, 1975).

Steam turbogenerators were the first technology used to generate electricity from geothermal
steam, and they are still the most common. In the beginning they were borrowed directly from fossil
fuel technoecosystems, and since then turbine and condenser system designs have been gradually
adapted to fit the characteristics of geothermal steam. Wood (1973) summarizes geothermal steam
turbine generating technology, including turbine design, condenser configurations, and machinery to
extract noncondensible gases. Finney (1973) outlines the specific application of steam turbine
technology at the Geysers, California, world's largest geothermal power installation.

Steam for driving turbines can come directly from a natural dry steam reservoir, or it can
be separated from boiling water flashed from a wet steam reservoir. Multiple stage flash turbine
systems are more efficient thermodynamically than single flash systems, but they are also more
expensive. Steam can also be tapped from an artificially created reservoir in hot-dry rock, or from a
closed-cycle heat exchanger inserted into a magma body.

A peculiarity of geothermal power production is that (unlike in the fossil fuel power industry)
cost per kilowatt varies little from small powerplants to large ones; economies of scale do not apply
beyond a small minimum size (James, 1973). In addition, where ample steam is supplied from under-
ground, small turbogenerator plants can exhaust directly to atmosphere, eliminating the need for
expensive condenser systems (Cataldi, DiMario, and Leardini, 1973). Both of these properties make
geothermal power production ideal for small installations in rural areas and developing countries.

Where geothermal fluid is too corrosive for direct feed to a turbine, or where fluid temperature
is too low, a binary (or vapor-turbine) cycle may be chosen for power production. In such a cycle, a
working fluid is boiled in a heat exchanger, drives a turbine, and is cooled and condensed for return to
the heat exchanger (Anderson, 1973; Wood, 1973). Such systems can be designed around a wide variety
of working fluids, including refrigerants and diverse organic fluids. Multiple-stage binary cycle
systems offer increased thermodynamic efficiency, but are more costly to build and maintain,

In addition to axial flow turbines used in most steam and binary cycles, there are numerous
alternative geothermal prime mover configurations. Designs which can use unseparated brine-steam
mixtures typical of wet.steam reservoir output include the helical rotary screw expander (Wehlage, 1973)
and total flow impulse turbines (Austin, Higgins, and Howard, 1973; Austin and Lundberg, 1975%). Another
mechanical energy producer is the bladeless turbine (Kruger, 1975), Piston engines are not usually
mentioned in the geothermal literature, but they might be considered. And there is a vast collection of
other inventions which have been dreamed up for converting heat and pressure into mechanical energy to
drive electric generators. Mechanical transducers are not the only means for power production;
thermoelectric and thermochemical cycles can pump electron flows as well (Hickel, 1973).

To add to this variety, several energy conversion modes can be combined in a single power
generation technoecosystem module. For instance, a wet steam system could drive a standard steam
turbine with flashed steam and use the hot water residual to drive a binary cycle. And any system can
be made more thermodynamically efficient (although not necessarily in net energy terms) by adding more
cycles and heat exchangers in cascaded energy quality order.

In summary, geothermal power engineers are faced with a bewildering range of generation
technology options, each with its unique combination of cooling water needs, equipment costs, corrosion
susceptibility, geothermal fluid requirements, size, mechanical efficiency, and exhaust properties. Some
components are readily available, while others have not yet been proven. Somehow, geothermal engineers
must choose a power cycle which matches geothermal reservoir characteristics, environmental require-
ments, and input-output requirements of other modules in a geothermal technoecosystem. As an example,
Witmer (1975) outlines the process of power cycle choice for hot brine reservoirs. According to his

analysis, the best power cycles for such resources in arid lands, where cooling water is scarce, may be
flashed steam and total flow systems.,
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6, Water Cycles

The many energy values of water in arid lands technoecosystems were summarized in the
first chapter, and the many roles of water in geological systems were briefly reviewed in the second.
Water plays numerous interlocking roles in geothermal technoecosystems, as well. Tracing water
through geothermal technoecosystems is something like tracing it through biological systems or the
hydrologlc cycle~-it follows a complicated maze of Interactions and transformations at many scales
which is difficult to unravel Into a logical, orderly structure. Geothermal resources are complex and
variable; possible geothermal technoecosystem morphologies and functions are infinite. This sectlon
surveys gross water inputs and outputs of geothermal technoecosystems, and it concentrates on water
cycles in power production and desalination systems. The next section will include other specific

water uses.

As discussed in Chapter I, water has several energy value roles relevant to technoecosystem
functioning: gravitational potential energy reservolr, chemical fuel, photosynthesis amplifier, evaporative
coolant, industrial energy flow amplifier, and thermal energy reservoir. Each energy value (except the first)
is based largely on special physical and chemical properties of water which enable it to assume a wide
range of thermodynamic energy states: different temperatures and pressures, different phases (liquid,
steam, and vapor), and different contents and equilibria of dissolved salts and gases.

Geothermal technoecosystems, as entropy jets, change the nature of the water which flows
through them. Water which exits is thermodynamically different from water which enters. In some
processes, e.g., power production, the water does work on turbines and loses potential energy; it is
used as a fuel. In other processes, e.g., desalination of surface water, work is done on the water and it
gains potential energy; its energy quality is increased. In still other processes, e.g., self distillation of
geothermal fluids, one thermodynamic¢ property (temperature) undergoes potential energy loss while
another. (salinity) experiences potential energy gain; the water does work on itself. And in a few processes
water may be continually recycled in an internal ""closed system™ heat engine. Geothermal water cycles
and processes are thermodynamic transformations. Geothermal technoecosystems are specifically
engineered to control, amplify, and channel these transformations to producé energy forms which are
most ugeful for internal and external technoecosystem functions.

Water input to geothermal technoecosystems usually enters in two forms: as geothermal fluids
from underground (either self-pumped by thermodynamic fluid expansion or pumped by some other techno-
ecosystem energy source), or as imported cool water from surface or subsurface sources (technoecosystems
or natural systems). Water output from geothermal technoecosystems is usually either exported to natural
systems at the surface, injected into natural subsurface systems, evaporated into the atmosphere, or
exported to other technoecosystem subsets. Within geothermal technoecosystems water acts as heat
storage, transfer, and transport medium; as evaporative coolant; ag amplifier of photosynthesis and
other biological activity; as thermodynamic working fluid; and as chemical solvent and reactant. Solids
and gases in geothermal fluids can follow any water input or output pathway, except that the solids will
not evaporate; or they can exit as purified product materials to enter natural systems or other techno-
ecosystems.

Geothermal technoecosystems can be designed to produce almost any water input-output
combination within the constraints of thermodynamic feasibility, availability of materials, and techno-~
logical capabilities. Geothermal technoecosystem designs in arid lands tend to minimize importation
and maximize output of cool, low~salinity water within these constraints and within the strategy of maxi-

mizing net energy or net money profit.

In the simplest geothermal technoecosystem designs, water from natural underground systems
is pumped (or it pumps itself) and is utilized directly. Some direct applications include use for space
heating, hot baths, potable mineral water, and irrigation. Where heat and permeability exist at depth,
but either water is not present or recharge is insufficient, water can be imported from another source,
injected, and recovered for direct use of its added heat or mineral content.

Laird (1973) reviews water cycles in power production and their possible relationships to
desalination systems. Power production will be discusgsed first, desalination second, and combined
power -water systems third.

Geothermal technoecosystem moduies for electricity generation can be either open or closed
systems with respect to geothermal fluids (they are always open with respect to thermal energy). And
they may or may not import water from other natural or industrial systems. Posgible use of heat ex~
changers immersed in the ocean or other body of water ig topologically equivalent to water importation.

Open systems which do not import water have been most common to date. These include most
power systems which exploit dry steam, wet steam, and geopressured geothermal resources. Some of
the potential energy of geothermal fluids is generally used for self-pumping, and at least some of the
water content is evaporated to the atmosphere to provide cooling for the heat engine power cycle.

At the Geysers dry steam plant, 75% of condensed steam is evaporated in cooling towers, while the rest
(originally discharged into surface streams) is reinjected to the subsurface through injection welis (Budd,
1973). Wet steam powerplants produce still more excess water. At Cerro Prieto, Mexico, flaghed
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steam (about one fourth, by weight of the fluid produced) supplies the turbines and cooling towers, and the
residual hot water is discharged into a large pond. This excesa of water from the power cycle means not
only that such geothermal powerplants (unlike all other land-based thermal powerplants) do not compete
with other uses of water (Bowen, 1971), but also that extra water may be exported to the technoecosystem
either directly or through some desalination process. As geothermal resource temperature decreases,
however, the power cycle becomes less thermodynamically efficient, and cooling water requirement per
megawatt increases.

Open systems may import water for several reasons. Additional water may be required for
large evaporative cooling needs. Imported cool water may reduce the gize and cost of cooling towers.
Water may be imported and injected to recharge the subsurface geothermal reservoir, and thereby
prolong its lifetime or prevent subsidence; open systems proposed for Imperial Valley incorporate such a
scheme. And for hot-dry rock and salt dome open systems, imported water may not only recharge the
reservoir, but may also form it and fill it with fluid in the first place. Before imported water is injected
into the reservoir, it can help cool steam condensers.,

Closed systems are generally used where geothermal fluids have undesirable chemical proper-
ties, such as presence of excess salts, excess noxious gases, or chemical concentrations which would cause
corrosion or scaling if pressure were releaged. Closed systems may also be used where geothermal
fluids are not hot enough to produce much steam, where artificial permeability has been created and there
is no natural recharge (hot-dry rock, magma, and salt domes), and where imported water and subsurface
water are scarce,

Closed systems generally involve a binary cycle in which a working fluids e.g., water, isopentane,
or freon, flows in a continuous closed loop from a hot heat exchanger through a turbine to a cold heat
exchanger, and back to the hot end again. In some closed systems, e.g., the new demonstration power-
plant at Niland, Imperial Valley, hot geothermal fluid is pumped to surface heat exchangers and then
pumped back down to the reservoir, In others the working fluid may be pumped down to the hot reservoir
and then back to the surface. In either case, thermal energy is extracted but geothermal water is not,

Most closed power systems import water for filling, and sometimes for forming, artificial
underground reservoirs, for providing evaporative or conductive cooling, or for both. Probably the
only way such systems could avoid water importation would be to use dry cooling towers. However, the
very high capital cost of these air-cooling structures, about 3 times cost of wet towers, may often exceed
the combined cost of wet cooling towers and water importation.

Water's energy value as chemical fuel and as amplifier of photosynthesis and industrial energy
flow increases greatly as content of salts, other solids, and gases decreases. Desalination of water is
another thermodynamic transformation of which geothermal technoecosystems are capable. It can be
done directly by distillation using geothermal heat, or it can be done indirectly by other techniques using
electricity generated by a geothermal power cycle. Koelzer (1972) comprehensively reviews desalting
technology, and Laird (1973) discusses geothermal applications. According to H, T, Odum's (1975)
analysis, desalting water with fossil fuel energy is not an optimurn use of scarce concentrated fossil fuel
resources. In certain cases, however, geothermal desalination may be competitive in net energy terms,
particularly if low-grade heat or off~-peak power which otherwise would be wasted is utilized.

Distillation requires only saline water and thermal energy as inputs. Geothermal resources
are characterized by thermal energy and often by saline fluids, so distillation is usually the simplest
and most direct desalination pathway. In distillation, heat flow drives evaporation and condensation of
water, Hence distillation is, like power generation, a thermodynamic heat engine cycle, driven by heat
flow from source to sink, However, the concentrated energy product is not electricity, but water with
decreased salinity. Other outputs (wastes or exhausts) are low-grade heat, noise, and salts or concentrated
brine.

Geothermal distillation modules, like geothermal power modules, are small units which
concentrate large thermodynamic transformations into a small space. In operation they are like a
miniaturized high energy flux hydrologic cycle, with heat transfer by conduction, convection, boiling
or evaporation, and condensation. As in power cycles, heat must be rejected to the atmosphere by
dry or evaporative cooling towers, or to a cool body of water by heat exchanger.

Geothermal steam or water vapor can be cooled and condensed in a single step. But it is
thermodynamically more efficient to use the heat of condensation to boil or evaporate still more saline
water, whose heat of condensation is used in another boiling or evaporation step, and so on. Optimum
thermodynamic cificiency is obtained in such a "multiple effect” system with many stages (Laird, 1973},
but the actual number of stages used is practically limited by diminishing returns and net energy
considerations. Here we see still another manifestatién of hierarchical energy cascading for optimum
cnergy conversion efficiency.

Two multiple effect design configurations being studied for geothermal application are the
multistage flash (MSF) system (Barnca and Wogelin, 1973) and the vertical-tube evaporator (VTE) system
(Standiford, 1972). FEach has a distinctive convoluted arrangement of pipes, tanks, and heat exchangers,
and cach has its own pecularitics of performance, thermodynamies, and economies, Murray (1972)
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describes an unorthodox but perhaps inexpensive single-stage distillation method: geothermal steam
saturates dry desert air which is then passed through a large cool water reservoir to condense and re-
cover the moisture,

Distillation can be used to directly desalt either geothermal fluids or imported saline water.
Wet steam (including hot brine), hot water, and geopressured geothermal resources all can produce
large amounts of fluid with enough heat to distill itself in an open cycle. Dry steam contains enough
thermal energy to distill much additional (perhaps imported) water, but it is most likely to be used for
power cycles instead of water cycles. Closed heat extraction systems which yield no geothermal fluids,
as might be installed over a hot water, hot brine, igneous-related, or salt dome system, can provide
heat for distillation of imported water. Jacoby (1974) suggests this possibility for salt domes. However,
the high energy cost of building such heat extraction and water importation systems may preclude water
conversion and make only power production feasible.

In some situations it may be advantageous to desalt water indirectly with electricity generated
by geothermal power cycles. Water importation to the geothermal site may be too costly, saline water
supply and fresh water need may be quite distant from the geothermal field, much extra power capacity
may be available during off-peak load hours, or an indirect desalting arrangement may even be thermo-
dynamically more efficient than distillation. Processes for decentralized desalination include vapor-
compression distillation for certain relatively concentrated brines, reverse osmosis for saline waters
with salt content of 2,000 to 5,000 parts per million (ppm), and electrodialysis for brackish water up to
3,000 ppm (Laird, 1973).

Power and desalting cycles can also be more directly linked than by electricity. Modules for
power generation and distillation can be combined into a single thermodynamic unit by channeling heat
or water flows directly from one to the other through pipes and heat exchangers (Laird et al, 1972;
Laird, 1973). The possibility of using such a dual-purpose design for exploiting large wet steam re-
sources of Imperial Valley has been investigated by the U.S. Bureau of Reclamation, Boulder City,
Nevada, Region 3 (1974). The actual thermodynamic configuration used and the relative proportions
of power and water produced can be determined on the basis of resource properties and relative values
of the products to ambient technoecosystem. Optimum configuration for the Fast Mesa test site of
Imperial Valley appears to be distillation at wellhead followed by binary cycle power production (ibid.).

Residual saline water or brine is a nearly universal output of geothermal technoecosystems
which desalt water, use water for cooling, or exploit saline geothermal resources (especially wet steam)
in open systems. Such brine is usually of little value to industrial technoecosystems and is actually
harmful to agricuitural technoecosystems (negative amplifier energy value).

There are several alternative ways to utilize or dispose of these surplus brines. In some
cases they can be piped directly to a body of water. Fluids from the Wairakei plant are channeled
into a river (Axtmann, 1975), and surplus fluid from geopressured-geothermal technoecosystems might
be discharged into the Guif of Mexico (Papadopulos et al, 1975). However, environmental impact of
this disposal method can be severe, and perennial bodies of water are often not available to inland arid
sites. Brines can also be collected in artificial ponds where solar-augmented evaporation (optimum in
arid lands) can yield salts and other chemicals.

A third method for disposing of excess saline water is to reinject it into the subsurface geo-
thermal reservoir. Driving forces for downward fluid flow can include gravity feed (sufficient at the
Geysers steam field and presumably at most dry steam fields) and vapor pressure (Finarsson, Vides,
and Cuellar, 1975). And in some cases (especially wet steam reservoirs) direct pumping may be nec-
essary (Bowen, 1973). Brines are usually cooler than subsurface fluids, so injection wells should be
sited away from production wells (ibid. ; Bodvarsson, 1972). The optimum arrangement is to place
production wells over upwelling parts of hydrothermal convection systems and injection wells over
locations where cooler fluids are naturally descending (Laird, 1973). Not only salts but also gases
(e.g., hydrogen sulfide) concentrated from geothermal fluid can be injected with brines and can thus
be removed from the surface environment, as at the Geysers (Budd, 1973). Advantages of reinjection
include conservation of thermal energy and prolongation of geothermal reservoir lifetime, especially
where natural water recharge is limited, as in arid lands (Einarsson, Vides, and Cuellar, 1975),

In conclusion, water is an integral part of many geothermal technoecosystem designs. Water
molecules found in many different parts of a geothermal technoecosystem have identical chemical
structure. But their aggregate thermodynamic state can vary tremendously, and unique combinations
of physical properties can be called into usc from one place to another in the system, as water takes
on its great diversity of roles. Scarcity of water in dry lands may limit the feasibility of technoeco-
system configurations which require imported fresh water. On the other hand, water scarcity simul-
tancously enhances the favorability of geothermal technoecosystem designs which produce low salinity
water, either directly from underground, or indirectly by using geothermal heat or electricity to desalt
geothermal fluids or imported water.



7. Other Uses

Electricity and desalted water are universal energy currencies of technoecosystems, They
can be channeled over great distances, and once they leave a geothermal technoecosystem they are
indistinguishable from the products of other energy systems, they are lost in an infinite variety of
technoecosystem patterns and processes. However, these and other energy forms easily produced
from geothermal resources may be used directly in close proximity to their place of origin. Such ad-
jacent utilization may be considered to be part of the operation of a geothermal technoecosystem.

Geothermal resources are extracted in many forms, and simple thermodynamic cycles can
further increase their variety. A large amount of heat is available for use, either directly from the
subsurface reservoir, or as waste heat from power production, Low temperature of most reservoirs
causes low thermodynamic efficiency of power cycles, with resultant very large waste heat supply for
other purposes. Wet steam, hot water, and geopressured reservoirs yield much hot fluid, and some
geothermal fluids contain significant amounts of diverse salts, gases, and other chemicals. FElectri-
city and desalted water can be produced as detailed in earlier sections of this chapter. FElectricity
can electrolyze water to produce hydrogen and oxygen, and can run heat pumps for cooling or extra
heating. Hot fluids can drive thermodynamic cycles (e.g., lithium bromide or ammonia absorption
systems) which paradoxically produce cold temperatures.

The versatility of geothermal energy is evident. Heat, cold, electricity, water, hydrogen,
gases, salts —- these are energy and raw materials inputs for many technoecogystem functions.

Lindal (1973A) presents a major summary of direct uses of geothermal resources around
the world. Peterson and Fl-Ramly (1975*) display a detailed classgification and list of actual and
feasible geothermal applications, itemize actual installations by country, and estimate individual and
global geothermal energy consumption in each of several use categories. Armstead, Gorhan, and
Muller (1974) list 24 direct uses of geothermal resources, and Tikhonov and Dvorov (1973) review
diverse geothermal exploitation systems of the USSR.

Non-electrical uses of geothermal energy are not insignificant. Currently they represent
an estimated 75 percent of the total thermal energy flow (energy quality not accounted for) through
geothermal technoecosystems of both the U.S. and the rest of the planet (Peterson, El-Ramly, and
Dermengian, 1976%). Furthermore, Reistad (1975) suggests that direct applications of geothermal
energy will be more important in the long run than power production, even for a high-energy technoeco-
system like that of the United States. A large fraction of the energy required for a high-energy
technoecosystem is for heating at low to medium temperatures. High—quality fossil fuel energy is very
inefficiently used for such low-quality energy needs. But geothermal fluid resources, coincidentally, are
most abundant in this temperature range. Relstad estimates that geothermal resources of 200°C (if properly
located and abundant enough) could directly supply more than 40 percent of total U,S. technoecosystem
energy requirements, Similarly, 1500C fluids could supply 30 percent of energy needs and 100°C fluids could
supply 20 percent.

Dry steam resources are ideal not only for power generation but also for certain high-energy
industrial processes which require steam, However, wet steam and hot water hydrothermal convection
systems are much more common than dry steam reservoirs, so direct applications of their lower~
enthalpy fluids are likely to be larger and more widespread in the future, as they are now. Drilling
and resource extraction technology is stillbeing developed for igneous-related systems, geopressured
systems, and normal heat flow areas, so speculation about use of their energy centers conspicuously
on electricity production. However, if such power systems are ever built, they too will produce waste
heat suitable for other applications. Energy cost of obtaining geothermal heat and fluids ranges from a
small fraction of equivalent fossil fuel costs (for near-surface hydrothermal convection systems) to
many times the fossil fuel cost (for deeper igneous-related and normal gradient area systems).

Flectricity and low-salinity water can be easily transported long distances from the geothermal
technoecosystem which produces them, although there is a non~zero energy cost for such transmission.
In contrast, transportation energy cost is many times greater for geothermal heat and unprocessed hot
fluids. Technoecosystem components which use these latter energy forms must be located near their
source, and may be considered to be parts of a geothermal technoecosystem, Geothermal power, heat,
and fluids are potential factors of production for many industrial processes, Therefore geothermal
reservoirs, once found, may become growth nodes for industrial development on the planetary surface
(much as oases in desert ecosystems attract and support isolated biomass concentrations). Transport
of raw materials to geothermal areas for processing may become economically and energetically advan-
tageous (Armstead, 1973).

Non-electric uses of geothermal resources may make power production from marginal reser-
voirs profitable (Kruger, 1975). And conversely, power generation system installation may unwittingly
open niches for technoecosystems which can exploit "waste" heat and fluids.

Differcnt technoecogystem processes require fluids at different temperatures, Lindal (1973A)
presents a lincar graph of some examples arranged by approximate temperature required. The graph
reveals that industrial processes generally require high temperatures while agricultural and space
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heating applications need lower temperatures. The use of energy cascading for multiple purpose instal~
lations suggests itself -- hot fluids used in a sequence of processes, each at a lower temperature.

Many types of technoecosystem proceases can be modified to use geothermal resources
instead of other energy forms. However, mass production of geothermal technoecosystem components
may not be feasible because of the variability of the resource. For each individual application, custom
redesign of parts, modules, and entire geothermal technoecosystems may be necessary.

Often more than one geothermal energy form may be used in a single technoecosystem pro-
cess. And often more than one process may use a single geothermal energy form. Such complex
technoecosystems, and those which interface geothermal energy with other energy forms are discussed
in the next section.

First, however, some of the individual processes which directly use geothermal resources
will be reviewed. I have classified them into four categories modified from the system used by
Peterson and El-Ramly (1975*%): recreation and health, domestic heating and cooling, agriculture,
and industry. These four categories are listed and discussed in order of generally decreasing intimacy
to humans, from mostly inward to mostly outward sector involvement. For the world technoecosystem,
according to estimates by Peterson, El-Ramly, and Dermengian (1976*), approximate shares of total
geothermal technoecosystem thermal energy flow (energy quality not accounted for) are 41, 9, 21 and
4 percent, respectively, for roughly equivalent categories (remaining 25 percent is electricity gener-
ation)., For the U.S. technoecosystem, corresponding figures are 33, 13, 25, and 5 percent (with 25
percent power production),

Natural hot spring systems have attracted men for recreation and health purposes since
earliest recorded history. El Hamma and Tiberias hot springs, near the Sea of Galilee and the Dead
Sea, are examples of natural systems used today as well as in ancient times (Meidav, 1975B).

High energy technoecosystems now make possible discovery and exploitation of subsurface hydrothermal
reservoirs for new health spas and tourist resorts (ibid.). Some cultural traditions employ geothermal
hot baths, mud baths, and vapor inhalation for medical treatments (Chiostri and Balsamo, 1975;
Combe, 1969). Hot spring mineral waters are often bottled and sold for drinking (Combe, 1969), and
potable water has also been gathered by condensation of natural steam jets (Saint, 1875).

One relatively recent improvement in quality of human existence, made possibly by high-
energy technoecosystems, is widespread and substantial use of heating and cooling in daily life. Where
resources are available, geothermal technoecosystems can provide large amounts of heat directly, and
can cool indirectly through a thermodynamic refrigeration cycle. Geothermal fluids can be used for
heating enclosed spaces and swimming pools, for hot water supply, for cooking and clothes drying, and
for warming roads and sewer lines in cold weather. Geothermal refrigeration can aid food storage and
provide air conditioning in hot weather (Peterson and El-Ramly, 1975*%). Examples of geothermal
applications for domestic heating and cooling include: the space heating and cooling, hot water, and
cooking system at a hotel in New Zealand (ibid. ; Reynolds, 1973); integrated space and water heating
systems for communities in Iceland (where 40 percent of the population was served in 1969) and the
USSR (Einarsson, 1973); and space and road heating systems in Oregon (Bowen, 1972; Storey, 1974),

In technoecosystems for terrestrial and aquatic agriculture, geothermal resources can help
amplify energy flows and storages in biological components. Water for irrigation of fields and green-
houses can be produced directly from the reservoir, as in the Santa Cruz valley of Arizona (Dellechaie,
1975), or indirectly through a desalination module. In cold climates, the natural heat in geothermal
fluids may be beneficial for heating greenhouses (Head, 1970) and animal enclosures, warming soil,
and protecting against frost. In hot climates, sprinkler irrigation can evaporatively cool warm water
before it hits the ground (Peterson, El-Ramly, and Dermengian, 1976*), and geothermal water can
provide evaporative cooling of greenhouses and animal facilities. Carbon dioxide separated from geo-
thermal fluids may enhance greenhouse productivity (Barnea, 1974). Other applications for animal
raising include water supply and steam cleaning of enclosures.

Heat and perhaps water from geothermal reservoirs can be channeled through aquaculture
and mariculture technoecosystems to amplify productivity of aquatic and marine organisms: fish,
mollusks, crustaceans, reptiles, algae, and seaweed (Peterson and El-Ramly, 1975%).

Technoecosystems for processing agricultural products can also utilize geothermal resources
for energy and materials inputs. Diverse modules involving such processes as drying, steaming,
distillation, cooking, boiling, cooling, refrigeration, freezing, and freeze-drying can be adapted to
use geothermal resources., Numerous examples of actual and possible geothermal applications for
agricultural products processing are presented by Wehlage (1974B) and Peterson and E1-Ramly (1975%).

In industry, the possibilities for direct use of geothermal resources are so numerous and
diverse that they can only be hinted at in this space. Processes using steam, electricity, heating,
refrigeration, and water (all potential forms of geothermal energy) are ubiquitous in outward sector
industrial technoecosystems. Some industries already using geothermal resources or well-suited
to do so (ibid.; Lindal, 1973A) include: forest industry (lumber, pulp, paper), fiber and textile



industries, chemical industry (Lindal, 1973B), sewage treatment, and minerals industry (e.g., mining
of sulfur and diatomite, mining in any weather or at any depth, and refining of mineral products such

as bauxite). Many industrial processes utilize steam and may therefore compete with power generation
for high-enthalpy geothermal fluids, Lindal (1973A) lists steam requirements for 35 industrial processes
and products.

Geothermal fluids, themselves, can yield useful chemicals. Dissolved gases produced from
hydrothermal convection systems include abundant carbon dioxide and hydrogen sulfide, and minor
hydrogen, methane, nitrogen, ammonia, helium, and argon. Carbon dioxide can be concentrated to
form dry ice, and sulfur can be extracted from hydrogen sulfide. Geopressured geothermal fluids
contain much methane (natural gas) in solution, which can be recovered as fuel. Geothermal heat,
solar evaporation, and chemical equilibrium changes can extract numerous salts, metals, and other
solid chemicals from geothermal fluids, especially hot brines (Lindal, 1973B; Blake, 1974). Unfor-
tunately, relative abundance of many chemicals in geothermal fluids seems to mirror their availability
from other sources -- abundant, easily extracted salts and gases have low market price and may not
repay the cost of extraction and transportation to market (Blake, 1974). Chemical extraction systems
must be specially designed around the unique fluid properties of each geothermal reservoir.

8. Complex Technoecosystems

Modules for two or more uses of geothermal resources can be combined to form complex
(or multiple purpose) technoecosvstems. Configurations of such technoecosystems, according to Barnea
(1974), are limited only by resource characteristics, local industrial conditions, and the designer's
ingenuity. To this list we might add the constraints of thermodynamics, net energy profitability,
and available technology. But within these boundaries, many possibilities are open to the clever
technoecosystem designer. In this section, principles of complex technoecosystem design are reviewed,
and examples of existent and hypothetical systems are discussed.

Roughly 13 percent of total thermal energy flow through geothermal technoecosystems of
the world (excluding Japan and Hungary) is through multiple purpose systems. Of this multiple purpose
fraction, 67 percent is in the USSR (Peterson and El-Ramly, 1975%). As geothermal technoecosystems
multiply and evolve, the proportion of those with multiple purpose configurations is very likely to in-
crease.

Earlier sections demonstrated that each form of geothermal energy or component of a geo-
thermal resource has many uses. Similarly, some individual processes require more than one resource
form. For instance, greenhouses can utilize geothermal heat, water, power, and carbon dioxide (Barnea,
1974). Furthermore, outputs of some processes, which otherwise might be considered pollutants, can
serve as inputs for other processes. All these relationships combine to make complex technoecosystems
not only feasible but also very practical. Within a geothermal technoecosystem, separate sub-niches

synergetically form and expand each other as agglomeration economies (of money and energy) sequentially
unfold. B

There is no limit to the diversity of processes and forms which can be driven and created
with any energy source (including geothermal) through a suitable chain of conversions and transfers of
energy and materials. All that is necessary is to construct a suitable technoecosystem. Some trans-
formations may be very inefficient. But energy loss in one part of the system can be compensated by
an amplified energy gain which it makes possible elsewhere.

Consider now some of the components which might be assembled to form complex geothermal
technoecosystems. Besides all the modules and components mentioned earlier in this chapter (for
exploration, drilling, resource extraction, power generation, and desalination), we have all the tech-
nological fruits of global industrialization to choose from, combine, and modify as needed. Many parts
and components run by the ambient fossil fuel technoecosystem are likely to be incorporated, at least
at present (e.g., automobile, airplane, and drill rig technoorganisms). Some specialized technoorganisms
can be modified to use geothermal energy forms--steam, electricity, hydrogen, methane, Heat ex-
changers, heat engines, and mechanical-electric, thermoelectric, electrochemical, and thermochemical
energy transducers can be arranged in appropriate locations.

Channels within and extending from a complex geothermal technoecosystem might include
cables, pipelines, ditches, cryogenic cables for long-distance power transport, roads, railroads, and
canals, Hydrogen could be produced and fed by pipeline or cryogenic tanker into a planet-round hydrogen

storage and transport network, part of a proposed global energy utility (Gabel, 1975*) for standardized
technoecosystcm metabolism.

Energy can be transformed and stored as hydrogen (Rex, 1974) or other synthetic fuel, as
compressed air in salt domes (Jacoby, 1974), or as chemical potential energy in batteries, Thermal
energy, perhaps concentrated by thermodynamic cycles, can be stored underground (as it is in nature)
by using wells for injection and subsequent recovery of hot fluids (Meyer and Todd, 1973).
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An important principle for design of efficient complex technoecosystems is that energy quality
of an energy form should match as closely as possible the energy quality requirements of the process
it drives. If energy quality is too high, energy is wasted, and if energy quality is too low, the process
does not operate,

A practical embodiment of this principle ig the practice of energy cascading: modules and
processes which concentrate energy are arranged sequentially in order of increasing energy quality,
and modules and processes which degrade and use energy are arranged in order of decreasing energy
quality. In a utilization system, some energy can be reconcentrated at any stage by using a thermody-
namic entropy jet cycle (e.g., a heat engine and heat pump), but maximum thermodynamic efficiency is
obtained by uninterrupted downward cascading of energy quality.

Barnea (1974) explains one application of downward energy cascading in complex geothermal
technoecosystems: arrangement of modules so that each uses geothermal fluids at a lower temperature,
An example of both upward and downward energy cascading combined in one module is a multiple stage
heat exchanger (such as might be found in a binary cycle geothermal powerplant) in which hot primary
fluid and cold secondary fluid flow in opposite directions. Primary fluid, losing its heat, cascades
to lower temperature (and energy quality), while secondary fluid, gaining heat, cascades to higher
temperature. In any stage their temperatures (and energy qualities) are fairly closely matched, with
primary slightly hotter than secondary.

An application of upward energy cascading in geothermal technoecosystems is the hybrid
power or steam plant. High quality energy forms like fossil fuels and concentrated solar energy can
heat water from a cold start, but they are much more effectively used at higher temperatures (where
temperature increase gives heat engine efficiency a greater boost). In contrast, high temperature
geothermal fluids are rare, and the more common low to medium temperature fluids yield little steam
and drive heat engines at very low thermodynamic efficiency. Both geothermal and solar or fossil fuel
energies can be used most efficiently by combining them in a cascaded hybrid energy system. Low-
enthalpy geothermal fluid (or secondary fluid heated by it) can be raised to much higher temperature
with solar energy or fossil fuel to yield steam for industrial processes or power production. The
result is saving of geothermal fluid and fossil fuel supplies or solar collector area, but at the expense
of increased plant complexity.

Conceptual designs for 10 Mw hybrid solar-geothermal power systems have been studied by
Finlayson and Kammer (1975*). Theoretical thermodynamic efficiency, originally 5 percent, is
boosted to 40 percent by adding concentrating solar collectors to a wet steam powerplant. An extra
feature is that geothermal energy can sustain base load at night and on cloudy days, and solar energy
can help meet daytime peak load power requirements. This study was made for the large wet steam
reservoir of arid Raft River Valley, Idaho. However, solar-geothermal power systems would probably
be more promising in a place like extremely arid Imperial Valley which has more consistent sunshine.

Many geothermal technoecosystem configurations are complex partly because they interface
geothermal energy with other forms of energy and their technoecosystems. Hybrid power and steam
plants are just one mode of energy sources interface.

Solar energy interfaces with geothermal resources can occur in several ways. Warm geo-
thermal fluids can feed into solar stills for hybrid desalination (Peterson and El-Ramly, 1975*). Or
hot brines can be discharged into solar evaporation ponds for extracting salts and other chemicals. Geo-
thermal heat, water, and carbon dioxide can amplify solar energy collection by cultivated plants in
fields and greenhouses. And geothermal heat can accelerate methane generation from sun-derived
farm wastes and sewage (Lindal, 1973A).

Coal mining, gasification, and liquefaction processes can use geothermal energy in such
forms as heat, steam, water, and electrolytic hydrogen. In Utah, promising geothermal areas are
all near large coal deposits (Utah Geological and Mineral Survey, 1975*), so hybrid power, gasifica-
tion, and liquefaction plants might be considered.

Oil and natural gas reservoirs are closely associated with salt domes and geopressured-
geothermal reservoirs in subsiding sedimentary basin environments. Hence a great many technoeco-
system energy interfaces are possible. Geopressured fluids contain much methane in solution, so
simple extraction of fluids yields both geothermal energy and hydrocarbon fuel (plus minor high pres-
sure mechanical energy). Economic analysis by House and Johnson (1975) suggests that geopressured
reservoirs 5,000 to 10, 000 feet deep (1,524 to 3,048 m) would profitably yield natural gas, while
reservoirs 10, 000 to 20,000 feet deep (3, 048 to 6,096 m) would be suitable for combined power genera-
tion and gas production. Hybrid powerplants which separate natural gas and burn it to superheat hot
geothermal fluid might be advantageous under some circumstances.

Salt domes offer more complex technoecosystem possibilities in this geological environment,
Jacoby (1974) suggests using them as heat source for powerplants, or storing energy in them as com-
pressed air, They could also be used to store methane separated from geopressured fluids, or hydro-
gen produced electrolytically by geopressured-geothermal powerplants, or even a mixture of both
hydrogen and methane. Hot geopressured fluids could be passed through a hotter nearby salt dome to
increase thermal energy quality before driving a power cycle.
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Another interface between energy technoecosystems in subsiding sedimentary basins would
be the use of abandoned hydrocarbon wells for production of geopressured fluids and for reinjection
of waste fluids (Papadopulos et al, 1975). Geothermal fluids and warm waste water can be injected
into oil-bearing horizons for repressurization, remobilization, and enhanced secondary recovery of
petroleum. This has been done in USSR oil fields, as reported by Neprimerof (1975) and Sukharev,
Vlasova, and Taranukha (1973).

Utilization of geothermal energy to produce heavy water for natural uranium nuclear reactors
has been proposed for Iceland (Valfells, 1973), Japan, and New Zealand, but go far no plants have
been built (Ellis, 1975).

Hot waste fluids self-pumped from the Wairakei wet steam field, New Zealand, are discharged
into the Waikato River. Thus they contribute a small but significant fraction of the power produced by
a hvdroelectric plant downstream (Axtmann, 1975).

Geothermal resources can be an ideal foundation for complex industrial-agricultural-residential
technoecosystems. Descriptions of some actual and hypothetical systems illustrate some of the possible
configurations.

Combination of power production with various uses of its "waste" heat is a common example
of energy cascading, and is highly efficient (Ellis, 1975). Lusby and Somers (1972) examine the tech-
nology and costs of combining electricity generation with integrated heating and cooling systems for
towns. Municipal heating systems already exist in Iceland (Einarsson, 1973). A 1970 conference inves—~
tigated specific uses of thermal discharges from powerplants for agriculture, aquaculture, and industry
(Mathur and Stewart, 1970; Stewart and Carrigan, 1970-1971),

An integrated energy park demonstration project is proposed for the Raft River Vvalley, Idaho
(Swink, Schultz, and Oswald, 1976*). Thermal discharge from a 10 Mw binary cycle powerplant would
be used in several adjacent industrial modules in an energy cascading sequence of decreasing temper-
ature. Industries being considered include potato dehydration, manure processing, cattle feedlot oper-
ation, greenhousing, fish farming, meat packing, and tree breeding.

At Namafjall, 1celand, geothermal steam has several roles in a diatomite production tech~
noecosystem. Steam prevents freezing in settling ponds and tanks, dries diatomite, generates electri-
city, and provides space heating (Lindal, 1973A; Ellis, 1975).

At Kawerau, New Zealand, geothermal steam helps run a paper and timber mill. There it heats
fresh water to produce process steam, dries timber, operates evaporators, and generates electricity
(Ellis, 1975).

Lindal (1973B) proposes an elaborate chemical industry technoecosystem design for Iceland.
Various salts, bromine, magnesium, and chlorine can be extracted from sea water and geothermal brine,
and chlorinated hydrocarbons can be produced with the aid of geothermal steam and electricity. In
energy cascading fashion, other high energy industrial processes (e.g., diatomite drying and heavy
water production) might use steam before the chemical processing, and hot water effluent could provide
space heating afterward.

Rappeport (1972) suggested the use of warm saline groundwater to heat greenhouses and then
irrigate field crops in the Negev desert, Israel, Such a project is apparently now under way (Meidav,
1975B). On a much grander scale, giant power-water-minerals production technoecosystems to support
still larger agricultural-industrial-residential-recreational technoecosystems have been proposed for
arid Tularosa Valley, New Mexico (Reinig et al, 1973) and for extremely arid Imperial Valley, California
(U.S. Bureau of Reclamation, Washington, D.C., 1972).

Submarine geothermal resources offishore from coastal deserts would require modified techno-
ecosystem configurations. Siting electrolytic hydrogen generators on the seafloor at spreading centers
(e. g+, Gulf of California and Red Sea) and submarine volcanoes has been proposed (Furumoto, 1974).
Palmer, Green, and Forns (1975) suggest the possibility of a submarine geothermal powerplant with
storages of thermochemically produced hydrogen fuel or with power cables to shore, and with waste
heat used for mariculture by seafloor heating.

Entirely different materials, modules, and configurations would be needed for offshore geothermal
technoecosystems. Surface and submersible technoorganisms would be needed for construction and
maintenance, but such marine technology is already being developed for seafloor fossil fuel and mining
technoecosystem use. Some terrestrial geothermal technoecosystem technology might still be used if
an offshore powerplant and associated systems were mounted on a platform.

Imagine for a minute a complex geothermal technoecosystem of the future, exploiting a
geopressured-geothermal reservoir off the coast of an arid region. Geopressured fluid is passed through
salt domes for extra heating and then channeled upward to platforms on long submarine stilts. Natural
gas o separated from the fluid, and some of it ia used in & hybrid power system to superheat the {luid
to drive turbogenerators. Natural gas and electrolytic hydrogen from one platform are channeled through

a
a
t
b

(1] ol ¢ I = PR = PR B ol o ]

o ® Mg on

= o P

&+~

-0

o =D O m N £ =09 0T T

—

~ bt~



{«Q

ed

tial

cats

ne,

[

wermal

ugh

ugh

59

a sea bottom pipeline to onghore industrial complexes. Under another platform, these gases are stored in
a salt dome cavity until they can be loaded onto an occasional cryogenic tanker technoorganiem for
trangport to another continent's technoecosystem, Still another platform, near shore, sends its electricity
by submarine cable to a coastal city,

On each platform, some of the hot fluid left after power production distills itself in a multistage
flash module and is piped to shore. The rest of the fluild warms deep mariculture stations, and is then
injected to help recover a small amount of petroleum (now a rare and precious commodlty) from nearly
exhausted sandstone reservoirs., The surroundlng sea is alive at all levels not only with wild and
domesticated biological organisms but also with hydrogen~fueled marine technoorganisms of every
description -- crew shuttles, geophysical exploration ships, repair boats and submarines, gunboats, cargo
ships, fuel transports, and fishing trawlers. A few hydrogen-powered aerial technoorganisms cruise
in three dimensions on high.

Such a complex technoecosystem is a technological possibility. But should it ever come into
existence, its niche might not last many decades.

9, Environmental Effects

Unfathomable is the course of action.
--Bhagavad Gita, [V-17

Human survival demands the existence of technoecosystems., And technoecosystems always
affect their environment -- humans, natural systems, and other technoecosystems. Simply that a
geothermal technoecosystem is present affects many things: photon flows (visibility from the air);
gravitational, electrical, and magnetic fields; social and economic systems; geological, biological,
and atmospheric systems; and even the fact that I am writing and you are reading about geothermal
technoecosystems. Structure configurations, and flows and storages of energy and information are
all affected by a geothermal technoecosystem in an endless, intricate web of causality -- simultaneously
and sequentially, through complex feedbacks, and in different scales of time and space. However,
untangling the whole web is inexpedient; practical environmental impact studies concentrate only on the
most noticeable, most general, most easily traced outputs and effects.

Energy form extraction, transport, processing, storage, distribution, and consumption
activities are the most significant sources of environmental degradation in the high-energy technoecosystem
of the United States (Hughes, Dickson, and Schmidt 1974). Many writers assert that geothermal power
technoecosystems have less detrimental effect on environment than do power technoecosystems using
other energy sources. The U.S. Environmental Protection Agency (ibid.) suggests that geothermal power
technoecosystems may have this reputation for minimum impact simply because the systems, to date,
have been small.

Study of environmental effects of geothermal technoecosystems is difficult because of limited
global experience with the systems, and because of the extreme variability and range of ecological,
geological, and geographic conditions involved (U.S. Dept. of the Interior, 1971). We can add to this
list the multitude of possible geothermal technoecosystem configurations, and the several stages in
development of a single system, Each component, each activity, and each developmental stage of a
geothermal technoecosystem has its own effects on the environment. The U.S., Department of the
Interior (1971) outlines environmental effects at six stages of development of a geothermal power system
which taps hydrothermal fluids: exploration, test drilling, well testing, development drilling, techno-
ecosystem construction, and full scale technoecosystem operation. A seventh stage, geothermal techno-
ecosystem termination, is discussed in the next chapter.

Most of the literature on environmental effects of geothermal technoecosystems seems to focus
on systems which exploit wet or dry steam hydrothermal convection systems; these are the techno-
ecosystems which are best known, since they are now the most common. Furthermore, most of the
literature concentrates on the effects of systems which generate electricity. In fact, the Environmental
Protection Agency (EPA) assumes that "virtually all exploitation of geothermal energy will be for
production of electricity' because of low fluid temperatures and difficulty of heat transport (Hughes,
Dickson, and Schmidt, 1974, p. 22). This limitation of scope seems to ignore the fact that a large
proportion of geothermal energy (and probably a similar proportion of geothermal fluid) utilization in
the world and the U.S, is for non-electric purposes (Peterson, El-Ramly, and Dermengian, 1976%), It
also ignores the apparently growing proportion of multiple-purpose technoecosystems which utilize
power cycle heat effluent.

This is not the place, however, to investigate and review the primary environmental effects
of all stages of development of the many possible geothermal technoecosystem configurations in the many
possible locations. Discussion here is limited to the effects most frequently and specifically mentioned
in the literature. It is further limited to short-term environmental effects; long-term effects will be
covered in the next chapter.
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Bowen (1973) offers a good general review of the environmental effects of power stations .
exploiting hydrothermal convection systems. Axtmann (1975) investigates in detail the environmental
impact of a single wet steam powerplant, Wairakei, New Zealand. The U.S. Department of the Interior
(1971, 1973A, 1973B) studied environmental impact of geothermal technoecosystems at several stages
in their development, in light of the federal geothermal leasing program. Hughes, Dickson, and
Schmidt (1974) of the EPA estimate environmental effects of standard geothermal powerplants per unit
of electrical energy output, based on experience at Cerro Prieto and the Geysers. These figures are
readily compared with those for other energy sources. General papers by Goldsmith (1871), Hickel
(1973), and Ellis (1975) review environmental effects along with other topics. For additional sources
which discuss environmental impacts, the Bibliography and its index should be consulted.

The global technoecosystem has an insatiable and growing appetite for energy. Where conditions
are favorable, geothermal technoecosystems can be built, or elsg, as pointed out by the U.S. Department
of the Interior (1971), other energy technoecosystems would have to be constructed to meet energy needs.
And these other systems could have a greater impact on the environment. The official position appears to
be that technoecosystem energy requirements must and will be met, that the environment will be affected,
and therefore that energy might as well be harvested by systems with the least environmental impact,
these apparently being geothermal technoecosystems. l

Detailed comparison of power technoecosystems which use different energy sources is beyond
the scope of this paper. In general terms, though, Bowen (1971, 1973) and the University of Arizona
(1975) point out that geothermal technoecosystems do not include the complex cycles of mining, concentrating,
transportation, and reprocessing of fuel that are involved in other energy technoecosystems. Instead,
geothermal technoecosystems can be locally self-contained (except for inputs of materials, parts, fossil
fuel technoorganisms, and humans) because natural geological systems have already concentrated
heat storage (as described in the second chapter), and because water for cooling is often part of the
geothermal resource and does not need to be imported. This simplicity may also contribute to a
more favorable net energy ratio for geothermal power production. According to Bowen (1973),
electrical energy technoecosystems (including fuel cycles) appear to be ranked in the following order,
from least environmental impact to the greatest: geothermal, natural gas, oil, coal, and nuclear (with
by far the greatest impact, mostly in massive fuel cycles and radioactive waste storage).

In a letter responding to Axtmann's (1975) article, J. Barnea points out that geothermal resources
pollute the environment even in their natural state. He further suggests that they may be the only natural
resource which does so, and that their natural pollutant output should be subtracted from geothermal
technoecosystem pollutant output to yield net technoecosystem pollution. Although it is true that hydrothermal
convection systems and volcanoes (where magma bodies breach the surface) release solid, liquid,
and gaseous effluents to the surface environment, other geothermal resources (deep or confined
hydrothermal systems, non-leaky geopressured systems, hot-dry rock, deep magma, salt domes, and
deep normal heat flow reservoirs) do not. Furthermore, other energy resources, too, can pollute in
their natural state (natural venting of gas, oil seeps, coal leaching, and slow erosion of surficial
uranium deposits). In almost all cases, however, technoecosystem pumping of energy resources
increases pollution rates at least several fold and in some cases by orders of magnitude. Specific
environmental effects of geothermal technoecosystems will now be reviewed.

Most basic of environmental effects is that a geothermal technoecosystem exists where one
has not been before. Land surface (which may have been occupied by a different te chnoecosystem or
by none at all) is required, its technoecosystem or bioecosystem use is changed, its surface is modified,
and its aesthetic nature is irreversibly altered. EPA scaling factor for land use, based on experience at
the Geysers, is 30 square kilometers of land area per 1000 Mw (Hughes, Dickson, and Schmidt, 1974).
Although this is quite a large land requirement (perhaps small compared with other energy sources),
most of it represents either well fields, in which pipelines, wellhead equipment, and service roads occupy
a small fraction of the area, or land held in reserve for future wells as the first undergo production
decline. Bowen (1973) points out that most of this well field area can be used for other purposes. For !
example, agriculture coexists with powerplants and pipelines at Larderello, Italy, and the Geysers '
field is devoted largely to wildlife habitat and cattle grazing. ‘

Geothermal technoecosystems can be noisy, which may affect wildlife behavior and quality of
human life. The noisiest phase of operation is the drilling and development of wells. Controlled
blowout during air drilling of dry steam productive zones is very loud and difficult to muffle; however it
is only an intermittent occurrence, Mud drilling of dry rocks and wet steam or hot water reservoirs is
much quieter., Once a well is completed, blowdown directly to atmosphere (sounding like a jet airplane !
roar) is required to clear it of dust and rocks before production, Routine operation of a geothermal
powerplant is far from silent; cyclone separators, pipelines, pumps, cooling tower fans, and other |
machinery all emit sounds (Blake, 1974). However, with the exception of the separators and long ‘
pipelines, all these noisy components are present at other types of thermal powerplants,

Land subsidence may occur as a geothermal field is exploited. Mechanisms for subsidence
include net withdrawal of hot water from porous reservoirs (sediments, sedimentary rocks, or volcanic
rocks) and thermal shrinking of cooling rocks (Bodvarsson, 1975%), Dry steam fields (with low fluid
pressures) are immune to fluid withdrawal subsidence, whereas wet steam fields (fluids at hydrostatic
pressure} are morc susceptible (Bowen, 13973), Subgidence at Wairakei affects more than 25 square milcs |
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(65 square kilometers) and reaches a maximum rate of 1,3 feet (0.4 meters) per year (Hatton, 1973;
Axtmann, 1975). Geopressured reservoirs (fluid pressure greater than hydrostatic) are virtually
certain to undergo subsidence -~ a great potential hazard for coastal technoecosystems. Papadopulos
et al (1975) estimate that total subsidence could range to over 7 meters during exploitation of
geopressured resources of the northern Gulf of Mexico basin.

Subsidence can disrupt natural surface drainage patterns (Axtmann, 1975), cause local earth
tremors (Ellls, 1975), and affect the configurations and functioning of technoecosystems, Including
irrigation systems and fluid transmission channels of the geothermal technoecosystem itself (e.g.,
pipes and drains at Walrakei -- Hatton, 1973). Subsidence due to fluid withdrawal may be ameliorated
by relnjecting waste fluids or imported water (Bowen, 1973). It ig unlikely, however, that subsidence
due to thermal contraction of rocks can be assuaged.

Geothermal resource exploitation may cause or modify seismic activity, which in turn can
damage technoecosystem structures and affect flow from geothermal wells, Igneous-related and
hydrothermal convection systems are usually assoclated with earth movements, and are often localized
by faults, along which movement can occur. Furthermore, microearthquakes are so common in
hydrothermal convection systems that they can be used as an exploration gulde. Changes in subsurface
fluid pressure due to geothermal technoecosystem operation can affect seismic behavior. Pressure
drop from fluid removal may decrease the number of microearthquakes but increase the likelihood of
larger earthquakes (Ward, 1972), Pressure increase from fluid injection (by analogy to effects of oil
field repressurization and of waste disposal near Denver, Colorado) may trigger earthbquakes and
increase their frequency (ibid.; Bowen, 1973), However, Bowen points out that reinjection of fluids
into a geothermal reservoir which is at pressures less than hydrostatic is unlikely to increase seismicity
because it is only replacing fluids which have been removed.

Effluents of open geothermal technoecosystems and natural geothermal systems are similar
in kind but different (locally) in magnitude: heat, water, gases, dissolved chemicals, and solid
materials. Any one of these items can be either an undesirable pollutant or a valuable input to associated
technoecosystem components, depending on technoecosystem configuration and needs. And since specific
nature of the resource is highly variable, each geothermal technoecosystem configuration, location,
and development stage has its own unique effluent mix, Axtmann (1975) points out that open system
geothermal powerplants pollute the environment whether or not electricity is being generated because the
wells discharge continuously to avoid restarting blowdown delays. Chemical effluents are usually
released both to the atmosphere and to water at the surface and underground.

Air pollution results from release of gases contained in geothermal fluids, mostly hydrogen
sulfide and carbon dioxide. Hydrogen sulfide is a human health hazard, has an unpleasant odor, and
corrodes metals in and around geothermal technoecosystems. In the atmosphere it oxidizes to sulfur
dioxide (one of the harmful gases emitted by fossil fuel powerplants and sulfide ore smelters) in 2
to 48 hours, and output per megawatt can be similar to magnitude of fossil fuel powerplant emissions
(Hughes et al, 1974; Axtmann, 1975), Carbon dioxide output can range from a fraction to 10 times the
output per megawatt of a fossil fuel plant (Axtmann, 1975). These gases cease to be pollutants if they
are reinjected in solution, if they are recovered for further technoecosystem use (hydrogen sulfide
recovered as sulfur or sulfuric acid, carbon dioxide as dry ice or greenhouse growth stimulant), or if a
closed system binary power cycle is used.

Water pollution occurs when dissolved gases, salts, and other chemicals contained in geothermal
fluids are discharged at the surface or into fresh groundwater reservoirs. Components harmful to biological
systems include large amounts of salts and small amounts of hydrogen sulfide, arsenic, mercury, boron,
fluorides, and ammonia (Ellis, 1975; Axtmann, 1975). Saturated silica and calcium carbonate
precipitate out of solution as scale, and are a nuisance to technoeocsystems. All these materials
(except dissolved gases) can enter the atmosphere in rapidly - evaporating water droplets from cooling
towers (drift losses), silencers, and wellﬁ being cleared, and be blown away as dust (Hickel, 1973).

The impact of water pollutants depends on their concentration and on the water cycle
configuration chosen for the geothermal technoecosystem. Concentrations may be low enough that
the water can be discharged into a river or the ocean without ill effect, or even used for irrigation or
domestic water supply, Or desalination can purify the water and concentrate the dissolved solids.
The solids cease to be pollutants if they are reinjected, if they are recovered and stored or purified
for further technoecosystem use, or if a closed binary cycle is used.

In arid lands, water effluent from a geothermal technoecosystem can hardly be considered
a pollutant if its salinity is low either naturally or by desalination; it has great energy value for
powerplant cooling and for many other technoecosystem functions. Similarly, heat rejected by
powerplants is not a pollutant if it enters the atmosphere through cooling towers, is reinjected, or
is utilized in some auxiliary technoecosystem module,

Wells are ubiquitous in geothermal technoecogsystems. Ever-present hazards of wells are
the possibilities that subsurface leaks may contaminate groundwater supplies, and that inadvertent,
noigy well blowout at the surface may contaminate surface water, crops, and air. Careful well design and
drilling procedures should make such occurrences less likely,
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Radioactive isotopes, residue of gradual decay of uranium and thorium at depth, are present
in geothermal fluids (Bowen, 1973; and a letter by T,F, Gesell and J.A,S. Adams responding to
Axtmann, 1975). Their concentration in steam at the Geysers is small (Bowen, 1973), but amounts
may vary from one reservoir to another.

Geothermal technoecosystems affect the natural geothermal systems which they exploit.
Over a period of years to decades: pressure, temperature, and water level of wet steam reservoirs
decliney temperature of dry steam may temporarily increase, while gas content goes down; well
output decreases; and chemicals may precipitate in open spaces around well bores (Bolton, 1973).
Surface manifestations of hydrothermal convection systems (hot springs, geysers, and fumaroles)
usually change or dry up in response to deep resource exploitation (ibid.; Ellis, 1975; Axtmann, 1975).
And steam which fills voids over wet-steam fields can create large blowout craters at the surface by
spontaneous hydrothermal explosions, as at Wairakei (Ellis, 1975).

Nuclear stimulated geothermal technoecosystems have their own unique set of expected and
potential environmental effects, reviewed by Sandquist and Whan (1973) and Berman (1975%), Seismic
ground motion is a violent shock wave phenomenon which immediately follows subterranean nuclear
explosions and which can destroy or damage technoecosystem structures. It is often followed by a
series of seismic aftershocks. Other possible effects of nuclear explosions include the triggering of:
large earthquakes where strain has built up along faults, landslides where slopes are oversteepened,
volcanic eruptions where magma is near the surface, or hydrothermal explosions where subsurface
water is just below the boiling point. The greatest danger by far, however, is posed by the accidental
release of extremely toxic radioactive materials into groundwater reservoirs, onto the surface, or into
the atmosphere before or during powerplant operation -- or even millenia after technoecosystem
abandonment.

10, Thermodynamics, Succession, and Evolution

What is the geothermal energy value of a specific volume of the earth's crust? Such a question
has numerous possible interpretations, and therefore many answers which are based on assumptions and
information ranging from simple to complex.

The simplest meaning for "geothermal energy value" is the thermal energy content of the
volume, usually with reference to a certain minimum temperature, The U,S. Geological Survey
(White and Williams, 1975) defines "geothermal resource base' in this manner, as stored heat above
150C (average surface temperature).

But of this stored heat, only a fraction —- called ""geothermal resources" by the USGS -- may
be recoverable using current or near-current technology. And of this fraction, only a part -~ "geothermal
reserves' -- may be recoverable at money cost competitive with other energy sources; the rest
consists of "paramarginal geothermal resources" (recoverable at 1 to 2 times competitive cost) and
"submarginal geothermal resources" (recoverable at 2 or more times competitive cost), These last three
definitions of thermal energy value hinge on money costs of technoecosystem design and operation, as
well as on the nature of the reservoir.

N

Because of the Carnot thermodynamic limitations of heat engine efficiency, not all heat content
in or recovered from the ground can do useful work (e.g., power generation). Bodvarsson and Fggers
(1972) define "exergy' as the theoretical amount of mechanical work which can be derived from heat
content. For any of the heat content parameters, we can determine an "ideal exergy", based on ideal
heat engine efficiency, or "practical exergy", based on small efficiency of real heat engines. We can also
determine these for different heat sink temperatures -- wet bulb and dry bulb, or summer and winter
temperatures, for example. And we can make a more sophisticated exergy analysis in which the effects
of temperature decline with production are modeled and accounted for -- one thermal calorie yields more
mechanical work at high than at low temperatures (USGS does not take this into account in its calculations).
Multiplication of exergy by a simple conversion factor (usually 80 to 90 percent) produces an estimate
of potential electrical power production.

As Kunze (1975) points out, whether a certain amount of geothermal energy can be utilized is
not as important as how much it costs. Benefit accrues to the technoecosystem not according to its
output but according to the difference between the output and the necessary input -- profit if money is of
interest, and net energy if technoecosystem survival value is of concern. Profit and net energy analyses,
qualitatively similar, involve detailed accounting of geothermal technoecosystem input money or energy
costs (B in Fig. 7) and technoecosystem output prices or energy values (A in Fig. 7). Money and energy
flow in opposite directions along arrows A and B; arrows show direction of energy flow. Technology
and energy values of different geothermal resource components need to be studied in order to choose the
technoecosystem configuration which will yield either maximum financial (money) rate of return (A - B)/B =
A/B - 1 (can be warped by market inequalities or legislated subsidies) or maximum net energy ratio (A/B).
Such analyses can be very complicated. Bradbury (1971) and Armstead (1973A) present economic analyges
of geothermal powerplants and Gilliland (19?75) and Norton and Gerlach (1975) offer preliminary net
anergy analyses.
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Figure 7. Environmental effects and net energy of geothermal technoecosystems

Letters are explained in the text.

As already mentioned, the USGS has defined various categories of geothermal resources
on the basis of economics of recovery. Gilliland (1975), in contrast, defines them in terms of net
energy. Geothermal "net reserves" are resources of high enough energy quality to yield net energy
with current technology. "Economic reserves" are those which have a net energy ratio competitive
with other energy sources. g

Analysis of resource energy value does not have to stop at net energy, however. Environmental
effects can be considered, too. In Fig. 7, destructive impacts on the main technoecosystem are
shown by arrow G. They can be triggered by direct effects of geothermal technoecosystems (e.g.,
damage from effluents -- arrow C), by natural destructive effects of geothermally-driven geological
systems (e.g., volcanoes -- arrow F), or by destructive effects of natural geological systems which
are triggered by geothermal technoecosystems (e.g., earthquakes touched off by injection -- arrow
D). Natural geological systems also provide free beneficial services to the technoecosystem (e.g.,
ore deposits, hot gprings, and geysers -- arrow E).

Increase of geothermal technoecosystem activity has the following effects in the Fig. 7 model:
1) direct and triggered impacts (C and D) increase. 2) Beneficial natural services (E) decrease because
geothermal technoecosystem outcompetes natural geological systems for heat and water. And
3) destructive natural impacts (F) may also decrease. An example of decrease of destructive natural
effects is the possibility that geothermal exploitation might quiet volcanoes (suggested by Tikhonov
and Dvorov 1973).

At any instant, the net energy flow rate or '"net power" including environmental effects is
the standard technoecosystem net energy flow rate (A - B) plus the change from natural conditions of
environmental net energy flow components (AE -AG), or:

1) instantaneous net power. = (A+AE) - (B +aQ)
A

Similarly, the ratio is taken for instantaneous net energy (or net power) ratio:
4
2) instantaneous net power ratio = (A +pAE)
(B +AG)

Over time, as resource conditions and technoecosystem configurations change, and as delayed
environmental effects manifest themselves, all the variables in these equations may change. The
total net energy obtained from the geothermal reservoir, then, is the instantaneous net power
integrated over time, from the time of exploration commencement (To), through the time interval of
resource exploitation, until the time (Tf), long after geothermal technoecosystem abandonment,
when the environment returns to an equilibrium state:

Tf

3) total net encrgy = /[ (A+AE) - B+ AG) ] dt
To
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Similarly, average net energy ratio, including environmental effects, is expressed by the following
equation:

Tf
(A +AE) dt
4) average net energy ratio = To
Tf
f B +5G) dt
To

There is a subtle but important difference between standard net energy analysis and analysis
which includes environmental effects, Standard net energy analysis is parallel to standard economic
analysis; they both consider only flows A and B (Fig. 7), along which flows of both energy and money in
opposite directions take place. But net energy analysis which considers environmental effects deals
also with energy flows C through G, and (unlike A and B) no money streams along these vectors.
Furthermore, this second type of analysis includes environmental impacts which affect global
technoecosystem survivability long after the last profit dollar has been banked by geothermal techno-
ecosystem managers,

For constant geothermal technology, potential net energy ratio of natural geothermal systems
varies horizontally around the spheroidal planetary surface. Geothermal technoecosystems will
optimally develop first over systems which yield maximum net energy ratios (probably instantaneous
ratios, since they are easiest to estimate). Subsequent developments will exploit reservoirs with
successively smaller ratios, until the minimum ratio equals ambient technoecosystem net energy
ratio, These marginal reservoirs and their technoecosystem configurations constitute boundaries of the
competitive geothermal energy niche, A competitive energy niche is based on economic reserves (in
Gilliland's terminology), whereas the larger absolute energy niche is based on net reserves (which
offer positive but not necessarily competitive net energy ratios). As in the biological world, the lure
of an empty niche for which an exploitation system has evolved is irresistible, and it is soon filled
by rapid sigmoidal growth.

If other energy technoecosystems become less efficient (e.g., by resource depletion),
then ambient net energy ratio will decline and formerly submarginal geothermal net reserves can be
exploited; the competitive geothermal energy niche expands. Conversely, should other energy techno-
ecosystems become more efficient (e.g., by major technological-evolutionary innovation), then
competitive net energy ratio will increase and some marginal geothermal technoecosystems may be
abandoned; the competitive geothermal energy niche contracts.

In our present world, geothermal technoecosystem managers tend to use short-term money
profit, and not net energy ratio, as basis for resource exploitation strategies (Peterson, 1975). Hence,
under their management, the energy niche dynamics just outlined currently operate with ""financial
rate of return' substituted for "net energy ratio”, In the presence of hidden money subsidies, global
technoecosystem success might be served better if instantaneous net power ratio (A/B) were the
criterion used in decision making (Gilliland, 1975), still better if instantaneous net power ratio
including environmental effects (equation 2) were used, and perhaps best of all if long-term average
net energy ratio including environmental effects (equation 4) were the decision basis.

Exploitation of geothermal reservoirs with progressively smaller net energy ratios (lower
energy quality) can be called succession (see section I-12). Succession of geothermal technoecosystems
can occur in five situations: (1) when the geothermal energy niche is filled to the competitive margin,
ambient net energy ratio declines, competitive niche boundary expands, and new marginal technoeco-
systems are built; (2) when the niche is new and unfilled, and new technoecosystems are built,
starting with the highest net energy ratio and progressing to successively lower ratios; (3) when, in
an unfilled niche, highest net energy ratio (highest energy quality) reservoirs are depleted and replacement
technoecosystems are built to exploit lower quality reservoirs; (4) when the energy quality and the
instantaneous net energy ratio of a single reservoir decline with use, and new exploitation configurations
are required, and (5) when technological improvement (evolution) increases net energy ratio for every
reservoir and thereby expands the energy niche (absolute and competitive).

During succession, geothermal technoecosystems tend to exploit progressively deeper,
cooler, saltier, more remote, and less permeable geothermal reservoirs within a single resource
type. And they tend to tap geothermal resource types of ever greater exploitation difficulty,
approximately Table 1 in reverse. In the scheme of Fig. 6, technoecosystems would tap heat storages
successively in the order L, I, F, C (hydrothermal convection systems, igneous-related systems,
high heat flow areas of geothermal belts and hot spots, and normal heat flow areas). Some resource
types may have overlapping exploitability. For instance, geopressured systems (included in F or C
in Fig. 6) may be competitive with wet steam hydrothermal convection systems (included in L),



65

As succession proceeds, geothermal technoecosystem configurations change to match the
resources they exploit. And the magnitude of available resource increases rapidly with decreasing
energy quality (Kunze, 1975; White and Williams, 1975), so lower net energy ratlo technoecosystems
should come to outnumber any coexisting high net energy ratio technoecosystems. As an example,
wet steam powerplants now outnumber original (and higher net energy ratio) dry steam powerplants.

We can use the term evolution for the development of new technoecosystem components and
configurations which make possible extraction of net energy from previcusly unexploitable resources,
or more efficient extraction of net energy from previously tapped reservoirs. Evolution means tech-
nological improvement, and it results in larger net energy ratio and thus expanded boundaries of both
the absolute energy niche and the competitive energy niche (for unchanged net energy ratio of other
energy sources). Hence evolution can make room for and encourage succession of geothermal
technoecosystems., Evolution of geothermal technoecosystems has expanded the competitive geothermal
energy niche from hot springs to dry steam systems to wet steam and geopressured resources. And
this evolution appears to be continuing as exploitation experience accrues and research budgets increase,

So far this discussion has dealt chiefly with horizontal resource distribution. The vertical
dimension is important, also, since thermal energy quality increases with depth within a single
geothermal reservoir. Kremnjov, Zhuravlenko, and Shurtshkov (1973) discuss economic cost-benefit
relationships of the vertical dimension, and their argument can be modified for net energy relationships.
Resource temperature (energy quality) increases with depth, but so does exploitation energy cost (combined
costs of exploration, well development, heat extraction, and energy conversion). At shallow depths
the first may increase faster than the second, so deeper drilling is advantageous, At much greater
depths, the second generally increases faster than the first, so shallower wells are better. Somewhere in
between these extremes is an optimal well depth for best technical-economic performance. For
greatest short term technoecosystem energy profit, this would be the depth of maximum instantaneous
net energy ratio. And for most complete use of the resource it would be the depth of maximum net
energy output, where marginal energy output equals marginal energy input (equal rates of increase)

: Optimum depth can also be determined by using instantaneous or integrated net energy and net energy
o ratios which include environmental effects (equations 1 through 4).

e e

o Technology evolution, and succession due to resource depletion can result in drilling to ever
greater depths. Banwell and Meidav (1974) state that mechanical energy (exergy) in normal gradient
areas is proportional to the cube of the depth, and that if drilling cost beyond 5 km depth increases at
less than this rate, deeper drilling will be increasingly profitable. In making this hopeful suggestion they
are expressing the ultimate dream of many geothermal enthusiasts -- a thermodynamic window or
technological conduit into the deep crust and upper mantle, where temperatures are hot as blazes and
total heat content is stupendous beyond imagining,

It appears, however, that this dream of exploiting very deep thermal energy will not be
fulfilled in the near future, if ever, There are several arguments to support this conjecture:

1) Only a few holes have ever been drilled as deep as 9 km, and it is now considered daring
just to drill a few research holes that deep (each hole requiring $4 million to $10 million
and almost 3 years drilling time), without even thinking of trying to produce thermal energy
from them (Hammond, 1975A),

2) there is much thermal energy in geothermal systems with higher heat flow much nearer
the surface, and these would certainly be exploited before technoecosystem succession
reached extreme depths,

3) technology and materials for routine, low-cost drilling and well development to great
depths have not yet evolved,

4) as discussed in section III-4, deep resource extraction by fluid flow is hindered by the
required exotic materials and thick walls of deep casing, by large pipe friction, and by
potentially significant heat loss through casing walls,

5) little is known about the deep environment, so drilling of each extremely expensive
well is a major risk, and

6) fracturing of hot dry rocks and establishment of closed fluid cycles at such great depths
and pressures may be quite difficult. Only a small fraction of thermal energy storage
could be tapped in any case, and net energy loss would be a strong possibility.

11, Portrait of the Industry

There were 1300 participants from 59 countries at the Second United Nations Symposium on
the Development and Use of Geothermal Resources, held in San Francisco, California, in May, 1975
(Saint, 1975*), Geothermal energy, no longer just the dream child of a few visionaries, had arrived
at global respectability.
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Expansion of the geothermal energy niche has brought rapid, accelerating growth to the
geothermal industry -~ the group of humans and their social organizations who are responsible
for evolution, construction, and management of geothermal technoecosystems. This growth, in
turn, has helped accelerate the expansion of the niche., The population of geothermal professionals
-- scientists, engineers, businessmen, politicians, consultants, bureaucrats, industrialists, promoters,
corporations, economists, professors, and lawyers -- involved with this infant industry has expanded
and diversified at a great rate in recent years. An industrial directory (Meadows, 1972 to date) has
been established, and the growth of its annual lists of individuals and commercial firms indicates a
current industry doubling period of only 1 to 3 years. Some geothermal oldtimers apparently feel
that they are being pushed out of the center stage of the industry by newly arrived academic and
government people,

Also symptomatic of geothermal industry growth is the explosion of geothermal information
produced and stored in the global technoecosystem's information network. Many conferences on
geothermal energy topics have been held, and their proceedings have often been published (e.g.,
United Nations, 1970, 1975; Geothermal Resources Council, 1972; and Kruger and Otte, 1973), Over
20 conferences have met since 1972, and more are held every year. Several general books about
geothermal resources have been published (Armstead, Ed., 1973;'Small, 1973; Berman, 1975*; and
Wehlage, 1976), and more are in the works. A magazine (Geothermal Energy Magazine) and at least
one journal (Geothermics) have been published., And the annual number of articles and reports
published on geothermal subjects is now at least several hundred, increasing each year,

Much effort has been expended to organize and catalog this flood of information. Several
bibliographies have been published (Summers, 1971; Talbot, 1971; Tompkins, 1972; University of
Arizona, Tucson, Office of Arid Lands Studies, 1973 -- predecessor of this paper; and U.S. Energy
Research and Development Administration (ERDA), Technical Information Center, 1975). And at
least three large information systems exist which continuously gather, organize, and store geothermal
information, and which make the information available by computer-aided retrieval and by printed
compilations.

ERDA maintains an immense, frequently updated computerized data file of references to the
literature for all energy sources; geothermal energy items now number over 5,000, These data are
periodically compiled and published as indexed bibliographies like the one just listed. And they are
continuously available for searches on ERDA's on-line.computerized retrieval system, RECON,
Lawrence Berkeley Laboratory and the U,S. Geological Survey are establishing a National Geothermal
Information Resource which will not only collect bibliographic information and make it available in
printed form and by computerized recall, but will also compile, interpret, and critically evaluate
published and unpublished information (Henderson, Phillips, and Trippe, 1975). Finally, the Water
Resources Scientific Information Center (WRSIC) of the U.S. Department of the Interior compiles
bibliographic information on water-related subjects, including geothermal resources and exploration.
This information is published in a semimonthly bulletin, Selected Water Resources Abstracts (SWRA),
and is also available for computer searches on ERDA's RECON system. Both ERDA and WRSIC-SWRA
data files (among other sources) were consulted in preparation of this paper's Bibliography.

Clearly, the pace of publication in the geothermal field is now so great that a single investigator
may no longer be able to read everything written on the subject. The Bibliography following this
paper represents a small selection from the rapidly accreting geothermal literature. It concentrates
on geothermal publications which are especially relevant to water, arid lands, and geothermal
technoecosystem diversity. All but 9 of the references are dated 1970 or later, reflecting the swift
expansion of knowledge, experience, and innovation in the field of geothermal studies.

A look at Geothermal Energy Maga'zkme, studying the advertisements between articles, can
help develop insight into the workings of the industry and the self image of the people and organizations
within it, Countless diverse, specialized geothermal technoecosystem parts and services are offered
on these pages. There are ads for drilling services, general consulting, engineering, geophysical
surveys, general exploration programs, small (10 Mw) geothermal turbogenerator modules, short
courses, books, news bulletins, corrosion-resistant valves, specially adapted drill bits, and so on.
Each ad represents a potential link for geothermal technoecosystem information, energy, and money
flow. A person or government with money can get into geothermal energy fast!

Most of the writing, conferences, and research of the global geothermal industry occur within
the high energy United States technoecosystem. Ironically, though, most of the innovative, practical
applications of geothermal technology take place in other nations with technoecosystems that are less
energy rich (Wehlage, 1974A). It is difficult to determine the reason for this state of affairs, but
responsibility for it has been attributed by some to at least two parties: the government and big
business.

Whatever the ultimate net energy constraints on a technoecosystem niche are, and whatever
its optimum configuration is, the actual configuration chosen (perhaps with an energy and money subsidy
required) depends on what people decide to do. And two great modifiers of such decisions are
weightless information patterns: law and money, And these, In turn, are the domain of government
and business, information processing social institutions.
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Some authors (e.g., Kaufman, 1971) assert that legal entanglements are responsible for
retarding geothermal technoecosystem development in the U.S. Legal definitions of geothermal
resources and legal structures for leasing geothermal reservoirs beneath federal land (U.S. Congress,
ggth, st Session, 1965; U.S. Code Congreasional and Administrative News, 1970; Godwin et al,

1971) may not be suitable for the great diversity of geothermal resource types and geothermal techno-
ecosystem configurations (Allen, 1972), Barnea (1974), for instance, believes that the legal definition
of geothermal resource, which emphasizes steam, is too restrictive and should be expanded. Pre-
existing laws, upon which ownership disputes and money subsidies can depend, treat underground
deposits of water, minerals, metals, petroleum, and natural gas in different ways. But geothermal
resources combine properties of each of them and more, so complex litigation has been inevitable.
However geothermal technoecoaystems develop, it is certain that they will help support courthouses,
lawyers, politicians, and government administrators.

Large energy companies, too, may be partly responsible for slow geothermal technoecosystem
growth, Oil companies now control a large proportion of federal geothermal leases. It has been
suggested that by controlling several energy sources at once, large multinational energy companies
may stifle interfuel competition (Netschert, 1971), Thus, by deliberately stalling geothermal
technoecosystem development, energy companies may protect more money-profitable (and perhaps
less net energy-profitable) fossil fuel technoecosystems from fierce competition. Energy companies
have consistently denied using such a practice, and they tend to blame restrictive laws and legal
complexities for delayed geothermal development in the U.S, 'Whatever the true situation is, both
geothermal and fossil fuel niches have finite physical limits which will probably be met someday.

The ongoing boom of geothermal technoecosystem research and construction has its own
internal logic. There is money to be made in the geothermal industry, as Birsic (1974) seeks to
demonstrate to the discerning American investor. And money will flow, if not by producing net
energy, then by channeling still-abundant fossil fuel subsidies.




IV. LIMITS OF THE NICHE

In the first chapter, 1 introduced the concept of technoecosystem. In the second, the vital
roles of geothermal energy in natural geological systems were reviewed. And in the third, the diverse
components and strategies which technoecosystems are evolving to exploit these same geothermal
cnergy forms were surveyed. Now I propose to investigate the macroscale and macro-time interactions
between geological systems and geothermal technoecosystems: characteristics of geological systems
determine properties and.-magnitude of the geothermal technoecosystem niche; and geothermal
technoecosystems, in turn, profoundly affect geological systems. Perhaps a compromise can be worked
out between these two types of systems which exploit the same energy supply.

1. Magnitudes

Turning the valve of a geothermal well to release its thunderous discharge gives one the
awesome feeling that the potential for geothermal power is limitless. Hence, expressions like "virtually
unlimited” have appeared often in the geothermal literature. Indeed, we are finding the planet's
geothermal fuel tanks full and overflowing.

Similar cries of "unlimited resources' were heard a century ago as Europeans and their
rapidly evolving technoecosystems spread inexorably across the North American continent, But there
were limits, and many are being met in our own lifetime, as the effects of man and technoecosystem
on natural systems acceleratingly accumulate.

Geothermal resources and the geothermal technoecosystem energy niche have limits, too.
It is difficult to determine their precise boundaries, since exploration of the deep geological world and
evolution of geothermal technoecosystems have just begun., But the fact that there are limits is easy
to demonstrate.

Sections of the last chapter discussed some of the parameters which determine the magnitude
and configuration of the geothermal energy niche: resource content of heat, water, and chemicals;
resource geometry and distribution; evolving technological capabilities; physical and thermodynamic
constraints; properties of industrial materials; environmental effects; net energy yield and net energy
ratio; and net energy (or money) ratio of ambient technoecosystem.

However, all these complexities merely modify the ultimate geothermal niche bounding
parameters -~ the distribution, concentration, and magnitude of thermal energy flows and storages
in geological systems. Estimates of these parameters are widely scattered through the literature;
they are expressed in many forms and units, and often they conflict with each other. Most estimates
are of heat content, heat flow, and potential geothermal technoecosystem energy flows and durations.
Apparently no one has yet estimated net energy reserves; the technology is evolving so rapidly and
geological systems are so variable and poorly known that such estimates would be exceedingly difficult
to make,

Geothermal energy flows through and is stored in natural systems; therefore both a flow
niche and stock niche exist. Magnitudes of flows (first) and storages (second) of geothermal energy
will now be discussed, each at global, national (U.S.), and local (Geysers field, California) scale.

Table 2 compares global scale energy flow rates of natural geological systems with flow
rates of technoecosystems and biological systems. Magnitudes have been compiled from several
sources and converted into a common power unit, megawatts (Mw), Many interesting comparisons
can be made between the different items once their energy flow rates are expressed in the same units.
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Table 2, Global energy flow rates of geological, indugtrial, and biological systems / 1

Phenomenon Energy Flow | Notes
Rate (Mw)
Total earth heat flow 3 x 10! [2,3,4

(mostly conductive) . . . . . . . . . . 4 x 107 /5
Submarine spreading ridges heat flow . . . . 8 x 106 /5
Volcanoes heat flow . - « + & « « « « « « » 3 x 10° /3

Terrestrial hydrothermal convection 5
systems heat flow . . - . . . . . . . . 1 x10 /6

Earthquakes, mechanical power . . . . . 3 x 104 /2
Crustal relief, mechanical power . . . . 8 x 104 /2
Plate motions, mechanical power . . . . 6 X 104 /2

Total mechanical power,
all geological systems . . . . . . . . 2x 10° /2

Geothermal technoecosystems (thermal) . . . 1 x 104 /7
Global technoecosystem . . . . . . . . . . . 6 x 106 /4
Military technoecosystems . . . . . . . . . 4 x 10° /8

Global technoecosystem

if at U.S. per capita level . . . . . 8 /9

i
B
—
o

Solar radiation at earth's surface . . . . . 8 x 1010 /3
Biosphere net primary production . . . . . . 9 x 107 /10

Human metabelism . . . . . . « « .« «. . . . . 4 x10°| /11

Notes:

1. Energy quality is not accounted for. Some numbers are very rough estimates.
2. Goguel (1976*)

3. Kappelmeyer and Haenel (1974)

4. Steinhart and Steinhart (1974%)

5. Williams (1975)

6. White (1965)

7. Non-electric (3380 Mwt) from Peterson, El-Ramly, and Dermengian (1976*); plus electric (1390 Mwe)

from Ellis (1975), converted to thermal equivalent at 16% efficiency.

8. Assume 7 percent of global technoecosystem energy flow.

9. Assume 4 x 109 humans, 116 kw per capita in U,S. (Steinhart and Steinhart, 1974*),
10. Wittaker and Likens (1975%).

11, Assume 4 x 109 humans, 0.1 kw per capita metabolism.

Terrestrial geothermal regions (spreading ridges, subduction zones, and hot spots) probably
have heat flow magnitude similar to that of submarine spreading ridges, although the figure given in
Table 2 seems too high, In any case, the first four items in the table clearly manifest the cascaded
convection systems hierarchy of geological cycles: total energy flow decreases with increasing flow
concentration, Comparison of total earth heat flow with magnitude of geological systems mechanical
power suggests that gross mechanical efficiency of the global heat engine ia around one half percent.
Total earth heat flow is probably at least three times larger than what is available to present techno-
ecosystems, because 71 percent of the global surface is ocean.

More relevant to this chapter is comparison of geological energy flows and technoecosystem
energy flows, Rapldly growing energy flow of geothermal technoecosystems is already within a power
of ten of heat flow through hydrothermal convection systems (the type of system now being exploited),
and mechanical power of earthquakes is only about three times as large. Global technoecosystem

. m———




70

energy flow {probab1¥ larger than shown because some of its energies are very high qualitIy) is now
approximately one fiith the size of total earth heat flow; it dwarfs the heat flow through volcances

and hydrothermal convection systems, and overshadows the mechanical power of plate tectonics. Even
the military technoecosystem subset, alone, has more power than the world's volcanoes. And a
technoecosystem for today's world population, modeled after the U, S, technoecosystem, would use
energy more than ten times as fast as heat flows from the earth's surface to space.

Biological systems and their solar drive are included in Table 2 to provide additional
perspective., Asg discussed earlier, solar input at the surface is around 2, 000 times global geothermal
heat flow. Biosphere net primary production is two to three times total global heat flow, 15 times
global technoecosystem energy flow, and only a fifth of hypothetical technoecosystem energy flow at
U.S. per capita level. Human metabolism, gseemingly so small in the individual, attains significant
magnitude when multiplied by billions -- it is approaching one half percent of biosphere net primary
production, it is comparable to military technoecosystems energy flow (without accounting for energy
quality), and it is apparently larger than the estimated heat flow through all the world's volcanoes,

More detailed geothermal resources information is available for geological systems of the
United States, particularly in a recent inventory of geothermal systems and their heat content by
the U.S. Geological Survey (White and Williams, 1975), This USGS review concerns itself almost
exclusively with heat storage, but area estimates from its tables can be used to estimate heat flow,
as has been done in Table 3. Geological systems are listed in thig table in probable order of decreasing
exploitation difficulty, and thus of increasing net energy yields and ratios.

In Table 3, the most likely source of error for each calculated total heat flow magnitude is the
value chosen for average heat flow per unit area, Esgtimates for this parameter (except the 1.5 HFU
values) may be off by a factor of two or possibly more. As better data become available, the table can
be revised.

All of the hydrothermal convection systems and igneous-related systems congidered for
Table 3 are located west of 105 degrees longitude, in 11 western states, Alaska, and Hawali.
Many (if not most) of these systems occur in the arid and semiarid regions which predominate in
the western portion of the conterminous United States. And the Gulf Coast subsiding sedimentary
basin (a normal gradient area) includes portions of semiarid southern Texas and its adjacent continental
shelf.

Total heat flow estimate for U.S. igneous-related systems is smaller than the estimate for
hydrothermal convection systems, contrary to what might be expected from the convection systems
hierarchy hypothesis, This may be because:

1) area data are not available for most of the known igneous systems,

2) many systems may not be known,

3) some igneous systems may be so deep that heat flow apreads out to subtly increase
regional heat flow,

4) conductive heat flow affects a larger area at the surface than the horizontal area of the
deep magma body,

5) heat flow from many igneoug systems may be counted as heat flow in overlying
hydrothermal convection systems, and

6) estimated heat flow per unit area (5 HFU) may be too small, partly because mass flow
heat transfer (volcanic eruptions) is not considered.

Now compare estimated natural geothermal energy flow rates with technoecosystem energy flow
rates for the U.S, The present immature geothermal technoecosystem taps geothermal energy more
than twice as fast as heat flow from known hydrothermal convection systems, and about half as fast as
heat flows from all hydrothermal systems (known and undiscovered), the onghore part of the Guif
Coast geopresgured system, and all igneous~related systems. Even the single power development
at the Geysers, California, taps heat at a greater rate than heat flow from known hydrothermal systems.
Furthermore, projected geothermal exploitation rates for the near future (1985 and 2000 A.D.) surpass
by a factor of four to ten the combined heat flows of hydrothermal convection, igneous-related, and
Gulf’ Coast geopressured systems, and approach the level of geothermal heat flow for the entire
United States.

The rest of the U.S, technoecosystem energy flow rates (total, electrical, and military)
are all larger than total U.S. heat flow (over 40, two, and two times larger, respectively). Finally,
it may be of interest that total U.S. human metabolism is about ten times the natural heat flow from
all identified hydrothermal convection systems.

The main point of Tables 2 and 3 is that there is a geothermal flow niche, but that it is small
compared with technoecosystem flows and can easily be surpassed by geothermal technoecosystem
development. Actual flow niche dimensions are probably much smaller than the heat flow values in
these tables because only a few gsystems in each resource category may ever be accessible and
suitable for net energy production at competitive net energy ratio. The simple fact that the USGS
tabulated geothermal storages rather than flows is a good indication that the geothermal energy flow niche
is relatively insignificant,
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Table 3. United States energy flow rates of geological and industrial systems / 1
Type of Geological System Area /2|Heat Total Notes
Flow Heat Flow
(km?) |Rate/3 |(Mwt) /4
(HFU)
Normal gradient areas 9 x 108 1.5 6 x lO5 /5
Igneous-related systems 3
Identified 1 x 104 5 2 x 10 /6
Undiscovered 3 x 164| s 6 x 103 /7
Total 1 x 104 8 x 103
Subsiding sedimentary basins 5 /8
Onshore Tertiary beds 1 x 10 1.5 9 x 103
Cretaceous and Offshore|2 x 103| 1.5 1 x 104
Total 3 x 10° 2 x 104
Hydrothermal convection
systems to 3 km, over 90°C 3 /9
Identified 4 x 103| 10 2 x 10
Undiscovered 2 x 104 10 7 x 103
Total 2 x 104 9 x 103
Total U.S. heat flow 9 x 106| 1.5 | 6 x 10°
Technoecosystem Phenomenon Energy Flow| Notes
Rate (Mw)
U.S. geothermal technoecosystem (1975) 5 x 10:‘1 /10
U.S. geothermal technoecosystem (1985) 2 x 10° /11
U.S. geothermal technoecosystem (2000) 4 x 10° /12
Geysers powerplant (1975, thermal) 3 x 103 /13
U.S. technoecosystem 3 x lO7 /14
Average U.S. electric power (thermal) 1 x.108 /15
U.S. military technoecosystem 2 x 106 /16
U.S. human metabolism 2 x 104 /17
Notes: 7
1. Energy quality is not accounted for. Some numbers are very rough estimates. Inventory is to depth
of 10 km unless otherwise specified. ‘
2. Horizontal area data from various papers in White and Williams (1975).
3. Values are estimated averages. 1 HFU = 10'6ca1/cm2-sec.
4. Product of area and heat flow rate, converted to thermal megawatts (Mwt).
5. Northern Gulf of Mexico basin is included in a separate category.
6. Total area of identified volcanic systems for which data are given by Smith and Shaw (1975).
7. Area of undiscovered systems assumed to be three times area of identified systems on the basis
of Table 26 in White and Williams (1975).
8. Northern Gulf of Mexico basin, only, to 10 km depth. Area data from Papadopulos et al  (1975).
9. Area data from Renner, White, and Williams (1975).
10. Non-electric (1120 Mwt) from Peterson, El-Ramly, and Dermengian (1976*); plus electric (600 Mwe)
from Ellis (1975), converted to thermal equivalent at 16 percent efficiency.
11. Thermal equivalent of average 1985 goal of U,S, Federal Energy Administration, 25,000 Mwe
(Kruger, 1975), at 16 percent efficiency.
12, Thermal equivalent of 60,000 Mwe power predicted by EPA (Hughes, Dickson, and Schmidt, 1974) for
2000 A,D., at 16 percent efficiency.
13. Thermal equivalent of 500 Mwe, at 16 percent efficiency.
14. 116 kw per capita (Steinhart and Steinhart, 1974*) for population of 2.2 x 108,
15. Thermal equivalent of 224,500 Mwe power in 1974 (U.S. Bureau of the Census, 1975%), at 16 percent
efficiency.
16, Aggume 6 percent of U,S. technoecosystem energy flow,
17, Agsume 2.2 x 10° population, 0,1 kw per capita metabolism.
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That geothermal flow niches are easily outgrown is demonstrated best by the examples of
individual geothermal fields now being exploited. Most fields are tapped at rates several to many times
the natural heat flow rates (White, 1965). For instance, thermal energy is now produced at the
Geysers at about 80 times the total natural heat flow rate (Renner, White, and Williams, 1975, p. 9).
Calculating backwards from 500 Mw electrical (Mwe) at 16 percent conversion efficiency, current heat
extraction is about 3125 Mw thermal (Mwt) and natural heat flow rate was only 39 Mwti,

Consider now the thermal energy output of just one typical well at the Geysers. According
to Koenig (19738, p. 24), average fluld enthalpy is 670 calories per gram and typical well output is 7
X 10% kilograms per hour. The product of these values ylelds thermal energy flow rate of the well -- about
55 Mwt. This single well produces thermal energy faster than the natural heat flow of the entire field.
And more than 100 wells have been drilled there (Renner, White, and Williams, 1975), although production
has declined in the older ones. Looking at this well another way, its output is equivalent to normal heat
flow (1.5 HFU) of an 870 square kilometer (km2) area, and high heat flow (10 HFU) of a 130 km2 area,
And it is almost 10 times the total heat flow output of Old Faithful geyser. For 22,2 ¢m drill hole
diameter at the top of the produéing zone (Budd, 1973), well thermal flux is 3.4 x 1010 HFU, which is
25 times the flux estimated in Chapter II for Old Faithful, and 22 billion times global average heat flow
per unit area. Steam flow rates at the Geysers may seem normal (or even low) to technoecosystem
engineers, but they are exceedingly rare (if not unprecedented) in natural geological systems.

Since it is apparent that geothermal technoecosystems can easily outgrow the geothermal flow
niche and have done so in numerous locations, it is important that we investigate the geothermal stock
niche and its limits. The stock niche is limited chiefly by the magnitude of thermal energy storage in
geological systems (which is relatively easy to estimate) and the amount of this storage that can be
extracted with current technology (which is more difficult to estimate), either with net energy yield
(net reserves) or with competitive net energy ratio (economic reserves).

Tables 4 and 5 list some estimates of geothermal energy storages for the world and for the
United States. Storage magnitudes are expressed in units of thermal megawatt-years (Mwyrt) for conve-
nience; a rough estimate in years of maximum time duration of energy storage exploitation can be
obtained by dividing a thermal energy total content magnitude from Table 4 or 5 by a technoecosystem
energy flow magnitude from Table 2 or 3. Actual duration will be a small fraction of gross calculated
duration because only a small percentage of total heat content can be extracted under even the best
conditions.

Global information in Table 4 is highly speculative and will not be discussed in detail here.
By comparison with more certain information for the U.S. in Table 5, the world hydrothermal convection
systems magnitudes in Table 4 should be roughly 10 times larger than shown. Global hydrothermal
reserves (recoverable at or near present costs) would then be 3 x 107 Mwyrt (less than 1/2 percent of
original coal resources heat content), enough to run present geothermal technoecosystems for 2,200
years, but only enough to run the entire global technoecosystem for 5 years.

United States geothermal energy storage magnitudes were estimated from an elaborate
compilation by the U,S. Geological Survey (White and Williams, 1975). These data (Table 5) are
probably much more accurate than any global estimates, and analysis of them can give a better idea
of what to expect in other continental areas of the world.

Total assessed thermal energy content of the U.S. (first column) is indeed very large,
equivalent in gross magnitude to present U.S. technoecosystem operation for around 42, 000 years.
But most of this thermal energy is very low quality storage in normal gradient areas and is unlikely
ever to be extracted.

With present and near-current technology and without regard to cost, only hydrothermal
convection systems and geopressured geothermal reservoirs can now be tapped. The combined
magnitude of these recoverable resources is 3 x 108 Mwyrt, equivalent to geothermal technoecosystem
operation for 55,000 years at present gcale, 1,700 years at 1985 scale, and 700 years at projected
2000 scale. And it is equivalent to only 10 years of operation of the entire present U, S, technoecosystem,

Finally, only hydrothermal convection systems are exploitable at presently competitive money
cost. Total magnitude of high~-temperature (over 1500C) identified reserves is 2 x 10° Mwyrt,
equivalent to geothermal technoecosystem operation for 450 years at present scale, 14 years at 1985
level, and only 6 years at projected 2000 exploitation level. Hickel's (1973) estimate for 2000 A. D.
geothermal power level, 395,000 Mwe = 2.5 x 10° Mwt at 16 percent efficiency, would exhaust these
reserves in only one year. This reserves magnitude is also equivalent to just one month of present
U.S. technoecosystem metabolism, and only 0. 2 percent of U.S. original coal resources heat content.
Undiscovered rescrves may be about 5 times as large, and paramarginal resources (recoverable at
1 to 2 times present competitive cost) may have the same magnitude as reserves (Renner, White, and
Williams, 1975). But the total of all reserves and paramarginal resources (identified and undiscovered)
would still only be 2.5 x 107 Mwyrt, equivalent to just one year of present U.S, technoecosystem
energy flow, and only 2 percent of U.S. coal resources heat content. :
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Table 4. Global geothermal energy storage magnitudes

Phenomenon Heat Content | Notes
{(Mwyrt) /1
Total earth heat content . . . . . . . . 4 x 1017 /2 |
)
Outer 100 km of crust . . . . . . . . . . 3 x 1013 /3 |
i
t
Outer 10 km of crust . . . - . . . . . . 4 x 1013 /3 '
Igneous-related systems (outer 10 km) . . 5 x 1011 /4
Hydrothermal convection systems 9
(outer 10 km). . . « + « « + « » + « 1 x10 /3
Hydrothermal convection systems
(outer 3 km) + . +« « « + « « + . . . 3 x 108 /3
Hydrothermal convection systems
(reserves, outer 3 km) . . . . . . . 3 x 106 /3,5
World original coal resources . . . . . . 7 x 10° /6
World original crude o0il resources . . . 4 x 108 /7
Notes:
1. Heat content above 15°C. 1 Mwyrt = 1 megawatt- year thermal. These magnitudes are all very rough
estimates.

2. Kappelmeyer and Haenel (1974).

3. White (1965). Hydrothermal convection systems estimates may be too low by a factor of 10 (compare
with Table 5).

4. Assume same ratio (1:80) as in the U.S. for igneous-related heat content to normal gradient heat
content (White and Williams, 1975). This assumption could be off by a factor of 10.

5. Reserves are resources recoverable at or near present economic costs.

6. Assume 7.6 x 1012 metric tons of coal (Hubbert, 1969%), with heat content assumed to be 7.2 x 103
cal/gm = 7.2 x 109 cal/metric ton (White and Williams, 1975).

7. Assume 2.1 x 1012 barrels (bbl) of crude oil (Hubbert 1969%), with heat content of 1.46 x 109 cal/bbl
Steinhart and Steinhart, 1974%).

Nathenson and Muffler (1975) present calculated estimates of total electrical energy production
potential for numerous high-temperature hydrothermal convection systems of the U.S. Of these systems only
the Geysers field is producing electricity on a regular basis at present. The estimated electrical energy
potential is 477 electrical megawatt centuries (47,700 Mwyre), or just 95 years at current 500 Mw electrical
production rate. Only legal barriers are preventing expansion of the power system at the Geysers
(Kaufman, 1971), which would result in a still shorter field lifetime. Estimates of maximum power
production rate range from 1,000 to 4,000 Mwe (Goldsmith, 1971), corresponding to field lifetime of 48
to only 12 years. These apparent time limits may be misleading, however, because the reservoir may
extend below the assumed 3 km depth (Renner, White, and Williams, 1975), and also because fluid recharge
could facilitate recovery of heat stored in reservoir rock (although at lower temperature and energy
quality),

The foregoing maze of numbers serves to illustrate these points:

1) At projected exploitation rates and with present technologies, the geothermal energy niche
is a finite stock niche,

2) size of the stock niche is difficult to determine precisely, but it appears to be small relative
to technoecosystem needs and geothermal technoecosystem capabilities, and

3) improved technology could greatly expand thermal energy storages available for exploitation,
but available natural heat flows would probably still be small compared with exploitation rates.

When a system's heat storage magnitude (Table 5) is divided by the magnitude of its natural heat flow
(Table 3), the result ig the approximate time duration which would be required for natural heat flow to
replenish the system. Suchtime values range from tens of thousands to millions of years. Barnea (1975*)
criticizes White and Williams (1975) for not including thermal energy recharge in their regource estimates,
But it appears that heat recharge is too slow to make much difference. Clearly, at projected exploitation rates,
geothermal energy is yet another depletable fossil fuel. The technoecosystem has outgrown the geothermal energy
flow capacity of earth syatems,

Table
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Table 5. United States geothermal energy gtorage maggitudes

Type of Geological System Resource Resources |[Reserves [Notes
/1 Base /2 /3 : /4
(Mwyrt) (Mwyrt) (Mwyrt}
Normal gradient areas 12
(same as total U.S. storage)| 1 x 10
Igneous-related systems
Identified 3 x 109
Undiscovered 1 x 1010
Total 1 x 1010
Subsiding sedimentary basins /5
Onshore Tertiary beds 2 x 107 7 x 107
Other reservoirs 4 x 107 1 x 108
Total 7 x 107 2 x 108
Hydrothermal convection
systems to 3 km, over 90°C 6 /6
Identified 1 x 108 2 x107 | 2x 10
Undiscovered 3 x 108 x 107 1 x 1907
Total 4 x 108 9 x 107 | 1 x 107
U.S. original coal resources 1 x 10? /7
U.S. original oil resources 4 x 107 /8

Notes:

1. Geothermal storage magnitudes derived from papers in White and Williams (1975), Inventory is
to to depth of 10 km unless otherwise specified.

2. Resource base is thermal energy content of entire system without regard to recoverability, Magnitudes
are from Table 26 of White and Williams (1975), except magnitudes for subsiding sedimentary basins,
which are from Table 28 and Papadopulos et al (1975, p. 130).

3. Resources are thermal energy, both identified and undiscovered, that is recoverable using current or

near-current technology, and without regard to cost.

Reserves are resources that are recoverable at present competitive economic cost.

Resources magnitudes are for fluid resource only and include not only thermal energy but also thermal

equivalents of methane content and mechanical energy. Resources magnitudes are from Table 28 of

White and Williams (1975). Resources magnitude for onghore Tertiary formations of northern Guilf

of Mexico basin is the maximum recoverability of 3 extraction plans calculated by Papadopulos et al.

Resources magnitude for other reservoirs (includes Cretaceous formations, offshore reservoirs, and

other geopressured environments, all to 10 km depth) is a minimum estimated value.

6. Resources and reserves magnitudes are from Table 27 of White and Williams (1975). Reserves
include high-temperature (hotter than 150°C) systems only. Identified reserves magnitude is thermal
equivalent of 3.5 x 105 Mwyre at 16 percent efficiency. Undiscovered reserves are assumed to have
the same ratio to identified reserves as undiscovered resources to identified resources, which is 4. 7:1.

7. Assume 1.5 x 1012 metric tons of coal (Hubbert, 1969*), with heat content assumed to be 7.2 x 103
cal/gm = 7.2 x 107 cal/metric ton (White and Williams, 1975).

8. Assume 1.9 x 1011 barrels of crude oil (Hubbert, 1969%), with heat content of 1.46 x 109 cal/bbl
(Steinhart and Steinhart, 1974*).

oo

2. Killing the Goose

"In principle, at least, the present accelerating civilization of man may be running on
energies stolen from the mountain building cycle. "

-- Howard T, Odum (1972, p. 241)

This statement by Odum, made in the context of his biovolcanism hypothesis (that industrial
and geological systems compete for solar-derived energies), is not just figuratively but literally true
in the case of geothermal energy. As shown in Chapter II, thermal energy is the driving force and
lifeblood of many subsurface geological processes. Some fruits of these processes are destructive to
local bicecosystem and technoecogystem patterns at the surface. But most are beneficial, creating and
maintaining the entire geometric and chemical framework within which biological and industrial life
exist. For agcs, men have been awed by earth cycles and their results. Now, with newly extended
technoecosystem leverage, they seek to bring the very energy source which drives these cycles under
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human control as a new technoecosystem component. Odum's (1972) question "ls man a better
voleano. .. ?", originally asked in biovolcanism context, is particularly appropriate here if ""geothermal
technoecosystem 18 substituted for ""man".

A discovered and tapped geothermal reservoir becomes part of the Inorganic outward
technoecosystem sector. When natural systems are engulfed by a technoecosystem, they change because
their energy flows are modified to provide maximum yleld. Technoecosystem almost always degrades
the environment as it channels energies away from other systems and toward its own purposes.
Geothermal technoecosystems can tap thermal energy faster than (and therefore can outcompete) such
geological systems as geysers, hydrothermal convection systems, and volcances. Since heat drives
these natural systems, its withdrawal can cool them off, dry them out, and halt their natural functioning.
Geothermal exploltation can alter geological systems on an unprecedented scale.

The exact effects of geothermal exploitation on subsurface phenomena are difficult to predict,
but significant impact is certain, Chemistry, structures, and energy flows can be affected in many
ways, sometimes through complex causation pathways, and often with long delays,

In the last chapter, the probable sequence of geothermal technoecosystem succession was
suggested to be from near-surface to deep resources, roughly in the cascaded sequence L, I, F, Cin
Fig. 6. At each successional stage the effects on environmental systems are longer delayed and longer

lasting than those at the previous stage. Furthermore, as each successive storage is tapped and degraded,

the systems downstream are competed with and perhaps driven out of exlstence. For instance, tapping
a hydrothermal convection system can interfere with fumaroles at the surface, and removing the
heat from a magma body can end the possibility of hydrothermal convection systems above it,

Local, short term environmental effects of geothermal exploitation were reviewed in the
last chapter. They include subsidence, modification of seismic activity, contamination of groundwater,
and disappearance of surface hydrothermal phenomena. Longer-term effects will now be examined.
The meaning of "environment" is expanded here from the usual surficial and short-term limitations
to include the subterranean environment and long time spans typical of geological change.

Exploitation of hydrothermal convection systems can alter thermodynamic, chemical, physical,
and behavioral properties of hydrothermal reservoirs over a short time interval (years to decades), But
these effects can linger for a much longer period because thermal and aqueous recharge are slow,
and because exploltation can change permeability and thus fluid flow pathways. Alteration of
thermodynamic fluid properties can cause precipitation of minerals in new locations and may terminate
long-term epithermal ore deposit formation processes. Injection of cooled, concentrated brines may
permanently modify the chemical and thermodynamic state of a hydrothermal system.

Axtmann (1975) suggested that thermal energy and carbon dioxide output from hydrothermal
convection system exploitation could have a major effect on global climate (including aridity). Heat
output would probably have to be at least as large as present world technoecosystem energy flow
(Table 2) to make a dent in the earth's energy balance. And total heat content of hydrothermal
convection systems reserves, if ten times the value in Table 4, would sustain such power for only 5
years. So it seems likely that any significant thermal pollution (in the giobal sense) would be from
exploitation of other, larger geothermal reservoirs. Carbon dioxide, a sensitive atmospheric radiation
balance control substance, may have a greater effect, however. An inventory of potential yield of

the gas from all exploitable hydrothermal systems could help determine its maximum possible climate
effects.

Exploitation of geopressured geothermal resources permanently withdraws pressurized fluids
from saturated sediments and causes immediate subsidence. Fluid withdrawal can irreversibly increase
thermal conductivity of saturated shales, cause subtle long-term changes in subsurface thermal

gradients, and perhaps alter slow ongoing processes of petroleum and natural gas formation and
concentration.

Hot-dry rock exploitation would leave permanent scars in the subsurface environment -- immense

volumes of artificially fractured and cooled rock. If nuclear explosives were used, these underground
cavities would be peppered with artifically created, long-lived radioactive elements. Millions of years
of erosion might someday expose these strange geological phenomena at the surface. Porphyry copper
deposits form in deep hot-dry rock environments (Norton and Gerlach, 1975*); thermal energy
extraction on a massive scale could interfere with or end this slow process. Artificial fractures could
channel subsequent igneous Intrusions.

Exploitation of magma reservoirs, if it were ever to become feasible, would result in premature
cooling and solidification of molten rock, and could interfere with magmatic mineral deposit formation
processes, Tikhonov and Dvorov (1973) point out that geothermal exploitation could silence volcanoes,
presumable by cooling magma. This might be advantageous to local technoecosystems in the short run
but could have diverse negative impacts In the long run. ’
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Normal heat flow areas have total thermal energy flows which are small compared with over-
lying high-energy technoecosystems (as in the U.S., Table 3), but they represent large heat storages
which have high energy quality at great depths. Exploitation, if net energy yielding technology could be
developed, would be similar to tapping of hot-dry rock and would have gimilar regults -- great volumes
of artificially fractured rock underlying large areas of the planet. Extraction of heat from high-thermal-
conductlvity salt domes which are connected at depth with thick, extensive salt beds may be the most
efficient method of harvesting heat from large normal gradient areas, and may have the smallest impact

on subsurface materials.

Huge thermal storages in lower crust and upper mantle are presently far beyond the reach of
geothermal technoecosystems, But should the dreamed-for technological window to these depths
ever open, it is almost certain to be eagerly used. And such deep heat extraction could have the greatest,
longest lasting, and longest delayed effects on earth cycles. For it is at these depths that the earth's main
engines lie. Indeed, global tectonics mechanisms might be modified by such profound exploitation at
production rates comparable to present technoecosystem energy demands. The precise effects seem
difficult to predict, but they would probably occur on a grand time 8scale of thousands to millions of years.
In the long run, no system on the planet (climate, life, atmosphere, topography, etc.) could escape
being influenced by significant alteration of deep geothermally-powered geological cycles.

The ultimate extension of heat removal from great depths is the cessation of mantle convection
and the global tectonic motions which it drives. Earth would then become a tectonically dead planet,
and the consequences for global geochemical, atmospheric, and biological cycles would be manifold.

Such potential long term effects of geothermal resources exploitation are of little concern to
most of us today. But they should at least be in our awareness. Geological feedback response to
geothermal exploitation is very slow. In our lifetime the environmental effects are likely to be slight.
But expansion of geothermal resource extraction rates far beyond their present limits could in the
long run bring to an end many of our planet's free services.

Consider geothermal technoecosystems now from the viewpoint of deep geological systems
looking upward. Little that technoecosystems have done has ever had much effect on the sluggish pace of
subterranean life. Recently a few deep mines and a few oil wells have plunged into the spherical
geological pudding. Other than that, the only events of note have been sporadic seismic shocks from
nuclear explosions, Thermal news travels slowly underground; effects of the last ice age have as yet
penetrated no deeper than 1 or 2 kilometers.,

Suddenly, geothermal technoecosystems begin their rapid evolution. Airborne remote
sensors, geochemical sniffers, and geophysical shockers probe the surface, and a curtain of cold,
low-pressure drill hole heat pipe filaments rapidly descends from the outer world to tap near-
surface heat concentrations, Hydrothermal convection systems are force-cooled and pumped dry
and left bloated with a cool burden of reinjected brine. Geopressured reservoirs are depressurized.
New underground cavities are blasted out and pumped cold. And plutons are prematurely frozen on
the spot. In many places the geothermal gradient is altered so much that the effects will last for
millions of years. It is a swift, inexorable global geological massacre.

Drill holes are subterranean fingers of human control, of technolife, which penetrate the
permeability and conductivity barriers that have formed and protected the subsurface heat storage
systems. By taking heat out, these linear conduits can kill geological systems as inevitably as spears
kill mammoths. Ancient geological heat floods out through these wounds in a geological instant,
creating temporary order in technoecosystems at the surface. Geothermal technoecosystems bring wealth
to men by controlling and destroying structures and energy patterns underground.

Indeed, geothermal technoecosystems are the new top to the hierarchically cascaded energy
pyramid of geothermal energy concentration systems. They are predators of geological systems.
When entropy jet meets entropy jet, one often wins and takes over the parts and flows of the other.
When technoecosystem and geological system meet, technoecosystem must win, at least in the short
run, because of its high energy concentrations, sophisticated information systems, exotic materials
and geometries, and most importantly because of the omni-adaptable planetary intellect of the humans
who sit at its controls.

Geothermal technoecosystems hunt their quarry, then exploit and eventually kill it. The
unconscious geological prey cannot hide for long from the rapidly evolving technoecosystem with its
aggregate sense of self, its diverse cybernetic probes, and its use of torque, the strength of drill
steel, the power of fossil fuels, and the hardness of diamonds in optimum configurations.

There is little defense against such a system but the inaccessibility of depth.

The present era of geothermal exploitation is like the entrance of men into a new hunting
ground populated with many giant wild beasts. We may expect a great hunt orgy, and the near
extinction of the prey which is easiest to track down and exploit. Tracking and exploitation technology
must then evolve to pursue more difficult quarry, because new storages form at rates which are
diminutive compared to technoecosystem appetites and exploitation rates. Eventually, the entire
hunting ground may be reduced to being a managed technoecosystem subset, harvested with a few
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docile, controlled technoorganisms, perhaps domesticated survivors of the wild breed. In geothermal
terms, these survivors might be '"herds' of hydrothermal convection systems or plutons at spreading
ridges, which are carefully managed at renewable output rates. Surface thermal manifestations are
already an endangered species; they are now protected in Yellowstone and Mount Lassen national parks.

The ancient, venerable thermal energy we tap was formed in large part long before apes began
to speak and tools evolved to become technoecosystems., For eons, geological systems powered
by this energy have helped order the surface environment, When the heat is removed, these ordering
processes come to a halt, The heat storages seem large, but they are the accumulations of very slow
flows through geological time, For relatively small, ephemeral energy yield to technoecosystems,
the cost of long-lived geological damage at depth may be very great.

Technoecosystem, once cantent to pick at near-surface geological concentrations of minerals
and fuels, is now beginning to penetrate the deep engines which helped form them. Massive geothermal
exploitation is like killing the goose that laid the golden eggs. Not only does it damage subterranean
systems, but also, by pre-empting free geological services, it may actually cut into future life support
and thereby contract the long term technoecosystem niche,

I8 tapping the heat really worthwhile? Do men bave no respect for natural geological
systems in the nearly pristine subsurface environment? Exploiting geothermal energy and fluids
alters the underground environment as much as clearing forests, damming rivers, and strip mining
coal transforms the surface environment. Yet no environmentalists demand a stop to geothermal
exploitation; in fact many support it, There are no stickers on the bumpers of our automobile
technoorganisms which say "SAVE THE HYDROTHERMAL CONVECTION SYSTEMS",

Apparently geological systems are so large and deep and slow that they are beyond the time
and space perception of most humans, Environmentalists, environmental impact statements, and
even the U.S. Environmental Protection Agency (Hughes, Dickson, and Schmidt, 1974) concern
themselves only with short term surface effects. Men don't babitually think about what bappens beneath
their feet; geothermal heat and fluids are from another world, foreign and mysterious. And humans
don't have to pay the earth cycles for the concentration work they have done. All that is needed is to
sink a well in the right place, and free fuel spouts forth.

Everyone seems to be fascinated with the ease of tapping geothermal heat without much
disruption of the surface environment. No one has asked if it should be done. Geologists, who have the
greatest appreciation for the subterranean world, might be expected to realize that their beloved
geological systems are threatened like wildlife, But even the geologists are encouraging, assisting,

and often directing the subsurface carnage. And they are learning a great amount of geology in the
process.

3. A Better Volcano?

Biological systems and geological systems made their peace long ago, to reach a stable but
delicate geochemical-geological balance. However, newly evolved technoecosystems have been altering
natural patterns in the surface environment at an ever accelerating rate. And now that they are beginning
to penetrate deep into the geological heat engines, it must certainly be the start of a new geological
era. We may be seeing the end of a long period of geological equilibrium. With geothermal
technoecosystems coming on the scene, the old near-surface geothermal convection patterns may no
longer be stable configurations. In extreme slow motion, earth systems may gradually and allometrically

adjust and adapt to a new steady state -- either with geothermal technoecosystem predators, or
without them,

Exploitation of geothermal energy cannot expand forever; eventually it must either level off
at a steady production rate which is in equilibrium with earth cycles (a flow niche), or else it must exceed
geological carrying capacity and exploit itself out of existence (a stock niche). Oscillations are
possible, but unlikely, in view of quick predator reactions and extremely slow prey response.

There is a geothermal flow niche. Natural geological systems do such a good job of con-
centrating diffuse geothermal heat flow that {t may be advantageous to let earth cycles continue their
work while technoecosystems harvest the bigh quality fruits. Geothermal technoecosystems can
comfortably maintain this position at the pinnacle of the natural energy concentration pyramid as
long as concentrated energy is used no faster than it forms,

However, exploitation at faster rates transforms flow niches into finite-duration stock niches,
and technoecosystem succession is forced toward new configurations which gather fuels of progressively
lower quality. The energy cost of energy concentration is thereby transferred from natural systems to
technoecosystems. In such a case, net energy ratio declines until either exploitation rate levels off at
renewable rate, or else technoecosystem abandonment is forced. Unfortunately, the technology which can
exploit geothermal storagea at natural flow rate can just ag easily exploit them more rapidly. And the
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temptation to do 80 is very great, because natural heat flows are exasperatingly slow compared with
rampaging technoecosystem appetites.

An entire global technoecosystem could be operated on geothermal energy in a steady state
renewable flow niche., But such a technoecosystem would probably have to be much smaller than
ours is today. For present and projected technoecosystem size, accomodating present and projected
billions of humans, the geothermal energy niche must in all probability remain a subsidiary energy
niche.

At present, industrialized technoecosystems are based on the fossil fuel energy niche.
Geothermal technoecosystems are simply one way (agriculture is another) for concentrated fossil
fuel energies to be invested in order to harvest an amplified energy profit from natural systems,
often in remote locations, Geothermal technoecosystems would probably yleld much less net energy if
they had to support the entire high-energy industrial superstructure which makes them possible -- mines,
steel mills, cities, and so forth, Hence the survival of high energy geothermal technoecosystems depends
on successful transfer of the global technoecosystem from the finite fossil fuel stock niche to some new
major energy niche, perhaps a flow niche,

The geothermal energy niche is just opening now, But, assuming that it will be exploited
rapidly as a stock niche, and assuming that the global technoecosystem will survive into the distant
future (although this is by no means certain), now is not too soon to start to think about the end of the
niche. As discussed in Chapter I, exploitation of finite resources does not occur as a square wave
through time -~ instantaneous start, long plateau, instantaneous stop, Instead it tends to follow a bell
curve -- acceieration and excitement at the start, worry and controversy at the peak, and decay during
a long decline. This can happen at many scales of space and time: a short exploitation pulse for a local
resource, a much longer pulse on global scale. Since the geothermal energy niche is likely to be a stock
niche, we might as well plan now for eventual obsolescence, succession, abandonment, and perhaps
recycling of geothermal technoecosystems at local and worldwide scales.

At the surface we may expect not only abandonment of geothermal technoecosystem components,
but also changes or decay of other technoecosystem configurations which develop around the geothermal
base. Industries designed around a geothermal niche will have to move, adapt, or disappear when it
comes to a close. Agricultural fields irrigated and maintained by exploitation of a geothermal power and
water niche will very likely have to be abandoned, perhaps leading to severe local desertification. The
more geothermal resources are used in energy flow amplification roles, the greater the effects of eventual
niche termination are likely to be.

Fossil evidence of geothermal technoecosystem abandonment will also be left in the subsurface
environment, where it is likely to last long after all traces at the surface have vanished. Just one or two
human generations of high energy geothermal technoecosystem operation could irreversibly foul the
subterranean geological nest, leaving a legacy of chilled, depressurized, blasted, and abandoned
geothermal reservoirs. Scars at the surface, even in delicate desert environments, heal quickly
compared with scars underground. Far in the future, long~abandoned geothermal bores may be found
embedded in rocks exposed at the surface, much as today we find worm burrows preserved in
sedimentary formations -- fossil remains of ancient energy systems and their environments.,

Should we let geothermal exploitation proceed? Must all potential energy stocks within
technoecosystem's reach be exploited? Perhaps a new technoecosystem management ethic is called
for here: avoid dissipation of finite, irreplaceable energy storage on routine maintenance and expansion
of technoecosystems. Feeding appetites just enables them to grow, and it makes the eventual bust
more severe. Instead, save the energy pulse for later need, or use it to develop technoecosystem
configurations for some new flow niche.

Can geothermal exploitation be stopped? Probably not. There seems to be an adaptive drive
in humans to enthustiastically explore and exploit any new technoecosystem niche which presents itself.
Population growth and globally-communicated appetites for high energy lifestyles enhance this impulsion,
Unless laws or dollars intervene, tapping of potential energies can hardly be stopped, even if the resource
is a limited stock, Except in special cases (like protected thermal systems in national parks), there is
little negative feedback but net energy or money ratio to slow geothermal exploitation. Where economically
competitive, geothermal technoecosystems will probably expand until the niche is filled beyond long-
term carrying capacity.

Should geothermal technoecosystems evolution and succession proceed so far that thermal
energy is tapped from deep crust or upper mantle, some new technoecosystem possibilities could open
up. Geothermal energy is the currency of subsurface processes. As our knowledge of earth systems
expands, we may discover that there are certain key components of macroscale geological systems which
are highly sensitive to thermal energy withdrawal -~ and which could be used to manipulatc global
tectonic forces and motions over long periods of time. Judging by past and present technoecosystem
management philosphies, if men can control something, and thereby expand the technoecosystem, they
will. There is only a diffcrence of time and space scale between managing a hydrothermal convection
system and modulating convection in the mantle, If men and technoecosystems should survive so long
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on this planet, we might imagine projects lasting millions of years for global engineering of spreading
centers, continental geometry, mountain architecture, and arid climatic zones. If this should
happen, then earth's only independent variables would be mass, chemical composition, and orbital
parameters; everything else would be subject to human decisions and their uncertain consequences.

Such global geological management would probably be for peaceful purposes. Although
geological phenomena like volcanoes and earthquakes have been suggested as environmental weapons
(Barnaby, 1976%), and thus as military technoecosystem subsets, it seems unlikely that intercontinental
grudges could be held long enough to sustain plate tectonic warfare.

Will continental drift become still another phenomenon which must be managed by social
systems just to avoid the peril of overexploitation? Will all the cycles of our planetary spaceship
eventually become part of the technoecosystem? Perhaps some natural systems are best left alone.
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V. IMPERIAL VALLEY

There is perhaps no example better than Imperial Valley, California, to illustrate in concrete
form the facts and principles presented in the preceding four chapters. Imperial Valley is the site of a
complex but unified very-high-energy agroindustrial fossil-fuel-niche macroscale technoecosystem,
carefully adapted to topography, soils, extreme aridity, and a large, but finite water flow niche, The
valley's macroscale geological framework is a unified system incorporating all levels of the convective
heat flow concentration hierarchy; yet the large geothermal resources it has produced are sufficiently
varied to require specialized adaptations in exploitation systems., Geothermal technoecosystems have
been present in Imperial Valley for 50 years or more, and their evolution and growth are currently
experiencing an unprecedented boom. Current plans for future geothermal technoecosystem development
in Imperial Valley may be the most elaborate, ambitious, largest-scale of any geothermal development
scheme in the world, As is the case with most geothermal exploitation plans, however, the geothermal
niche is small compared with technoecosystem energy appetites.

A special feature of Imperial Valley is that it occurs along the U.S.-Mexico international
boundary. Thus its geothermal and agroindustrial developments can be studied in conjunction with those
of adjacent Mexicali Valley, Baja California, which is a continuation of the same physical setting.

Much has been written about geothermal resources and exploitation in the Imperial Valley-
Mexicali Valley region -- probably more than has been written about any other arid geothermal location.
At least 65 items in the Bibliography and the Supplementary References list deal specifically with this
area; most of them are cited in this chapter.

With the four past chapters as background, the stage is set. Now, as we fly over Imperial
Valley, we can truly appreciate the macroscale drama of the geological systems and technoecosystems

evolving there below.

1. Natural Environment

Imperial Valley is located in the Salton Basin physiographic province, more specifically in the
Salton Trough, a 150 km long northwest-trending, deep, sediment-filled structural trough or rift valley,
the landward extension of the Guif of California. The Salton Trough is one of the most tectonically
active areas in the world, exhibiting rapid deformation, frequent earthquakes, volcanism, and high
heat flow, It is a major geothermal province (Palmer, Howard, and Lande, 1975).

From northwest to southeast, subdivisions of the Salton Trough are: Coachella Valley, the
Salton Sea, Imperial Valley, Mexicali Valley, and the Colorado River delta. Coachella, Imperial,
and Mexicali valleys are in large part below sea level, The Salton Basin, which includes them, drains
internally to its lowest part, the Salton Sea (elevation -71 m, area 930 km%),

Boundaries of Imperial Valley are: Salton Sea and Imperial County border to the north, hills
and mountains to the west, Algodones sand dunes and Chocolate Mountains to the east, and the international
boundary to the south. The valley occupies southeasternmost California and northwesternmost Sonoran
Desert. Imperial Valley is extremely arid; average yearly rainfall is only 6.4 to 7.6 cm, while annual
evaporation from Salton Sea is around 180 cm (Werner and Olson, 1970), Precipitation occurs mostly
from October to February. Mean annual temperature is 23°C, Sparse natural vegetation, where still
undisturbed, consists of alkali sink community near the Salton Sea, and creosote bush scrub community
elsewhere (U.S. Bureau of Reclamation, Washington, D.C., 1972 -- henceforth abbreviated USBRDC, 1972;
Denver, Colorado offlce is shortened to USBRC, and Boulder City, Nevada office to USBRN).
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Most of our knowledge of subsurface systems in the area has accumulated, partly as a result
of geothermal exploration, in just the last two decades. Palmer, Howard, and Lande (1975) present a
good overview of the geology of the Salton Trough, which has been drawn on for much of the following
discussion.

On the scale of global tectonics (first stage in the convection systems hierarchy), the Salton
Trough and the Gulf of California represent the transition from rifting and new oceanic crust formation
(along the northeast-trending East Pacific Rise spreading ridge) to right lateral strike-slip motion (along
the northwest-trending San Andreas fault system)., The result of this transition is a complex series of
short northeast-trending spreading centers (segments of East Pacific rise) offset by en echelon
northwest-trending right lateral transform faults (of which the San Andreas fault is the last and largest),
laid out in stairstep fashion from the mouth of the Gulf of California to the Salton Sea, High heat flow
measurements in the Gulf indicate the positions of at least two spreading centers (Lawver, 1975), and a
map (Palmer, Howard, and Lande, 1975) shows nine spreading centers. This structural system has
facilitated global convection-driven separation of Baja California from the mainland (forming the Guif)
and northwestward sliding of coastal southern California relative to the rest of North America. These
motions are very slow, on the order of 6 cm per year., They have been going on for a long time -~ Gulf
of California has been a tectonic depression for the last 15 million years (ibid.). And they will
probably continue for more millions of years if not disturbed.

The Salton Trough is an actively growing rift valley. But it is a complex rift valley, not a
simple one like the Red Sea or East African rifts. It is really an extension of the Gulf of California,
complete with discrete spreading centers offset by en echelon northwest-trending faults. The major
difference from the Gulf is that the Salton Trough is filled with sediments and sedimentary rocks,
mostly of continental origin and 3 to 6 km thick (Austin, Higgins, and Howard, 1973). Palmer, Howard,
and Lande (1975, p. 16) show three inferred spreading centers in the Salton Trough: one under Cerro
Prieto, Mexico, a second under the Brawley geothermal area, and a third under the southeastern end of
the Salton Sea. An aeromagnetic survey (De la Fuente Duch, 1973) suggests the presence of a fourth
spreading center, Pango de Abajo, on the Colorado River delta.

Under the Salton Trough, the crust is thin; the mantle is only 15 to 20 km deep (Koenig, 1973B).
Additional thinning occurs where the crust pulls apart at spreading centers, allowing magmas to form and
leak upward, the second stage in the convection systems hierarchy. The only surface manifestations of
magma systems (Quaternary volcanoes, hot springs, fumaroles, and mud volcanoes) occur at Cerro
Prieto and Salton Sea southeastern end. However, numerous hydrothermal convection systems, third
stage in the convection systems hierarchy, are scattered through the Salton Trough, hidden (except to
geophysical surveys) by impermeable cap rock.

Three major northwest-trending fault systems -- San Andreas, San Jacinto, and Elsinore -- cut
through Imperial Valley and the Salton Trough, giving the trough and even the Salton Sea their northwestern
alignment. Since 1931 about 2 m of differential right lateral movement has taken place in southern
Imperial valley (Palmer, Howard, and Lande, 1975), equivalent to an average rate of 4.5 cm per year.
This motion is accompanied by much seismic activity. More than 12 earthquakes greater than magnitude
6.0 (Richter scale) have occurred since 1900 (ibid. ), and hundreds of microearthquakes (magnitude 1.0
or less) are triggered each year (USBRN, 1972C). Hill, Mowinckel, and Peake (1975) present a map
of locations of moderate and small earthquake epicenters; they are most common along faults and below
geothermal anomalies. In general, microearthquakes occur in hot areas and medium to large quakes
occur in cool areas of Imperial Valley (USBRDC, 1972). Along with its horizontal movement, Imperial
Valley is undergoing tectonic subsidence at a rate of about 1 cm per year (Goldsmith, 1971).

While subsiding, the Salton Trough has been filling with sediments, most derived from the
Colorado River. The Colorado, entering from the east at Yuma, has over millions of years alternately
discharged sediments and water south into the Gulf of California and north into the Salton Basin (Palmer,
Howard, and Lande, 1975). Vast amounts of deltaic sediments (sands, silts, clays, and pebble conglomerate,
eroded from the Grand Canyon and elsewhere in the Colorado River Basin), along with some fine-grained
lake beds, eolian deposits, and alluvial fan sediments from nearby mountains, have gradually filled the
trough, generally keeping pace with subsidence.

Sediments in the Salton Trough are mostly unconsolidated. However, some sediment volumes
have been metamorphosed to hard, dense greenschist facies by deep, hot portions of hydrothermal
convection systems (Combs and Muffler, 1973), This transformation greatly decreases porosity and
permeability, and thus also decreases fluid recharge rates and storage (Dutcher, Hardt, and Moyle, 1972).

Deep groundwater reservoirs, which contain the hydrothermal convection systems, are well
separated from shallow aquifers by impermeable cap rocks. Such impermeability is usually caused by
presence of lacustrine clays, but can also result from self sealing by hydrothermal convection systems
(Palmer, Howard, and Lande, 1975). Geochemical testing (Na~K-Ca geothermometry) at East Mesa
shows clearly that the geothermal system is tightly confined (Swanberg, 1974).

The entire Salton Trough sediment fill is saturated with water to within a few meters of the
surface, Most of thio water is from Colorado River underflow, but some is from adjacent mountain
ranges, as shown by hydrogen and oxygen isotope Studies (Combs and Muffler, 1973). Recharge is very
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slow (Reed, 1973). Total volume of available groundwater in ILmperial Valley is estimated to be 1400 km3
(1.1 billion acre-ft) by Dutcher, Hardt, and Moyle (1972), and 2000 to 5900 km3 (1.6 to 4.8 billion acre-

sult ft) by Rex (1970). This would represent 81, 119, or 356 yearsof average original Colorado River flow at
ta Lees Ferry, Arizona, 16.7 km3 (13.5 million acre-ft) per year (Jacoby, 1975%).
g
Salinity of deep groundwater increases along a gradient to the northwest (Meidav and Furgerson,
1972), from around 1,000 ppm at Yuma to around 300, 000 ppm at the Salton Sea (Austin, Higgins, and Howard,
-on 1973). (Sea water salinity is around 35,000 ppm.) Salt content raises boiling temperature of water, which
lon allows higher temperatures at shallower depths; this effect is most gignificant for extremely hot
along hypersaline brines of the Salton Sea geothermal system. Shallow groundwater, except in Coachella Valley,
of is too saline for agricultural use, Werner and Olson (1970) comprehensively review physical properties
est) and magnitudes of surface and subsurface waters in the Salton Sea area.
w In deep groundwater of Salton Trough, a number of hydrothermal convection wet steam systems
da nave established themselves, One is known at Cerro Prieto in Mexicali Valley, and approximately
: ten are known in Imperial Valley, Renner, White, and Williams (1975) tabulate estimated temperature,
5 subsurface area, volume, and heat content of 8 hydrothermal convection systems of Imperial Valley.
ie Combined, they represent about 1 percent of the estimated heat content of all U.S. hydrothermal convection
‘ulf gystems (identified and undiscovered), and about 6 percent of identified systems heat content. The U.S.
Geological Survey has established 6 known geothermal resource areas (KGRAs) in Imperial Valley.

The hottest hydrothermal convection systems (Salton Sea and Cerro Prieto systems) occur over
inferred spreading centers. And all the systems seem to be at least partly localized by vertical
permeability in fault zones (Rex, 1970).

With the exception of Salton Sea and Cerro Prieto systems (which have surface thermal

rd, manifestations), Salton Trough hydrothermal systems can be detected only with geophysical exploration
techniques. Diagnostic geophysical features of the convection systems include high seismic noise and
of microearthquake activity, high temperature gradient and heat flow, high residual gravity anomalies,
and low electrical resistivity (Combs and Muffler, 1973; Palmer, Howard, and Lande, 1975; and Meidav
and Furgerson, 1972). Gravity highs (density highs) may be due to intrusion of igneous rocks, or due
to baking of clays, low-grade metamorphism, or silica cementation by hydrothermal fluids (USBRN, 1971*;
3B). Combs and Muffler, 1973; Reed, 1973), Evans (1972) suggests that linear magnetic low anomalies may
and indicate places where hot fluids convect upward in fault zones. All these geophysical properties have
f been present for eons, but it was not until geophysical sensors were evolved by technoecosystem and
then brought to Imperial Valley that they became sensory realities.

Of all the hydrothermal convection systems in Salton Trough, only three have been extensively
explored and reported in the literature: Salton Sea, East Mesa, and Cerro Prieto systems., Each has
unique physical properties which profoundly influence possible configurations of successful exploitation

tCUt technoecosystems. The three systems will now be discussed in turn.
ern

The Salton Sea geothermal system (also known as Niland, Buttes, or Obsidian Buttes anomaly,
3 geothermal field, or geothermal system), located at the southeastern end of the Salton Sea, is a global
le geological rarity -- it contains very hot hypersaline brine, Of all known Salton Trough hydrothermal
systems, it is the saltiest, largest, northernmost, and next-to-hottest. Salinity ranges from 250, 000
up to 350,000 ppm (25 to 35 percent) (Austin, Higgins, and Howard, 1973), The fluids are nearly
saturated Na-Ca-K chloride brine, contain anomolously high concentrations of certain metals (Fe, Mn,
Cu, Zn, and Pb), and have the highest salinity found in geothermal fluids in the world to date (Ellis, 1975).
Temperatures over 300°C and ranging up to 370°C occur at depths of 1.3 km and greater (Koenig, 1973B).
This is by far the highest temperature reported in Imperial Valley, and is second only to the highest
temperature at Cerro Prieto, 388°C (ibid.). Hydrothermal metamorphism reaches shallowest depths
in the Salton Sea system (Palmer, Howard, and Lande, 1975).

: According to estimates by Renner, White, and Williams (1975), not only does this system have
erate, the largest area, volume, and thermal energy content of all Imperial Valley hydrothermal systems, but

! also its heat content is half of total heat content and its recoverable electrical energy content is 60 percent
i of the total for all Imperial Valley systems, Subsurface area of the system is estimated to be 54 km

i (ibid.), but the area of anomalous heat flow is about ten times as great. Heat flow contours (USBRDC,
1972) form a bull's-eye pattern centered on the southeastern shoreline of the Salton Sea; more than half

of the anomalously hot area is inferred to underlie the sea.

At the center of the Salton Sea geothermal system, along the Salton Sea shore, stand the Salton
e ’ Buttes, five small extrusive rhyolite domes, the only surficial volcanic features in Imperial Valley.
Aeromagnetic data, as interpreted by Griscom and Muffler (1971), show that these domes are small
extensions of a large northwest-trending igneous ridge 29 km long, 5 to 8 km wide, and 2.0 to 2.3 km
below the surface. Dating of rocks indicates that the last eruption was less than 55, 000 years ago and
possibly only 16,000 years ago (Smith and Shaw, 1975, p. 68). The igneous body is still hot, and is the
heat source which drives convection in the Salton Sea hydrothermal system.,

Another distinctive feature of the Salton Sea system is that a large amount of carbon dioxide
(CO32) has been concentrated at shallow depth just north of the Salton Buttes. Muffler and White (1969*)
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suggest that this gas has been liberated from carbonate minerals by hydrothermal metamorphism of
sediments at depth. Because of this CO3 reservoir, and especially because of the hypersalinity of
deep geothermal fluids, the configurations and evolutionary history of geothermal technoecosystems
at the Salton Sea field have been and will continue to be very different from those at any other system
in the Salton Trough,

The East Mesa hydrothermal system, smaller, cooler, and less saline than the Salton Sea
system, is located (at its center) in desert terrain 12 km east of Holtville, California, 2,5 km east of
the East Highline Canal (eastern boundary of Imperial Valley's irrigated area), and 10,5 km north of
the international boundary. This system, which ranks third in size among Imperial Valley systems,
is known largely through extensive exploration efforts by the U.S. Bureau of Reclamation. Published
geophysical and geological information (e.g., USBRN, 1971, 1971*, and 1974; USBRDC, 1972 is more
compl%te for this system than for any other in Imperial Valley. Subsurface area is estimated to be
28 km“ (Renner, White, and Williams, 1975), and area of anomalous heat flow is about 140 km<, There
are no obvious thermal manifestations at the surface. Sediments are about 3,5 km deep (USBRN, 1971*;
Combs and Muffler, 1973). Convective heat transfer dominates below relatively impermeable sediments
about 800 m thick (USBRN, 1974), Geothermal fluids tapped by wells up to 2,4 km deep have bottom
hole temperatures of 154 to 204°C and surface flow temperatures of 154 to 166°C, salinity ranging from
about 2,500 to 26, 800 ppm, and CO2 content of 600 to 2,000 ppm (Fernelius, 1975*; Mathias, 1975%),

The East Mesa system may be typical (except in size) of Imperial Valley hydrothermal convection systems
other than the Salton Sea system.

The Cerro Prieto hydrothermal system, of uncertain size, has high temperatures comparable
to (but deeper than) those of the Salton Sea system, and lower salinity comparable to East Mesa fluids.
It is located about 35 km south of the Mexico-U.S. border town of Mexicali—Calexic% near Cerro Prieto,
a dacite-basalt volcano (Koenig, 1973B). The presently explored area (about 31 km# —~ Mercado, 1969*)
is just west of a spreading center between San Jacinto and Imperial faults (Palmer, Howard, and Lande,
1975). A single well on the eastern side of the San Jacinto fault indicates that the present well field
may be only on the periphery of a much larger system over the spreading center (Isita, Mooser, and
Soto, 1975).

Sediments roughly 4.5 km deep (Reed, 1973) at Cerro Prieto consist of a sealing cap of
clays and sandy clays, the producing horizon of sands and sandy shales at 900 to 1500 m depth (ibid.),
and another permeable sandy zone below 2400 m (Koenig, 1973B). The producing horizon is 500 m deeper
east of the San Jacinto fault (Isita, Mooser, and Soto, 1975). Wells up to 2,5 km deep yield fluids over
300°C, One measurement, 388°C (Koenig, 1973B), is the world's hottest recorded temperature for a
wet steam reservoir (Ellis, 1975), Fluid chemistry is similar to that of the Salton Sea system, but total
salinity is only a tenth as great (Werner and Olson, 1970). Salinity ranges from 13, 000 to 25,000 ppm.
The Cerro Prieto field was discovered as a result of fumaroles and mud volcanoes nearby.

In conclusion, the contrasting physical characteristics of Salton Trough geothermal systems
have exerted a strong influence on specific exploitation technoecosystem configurations and development
histories, and will continue to do so. The Salton Sea system has high temperatures well suited to power

production; but high salinity and corrosiveness of its fluids necessitate the use of specially adapted technology,

as yet unproven. On the other hand, its high salt content and its CO2 concentrations make it a good

source of chemical products. East Mesa system hae much lower salinity, but also lower temperatures.
Thus, it may be most favorable for water desalination and possibly some power generation. Finally, the
Cerro Prieto system is ideal for electricity generation; its fluids are very hot like the Salton Sea system
but have low salt content like East Mesa fluids, The technoecosystems actually developing over these three
systems closely reflect these physical niche constraints. In addition, because they have obvious
hydrothermal manifestations at the surface, Salton Sea and Cerro Prieto systems were the first to be
exploited. Hidden systems like East Mesa, most known less than a decade, are still under study, and
their technoecosystems are still at exploration or research and development stage.

2, Macroscale Technoecology

"Not only the very lives of people of Imperial Valley depend upon the safe
and secure flow of water through the irrigation system, but also their social
welfare, their culture, their ability to pursue and attain happiness and success,'

--Otis B. Tout, as quoted by Tracy Henderson (1968*, p, 131)

Flying at high altitude, we can perceive Imperial Valley as a whole system. Here in the midst
of extremely arid terrain -- barren, chocolate-colored mountain ranges and expansive, sandy basins -- we
see this incongruous patchwork of green touching a pear-shaped pool of blue. The north~oriented square
grid, which organizes the green, Indicates that this is a technoecosystem; the green color itself tells
that this technoecosystem's main functlon is to collect solar e¢nergy with chlorophyli-bearing biologlcal
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technoorganisms. Looking closer, we see canals, roads, railroad tracks, and powerlines, which are like
of a macroscale leaf. Scattered cities and towns are blocky patches less green, nerve centers where
systems and human life support systems are concentrated. The sky-blue Salton Sea is a metabolic
nk for the Imperial Valley technoecosystem. A slender dark thread angling across dunes and
desert plains from Yuma to the east -- the All-American Canal -- is the key to survival for this techno-
ecosystem; without the water it brings the fields would become desert again, and the Salton Sea would dry
up to resume its former state as a salt flat. Imperial Valley is much like what Arizona astronomer
percival Lowell (1908%) thought he saw on Mars -- a macroscale technoecosystem of croplands and
gcattered settlements, surviving in an extremely arid land on the basis of a limited macroscale water

niche fed by canals.

Area of Imperial Valley is 4430 km 2 Area of the Imperial Irrigation District, largest
irrigation district in the western hemisphere, is 3940 km? (89 percent of valley total). Of th.is horizontal
gpace, 2480 km2 (63 percent of the district) is irrigable, and 2020 km2 (81 percent of the irrigable land)
is actually irrigated (USBRDC, 1972; Henderson, 1968*). The area of land actually cultivated is limited

by several factors:

velng
control
waste si

1) It is restricted to the area of favorable soils, generally the area of Quaternary and Tertiary
lake beds (see geological map, USBRN, 1971, p. 23A).

2) It is restricted to the space of favorable water supply, generally the area below or only
slightly above the main water distribution canals, and above the elevation of the Salton Sea.

3) It is limited by competing space requirements of other technoecosystem components
(channels, cities).

4) And most importantly, it is limited by the quantity and quality of water available to it via
the All-American Canal from the Colorado River -- the macroscale water niche.

Imperial Valley is an excellent example of a high-energy technoecosystem. Its specialization
is agriculture, so the most important components are its square solar collector modules -- diverse
biological technospecies monocultures rooted in soils carefully leveled and furrowed by fossil fuel powered
tractor technoorganisms. Because of the warm, sunny climate, almost any kind of crop grows well here
—- cotton, vegetables, grains, fruits, and sugar beets -~ and planting and harvesting can be scheduled for
any month (Henderson, 1968*), Livestock technoorganisms, fed on local vegetal harvest, add additional
diversity to agricultural production capabilities.

But these fields and biological components require intricate support facilities. Soil and sun,
naturally present, require addition of water, fertilizers, biological controls, and high quality information
and organization in order to support growth of productive green plant technospecies. Accordingly, a
complex high-energy network of technoecosystem channels and modules is woven around and through
the agricultural checkerboard. High quality water input ("horizontal rain") is provided by a complex,
cybernetic, hierarchical, rectangular distributary system of canals. And low quality saline water
exhaust is collected from the fields by a similar hierarchical tributary system of tile drains and drainage
canals which ultimately discharges into the Salton Sea. A hierarchical, mostly rectangular grid of roads
facilitates access of diverse terrestrial mobile high~energy mechanical technoorganisms: tractors,
harvesters, trucks for fertilizer delivery and crop transport, and pickup trucks bearing human techno-
ecosystem managers. A few landing strips maintain aerial crop duster technoorganisms for rapid and
precise application of biological control chemicals,

On a somewhat larger (valley-wide) scale, there are scattered concentrations of still higher-
energy technoecosystem modules for servicing, harvesting, and managing the surrounding primary produc-
tion surfaces, Seven cities and several towns, including the Calexico-Mexicali internatjonal border
crossing, are gridded constellations of stationary commercial, residential, and industrial building techno-
organisms, and provide high-energy life support services for human inhabitants of the Imperial Valley
technoecosystem. Their streets bustle with highly mobile car, truck, and motorcycle technoorganisms.

Light industry modules, concentrated in these cities and along major transport channels,
perform vital services for the agricultural technoecosystem: sugar refineries, food processing plants,
packing houses, cotton gins, agricultural chemical storage and distribution facilities, and plants for
manufacture of concrete pipe and cardboard boxes. Small highways and railroad branch lines (transport
channels) connect these industrial and residential technoecosystem centers. Electricity from fossil fuel
steam plants and from hydropower drops on the All-American Canal is distributed throughout the valley
by an extensive hierarchical cybernetic power grid. Other notable technoecosystem subsets are: water-
costly golf courses; dense settlements of trailer technoorganisms, especially around warm springs north-
east of Salton Sea; U.S. Navy test base and gunnery ranges; pleasure boat technoorganisms on the Salton
Sea, supported by shoreline marinas; and weekend populations of dune buggies and other off-road techno-
organismg in sand dunes and desert spaces.

At macroscale regional level, the entire Imperial Valley technoecosystem is linked to the
national and global technoecosystems by macroscale channels. Water is imported from the Colorado
River via the All-American Canal. East-west trending interstate highways, one north and one south of the
Salton Sea, channel diverse road vehicle technospecies traffic to and from the macroscale metropolitan
technoecosystems of San Diego, Los Angeles, Phoenix, and Tucson. Railroads channel freight train
technoorganisms into the valley with agricultural chemicals and heavy machinery, and out of it loaded
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with agricultural products headed to market. Pipelines and powerlines bring fossil fuel and electricity Vall
inputs. And the county airport handles regional traffic of aircraft technoorganisms. Cali

As seen with macrovision, lmperial Valley is a macroscale entropy jet. High quality energy

inputs include flows and storages from natural systems (soils, topography, sunlight, atmospheric the ¢
circulation, and minor rainfall) and from technoecosystems (Colorado River water, fossil fuels, and

agricultural chemicals and machinery, manufactured components and materials, information, and humans). line.
High quality energy outputs include these flows and storages: agricultural products, technoecosystem tech
structure, information, humans, and enjoyment of life. And low quality energy exhausts include: waste Sea

heat; evaporated water; fossil fuel exhausts; and salts, chemical wastes (agricultural, municipal, and hyd:

industrial), sediment, and low quality water discharged into and stored by the Salton Sea. The possible
future effects of geothermal technoecosystems (still rather insignificant components of the Imperial

Valley technoecosystem) on these inputs and outputs will be discussed in later sections, But
exhs

From our airplane we see the Imperial Valléy technoecosystem from the outside, at macroscale. Asi

In contrast, Tracey Henderson, in her book lmperial Valley (1968*), describes it from the inside, at the inev

intensely personal human microscale. She intimately reviews the experience of living within the system
(old stories; local lifestyles and culture; communal experiences in earthquakes, floods, and war years)

and the accomplishments and involvements of the individual inhabitants (local leaders, historical founders the
and organizers of the technoecosystem, and even those who left the valley to man military technoecosystems than
in global technoecosystem conflicts). In addition, she sketches the history of the technoecosystem and watc
its social systems, as seen from the usual human level: Cocopah Indians, then the Spaniards, then the dive
Anglos; entrance of the fossil fuel technoecosystem (first railroad service in 1903, first automobile in nati.
1907, and first airport in 1927); and the development of roads from dirt trails to superhighways. Her book Cali
was published just before the recent boom of geothermal technoecosystem experimentation and development expc
began. popt
Of particular interest here is Henderson's review of the history of Imperial Valley's water .
transport technoecosystem. O.M, Wozencraft in 1849 was the first human to envision the possibility of dec:
an lmperial Valley agricultural technoecosystem fueled by water from the Colorado River. But the first bec:
water diversion did not take place until 1901. Flooding of the Colorado in winter, 1904-1905, overwhelmed loac
the Alamo Canal diversion system, and soon the entire flow of the river was flowing into the Salton Sink con¢
(as it has done frequently in geological history). Prodigious efforts to rechannel the flow were not watc
permanently successful until 1907. Meanwhile, the Salton Sea was born. After salt buildup had forced Dan
abandonment of many fields, construction of the drainage system was started in 1937. And the All-American incr
Canal, replacing the Alamo Canal (which runs through Mexico) as water channel to Imperial Valley, Dan
was completed in 1940 and opened in 1942, drir
197«

The Colorado River is the "most highly regulated and intensively utilized river system in the
U.S." (Palmer, Howard, and Lande, 1975). Through dams, aqueducts, and numerous diversions (as

outlined by Irelan, 1971* and USBRDC, 1973), this river has become a technoecosystem subset, is p
Thompson (1972) reviews California's macroscale use of water from the Colorado. The Colorado River the
Aqueduct, a giant straw which sucks water from behind Parker Dam, pipes about 1.4 km3/yr of water sali
hundreds of kilometers to urbanized southwestern California, and will supply that area for at least Atl
the next 20 years (Goldsmith, 1971). Of 11.5 km3/yr 1956 to 1965 average total Colorado Rjver flow at hav
Lees Ferry (boundary between Upper and Lower Colorado River Basins), only about 7.4 km3/yr reaches $40
Imperial Dam, near Yuma, the last dam before the river enters Mexico. Sny
Agr
At Imperial Dam, most of the flow is diverted to the All-American Canal, some feeds into the + dan
Gila Gravity Main Canal, and the rest flows downstream to Mexico. Some All-American Canal water dist
branches off into the Yuma Main Canal (Irelan, 1971*%), And the remainder, about 3.7 km3/yr (Werner phot

and Olson, 1970), continues on to the Salton Basin; under human control, the Colorado still flows (in part)
into the Salton Sea. Of this amount, 0.4 kma/yr is diverted through the Coachella Canal to Coachella

Valley, and 3.3 kma/yr (more than one fourth of flow at Lees Ferry) continues on to Imperial Valley the
(ibid.). This 3.3 km3 per year is the Imperial Valley technoecosystem's finite water flow niche. of t;
res:

From its arrival at Imperial Valley, the water is managed by the Imperial Irrigation District, sall

which 1531.n charge of water distribution, drainage, and power production technoecosystems. The water
(3.3 km?/yr) is distributed by 2900 km of canals (Henderson, 1968*), Evaporation from fields is about

1.9 km3/yr (Goldsmith, 1971). And the remaining water, about 1.4 /yr, eventually reaches the met
Salton Sea, mostly as direct irrigation return, but also as effluent from small non-agricultural technoeco- pre
systems, and as subsurface seepage (Werner and Dlson, 1970). Irrigation water is channeled to the the
Salton Sea through 29, 000 km of tile drains and 3,000 km of main and lateral open drains; more tile ma,
drains are installed at a rate of 1600 km per year (Henderson, 1968*; USBRDC, 1973). wat

yea

) The Salton Sea is In allometric equilibrium with the technoecosystem which has inadvertently
formed it; it expands or contracts until average evaporation equals average inflow of water, And salts

progressively accumulate., The history of the Salton Sea mirrors the irrigation history of its basin. (35.
During the 1904-1907 floods, the sea grew swiftly to about twice its present depth, Then it declined a1y
slowly until the 1920's, when evaporation again equaled inflow. As irrigation flow increased until the late gar
1360s, the Salton Sen gradually expanded to balance its water budget. At present the Salton Sea is by 1
relatively stabilized, with evaporation and inflow of 1, 6 km3/yr (mostly surface inflow from Imperial eri:
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valley == 1.4 km3/yr -~ and Coachella Valley -- 0.16 km3/yr), area of 930 km? (largest body of water in
California), and volume of 7.4 km? (Werner and Olson, 1970),

Although it is only the macroscale exhaust of a macroscale irrigated agriculture technoecosystem,
the Salton Sea has technoecosystems of its own. It has a state park, a naval test base, an Indian reservation,
and a national wildlife refuge, all at least partly submerged. Resorts and marinas dot its transient shore~
line. Introduced and managed fish populations swim as a submarine bait for fishermen in pleasure boat
technoorganisms, And clamorous throngs of waterfowl and migratory birds splash and play in the Salton
Sea National Wildlife Refuge, many directly (and obliviously) over the very center of the Salton Sea
hydrothermal convection system,

Such was the Imperial Valley technoecosystem in the late 19608 and early to middle 1970s.
But the system, beautiful as it is, {8 not in equilibrium. The water niche is threatened at both intake and
exhaust ends. And geothermal technoecosystems, still rather inconspicuous, are evolving rapidly.
As in technoecosystems everywhere, succession and evolution of the Imperial Valley technoecosystem is
inevitable, inexorable.

The magnificently wild Colorado River, now become docile technoecosystem component, is on
the verge of bankruptcy. The Colorado River Compact allocates more water to upper and lower basin states
than the average total flow, and the river's flow is already almost completely utilized, With increasing
water demands upstream for growing energy requirements (Bowden, 1975), with impending large
diversions of Arizona's entitlement through the Central Arizona Project technoecosystem, and with
national commitment (Mexican Water Treaty) to deliver 1.9 km3/yr of limited-salinity water downstream,
California diversions will almost certainly have to be reduced (USBRDC, 1972, 1973)., We might
expect that agricultural Imperial Valley's water allotment will be curtailed before that of the urban
population centers supplied by the Colorado River Aqueduct.

Not only quantity but also quality of the water diverted to Imperial Valley is threatened with
decrease in future years. From salinity of less than 50 ppm at its headwaters, the Colorado River
becomes progressively saltier downstream. This increase is due largely to three mechanisms: salt
loading (addition of salt from drainage of natural systems and irrigation technoecosystems), salt
concentration (removal of water but not salts by evapotranspiration), and diversion of high quality
water upstream (USBRDC, 1973; Irelan, 1971%). In the early 1970s, salinity of water at Imperial
Dam (where All-American Canal diversion takes place) was around 900 ppm. With planned water use
increase upstream, and without implementation of major salinity control programs, salinity at Imperial
Dam could reach 1200 to 1300 ppm by 2000 or even by 1985 (Goldsmith, 1971; USBRDC, 1973). [U.S.
drinking water standard is 500 ppm TDS, with 1000 ppm maximum permissible (Werner and Olson,
1970). ]

Salinity increase compounds the effect of water supply decrease, because higher salt content
is partly compensated for by applying additional water (Moore, Snyder, and Sun, 1974*). Salt decreases
the photosynthesis and industrial energy flow amplification value of water. Thus irrigation water
salinity of 1200 ppm or more could have a major impact on the Imperial Valley technoecosystem.

At best, crop quality would decrease and new crop species would be used. At worst, some fields might
have to be abandoned. The U.S. Bureau of Reclamation estimates economic losses to be $190,000 to
$400, 000 per year per 1.0 ppm salinity increase at Imperial Dam (USBRDC, 1973). And Moore,
Snyder, and Sun (1974*) predict a 14 percent decrease in crop revenues of Imperial Valley by 2000 A,D.
Agricultural technoecosystems in Mexicali Valley already suffer from the effects of water from Morelos
dam with 1200 ppm salinity (Goldsmith, 1971), This may be what is expressed at macroscale by a
distinct color contrast between fields on each side of the international border, quite noticeable in

photos taken from high altitude and orbital technoorganisms.

Not only is Imperial Valley's water intake threatened with change, but so is its exhaust reservoir,
the Salton Sea., Whereas water balance is easily maintained by evaporation (modulated by rise and fall
of the Sea's level), nonvolatile components accumulate, The same water inflow which maintains the
reservoir (irrigation and natural drainage, treated and untreated sewage) also continuously loads it with
salts, nutrients, organic material, and agricultural chemicals.

The Salton Sea in 1970 contained 272 million metric tons of salt. Of this amount, 103 million
metric tons of salt had dissolved from bottom sediments, where it was deposited as Lake Coahuilla, ancient
precursor of the Salton Sea, dried up. Solution of salts from the bottom sediments occurred rapidly during
the Salton Sea's first decades, and it is now still proceeding at a much slower rate. However, the
majority of the salt in the sea, 169 million metric tons in 1970, has been added in this century by drainage
water from irrigated fields. Current rate of salt input is approximately 5.1 million metric tons per
year (Werner and Olson, 1970). :

Salinity of the Salton Sea in 1970 was around 36,000 ppm (ibid.), slightly salticr than sea water
(35,000 ppm), Extrapolating from the numbers in the preceeding paragraph, salinity level should now
(1976) he about 40,000 ppm. The biological ecosystem of the Salton Sea (including such components as
game fish and birds, upon which much of the sea's recreational technoecosystem is based) is threatened
hy this progressive buildup of salts and chemicals. Kim (1973*) predicts that salinity level will be at
critical level for fishing and water sports hy 1980. And should canal water become saltier as predicted,




87

and should Imperial Valley's water allotment be reduced, then the Salton Sea's trend toward higher
salinity will accelerate.

All this should come as no surprise, however. Even at its birth, the days of the Salton Sea
as a brackish to saline lake were numbered. Salt buildup in any basin with water inflow but no outflow
is inevitable, as shown by the Dead Sea, the Great Salt Lake, undrained irrigation projects, and countless

other examples around the world. This process is especially rapid in extremely arid lands, characterized

by high rates of net evaporation.

The Salton Sea, left alone, can hardly escape a similar fate, But it may not be left alone.
Although the Salton Sea formed inadvertently, certain biological and industrial ecosystems are now
dependent on it, and many humans hope that it will be stabilized in nearly its present state. A proposal
to build a dike across part of the sea was made in 1969 (USBRDC, 1972). In effect, this diked sector
would become the ultimate sink for salts; the rest of the sea would at last have an outlet, and salinity
would be stabilized. Another set of proposals (Rex, 1970; USBRDC, 1972), discussed more fully later
in this chapter, would stabilize Salton Sea salinity as just one of many side benefits of a large Imperial
Valley geothermal technoecosystem for desalination and power production. In this case, the sea's
outlet would be through the geothermal technoecosystem, and the ultimate sink for the salt would be
the deep geothermal reservoir. Both schemes would prolong the life of the Salton Sea as a moderately
saline lake, but not forever. Eventually a diked sector will hold no more salt, And the Imperial Valley
geothermal niche, too, bhas its limits,

3. Geothermal Niche Opening

"WELCOME TO IMPERIAL VALLEY, GEOTHERMAL CAPITAL OF THE NATION"

--billboard at Imperial County airport in 1972 (California Department of
Conservation, 1972)

In the midst of this macroscale agricultural technoecosystem run on solar energy, Colorado
River water, and fossil fuels, a new kind of technoecosystem, one which taps geothermal energy, has
been developing -- very slowly at first, and now with great rapidity and acceleration. Palmer, Howard,
and Lande (1975) present a general review of the history and ongoing activities of geothermal techno-
ecosystems in the valley; their paper is a major reference for the chronological overview which follows.

Early in this century, almost nothing was known by men about subsurface geological systems
in Imperial Valley. A few hot springs and mud volcanoes at the Salton Sea's southeastern end stimulated
only limited recreation and health activity. The first geothermal investigations in the Salton Trough
were undertaken in the 1920s near these obvious thermal systems, And as geothermal technoecosystems
have evolved and geological knowledge has grown, geothermal projects have spread to other areas,
particularly in the 1960s and 1970s,

Worldwide interest in geothermal power was stimulated after World War I by the example of
Larderello, Italy (Koenig, 1973B)., In 1927, three exploration wells were drilled on Mullet Island, one of
the five Salton Buttes, by Pioneer Development Company (Reed, 1973), The wells, deepest of which
was 449 m, yielded some steam and hot water, but not enough for power production; they were abandoned.

However, high COgz output of the first wells stimulated development of the Imperial Carbon
Dioxide Field and technoecosystem. Over 65 shallow wells averaging 150 m deep (Koenig, 1973B)
produced CO2 from hot water in shallow sands. Some published estimates of total production, from 1933

to 1954, are 18 (Muffler and White, 1969*), 71 (Reed, 1973), and 100 (Koenig, 1973B) million cubic meters.

In two processing plants, the gas was converted to dry ice for refrigeration and for cooling of railroad
cars, presumably for storing and transporting fresh produce grown in Imperial Valley. The field was
abandoned in 1954, in part due to submergence of some of the wells by gradual expansion of the Salton
Sea (Goldsmith, 1971; Reed, 1973).

A few years later, in 1957-58, the first deep geothermal well (1440 m), originally a wildecat
oil well, was drilled nearby. A small pilot powerplant to run on flashed steam was installed in 1959
and abandoned after four months of testing when severe scaling plugged the well. Perhaps encouraged

by this activity north of the border, Mexican exploration drilling at Cerro Prieto began in the same year
(Reed, 1973),

The early 1960s brought a new wave of technoecosystem activity to the Salton Sea geothermal
system, This time the primary interest was extraction of salts, although auxiliary power production
capability was still hoped for. Subsidiaries of Morton International and Union Oil Co., among other
companies, drilled more wells In 1961=-64, and built large solar evaporation ponds (solar-geothermal
cnergy interface) for salt production trials. A 3 Mw powerplant was installed by Morton in 1965, for
flashed steam operation. But soon scaling and corrosion made this attempt at power production into
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another failure. Unlon had similar difficulties with a small power module. In the mid to late 1960s,
small amounts of calcium chloride, potassium chloride, and other salts were produced from the
hypersaline geothermal fluids, Most processing involved sequential precipitation of salts in the
evaporation ponds, though one procedure for sodium chloride (table salt) production tried by Morton
involved flash drying the salt with geothermal steam (Blake, 1974)., When salt prices dropped in the late

288 1960s, these facilities, too, became inactive.

'zed And thus geothermal technoecosystem development at the Salton Sea came to a temporary

standstill, The industrial landscape along the sea's southeastern shore had grown into a geography
dominated by storage buildings and evaporation ponds with high earth banks, and dotted with very costly
inactive geothermal wells (each with a curious name, a set of idlosyncratic fluid properties, and a
colorful history of production and corporate sales). Development of geothermal technoecosystems had
been frustrated not only by low salt prices and difficult waste disposal, but also because of Incompatibility
of existing plpes and turbine modules with corrosion and scaling characteristics of the Salton Sea
geothermal system's hypersaline brines -- what might be called "technoindigestion". However, interest
in this geothermal reservoir has persisted because of its high energy content and large area, and because
of the very high yield rate from wells -~ approximately 200 metric tons per hour per well (Koenig 1973B),
equivalent to around 56 Mwt or 9 Mwe (at 16 percent efficiency), enough power for roughly 9,000 U.S.
power consumers.

—
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One offshoot of this early geothermal activity is that discharge of geothermal brines into the
Salton Sea was prohibited in 1963 by the Colorado River Basin Regional Water Quality Control Board No. 7
(Werner and Olson, 1970). This has encouraged development of injection techniques, The reason for
the prohibition is clear: a single typical well tapping the Salton Sea geothermal system discharges salt
amounting to 0,42 million metric tons per year (ibid.), over eight percent of total salt inflow to the
Salton Sea. Only 12 such wells would dquble the sea's annual salinity increase,

R

! Scale formed in some Salton Sea field geothermal wells contains high concentrations of copper,
iron, and silver sulfides, as well as significant amounts of antimony (Ellis, 1975; Blake, 1974). Blake
lists three major reasons to extract these and other chemicals from geothermal fluids: 1) to help pay
power development costs, 2) as part of water desalting operations (irrelevant for hypersaline brines

of Salton Sea system), and 3) to avoid salt disposal costs and damage. Werner (1973) optimistically
suggests that chemicals extracted from Salton Sea system brines, especially metals (zinc, lead, tin,
titanium, copper, silver, gold, and beryllium), might be worth even more than the electric power
produced from the same fluids. Blake, in contrast, asserts that although chemical recovery is
technically feasible, it is not now economically attractive, due to low prices of major brine constituents and
’ low content of more valuable elements, Events seem to indicate that Blake's assertion is presently
correct.

During the 1950s and 1960s more than twelve deep wildcat oil wells were drilled in Imperial
Valley. All were unsuccessful in achieving their original purpose, but they did succeed in indicating
that hot water reservoirs are not limited to the Salton Sea area and that deep fluids elsewhere are much
less saline (Reed, 1973). In this way, fossil fuel exploration triggered the next phase of geothermal
activity in Imperial Valley.

W

Encouraged by wildcat well results, successful geothermal well drilling at Cerro Prieto, and
growing concern about Colorado River salinity increase, the U.S. Bureau of Reclamation and several other
groups joined in backing a preliminary valley-wide geophysical study by the University of California at
Riverside. Starting in 1968, the program consisted of gravity, electrical resistivity, and seismic surveys,
as well as temperature gradient and heat flow measurements in more than 100 shallow drill holes. By 1970
the results were in. The surveys, and particularly the temperature gradient study, revealed nine major
hydrothermal convection systems underlying Imperial Valley. These geological systems, completely
hidden for so long, were suddenly laid bare by geophysical macrovision,

Since 1970 there has been a boom of geothermal activity in Imperial Valley. It has been fueled
by the new geophysical revelations and by new technological developments. And it has been further
accelerated by the new consciousness of energy systems resulting from altered global oil distribution
strategies (the "energy crisis'"), Still another stimulant to geothermal projects has been the successful
operation of the Cerro Prieto geothermal powerplant since 1973,

Imperial Valley activity has taken on the appearance of a technoecosystem free-for-all. Without
any central coordinating system, many organizations are involved: at least four federal agencies (U.S.
Bureau of Reclamation, Office of Saline Water, U.S. Geological Survey, and U.S. Bureau of Mines),
three California State agencies (Division of Mines and Geology, Department of Water Resources, and
Division of Qil and Gas), one university (California at Riverside), four oil companies (Chevron, Phillips,
Standard, and Union), two geothermal companies (Republic Geothermal Co. and Magma Energy Co.),
onc chemical company (Morton), one utility (San Diego Gas and Electric), and at least several other
technoecosystem management organizations (Berman, 1975*; Palmer, Howard, and Lande, 1975; Van
Huisen, 1976*), The list continues to grow each year.

Many projects are under way in Imperial Valley to explore geothermal systems and to develop
and test geothermal technoecosystem methods, materials, and modules. New wells are often being drilled.
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U.S. Bureau of Mines is working on hot brine uses, improvement of drilling muds and cements, and
methods for brine chemical recovery (Berman, 1975*). A subsidence survey network has been set up, and
a seismic observation network is in operation. Qver the Salton Sea geothermal system, chemical
recovery experiments continue, and new power production modules are being developed and tested. Oil
and energy companies are studying Heber and Brawley geothermal systems for possible power production.
In the rest of this section, power production developments at Salton Sea and Cerro Prieto systems will

be looked at more closely. And in the next section, the U.S. Bureau of Reclamation's geothermal

projects and plans will be reviewed.

Previous attempts to generate electricity from geothermal brines of the Salton Sea system

failed, Now, new technology specifically designed for these unusual fluids is being developed and
tested.

San Diego Gas and Electric Company (SDG&E), concerned about diminishing natural gas
supplies and aware that Imperial Valley is within economic power transmission distance of its service
area, has been conducting geothermal power experiments in the Salton Sea area since 1972, Diverse
components for multiple flash and binary power cycles, including heat exchangers designed to resist
corrosion and scaling, were tested. And in 1975, in collaboration with the U,S. Energy Research
and Development Agency (ERDA), construction was begun on a 10 Mwe pilot plant near the Salton
Sea's ghore; test operation is in progress as this paper goes to press. This power module uses pumps
to lift brine to the surface without flashing (to avoid scaling in wells), sends it through a complex and
modifiable power cycle (multistage flash and isobutane binary hybrid cycle), and then reinjects it,
avoiding salt disposal difficulties at the surface -- a closed or semi-closed system. Cooling for the
power cycle is provided by imported canal water in a cooling pond with sprays. If it can be adequately
cleaned, some condensed geothermal steam may also be fed into the pond for cooling purposes.

This SDG&E-ERDA pilot powerplant, although small, is still a technoecosystem. Channels
include geothermal production and injection wells, zigzagging brine pipelines, a road, a canal, and
powerlines. Technoorganisms include cars and trucks of workers and visitors, trailer offices, and the
power module itself -- a tangle of pipes, tanks, pumps, heat exchangers, turbines, and valves,
roughly 5 m high and 20 m square. Inorganic storages include the tapped reservoir at depth and the
cooling pond at the surface. High energy inputs are machinery, information, geothermal brine, and

cooling water. High energy outputs are electricity and information. And low energy exhausts are
waste heat, evaporated water, and cooled brine.

Another power cycle technology designed specifically for Salton Sea field brines (but useful
for exploiting any wet steam reservoir) is the total flow concept, being developed by Lawrence Livermore
Laboratory (LLL) (Austin, Higgins, and Howard, 1973; Palmer, Howard, and Lande, 1975), Instead
of flashing the brine in wells or passing it through heat exchangers, it is pumped unflashed to the
power module. There, by expanding the fluid through a nozzle, thermal energy content is very efficiently
converted to kinetic energy, and the fluid jet drives an impulse turbine, as in hydroelectric power stations.
The cycle is a closed one; brine and steam are cooled and reinjected. Major advantages of this scheme
are the simplicity and maintenance ease of impulse turbines relative to axial flow expansion turbines in
standard steam power modules, and ability to produce 1.6 times as much power as flashed steam or
binary cycles from the same fluid flow (18 percent versus 11 percent conversion efficiency).

Austin, Higgins, and Howard (1973) estimate that 92, 000 Mwe could be generated for 20 years
from the already drilled portion of the Salton Sea geothermal system, enough for 92 million U.S. power
consumers. A less ambltious 10 Mwe total flow pilot plant is planned for completion in 1979, Ongoing
research at LLL includes testing of turbine and nozzle designs, scale and corrosion controls, and
corrosjon-resistant materials. Palmer, Howard, and Lande (1975, p. 40) reproduce phatographs of
an intriguing technoecosystem module built at the laboratory to assist this research: a complex
system of pipes, valves, pumps, dials, and tanks which produces imitation geothermal fluids (up to
0.1 Mwe equivalent) with variable salinity, pressure, and temperature.

Whatever closed power systems are developed for the Salton Sea system, a cooling water
source must be provided. Air cooling is not only more capital costly than water cooling, but it lowers
the efficiency of power cycles which may already be inefficient. This is because dry bulb air temperature,
especially in hot, dry weather typical of Imperial Valley, is much higher than wet bulb temperature.
Canal or drainage water, perhaps with minor flashed steam augmentation, may suffice for small
pilot plants like the SDG&E~ERDA system, but is probably insufficient for large scale development.,
Salton sea or ocean water destined for injection in large scale desalination-power production schemes
involving other less saline geothermal systems in the valley (described in the next section) might
first be utilized for cooling of powerplants tapping the Salton Sea geothermal system. Since about half
of this geothermal system's area is submerged by the Salton Sea, some geothermal technoecosystem
modules of the future may be built on stilts or mounds of earth off shore.

, The 75 Mwe Cerro Prieto demonstration geothermal powerplant, operated by the Mexican
Comisién Federal de Electricidad, is considered to be "a great success" (Guiza, 1975%), In fact, it

is the most successful and largest gecthermal development in the entire Salton Trough. This may be due
in great part to auspicious phyeical properties of the deep geothermal system itself: high temperature
and low salinity of the fluids, good sandy reservoir horizon at convenient dopth, apparently large
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areal extent of the system, and natural hydrothermal manlifestations at the surface. The system is well
suited to power production using slight modification of technology already proven at wet steam flelds
of Japan and New Zealand. Setting of the plant is the irrigated agriculture grid of Mexicali Valley,
which uses water diverted from the Colorado River downstream from Imperial Dam. Exploration
drilling started in 1959 (Reed, 1973), and production drilling in 1964 (Goldsmith, 1971). And electricity
generation began in 1973.

Cerro Prieto well field, about 2.5 km2 in area (Palmer, Howard, and Lande, 1975), has some
37 wells ranging from 600 to 2600 m deep (Isita et al, 1975) and averaging 1500 m deep (Koenig
1973B), arranged in a hexagonal grid. For full capacity operation (75 Mwe), only 13 wells are needed.
Thus, average output is equivalent to 5,8 Mwe per well. Wells vary, however, and one produces fluid
equivalent to 15 Mwe (ibid.). Geothermal fluid salinity 1s 13,000 to 25,000 ppm (1.3 percent to 2.5
percent) (Koenig, 1973B) and water to flashed steam weight ratio at wellhead ranges from 0.5:1 to 4:1
(Guiza, 1975*%). Roughly 39 kg of Cerro Prieto fluid (9kg steam, 30 kg water) is required to produce
1 kwhr of electricity (Hughes, Dickson, and Schmidt, 1974). Thus the well field discharges around
0.5 to 1,0 kg of salt per kwhr, or (for 75 Mwe) roughly 70,000 metric tons of fluid including 900 to
1800 metric tons of salt per day. Gradual scaling of wells necessitates periodic cleaning (ibid.).

Geothermal fluid at Cerro Prieto is flashed to the surface, and steam is separated from water
in a cyclone separator at each wellhead. The hot water is brought to atmospheric pressure in tall
silencer barrels and then discharged into ditches. This post-flash water has salinity of about 33, 000
ppm, slightly less than oceanic salinity, It is saturated with silica, which precipitates out as a milky
gel in the ditches. Originally, geothermal water waste was channeled by ditch to the Rio Hardy, a
Colorado River distributary which empties into the Gulf of California (Koenig, 1973B; Goldsmith,
1971). Now, however, the hierarchically converging ditch system empties into a 9 km?2 artificial
evaporation pond. This pond may be the only major adaptation of the whole system to arid conditions;
only in arid lands do evaporation ponds not overflow. When power output is decreased for repairs,
steam-water mixture from idle wells is piped directly to the pond, where it discharges horizontally
with a roar like a jet aircraft, in graceful plumes of spray.

The steam separated at wellhead is channeled through a hierarchically converging zigzag pipeline
system to the powerplant, Inside the large metal enclosure are two 37.5 Mwe turbogenerator modules,
imported from Japan, with special alloy turbine blades (Mercado, 1974). After expanding through these
units, the steam is condensed in barometric condensers. This condensate is ample water supply for
the forced-draft wet cooling towers. Infact, it represents eight percent extra water in winter and two
percent to three percent in summer (Ingeniero Samuel Paredes, personal communication), which has
been used for construction and maintenance operations (Koenig, 1973B).

Adjoining the turbine room is an electronic cybernetic control room with many dials, switches,
and lights. The Cerro Prieto powerplant manifests great human leverage of high-energy technoecosystems
-~ the plant is run by a staff of only six men, including one supervisor (Paredes, personal communication),
The electricity, highest-quality energy form in the regional technoecosystem, passes through a switchyard
and then is channeled along high voltage powerlines northwest to Mexicali. There it is distributed to the
high-energy urban technoecosystem by a hierarchically diverging power grid, to power factories, homes,
bright neon lights at night, and numerous radio stations. Power use in Mexicali is 190 Mwe in summer
(high air conditioning load) and 90 Mwe in winter; power in excess of the 75 Mwe continuous geothermal
plant output is at present provided by a standard oil-steam powerplant in Rosalito {ibid. ).

This Cerro Prieto geothermal development, too, can be seen as a technoecosystem. Channels
include production wells, pipelines, roads, ditches, and powerlines, Mobile technoorganisms include
cars, trucks, and drill rigs. Stationary technoorganisms include the powerplant (with cooling towers,
switchyard, and cybernetic control room modules) and assorted offices and support buildings. Inorganic
Storages include the subterranean geothermal reservoir and the large waste disposal pond. High
quality energy inputs include geothermal fluid, petrofuel, machinery, and human control. High quality
energy output is chiefly electricity. And low quality energy exhausts are evaporated water, waste heat,
and hot post-flash brines,

Variations in this basic technoecosystem configuration have been tried and are being considered.
There has been some experimentation with condensing steam to produce fresh drinkable water (DeAnda,
Reyes, and Tolivia, 1973). Saline fluids stored in the large pond are being considered for potassium
chloride, lithium carbonate, and other chemical production (Palmer, Howard, and Lande, 1975), and for
possible reinjection (Mercado, 1974). Koenig (1973B, p. 46) reports that a steam-powered drill rig
was brought to Cerro Prieto on an experimental basis to run on natural steam and thus save petrofuel.
Although apparently the rig is no longer in use, it suggests the future possibility of an entire geothermal
technoecosystem (including its technoorganisms) running on geothermal energy alone, without any imported
chemical fuels.

Plans for the future at Cerro Prieto include a second 75 Mwe power module by 1980 (Koenig,
1973B; Tolivia, 1975*), resulting in a total capacity of 150 Mwe, Mercado (1974) estimates a power
capacity (ignoring duration) of 400 Mwe from the present exploitation area. Tolivia (1975*) estimates
that minimum proven reserves would support 150 Mwe for 33 or possibly 90 years (4, 950 to 13,500 Mwe),
assuming a closed geological system. Assuming an open system, however, with thermal and hydraulic
recharge, he expects a much longer resource lifetime. Furthermore, as pointed out by Isita, Mooser,
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and Soto (1975), the known geothermal reservoir may be just the western periphery of a8 much larger
geothermal system over the inferred spreading center east of San Jacinto fault. This whole Cerro Prieto
geothermal system may be comparable in size and geothermal content (but not in salinity) to the giant
Salton Sea geothermal system some 90 km to the northwest. The Panga de Abajo spreading center
(inferred by De la Fuente Duch, 1973), southeast of Cerro Prieto, is apparently still unexplored.

4, Macroscale Geothermal Water and Power Technoecosystems

The Imperial Valley technoecosystem, where water has especially high value as photosynthesis
amplifier, is an ideal market for high quality water produced by geothermal technoecosystems (Wong, 1973).
The large volume of moderately saline groundwater underlying the valley (Dutcher, Hardt, and Moyle, 1972)
is too deep for normal pumping. But where this deep water is hot, its thermal energy content may be able
to pay the energy cost of pumping, desalting, and replacement water importation and injection, all in a
complex macroscale geothermal technoecosystem, Possible auxiliary processes in such a system include
power generation, space heating, and chemical production.

Geological conditions in Imperial Valley impose some constraints on such water and power
technoecosystems. Salton sea system hypersaline geothermal brines cannot be effectively desalted,
except perhaps for condensation of flashed steam. However, these very hot fluids might be used to desalt
imported cooling water as part of a macroscale power production scheme., Less saline fluids yielded
by other hydrothermal systems in Imperial Valley are suitable for direct self-distillation, and surplus
geothermal energy content can drive power cycles and even indirect desalination of geothermal or imported
fluids. These less salty fluids can be concentrated roughly 10 times before salts precipitate (Rex, 1970).
Whatever technoecosystem configurations develop, there must certainly be a great difference between
systems exploiting these two geothermal fluid types.

Another probable characteristic of any geothermal technoecosystems in Imperial Valley is
that they will involve injection of cool, salty water exhaust, This is necessary to remove salt from a
surface environment where it is certainly undesirable, and to prevent subsidence due to net fluid with-
drawal, Subsidence could have disastrous effects on the irrigated agriculture technoecosystem, which
is dependent on controlled gravity flow of water in canals and fields. Injected fluid will probably be
geothermal brine in Salton Sea field technoecosystems, and mostly imported water in technoecosystems
over other hydrothermal systems,

There are a number of characteristics which make Imperial Valley susceptible to development
of geothermal technoecosystems which are very large. Because of the flat topography and dense road
network, access of exploration and drilling technoorganisms is easy. Relative geological simplicity
eliminates most of the difficult geological unraveling usually required. Relative geological uniformity
means that technology and information from one part of the valley is readily adapted to another location.
Although there are numerous hydrothermal convection systems in the Valley, all but one (the Salton Sea
system) are quite similar in all aspects but size; hence similar technoecosystems can be built to exploit
them all. Finally, there is the fact that Imperial Valley occupies a corner of one of the highest-energy
technoecosystems in the world. Compared with other energy developments in the U.S. technoecosystem,
large-scale geothermal exploitation in Imperial Valley does not seem overwhelmingly large.

The 1968 Colorado River Basin Act authorized the U,S. Department of the Interior, largely
through one of its branches, the U.S. Bureau of Reclamation (USBR), to study the feasibility of
augmenting the flow of the Colorado River from sources within its basin by 3.1 km3/yr (2.5 million acre-
feet per year) (Fernelius, 1975*; Berman, 1975%)., Methods for augmentation of Colorado River flow and
water quality considered by the USBR include weather modification, desalination, water reuse and
salvage, irrigation management, watershed management, brine diversion, river channelization, and
phreatophyte control (Fairchild, 1972; USBRDC, 1973; USBRC, 1973). Of greatest interest in our
present context is the USBR'S ongoing investigation of a possible complex macroscale geothermal
technoecosystem in Imperial Valley for desalination of geothermal brines (for dilution of Colorado
River water) and for accompanying power production.

The USBR geothermal plan is a highly imaginative and ambitious scheme. It would involve
production of enough high quality water to meet projected Lower Colorado River Basin needs and fulfill
the Mexican Water Treaty obligation. In the most studied configuration, geothermal fluids would drive
first a distillation plant and then a powerplant. Extra heat could be used for various auxiliary purposes,
and salts concentrated by distillation might be recovered for export, Desalted water from many such
units would eventually be piped from Imperial Valley to the Colorado River, and replacement fluids would

be imported by aqueduct from the Pacific Ocean or the Gulf of California for cooling and injection (USBRN,
1971; USBRDC, 1972).

Tentative plans consist of three stages:

1) Research and development stage, currently in progress, and tentatively seven years in
duration (FY 1972-1978), in which technology is developed and tested,

2) demonstration stage in which 0.12 km /yr of water is desalted and 220 Mwe of electricity is
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generated to demonstrate technologlcal feasibilit g and finally,

3) large-gcale development stage, in which 3.1 km3/yr of desalted water and 10,500 Mwe of
power are produced from geothermal brines of Imperial Valley (USBRDC, 1972).
Such a system would be truly macroscale, truly complex, and truly a technoecosystem.

eto

Who but the U.S, Bureau of Reclamation could pursue such a grandiose scheme? As builder
and operator of dams, canals, aqueducts, and other major waterworks, as engineer and manager of
countless diverse water and power niches in the arid southwestern U,S., this agency is the one most apt
to coordinate the design and construction of such a macroscale geothermal technoecosystem. To the U,S.
Bureau of Reclamation, the Southwest iIs like a macroscale cybernetic arid lands pinball machine in which
quicksilver water is shunted about a cybernetic landscape of watersheds, rivers, canals, pipelines,
pumping planta, Irrigation districts, and cities, and in which the score is rung up as millions and billions
of dollars. It is entirely in character for the agency to take on the macroscale water cycle exploitation of
Imperijal Valley's geothermal resources.

sis
1973).
1972)

able

The Imperial Valley geothermal scheme is also in keeping with the USBR philosophy of multiple-
purpose projects and comprehensive regional planning (Fairchild, 1972), Fulcher (1975%*) points out
that because of the many technical, environmental, social, and economic factors involved in the Imperial
Valley project, input from all disciplines is needed. Might we add technoecology to the list of disciplines which
are applied in this interdisciplinary effort?

.ude

;alt
The research and development stage, now in progress, consists of resource investigations

(exploration, well drilling and testing) and desalting studies (desalination and power module construction

rted and testing, and injection tests), Development and construction of desalting modules is glanned in 3

0). stages (USBRDC, 1972): 1) two 190 m /day test units (mstalled in 1973), 2) a 1900 m®/day pilot plant

{construction may begin in 1976), and 3) a 7600 to 11,000 m /day prototype plant, Total cost of the

4 research and development stage was estimated to be $16 million (ibid. ).

The U,8. Office of Saline Water (OSW) is cooperating with USBR by studying brine chemistry,
corrosion, scaling, and resistant materials, and by developing the desalination module technology
(Standiford, 1972; Berman, 1975*). Most previous desalination technology is for desalting sea water;
ch geothermal fluids require new configurations and materials. The geothermal desalting technology
! developed by OSW and USBR may be applicable to heat exchanger and desalting modules for exploiting
any wet steam system on the planet (Mathias, 1975*). An early assumption in the USBR-OSW program
was that they would develop water production systems while non-federal organizations would develop
the accompanying power generation and chemical recovery system (O'Brien, 1972),

As first step in the research and development stage, the USBR helped finance geophysical
studies in Imperial Valley by the University of California at Riverside, starting in 1968. A report
(USBRN, 1971) summarized results of this study and presented some preliminary USBR project ideas.
On the basis of these early studies, USBR decided to concentrate its efforts on the East Mesa geothermal
anomaly. A second report (USBRN, 1971*) reviewed results of detailed surveys of this anomaly, and
: suggested an optimum site for a deep geothermal test well. In January 1972, two important reports
. were issued, one a draft environmental statement for the proposed well (USBRN, 1972A), and the other a
1, : detailed presentation of concepts for Imperial Valley geothermal technoecosystems from research and
development to large-scale development stage (USBRDC, 1972). In April, the final environmental
statement was issued (USBRN, 1972C), and drilling of test well Mesa 6-1 started in June and finished
in August.

! Results of testing of the new well were published early in 1973 (USBRC, 1973). Drilling to

2443 m cost about $507,400, or $208 per meter. Bottom hole temperature is 204° C, and temperature of
flashed fluid flowing at the surface is 166°C. Soon a site was chosen for a second well, Mesa 6-2 (USBRC,
1973*). It and three other wells (one an injection well) had been completed by mid-1974.

W
=

Test data for the five wells are presented in a report (USBRN, 1974) and two papers (Fernelius,
1975*; Mathias, 1975*). It turns out that the first well (Mesa 6-1) is both the deepest and the hottest.
The USBR expected 2000C fluids on the basis of temperature gradient studies. But the gradient is not
1 linear at depth, due to convection, and surface flow temperatures of the fluids actually only range from 154
to 166°C (Fernelius, 1975*). Well depths range from 1.8 to 2.4 km and bottom hole temperatures range
from 154 to 204°C (ibid.; USBRN, 1974).

Two desalination modules, a multistage flash (MSF) unit and a vertical tube evaporator ( V'l%)
unit, were installed at the East Mesa test site in 1973. Each unit was designed to produce 75 to 190 m*/day
1 of distilled water. But because feed fluid temperature 1S below the 200°C planned, the best performance
N, achieved by mid-1975 was 40 m®/day for MSF and 27 m®/day for VTE. Both units have been used to test
water cycle configurations and thermodynamics, heat exchanger designs, and heat exchanger materials.
Imported electric power is required to operate valves and pumps, and cooling is now provided by ground-
water from shallow (60 m) wells. Information from testing of these units will be used to design a larger
pilot desalting plant capable of using fluids as cool as 120°C (Fernelius, 1975*).

H
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Now consider the East Mesa test site as a technoecosystem, Channels include geothermal
wells, pipelines, shallow wells, and incoming powerlines and roads. Technoorganisms include
cars, trucks, drill rigs (occasionally present), trailer offices, an office-storage building, and the
desalting modules themselves, Each desalting unit is a tangle of pipes, pumps, valves, tanks, cables,
scaffolding, and a cybernetic control panel with dials and switches, Inorganic storages include a
29, 000 m< evaporation pond for fluid disposal (47,000 m* capacity), and the East Mesa hydrothermal
system at depth. Other components are: cyclone separators and silencers, tanks, pumps, and spare
parts, all inside a chain-link fence (analogous to a cell wall).

Modifications and additions are planned for this embryonic desert technoecosystem.
Installation of an anti-corrosion fiberglass pipeline is planned to bring geothermal fluids to the test site
from a distant well (Fernellus, 1975%). Use of desalted geothermal water for irrigation of crops (biological
sector) is being tested in an adjacent area (USBRN, 1974). Construction of the 1900 m3/day pilot
desalting plant is expected to start in 1976 (Fernelius, 1975*%). And a power module may be installed
to complement the desalting unita; a 0.3 Mwe unit is being considered by USBR (ibid.). Furthermore, a
corporation is considering the possibility of setting up on the East Mesa field a 10 Mwe binary cycle pilot
powerplant with downhole pumps and dry or wet-dry cooling towers (Mueller, 1976*). Cooperation
with USBR might be considered in such an undertaking. Finally, the East Mesa site may be converted
to a national test site where many public and private organizations could test geothermal technoecosystem
components and materials with genuine geothermal brines (Fernelius, 1975%),

Present USBR thinking favors integration of power and water cycles at least cost by using steam
first for desalting and then for driving a binary power cycle (USBRN, 1974; USBRDC, 1972). However,
for lower salinity wells (around 2000 ppm) a different procedure might be more efficient: use all steam for
power production and then use the power to drive a membrane desalting module (USBRN, 1974; Fernelius,
1975%).

Conceptual plans for demonstration stage and final large-scale development stage of the USBR
scheme are outlined in a USBR report (USBRDC, 1972). Both stages would utilize multiples of a
standard geothermal module (desalting plant, powerplant, and 12 geothermal wells), and they differ
only in number of modules, source of imported cooling water, and destination of desalted water.

The geothermal module would be the ultimate product of the present research and development
stage. As envisioned in 1972, the module consists of 12 geothermal wells (1.4 to 1.8 km deep, laid
out on a square grid with 244 m spacing, and each producing 218 metric tons/hr of brine and 54 metric
tons/hr of steam) connected by radial pipelines and cyclone separators to two centrally located VTE de—
salting units and a 70 Mwe powerplant, Imported saline water (70,400 m3/day) is used to cool power and
desalting units; some is evaporated in cooling towers (14,100 m /day), and the rest is mixed with con-
centrated brine (desalting residual) and piped from the module to about 17 injection wells, Total fresh
water output (20 ppm) of the module, including desalted water and steam condensed from power cycle,
is 56, 300 m3/day or 0.0206 km3/yr. Special components of the module would include units to remove
residual gases (CO2, H2S, NH3) and silica from brine, remove boron from desalted water, and chemically
treat residual fluid before injection. Also, facilities for separating valuable minerals could be included in
the module, :

As conceived, each geothermal module is octagonal (each vertex is a well), and 823 m in
largest dimension. Modules can be assembled like octagonal tiles, with powerlines, access roads, and
conduits (for imported, desalted, and injection fluids) weaving between rows., Such linking of closely
packed identical modules by energy and materials channels is a common pattern in biological systems.
Although the USBR report does not suggest it, the wells might also be drilled in a triangular grid for
hexagonal modules.

The proposed demonstration stage technoecosystem consists of six geothermal modules (72
production wells, 12 desalting units, six powerplants, and 100 injection wells on field periphery),
presumably contiguous and tapping the East Mesa geothermal reservoir. USBR estimates its total
cost to be $209 million. Some 0.154 km3/yr of saline water is imported (by 77 km pipeline and two
pumping plants) from the Salton Sea for cooling and injection, and of this amount 20 percent or 0,031 km3/ yr
evaporates in cooling towers. High quality outputs are 0,123 km*/yr of desalted water and 420 Mwe of
electricity, Net power output is actually only 390 Mwe because 30 Mwe is needed for internal pumping
functions. Desalted water is piped 13 km to the All-American Canal upstream of power drop No. 4;
it thus generates some hydroelectric power while augmenting and diluting the imported Colorado River
water. This 0.123 km3 /yr of desalted water represents almost four percent of present canal flow
to Imperial Valley (3.3 km3/yr).

Pumping water from the Salton Sea in this scheme would have the effect of stabilizing its salt
content by providing an outlet and using the geothermal reservoir (through injection wells) as the salt's
ultimate sink, Projected withdrawal rate might lower the sea's level by about a meter (Rex, 1970;
Goldsmith, 1971), but shrinkage would probably be less because inflow would be augmented by drainage
of some of the desalted water from fields (Laird, 1973).
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Alternative sources of demonstration stage imported water have been considered by USBR.
pumped local shallow groundwater would probably have the lowest primary cost; but its use beyond
very limited amounts might cause costly side effects -~ subsidence, increased seepage from All-American
and Coachella Canals, reduced inflow to Salton Sea, and increased pump lift for Mexican irrigation wells.
Saline drainage water f&'om the Wellton-Mohawk irrigation district (along the Gila River east of Yuma),
amounting to 0. 247 km*/yr, could supply cooling and injection water to a aystem of nine geothermal modules
(585 Mwe net power and 0.185 km3/yr desalted water output), possibly at less cost than Salton Sea water

importation.

Alternative destinations for desalted water have also been considered by USBR. In order of
increasing cost they are: All-American Canal below drop No. 4 (lower cost than above the drop),
Coachella Canal, and Colorado River at Imperial Dam, The water could also be supplied to municipal
and Industrial technoecosystems, either locally or through regional water exchanges. Because of its
extremely high quality, the desalted water has high amplification value; it is worth more than ordinary
water because through blending it can dilute much larger volumes of brackish water enough to be usable.

The 390 Mwe net power output of the demonstration stage system is smaller than the 500 Mwe
capacity at the Geysers. But if desalting modules are included, the USBR demonstration stage system
(if operating today) would be the largest geothermal technoecosystem in the world, And yet as
large as this proposed demonstration system is, it .is only 1/25 the size of the USBR-proposed techno-
ecosystem in its large~scale development stage.

Large-scale development stage concepts are very much in keeping with the macroscale
technoecosystem traditions of the USBR. The full scale system envisioned for 1990 A.D. consists
of 150 geothermal modules, entailing 1800 geothermal wells, 300 desalting units, 150 powerplants, and
2400 injection wells. Net power output.is 8500 Mwe (total 10,500 Mwe output minus 2000 Mwe internal
pumping and process requirements), around 8.5 million times U.S, per capita power use. Distilled
water output is 3.1 km3/yr a full third of total average (and legal minimum) Colorado River flow at
Lees Ferry anticipated by 1990 (9.3 km /yr), and nearly the same magnitude as present All-American
Canal f&ow into Imperial Valley (3.3 km3/yr). And imported saline water input is 3.9 km3 /yr, of which
0.8 km” /yr evaporates in cooling towers (25X proportional increase from demonstration stage). Total
cost of the system, by analogy to demonstration stage, is probably over $5 billion.

Area of each proposed geothermal module design is 0,68 kmz, so total area of 150 modules is

102 km2, Renner, White, and Williams (1975) estimate subsurface area of seven known geothermal
systems in Imperial Valley (not including Salton Sea and East Brawley systems) to be 111 knr*, and area of
all but the smallest three (West Glamis, Border, and Glamis) to be 102 km2, Therefore it seems likely to
me that the large-scale development would involve exploitation of at least four distinct geothermal systems
(including East Mesa system) which are widely separated spatially. However, the USBR conceptual

report (USBRDC, 1972) does not take this complexity into account, but assumes exploitation of only

the East Mesa system.

Water for coolmg and injection in the large-scale system can continue to be imported from the
Salton Sea (0.154 km3/yr) and the Wellton-Mohawk drain (0.247 km3/yr). But only the ocean can supply
enough water f°§ the full macroscale requirements of this macroscale technoecosystem (3.9 km®/yr).
At least 3.5 km®/yr of ocean water must be imported from the Pacific Ocean or the Gulf of California.

Alternative routes considered by USBR for a water import aqueduct include:

1) A southern route from the Pacific, 203 km from an intake south of San Diego over the
San Ysidro and Jacumba mountains to East Mesa, including 80 km of tunnels and three
pumping plants. Right of way cost would probably be high.

2) A northern route, from the Pacific north of San Diego to the Salton Sea, and a second
aqueduct from Salton Sea to East Mesa. Such a system would stabilize the Salton Sea
at ocean water salinity level.

3) And an aqueduct from the Gulf of California. Such a route would entail the lowest
pumping lift and thus the lowest cost, but an international agreement would be required.
Furthermore, extremely high tides at the head of the Guif might make water intake
design difficult (Goldsmith, 1971). Partial macroscale integration of geothermal
technoecosystems on both sides of the border could be one result of such a route.

Although the 3.1 km3/yr output of distilled water in the large-scale development stage could
simply be channeled into the All~American Canal, it is most valuable for augmenting and lowering the
salinity of the larger flow of the Colorado River; All-American Canal flow is freshened and increased
only indirectly. The plan studied in detail in the USBR report is for a 210 km agueduct from East Mesa over the
Chocolate, Mule, and West Riverside Mountains to Lake Havasu, including a 3 km tunnel and four pumping
plants. After cooling to 249C, the desalted water would be disgorged into Lake Havasu far enough
upstream from Parker Dam to allow adequate mixing before the water reaches the intakes of the Colorado
River Aqueduct and the Central Arizona Project Aqueduct.
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Alternative routes for desalted water delivery have also been considered by USBR. They involve
aqueducts to lmperial Reservoir (84 km), Lake Mohave (346 km), and Lake Mead (405 km), Delivery
farther upstream offers greater benefits but is also more costly. Delivery of 3.1 km3/yr of desalted
water to the Colorado River somewhere above Parker Dam could lower salinity at lmperial Dam (and
thus in the All-American Canal) from projected level of 1200 ppm to presently acceptable 900 ppm,

The complexity of this macroscale geothermal technoecosystem in lmperial Valley may be
necessary to make the system feasible; several beneficial functions combined may be practical where
just one might not be (Laird, 1973). Multiple functions of the proposed technoecosystem would include

_ stabilization of Salton Sea's size and salinity, generation of electricity, prevention of subsidence due to
geothermal fluid withdrawal, and augmentation of Colorado River flow to forestall imminent shrinkage of
the water niche of the Lower Colorado River Basin technoecosystem (ibid. ; USBRDC, 1972),

Several concepts for additional complexity of the system have been considered by USBR.
Desalination of sea water using heat from geothermal fluid (which is then reinjected) is much more
costly than directly desalting moderately saline geothermal fluid and injecting the sea water (USBRDC,
1972). (However, it is my suggestion that the former water cycle might be more practical for
high temperature hypersaline brines of the Salton Sea geothermal system). Energy cascading beyond
the simple desalt-power system proposed is possible, Residual thermal energy in the sea water could
drive low-efficiency power or desalination cycles before being injected. Or this low-grade thermal
energy could be used (as in technoecosystems. elsewhere in the world) for space heating, greenhouse
warming, hot water irrigation, low-temperature industrial processes, or hot bath resorts (ibid. ).

Other technoecosystem variations have been proposed by Rex (1970) and Goldsmith (1971).
It was Rex's paper which originally triggered widespread interest in the possibility of a macroscale
geothermal power and water technoecosystem in Imperial Valley. He envisioned a system with 2000
to 5000 wells which would produce 20, 000 to 30,000 Mwe of electricity and 6.2 to 8.6 km?/yr of
distilled water, more than twice the size of the USBR large-scale design. Rex also suggested the
construction of a dredged ship canal from the Gulf of California to Yuma, up the course of the Colorado
River. Benefits of such a canal would include a direct source of sea water for cooling and injection,
a convenient seaport for loading low-value salts (extracted from geothermal fluids) onto ocean-going
ship technoorganisms, and an excellent inducement for formation of an international geothermal-powered
electrochemical manufacturing technoecosystem center. Another possibility suggested by Rex is the
integration of geothermal and nuclear desalination plants in the area; nuclear plant effluent would be
injected into the Imperial Valley geothermal reservoir for pressure maintenance.

Goldsmith (1971) suggested that the Salton Sea could be used as a cooling pond for once-
through flow cooling of geothermal water and power cycles. For a 1000 Mwe powerplant, the sea's
mean temperature might rise 0,5°C if thermal effluent is well mixed, However, larger developments
will result in correspondingly greater temperature increase. Goldsmith also mentions the unmentionable
-- that irrigation drainage could be used for cooling and injection, thereby sacrificing the Salton Sea.

Beyond the limitations of pure geothermal technology is the possibility of hybrid solar-geothermal
technoecosystems (Finlayson and Kammer, 1975*), Imperial Valley seems to have the best environment
for such systems -- extremely sunny climate and large wet Steam geothermal reservoirs. Direct solar
collectors and geothermal power and water cycle modules could coexist in a manner reminiscent of
symbiosis in lichens.

The macroscale industrial system envisioned by the U,S. Bureau of Reclamation for geothermal
power and desalination easily qualifies as a technoecosystem. If it were to be built by 1990 or 2000 and
if we were to fly over it we would see several previously hidden hydrothermal convection systems
manifested at the surface by kidney-shaped domains tesselated with octagonal, radially or bilaterally
symmetric geothermal modules -- like cells of a leaf, or colonies of coral polyps, or closely packed
bushes. Flying lower, we would see: multitudes of wells arranged on a grid; hierarchically branching
pipelines, service roads, and powerlines (channels); repetitive and geometrically arranged powerplants,
desalting plants, switchyards, control centers, and storage buildings (stationary technoorganisms); and
cars, trucks, drill rigs, and inspection helicopters (mobile technoorganisms)., Flying higher again, we
would see the macroscale configuration, with aqueducts angling like strings from the Pacific and the
Salton Sea and another aqueduct winding its way to Lake Havasu, And we would know that the system taps
large geothermal fluid storages at depth. It is all a macroscale arid lands plumbing system.

Of particular interest might be the local coexistence patterns of geothermal, agricultural,
industrial, and municipal technoecosystems in Imperial Valley. Unless pipelines from wells to
desalination plants are buried or on stilts, they will severely Segment whatever fields they cross, thereby
interfering with large-scale operations of tractor and harvester technoorganisms, Any crops grown
on these fields will probably require little technoorganism traffic (e.g., orchard or vine crops). Such
adaptation is likely to occur over the Brawley geothermal system. Geothermal modules will probably not
coexist well with municipal technoecosystems because of noise, esthetics, and the interference of square
street grids with radial pipeline patterns. Spatial competition between these two types of technoecosystems
is likely to occur in at least one place in Imperial Valley: the town of Heber is located near the center
of the Heber geothermal system, Industrial technoecosystems and geothermal technoecosystems would
probably coexist well as long as their transport and energy channels did not interfere. A close symbiosis
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could occur If waste geothermal heat were used in Industrial processes. On East Mesa, currently an
area of natural desert vegetation, geothermal technoecosystems might develop alone, without
competition or symbiosis with other technoecosystem subsets.

Consider now the macroscale metabolism of the proposed large-scale geothermal technoecosystem.
High quality inputs are machinery, modules, and materials, petrofuel for technoorganisms, and geothermal
fluids. Cool ocean water is a moderate quality input. High quality outputs are electricity, desalted
water, purified valuable chemicals, and possibly process heat, Low quality exhausts are evaporated
water, waste heat, injected warm ocean water and brine, and low value salts,

While interfering little with the agricnltural technoecosystem, the geothermal technoecosystem
helps maintain its water niche and that of other agricultural technoecosystems in the Lower Colorado
River Basin. And fossil fuel energy is partly replaced by geothermal power, Superficially, the Imperial
valley technoecosystem changes very little, and the Salton Sea technoecosystem's decline is halted.

But while all this order is maintained at the surface, geothermal reservoirs at depth are being depleted
and laden with imported salt in cool injection brine. This macroscale geothermal technoecosystem
envisioned by the U.8. Bureau of Reclamation is a human-controlled hydrologic cycle contained within
pipelines and thermodynamic modules. Like the natural hydrologic cycle, it is an entropy jet. But
unlike the natural solar-powered system, it is driven by a sudden flood of ancient geothermal energy
escaping to space.

5. Niche Limits

The geothermal niche in Imperial Valley, as elsewhere, is limited. Tables 6 and 7 are
presented to help clarify discussion of geothermal resource magnitudes in relation to exploitation plans.
Table 6 is an inventory of energy flow and storage magnitudes for individual geothermal systems in
the valley; it is based on a temperature gradient map (USBRDC, 1972, Plate 3), heat content and system
volume data from Renner, White, and Williams (1975), and several assumptions which are outlined in
the notes. Table 7 lists resource storage magnitude estimates made directly by other workers or cal-
culated from figures they present. And Table 7 also tabulates exploitation rates of geothermal techno-
ecosystems which either exist now or have been suggested for the future. Interesting comparisons can
be made between Tables 6 and 7, and between these tables and Tables 2, 3, 4, and 5, A few such
comparisons will be made in the following discussion.

Perhaps the most remarkable feature of Table 6 is the small size of the heat flow and power
flow magnitudes. Salton Sea geothermal system heat flow of 78.6 Mwt is exceeded by flow from just
two typical wells tapping the system (56 Mwt each, as derived from Koenig, 1973B). And East Mesa
system heat flow of 20.3 Mwt is also exceeded by open flow from two typical wells (12 Mwt each, as
derived from figures given by Mathias, 1975*%). Total renewable power flow from all tabulated
geothermal systems is 24.4 Mwe (assuming 16 percent conversion efficiency), only enough power
for a single town of 24, 000 people, and less than one third of the power already generated at the
Cerro Prieto geothermal powerplant. Salton Sea system power flow (12.6 Mwe) is only slightly larger
than the 10 Mwe capacity of the small pilot plant now being tested there.

The macroscale geological engine is likely to keep supplying these energy flow rates for a
long time. But even small-scale exploitation likely in the next few years is certain to exceed this
flow niche and start to tap stock niche storages. And exploitation schemes conceived of by some authors
(Table 7) would pump storages at more than a thousand times natural flow rate,

Another notable relationship apparent in Table 6 is that the Salton Sea system represents roughly
half of the total energy flow and storage of all the systems, and 60 percent of the total recoverable
power content listed. This seems to suggest that two specially~adapted geothermal technoecosystem
populations of roughly equal size may develop in two contrasting geological habitats: hypersaline
Salton Sea system, and all other systems (only saline).

Roughly logarithmic sequence of heat content values among the four largest systems seems to
reflect the logarithmic resource magnitude trend noticed by Renner, White, and Williams (1975).

Total heat content of the hydrothermal systems tabulated in Table 6 is around 1.5 percent of
total U.S. hydrothermal convection systems resource base, 0,6 percent of thermal energy content of
U.S. coal resources, and 15 percent of U.S, original oil resources heat content (Table 5). Total
recoverable power content of all hydrothermal systems in Table 6 (139,400 Mwyre) is three percent
of total recoverable power content of discovered and undiscovered hydrothermal convection systems in
the U,S, (4,600,000 Mwyre) and 40 percent of power content of identified U.S. hydrothermal convection
systems reserves (350, 000 Mwyre) estimated by Nathenson and Muffler (1975). Comparing the 139,400
Mwyre recoverable content from Table 6 with U.S, technoecosystem energy flow rates from Table 3,
we see that the Imperial Valley geothermal systems would power the predicted 1985-level geothermal
technoecosystem for less than one year, the predicted 2000-level system for only four months,
present U.S, power output for less than two months, and the entire present U.S. technoecosystem for
less than two days.
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Table 6. Natural geothermal energy flows and storages in Imperial Valley, California

Hydrothermal|Heat |Power |Heat Power Recoverable|Recoverable
System Name |Flow |Flow |Content Content Power Hot Fluid
/1 /2 /3 /4 Content /5(Volume /6
(Mwt) | (Mwe) | (104Mwyrt) | (103Mwyre) [ (103Mwyre) (km3)
Salton Sea 78.6| 12.6 278 445 83.4 21.6
Heber 22.2 3.6 146 234 29.2 20.0
East Mesa 20.3 3.2 73 117 14.6 11.2
Brawley 12.9 2.1 40 64 10.0 5.4
East Brawley| 10.5 1.7 - -- - -
Border 3.3 0.5 3 5 0.6 0.4
Dunes 2.5 0.4 8 13 0.8 1.8
Glamis 1.1 0.2 5 8 0.5 1.2
West Glamis 0.8 0.1 3 5 0.3 0.6
TOTALS 152.2]| 24.4 556 890 139.4 62.2
TOTALS
EXCLUDING 73.6| 11.8 278 445 56.0 40.6
SALTON SEA
Salton Sea
Volcanic 1525 /7
System

Notes:

1. Total heat flow estimated from planimetric analysis of temperature gradient map (USBRDC, 1972,
Plate 3), calibrated to heat flow units by comparison with heat flow mag of East Mesa system
(USBRN, 1974, p. 5A). Thermal conductivity assumed to be 3.5 x 107 cal/cm*sec* °C, so 1°F /100 ft =
0.633 HFU = 0. 0265 Mw/km#“, Contours extended where needed.

2. Total electrical power equivalent calculated from total heat flow at 16 percent conversion efficiency,

3. Heat content values, to 3 km depth, from Renner, White, and Williams (1975). No storage data are
available for the East Brawley system.

4. Power content is electrical equivalent of heat content at 16 percent conversion efficiency.

5. Recoverable power content to 3 km depth. Data for first 4 systems from Nathenson and Muffler
(1975). Border system figure is two percent of heat content, Last 3 figures are one percent of heat
content.

6. Recoverable hot fluid volume is assumed to be 20 percent of total reservoir volume (sediments and
fluid) to 3 km depth. Total volume figures obtained from Renner, White, and Williams (1975).

7. Smith and Shaw (1975). Heat content to 10 km depth.
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Table 7. More geothermal energy flows and storages in Imperial Valley

Exploitation Systems Power Hot Recoverable |Recoverable| Notes
(lst section), and OQutput | Fluid | Power Hot Fluid
Misqellaneous Resource Ougput Content Contegt
Estimates (2nd section) (Mwe) (km>/yr)| (10° Mwyre) (km=~)
Salton Sea pilot plant 10
Cerro Prieto powerplant 75 0.03 5 1.7 1
USBR demonstration stage 420 0.15 2
USBR large-scale stage 10,500 3.9 2,3
Rex (1970) scheme (min) {20,000 | 12 2000 4,5
Rex (1970) scheme (max) (30,000 | 19 9000 4,6
Salton Sea, total flow 92,000 1.4 1840 28 7
1975 drilled resource . 5 8,9
1975 total resource 100 8,9
Future resource (min) 200 8
Future resource (max) 500 8
pre-1975 estimates (min) 20 8
pre-1975 estimates (max) 1800 8
Water estimate (Dutcher) 250 10
wWater estimate (Rex min) 790 11,12
‘ wWater estimate (Rex max) 4146 11,13
ft =
Notes:

1. Fluid output assumes 39 kg = 0,039 m3 per kwh (Hughes, Dickson, and Schmidt, 1974). Power content:
minimum proven reserves of 33 yr at 150 Mw (Tolivia, 1975*), Minimum fluid content calculated from
other three figures.

2, USBRDC (1972). Hot fluid output = replacement fluid input.

3. Fluid output is desalted water output (3.1 km3) multiplied by 1.25 to correct for evaporative cooling
losses, as in demonstration stage.

4. Rex (1970) figures. Excludes hypersaline brines.

5. Assumes 100 year field lifetime.

6. Assumes 300 year field lifetime,

7. Austin, Higgins, and Howard (1973) scheme for exploitation of Salton Sea field, only, with total flow

technology. Assumes 20 year field lifetime,
8. Towse (1975).
9. Resource shallower than 1.8 km, and hotter than 230°C,
10. Dutcher, Hardt, and Moyle (1972). Water hotter than 150°C and less than 3,5 percent salt content
(35, 000 ppm).
11. Rex (1970). Non-hypersaline water hotter than 260°C.
12. Assume 1974 km3 total volume, of which 40 percent is hot.
13. Assume 5923 km3 total volume, of which 70 percent is hot.
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The Imperial Valley geothermal power resource appears to be small indeed compared with
macroscale technoecosystem energy flow rates. Now compare it with power output rates of existing
and proposed Imperial Valley geothermal technoecosystems (Table 7) actually designed to exploit the
Lmperial Valley geothermal reservoirs listed in Table 6. The technoecosystems and resources are
divided into two groups, those of the hypersaline Salton Sea geothermal system, and those of all the
other systems, Salton Sea system recoverable power content (83,400 Mwyre) could power the 10 Mwe
pilot plant now being tested over it for 8,340 years. But it could power the large (92, 000 Mwe) total
flow technology system envisioned by Austin, Higgins, and Howard (1973) for less than one year,
compared with their estimate of 20 years,

Similarly, recoverable power content of non-hypersaline hydrothermal systems (56,000 Mwyre)
could run 75 Mwe powerplant like the one at Cerro Prieto for some 750 years, and the six powerplants
of the proposed USBR demonstration stage development (420 Mwe) for 133 years. But it could run the
150 powerplants of the USBR full-scale development (10,500 Mwe) for only five years, and the 20, 000
to 30, 000 Mwe scheme proposed by Rex (1970) for only two to three years (compared to his estimate
of 100 to 300 years field lifetime).

Clearly, the Imperial Valley geothermal resources are not only miniscule compared with U.S,
technoecosystem energy flows, but also very small compared with the energy flow rates of the geothermal
technoecosystems specifically envisioned to exploit them. The Imperial Valley geothermal stock niche
appears to be much more limited than some men have supposed.

Now compare Table 6 recoverable power content magnitudes with those of Table 7. Towse
(1975) estimates that total resource in Imperial Valley proved by drilling is 5,000 Mwyre, and that the
total recoverable power resource is 100,000 Mwyre, which is quite comparable to the 139,400 Mwyre
estimate of Table 6. He also estimates that future technical and economic developments may expand
the total recoverable resource by a factor of two to five (200,000 to 500,000 Mwyre)., According to Towse,
previous estimates of lmperial Valley recoverable power content range from 20,000 Mwyre (1/5 of his
present estimate) to 1, 800, 000 Mwyre (18 times his present estimate and 3. 6 times his estimated
future maximum value). Compared with estimates of Table 6 and those by Towse, the recoverable
power resource magnitudes implied by Rex (2, 000, 000 to 9,000,000 Mwyre for just the non-Salton Sea
systems) and Austin, Higgins, and Howard (1,840,000 Mwyre for the Salton Sea system alone) seem
very optimistic.

Consider next estimates of the volume of hot geothermal fluids in Imperial Valley geothermal
systems. Salton Sea hot fluid volume estimated by Austin, Higgins, and Howard (1973) is 28 km3 (Table 7),
very close to the 21.6 km? estimate of Table 6. For the non-hypersaline systems, however, the agreement
between estimates is not so good. The total estimate in Table 6 of hot fluid volume (hotter than 150°C for
most of the systems, but only 90 to 150°C for Dunes, Glamis, and West Glamis systems) is 40,6 km3. In
contrast, vglume estimates by Dutcher, Hardt, and Moyle (1972) and Rex (1970) for non-hypersaline fluids
are 250 km* and 790 to 4146 km?, respectively -- larger than the Table 6 estimate by factors of 6, 19, and
102, In addition, the Dutcher and Rex volume estimates are for water hotter than 260°C, much hotter than
the minimum temperature used for the Table 6 figure (mostly 150°C, but 90°C in some cases), If Dutcher
and Rex had chosen a 150°C minimum temperature, their volume estimates, already large, would
presumably be much larger. Even if we assume that the correct hot fluid volume is 160 km3, four times the
Table 6 estimate, the Dutcher and Rex estimates seem very optimistic.

In an earlier paragraph, recoverable power content was found to be small compared with projected
Imperial Valley geothermal technoecosystem power output rates. Now compare projected hot fluid rates
(Table 7) with estimated hot fluid storage volume (Table 6), Assuming a non-~hypersaline hot flujd volume
of 40.6 km3, the USBR demonstration stage technoecosystem, tapping fluid at a rate of 0.15 km3/yr, could
operate for 271 years. But the macroscale USBR technoecosystem could maintain its exploitation rate
(3.9 km3/yr geothermal fluid discharge) for only 10 years! And the scheme proposed by Rex (12 to 19 k.m3/yr
hot fluid output) would exhaust the hot non-hypersaline reservoir in only 2.1 to 3.4 years, Even if we assume
a true geothermal fluid volume four times as large (160 km3), these durations increase to only 41 years and
8.4 to 13 years. Clearly, compared to the Lower Colorado River's flow magnitude at Lees Ferry (9.3 km3/yr
legal minimum), the Imperial Valley geothermal water stock niche is quite small.

Dr. Robert W. Rex (1970) presented by far the most optimistic estimates of geothermal fluid
and energy storages in Imperial Valley; his estimates for sustainable exploitation rates and their duration
are correspondingly large. His optimism stems partly from his belief that more hydrothermal
convection systems await discovery on the flanks of the valley, and his theory that the heat stored in

sediments, approximately equal to thermal energy in brines, could be recovered by circulation of injected
replacement fluids.

‘Geophysical studies In unexplored portions of the valley may indeed discover more hydrothermal
convection systems; but in light of the geology of the valley (faults and spreading centers), it seems
unlikely to me that total known resources will be increased by as much as a half. The prospects for
secondary thermal energy recovery, however, may not be nearly as favorable as Rex supposed,

Additional heat could be recovered from sediments only by the flow of cooler fluids through them.
Temperature and thus energy quality of these fluide would thus be significantly lower than the

co:
ths

rec

in
art

inc
de:

by
As
ex
hu
in
E:

Ve

<

ge
fe.
E:

or
CcC

st
of
p!
al
it



e)

al

g,

Syr
me

Syr

<o e oo AN RN

T S

Sy R,

e e

100

corresponding values of the original fluids. Net energy ratio would therefore be lower, and it is likely
that temperature-dependent thermodynamic modules of the geothermal technoecosystem would have to be

redesigned.

Actual geothermal energy and fluid storages are probably larger than the magnitudes listed
in Table 6 because these estimates are to 3 km maximum depth, while sediments in Imperial Valley
are up to 6 km deep. Therefore total recoverable fluid and energy content of some systems may be up
to two times larger than the Table 6 values. However, not all estimates will be changed much by
including storages below three km depth. Sediments at East Mesa, for instance, are only about 3.5 km

deep.

The grand, magnificent macroscale geothermal water and power technoecosystem envisioned
by the U,S. Bureau of Reclamatlon and reviewed In the preceding section, may never come Into existence.
As just demonstrated, the total exploitable resource is quite small compared with USBR-planned
exploitation rate; if actually built, the system would probably be able to operate for only a fraction of one
human lifetime. The USBR may also run into other difficulties. Geothermal wells are all very
individualistic; each has a unique combination of temperature, production rate, and fluid chemistry.

Each well, therefore, requires careful, intimate attention, and integration of hundreds of them into

a single technoecosystem may be troublesome. In addition, geothermal fluids throughout Imperial
Valley's low salinity systems may not be as hot as the USBR expected. This has been the case for the
East Mesa system, where 200°C fluids were expected but actual fluids tapped were only 154 to 166°C.

Furthermore, the USBR may have difficulty gaining access to most of the low-salinity
geothermal systems of Imperial Valley; Most of these areas are subject to geothermal leasing by the
federal government to private corporations. And the prime geothermal areas, including parts of the
East Mesa system, have already been leased. Corporations may be most interested in power production
and may consider less profitable desalted water to be only a possible by-product, USBR, with just the
opposite order of priorities, may have difficulty convincing these companies to choose a technoecosystem
configuration which maximizes water output and generates electricity as only a secondary output.

Finally, another possible barrier to the USBR project may be its cost. In this paper I have
intentionally avoided discussions of prices and money costs. For they vary rapidly from year to year
and from place to place under the influence of the vagaries of inflation, international monetary strategy,
materials availability, diverse subsidies, and innumerable other factors, Net energy variables would
be a more solid basis for study of Imperial Valley geothermal technoecosystems, but net energy
theory is still in its infancy, and net energy analyses of Imperial Valley systems have yet to be
undertaken,

However, a preliminary economic analysis of geothermal water and power production in
Imperial Valley has recently been presented by Vaux and Nakayama (1975*%). They conclude that
geothermal power production in the valley may be economically attractive (depending on power price,
capital cost, and willingness to accept risk), but that geothermal water production is not. They base their
conclusion about the unprofitability of geothermal water production on the comparison between the
present (subsidized) price of canal water in Imperial Valley ($1 to $30 per acre-ft, or $0.8 million
to $24 million per km3) and their minimum cost estimate for geothermal water ($127 per acre-ft, or
$103 million per km3). Other estimates of Imperial Valley geothermal water costs are Rex's (1970)
figure of $33 per acre-ft ($27 million per km*), comparable to present canal water cost, and the
USBRDC (1972) large-scale development estimate of $100 to $150 per acre-ft ($81 million to $122
million per km3), comparable to the geothermal water cost estimate of Vaux and Nakayama.

Although money cost of geothermal water may be non-competitive, its production can be
subsidized, perhaps by moncy income from power production (Laird, 1973). The total money cost
of 3.1 km3/yr of desalted water exported to the Colorado River under the macroscale USBR large-scale
plan (at the maximum estimated unit cost of $122 million per km¥) would be $378 million per year. This
amount of money is certainly within the subsidizing capabilities of the U,S. national technoecosystem;
it is comparable to the money cost of a single medium-sized military technoorganism.

A macroscale geothermal technoecosystem the size of USBR's large-scale development plan
will probably never be built. But we may expect a geothermal system to develop which is of a size
somewhere between the USBR'S large-scale development system and the pilot-scale systems planned
for the near future. It seems rather unlikely that geothermally desalted water sufficient to save the
Lower Colorado River will ever be piped to Lake Havasu from Imperial Valley. But enough desalted
water may eventually be produced by Imperial Valley geothermal technoecosystems to significantly
improve the water quality of the local All-American or Coachella Canals, or at least to freshen the
water supplies of local municipal technoecosystems,

Thus, geothermal technoecosystems in Imperial Valley are likely to help extend the niche
of the Imperial Valley technoecosystem, the timespan over which it can remain an energy-rich oasis.
Towns will continue to be lit at night, produce-laden trains will still roll, crop dusters will continue
to fly low over green fields, and recreation in and around the Salton Sea will persist.
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Successional changes are likely in the geothermal technoecosystems, on a time scale which
depends on exploitation rate. Exploitation syatems may have to evolve to tap cooler, deeper, saltier
fluids. Inputs and outputs and internal cycle configurations will change over time. Perhaps, when the
hydrothermal reservoirs are depleted, geothermal technoecosystems which tap hot-dry rock or magma
will spring up over the Salton Sea volcanic system. Its thermal energy content is three times as
great as that of all the hydrothermal systems in the valley (see Table 6).

The Imperial Valley technoecosystem will not be unaffected by radical changes in the global
technoecosystem's energy environment. Petrofuel technoorganisms and their support facilities
may adapt to synthetic fuels. And diverse populations of inorganic solar collector modules are likely
to burgeon. Crop vigor and species may change as salinity and quantity of imported canal water vary,
reflecting the state of the water economy of the entire Colorado River Basin technoecosystem,

The geothermal niche, though, is finite, Geothermal exploitation beyond renewable heat
flow rate is almost certain; therefore, the end of Imperial Valley geothermal technoecosystems must
come, Various authors write of exploitation durations of decades to centuries; but these are just a
flicker of geological time, When the geothermal wells finally shut down, systems which are totally
dependent on them must fall into disuse and decay. Geothermal industries may be abandoned, some
fields may return to desert, and the Salton Sea may finally turn hypersaline, its last reprieve ended.
And the subterranean geothermal systems, pierced, cooled, and polluted, will be released from human
control to resume their spontaneous passage through geological history.



VI. DEVELOPING REGIONS

1. Roles of Geothermal Technoecosystems

Developing regions are countries, territories, and other areas which have low-energy techno-
ecosystems. Within a developing region there may be local concentrations of wealth and high-energy
technoecosystem components. But more inhabitants have relatively low per capita technoecosystem
energy flow, relatively low-level technology, and very little high-energy-quality technomass, In some
developing regions, per capita technoecosystem wealth may actually decrease as population growth rate
exceeds technoecosystem growth rate,

When we fly over a developing region, the contrast with high-energy technoecosystems is
unmistakable. Energy channels (such as powerlines, pipelines, and all-weather roads) which intricately
lace high-energy technoecosystems are small and sparsely distributed here. High-energy mobile techno-
organisms, ubiquitous in developed regions, are rare here, and are outnumbered by biological vertebrate
technoorganisms. And they tend to be of technospecies suited for communal rather than personal purposes
(trucks and buses rather than automobiles), Agricultural technoecosystems predominate; manufacturing
technoecosystems tend to be small, simple, and concentrated in one or two main cities. At night,
towns and cities do not glow as brightly here as they do in developed regions, and villages of low-
energy stationary technoorganisms may be completely dark in visible wavelengths.

It is clear that this developing region is an integral part of the global technoecosystem, but
that it is only distantly peripheral to the highest-energy fossil fuel niche hub of the global system.,
Preassembled high-energy technoecosystem components suitable for integration into the developing
region's technoecosystem are usually imported whole, along with technical advice, from distant developed
regions. Such technology transfer can be a gift, or it can be subsidized by financial loans or grants
from developed regions and their agencies.

For developing regions with favorable geological conditions (and such places are numerous),
geothermal technoecosystems may be of great value for increasing local energy flows and energy
quality. Small geothermal developments, which might be inconsequential in the midst of a high-energy
technoecosystem, can have great beneficial impact on energy flows of a developing region. Geothermal
clectricity, when channeled to homes, can directly increase the energy wealth of domestic technoeco-
system inhabitants, It can also act as an energy flow amplifier by powering industrial technoecosystems
(perhaps at newly established industrial growth poles), or by driving irrigation pumps for solar-energy-
collecting agricultural technoecosystems in arid lands. Water and chemicals from geothermal technoeco~
systems can havc numberless uses in any technoccosystem, as discussed in Chapter 111,

Developing countries, according to Wehlage (1974A), take an innovative, practical approach
to gcothermal technoecosystem devclopment, while the high-energy U.S. tackles it from a conservative,
academic angle. This difference in attitudes could be due partly to the relatively much greater beneficial
impact that geothermal development can have on a low-energy technoecosystem.

The United Nations, Energy Section (1972) summarized the specific advantages that geothermal
technoecosystem development can have for developing regions. Perhaps most important, geothermal
energy can decreasc dependence on imported oil, with its price and supply uncertainties. Although
petroleum cnergy must be imported {(as fuel or in the form of machinery) in order to construct the
geothermal technoccosystem, this large investment can repay itself many times in the form of a
continuous, reliable, low cost, high quality geothermal energy flow. Where optimum resource
conditions occur, power can be produced at very competitive cost and with only minor pollution of the
surface environment. Other advantages arc simplicity and multiple purpose capabilities of geothermal
technoccosystem configurations, Small, simple turbogenerator units which exhaust to atmosphere can
be installed in rural areas with little difficulty, and the waste heat they produce is suitable for secondary

102




103

uses (Cataldi, DiMario, and Leardini, 1973). Because there are no major economies of scale in
geothermal power production (James, 1973), small generating modules can be added one at a time
as field development and local technoecosystem enrichment proceed.

Armstead, Gorhan, and Muller (1974) outline a logical sequence of steps which a developing
region might take in a systematic geothermal resources development program. Any such project
would utilize the services of a large international pool of specialists in multidisciplinary cooperation.
Funds, technical expertise, and hardware for geothermal development in developing regions have been
provided hy local and colonial governments, the United Nations, private organizations, the U.S. Agency
for International Development, other agencies of developed countries, and the World Bank (Koenig,
1973B, and Burnside, 1973).

The United Nations, in particular, has been an international catalyst for geothermal development
in developing countries around the world (Saint, 1975*), Major geothermal projects have been undertaken
by the U.N. in Chile, El Salvador, Ethiopia, Kenya, and Turkey (United Nations, Energy Section, 1972).
McNitt (1975) reviews the five consecutive phases of a U,N, project, from geological reconnaissance to
powerplant feasibility study. Four projects were completed by 1975, each at an average cost of $3 million
and each with a duration of four to seven years (ibid.).

2. Specific Applications

Many publications have been written about geothermal resources and projects in developing
regions, They range from simple reports of hot spring locations to descriptions of completed
geothermal powerplants and ambitious plans for future geothermal technoecosystems. Geothermal
developments in arid developing regions will now be reviewed. The discussion is organized by geothermal
region type and then by geographical location.

The only subduction zone geothermal belt which coincides with arid and semiarid lands occurs
along the western coast of South America. As Uyeda and Watanabe (1970) point out, high heat flow
values of the continent are concentrated in the Andes region and are often associated with geothermal
manifestations.

In the arid volcanic interior of northern Chile (Atacama Desert), a United Nations exploration
program which started in 1967 located three promising geothermal prospects. More detailed
investigations, slowed by difficult access and high elevation (over 4,000 m), have centered on the El
Tatio geothermal field (Koenig, 1973B), Geophysical studies and drilling reveal a large wet steam
reservoir 30 square kilometers in area. Pilotproduction wells now yield steam equivalent to 18 Mwe,
and power production of up to 50 Mwe is planned (Lahsen and Trujillo, 1975).

It is likely that the geothermal technoecosystem to be built at El Tatio will combine electricity
generation with fresh water production, possibly by multistage flash distillation (Barnea and Wegelin,
1973). Power could be transmitted to the giant Chuquicamata copper deposit, 80 km away, for smelting
and mining operations, and might also be used for recovering chemicals from the adjacent fumarole
field (Koenig, 1973B; Saint and Jasso, 1976*).

Southern Peru is the geological continuation of the Chilean geothermal region, complete with
volcanoes, fumaroles, geysers, and hot springs. Consequently, several arid Peruvian localities may
have good potential for geothermal energy exploitation (Parodi, 1975).

The mountain belt geothermal region which extends from the western Mediterranean through
southern Asia crosses arid parts of several developing regions. Hot springs are exploited at the
surface in Morocco (1968), and preliminary exploration has revealed a promising geothermal region in
northeastern Algeria near the Tunisian border (Cormy and D'Archimbaud, 1973). The Canary Islands,
which may also be part of this geothermal belt, are the site of recent volcanic eruptions and extremely
high temperature gradients (Calamai and Ceron, 1973; Arafia, Ortiz, and Yuguero, 1973), Thermal
springs have been reported in India by Balasundaram (1972) and Iyengar (1973), but the only systems
near or above boiling point are in the non-arid Himalayan region.

Most reported geothermal projects and resources in and near arid developing regions occur
over spreading ridges and rift zone geothermal belts. Submarine spreading ridges in the Gulf of
California (discussed in the previous chapter), the Red Sea, and the Gulf of Aden occur in narrow seas
adjacent to arid lands, and represent possible sites for underwater geothermal exploitation (Williams,
1975). Perhaps most intriguing is the Red Sea, where an active metal-rich hot brine convection system
has been concentrating copper, lead, and zinc in sediments. Saudi Arabia and Sudan have agreed to
share these sea bottom resources (Ross, 1972; Hammond, 1975C).

Largest of all rifts on land is the system of East African rift valleys. Kenya and Ethiopia
appear to have the greatest geothermal exploitation potential, and U.N. exploration projects have been
undertaken In both countries. Natural steam jets are already used for space heating, drying of pyrethrum
flowers, and livestock water supply, but high-energy geothermal technoccosystems are now being
planned and developed for power production and other purposes (Saint, 1975).
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Tanzania has numerous hot springs associated with rift systems, indicating that high-energy
geothermal exploitation may be possible in the future (Nzaro, 1973). Exploration in Kenya in the 19508
and 1970s has located three prime geothermal targets, but drilling has tapped formations with only low-
to-moderate steam production rates (Koenig, 1973B; Noble and Ojiambo, 1975).

The Afar triangle, a triple junction spreading center where East African, Red Sea, and Gulf
of Aden rifts all meet, has received a great deal of attention from geothermal technoecosystem developers.
1t is a low-lying land area roughly in the shape of a 30-60-90 right triangle, and it is the scene of
active volcanism, hot springs, and ongoing formation of oceanic crust (Tazieff, 1972B; Stieltjes, 1975).
Climate ranges from arid to extremely arid. The Afar triangle includes the northwestern tip of Somalia,
and the French territory of Afars and Issas, where geothermal exploration has been in progress since
1970 (Stieltjes, 1975). However, most of the triangle's area occurs in Ethiopia.

ent
a = Electrical power in Ethiopia has traditionally been produced by hydroelectric plants, which

depend on varying seasonal streamflow, and fossil fuel thermal plants, which are sometimes fueled by
oil trucked more than 480 km from the coast (Mechanical Engineering, 1972*). However, much of our
n planet's prime geothermal territory falls within this country's boundaries, so geothermal resources
may provide an outstanding energy base for high-energy technoecosystem development.

e T

: Geothermal exploration in Ethiopia since 1969, incorporating the skills of U.N. experts and

: Ethiopian technicians, has discovered over 600 hydrothermal areas in a survey region of 300, 000 square
kilometers. About 15 percent of the prospects are low-temperature thermal springs in the highlands,
and the rest are high-temperature thermal springs and fumaroles in the rift zone and in the Afar triangle
(Demissie and Kahsai, 1975; Mechanical Engineering, 1972*). High altitude airborne infrared imaging
was a prime reconnaissance tool in this exploration effort (Hodder, 1975).

Y e

1 Three outstanding geothermal regions have been outlined by Ethiopian exploration (Koenig, 1973B;
Mechanical Engineering, 1972*; Tazieff, 1972A):

1) The Danakil depression, covering more than 10,000 square kilometers in the arid northern
part of the Afar triangle, is a volecanic trench mostly below sea level. Salt-laden hot
springs in the area include one which is saturated with pure magnesium chloride. This
material could be sold either in its natural state, or as refined magnesium metal for
ten times the price. Geothermal power could run a magnesium plant (Lindal, 1973B)
and might make extraction of potash deposits (150 million tons have been discovered in
the area) feasible and economically attractive.

2) The Tendaho depression, an area of about 5,100 square kilometers in the Afar valley,
contains geothermal resources which could provide water and power for pumped irrigation
in agricultural technoecosystems. A U.N,-sponsored agricultural development program
is already in progress there.

3) The lakes district, in the rift valley south of Addis Ababa, shows good geothermal potential,
particularly around the Aluto caldera. A 10 Mwe powerplant is now planned for this region
(Saint and Jasso, 1976%*).

Geothermal resources development shows great promise for helping to raise energy flow quantity
and quality levels in the low-energy technoecosystems of those developing regions which have favorable
geology. Unlike the situation in high-energy technoecosystems, a little geothermal energy can go a
relatively long way in increasing the per capita technoecosystem wealth of these energy-starved regions.
Yet as geothermal technoecosystems in developing regions quickly grow, they too may exceed natural
flow rates and thus face the ultimate, finite limits of a stock niche. Geothermal energy may help give
these developing regions a strong initial boost. But long term survival of the high-energy technoecosystems
that they evolvc will depend entirely (as in already developed regions) on the near-future opening of
some new long lasting global energy niche.




VII. EPILOGUE

Night has fallen, after an irridescent three-dimensional macrovision sunset, to reveal a
different world. We are flying beneath the stars across the dark, open desert, from the Imperial
Valley geothermal developments back to our home city.

Highways angling across the desert floor beneath us are visible as beaded strands of pinprick
lights of tiny slow-moving technoorganisms. The miniature sign of an isolated gas station oasis lavishes
photons in all directions just in case a technoorganism driver whose vehicle needs potential energy
refill should look its way. Scattefed grids of lights in the distance show where fossil fuel energies and
a water niche have been organized to grow crops. Above the horizon, white strobing pinpoints of light
moving between stars reveal the distant positions of airborne technoorganisms like our own, And our
desert city destination, straight ahead but hidden from direct view by mountains, emits a luminous
skyglow which blends indistinguishably with the glimmering nebulous arc of the Milky Way galaxy.

Here in the atmosphere we are flying low over the spheroidal floor of an immense room with no walls
or ceiling.

On our omni-band receiver we scan the electromagnetic communication spectrum and tune in
on technoecosystem. Radio stations burble into the distance. We catch a slice of all the transmissions
-- messages to sell technoecosystem products and philosophies, news of technoecosystem and social
ecosystem affairs, encoded chirping of communications between machines, saxophones crooning, and
songs of social linkups, We are near the international border and several of the Mexican programs we
hear are broadcast from Mexicali, perhaps with electricity generated from ancient geothermal heat at
the Cerro Prieto powerplant. Of this modulated radio energy (with origins traceable to the seething
interiors of ancestral stars), a small fraction reaches its audience. But most of it radiates exhuberantly
into space in ever-widening spherical waves; we intercept a tiny sample on its way out of the solar
system.

Over the mountains we pass, and there before us is glittering metropolis. This high-energy
pinnacle of the technoecosystem energy pyramid is all aglow, a blazing galaxy of numberless lights
which scintillate in the heat waves of evening. As we fly over it we see this urban membrane in
exquisite three-dimensional macrovision. Crowded rivers of cars, modulated by multicolored stop-
and-go lights, flow down gridded networks of broad flood-lit avenues., Isolated autos weave through
the darker streets of residential areas., Winking TV and radio towers and multistoried office buildings
pass by in perceived three dimensions. Searchlights sweep the dark sky. We sec technoecosystem not
only us tcchnology but also as superb, unconscious art, :

This city does not have Lwelve gates, but it is ncvertheless the city of a vision. A desert
nomad from a low-energy technoecosystem might casily think this water and energy rich technoecosystem
to be a glimpse of paradise,

This city does not have foundations of polished gemstones, but in its jewel-like varicolored
lights we see gpectral cvidences of mercury, sodium, rare noble gases, and special phosphors con-
centrated by high-cnergy technoccosystem components of the fossil fuel niche. Looking deeper we
recognize the high technology of copper concentration, wire fabrication, fuel processing, turbine design,
and complex powerplant engincering which underlics this dazzling photon display.

This city may not be made of pure gold, but it is a sparkling treasure beyond price. Dollars
arce meaningless and invisible to us in the air, but in one sweep of thc eyes we take in the spontaneously
organized results of many billions of dollars invested and spent, each dollar representing the product
of vast encrgy flows and eons of evolution in life and earth cycles. In what other solar systems is such
treasurc to be found?

105




106

This is the living, complex technoecosystem in its full reality, directly perceived. It is real
wealth, real life support, the unified actuality which lies beyond all the reports and statistics which

line our bookshelves.

We cannot remain objective outside observers for long, however, because this city i8 our home.
This is where we happen to live now, as creatures called human, during one infinitesimal instant of life's
evolution. Each of us has a different microscale life down in that macroscale system. Each of us
has special friends, connections, possessions, and memories there below. For the moment, we still
perceive with macrovision, but instinctively we look for familiar microscale geometries -- our office,
our neighborhood and house, the back porch light, or the glow of the bedroom window,. 1t is time to
return to life at our usual scale in the human world. There are so many roles to play, so many
experiences to have, so many people to be down there in the technoecosystem.

Although we return to microscale life we must not lose our grasp on macroscale insights.
Macroscale technoecosystem configurations determine the parameters of small individual lives. What-
ever happens to technoecosystems will eventually have a profound effect on 2ll of us, for technoeco-
system is the skin we share.

Flying low over the city, we might wonder about its future. How long can this city live?
How long can these lights shine and these sleeping gardens be watered? Will these high-energy
structures continue to be inhabited, like Rome during the Middle Ages, as energy levels change? Or
will they disintegrate into ruins reclaimed by the desert? Can the water niche in this arid region be
extended into the long run by modulating natural systems and by modifying technoecosystem designs ?
Will vast expanses of desert soils nearby continue to produce large crop yields with technoecosystem
subsidies of concentrated energy, technoorganisms, fertilizers, and water?

We might also wonder about the global technoecosystem within which this city is embedded.
Can a new global energy niche be found to replace the finite fossil fuel niche as foundation for high-
energy technoecosystems? Can technoecosystems effectively recycle and reconcentrate finite supplies
of essential metals? Can high-energy technoecosystems be constructed for all the humans on earth?
How long can technoecosystems around the world continue to increase in size and energy level without
irreversibly crippling natural energy systems? What new technoecosystem configurations will be
evolved? How will quality of human life change? How many human heirs will we assemble, and
how many will we destroy ?

Another thing to wonder about is how long high-energy military jet technoorganisms can
continue to roar in formation over the city. Will this technoecosystem and its inhabitants (including
us) be incinerated and flattened in moments by multimegaton nuclear air bursts, as multitudes of long-
dormant cybernetic missile technoorganisms are belched from nearby underground silos onto fiery
intercontinental trajectories of revenge? Or will the thousands of plutonium concentrations sleep on
indefinitely ?

Perhaps technoecology will help us answer many of these questions. Perhaps it will help
us engineer answers we like through comprehensively and insightfully planned actions.

We do not know the specifics, but we do know that this technoecosystem must change. The
fossil fuel niche is ending as net energy ratios decline. Essential minerals are becoming scarcer and
more energy-costly to recover. Arid lands groundwater storages are being plundered toward
exhaustion. Superficially, the configurations of this urban technoecosystem may remain stable for a
while. But cars will probably shrink, houses will sprout solar panels and gardens of well-adapted
desert plants, and powerlines and pipelines will start to bring electricity and fuels from diverse new
energy technoecosystems,

Nuclear power technoecosystems may illuminate the city for a while, But they may serve only
as a sink of inefficiency for accelerated depletion of dwindling fossi} fuel wealth. And they will bring
with them the threat of reactor accidents and plutonium terrorism which could transform the city
and the surrounding desert into stygian, canper-wracked abomination. Solar technoecosystems are in
their infancy, but they may represent a new long-term flow niche for global technoecosystem operation.

Geothermal technoecosystems may channel encrgy of various forms into the city for a while:
Paradisio powered by Inferno. Knowledge and opinions about geothermal resources and technoecosystems
may rosound increasingly (for a while) through books, university courses, TV programs, newspaper
articles, and casual conversations in the urban technoecosystem below us. Electricity, water
minerals, and manufactured goods from geothermal technoecosystems may be intimately wove;1 into the
industrial fabric -- while the niche lasts.

) Whatever shape the technoecosystems of the future take under our guidance, their influence
will permeate every aspect of our daily lives. As they always have in the past, technoecosystem changes
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will alter our production roles, our news topics, our language, our lifestyles, our social systems, our
information systems, and our consciousness,

me, Runway lights flash in linear sequence to guide us in. Airport toys grow large again, We
atg decide on a place for dinner as the wheels smoothly meet the surface,

Where shall we fly next?
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GEOTHERMICS 2(2) :73-75.
TEMPERATURES HEASURED ] METERS DEEP AT ABOUT 1CC LOCATIONS VARY FROM 16
TC 350 DEGREES C., AND TEMPERATUKE GRADIENT IN WELLS IS 0.2 DEGEEES C. PER
MFFER. SUBFACE TEFPhPATURE CAN KEACH 100 DEGREES C, THE AUTHORS DISPUTE
THE HYPOTHESIS OF CALAMAI AND CERON (1970) THAT HEAT TRANSFER IS BY AIF
CUNVECTION, AND SUGGEST INSTEAD THAT STEAM AND GASES ESCAPE THROUGH FBACTURES
FPOM A SEA WATER HYDROTHERMAL CONVECTION SYSTEM BELOW AN IMPERVIOUS KOCK
LAYEF AT DEPTH. SUCH A CAPPED HYDROTHERMAL SYSTEM MIGHT BE IDEAL FCEK PCWER
PRODUCTION, {QALS)
TEMEERATURE/GEOTHERMAL STUDIES/VOLCANOES/SURVEYS/HEAT TRANSFER/CONVECTION/
SEA WATER/HYD20THERMAL STUDIES
/IDENTIFIERS: /CANARY ISLANDS/TEMPERATURE GRACIENT/GEOTHERMAL KESOURCES/
HYDROTHERMAL CONVECTION SYSTEMS




5
ARNSTEAD, H.C.H.
1973

¥
¥

GEOTHERMAL ECONOMICS. IN H.C.H. ARMSTEAD, ED., GEOTHERMAL ENEBGY: REVIEW OF
RESEARCH AND DEVELOPMENT, P. 161-174.
UNESCO, PARIS. EARTH SCIENCES SERIES 12.
GEOTHERMAL ENERGY PRODUCTION HAS HIGH PIXED INVESTMENT COST éEXPLORATION,
PLANT CONSTBUCTIONL, AND LOW OPERATING COST. TO JUSTIPY DEVELOPMENT
GEOTHERNAL COST (INCLUDING EXPLORATION) MUST COMPETE WITH OTHER ENE BGY SOURBCES.
A DETAILED, BUT THEORETICAL ANALYSIS L ADE OF MANY EXPLORATION, CONSTRUCTION,
PRODUCT ION, ARD MAINTENAN COSTS OF GEOTHERMAL HEAT AND GEOTHERMAL POWER
SRODDCTION. THEOBETICAL COSTS ARE COMPARED WITH ACTUAL COSTS AT SEVERAL
OWERPLANTS, GEOTHERMAL HEAT AND POWER APPEAR TO BE COMPETITIVE WITH FOSSIL
FUELS AAT 1970 PRICBSE. IT SHOULD BE POSSIBLE TO DESALT WATER AT ONLY 29
CENTS PER 1002 GALLONS. FURTHER ADVANTAGES OF GEOTHERMAL EXPLOITATION E
POSSIBILITIES OF MULTIPURPOSE PROJECTS AND LOWER IMPORTED FUEL NEEDS. IT MAY
ngﬁgVANTAGEOUS TO SHIP RAW MATERIALS TO GEOTHERMAL PIELDS FOR PROCESSING.
( )
GEOTHERMAL STUDIES/ECONOMICS/FIXED COSTS{EXPLORATION/COISTBUCTION COSTS/COSTS/
OPEBATING COSTS/COMPARATIVE COSTS/ANALYSIS/MAINTENANCE COSTS/DESALINATION/
MULTIPLE-PURPOSE PROJECTS
/IDENTIFPIBRS: /GEOTHERMAL ENERGY/ENERGY COSTS/ALTERNATIVE ENERGY SOURCES/
GEOTHERMAL HEAT/GEOTHERMAL POWER
6

ARMSTEAD, H.C.H./GORHAN, H. L./MULLER, H.

1974

SYSTEMATIC APPROACH TO GEOTHERMAL DEVELOPMENT.
GEOTHERMICS 3(2):41-52.

OUTLINES THE LOGICAL SEQUENCE OF STEPS WHICH A COUNTRBY MIGHT TAKE WITH
MINIMUM EXPENSE AND EPPORT IN A SYSTEMATIC GEOTHERMAL RESOURCES DEVELOPMENT
PROGRAM. A PLOW CHART AND COMMENTARY STRUCTURE THE VARIOUS ACTIONS TO BE
TAKEN AND QUESTIQNS TO BE ANSWERED., MAJOR STEPS INCLUDE INVENTORY OF
ECONOMICS, POLITICS, ALTERNATIVE ENERGY COSTS, AND POTENTIAL INDUST RIAL
SYSTEMS; 'EXPLORATION (SURVEYS AND DRILLINGE' RESERVOIR EVALUATION (CORROSION,
ENE KGY ﬁOTENTIAL%' AND ENGINEERING CONSIDERATIONS &iAS E WATER DISPOSAL
ENVIBONMENTAL EFFECTS, PLANT DRSIGN) . GEOTHERMAL DEVELOPMENT REQUIRES THE
SERVICES OF A LARGE INTERNATIONAL POOL OF SPECIALISTS IN MULTIDISCIPLINARY
COOPERATION. (OALS)
GEOTHERMAL STUDIES‘BCONOHICS/POLITICAL ASPECTS/EXPLORATION/SURVEYS/DRILLINGé
ENGINEERING/WASTE WATER DISPOSAL/ENVIRONMENTAL EFFECTS/PROFESSIONAL PERSONNEL
/IDENTIFIERS: /GEOTHERMAL RESOURCES DEVELOPMENT/DEVELOPING COUNTBIES/ENERGY
COSTS/ALTERNATIVE ENERGY SOURCES

7
ARMSTEAD, H.C. H. ED.
1973
GEOTHERMAL ENERGY: REVIEW OF RESEARCH AND DEVELOPKENT.
UNESCO, PARIS. EARTH SCIENCES SERIES 12. 186 P.
OFFERS A GENERAL INTRODUCTION TO GEOTHERMAL ENERGY AND THE VARIOUS PHASES
OF GEOTHERMAL WORK. TOPICS INCLUDE GENERAL GEOLOGY AND HYDROLOGY; GEOLOGICAL,
GEOCHEMICAL, AND GEOPHYSICAL EXPLORATION; DRILLING AND FIELD DEVELOPMENT;
UTILIZATION POR POWER, SPACE HEATING, AND OTHER PURPOSES; AND GEOTHERMAL
ECONOMICS. THE PIFTEEN CHAPTERS ARE WRITTEN BY SPECIALISTS IN VARIOUS RELATED
DISCIPLINES. AN EXTENSIVE BIBLIOGRAPHY, AT THE END OF EACH CHAPTER, PBROVIDES
REFERENCES FOR FURTHER READING. {(OALS)
GEOTHERMAL STUDIES/REVIEWS GEOLOGY{GBOCHEHISTR!/GEOPH!SICS/HYDROGEOLOGY{
FXPLORATION/DRILLING‘BLECT IC POWER PBODUCT ION/HYDROLOGY/ECONOMICS/REVIEMWS/
RESEARCH AND DEVELOPMENT
/ICENTIFIERS: /GEOTHERMAL RESOURCES/GEOTHERMAL RESOURCES DEVELOPMENT/SPACE
HEATING/INDUSTRIAL USES

8
ARMSTRONG, E. L.
1971

THE ROAR FROM AN EMERGING RESOURCE.
RECLAMATION ERA 57(3):1-8. EBIA 71-05393.

ACCORDING TO THIS STATEMENT BY THE COMMISSIONER OF BECLAMATION, GEOTHERMAL
ENPRGY SOURCES OPPER THE POSSIBILITY OF POLLUTION-PREF, ODORLESS, NOISELESS
POWERPLANTS IN THE FUTURE. WORLDWIDE THERE IS NOM 675 MW OF GEOTHERMAL ELECTRIC
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ECONOMICS OP MULTI-PURPOSE USE OF GEOTHERMAL RESOURCES.
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GEOTHERMAL STUDIES/SOUTHWEST U.S./EXPLORATION / UTAH/BEVADA/NEW !EXICO/
FAULTSéGEOLOGICE/HOT SPRINGS/GEOLDGIC INVESTIGATIONS/GEOCHENISTRY/
GEQ FHY ICSgSUBV YS
/IDENTIPIERS: /RIO GRANDE TROUGH/VOLCANISH

20
BIRLSEYE, H.S.
1971

GEOTHERMAL POWER IE NEW MEXICO.
NEW MEXICO ACADEMY OP SCIENCE, BULLETIN, SPRIEG, 1971. P. 1-8.

THE GEOPHYSICAL PACTORS RESPONSIBLE POR THE FPOBMATION OF GEOTHERMAL STEAM ARE
BRIEPLY DISCUSSED. GEOTHERMAL STEAM MAY BE AN INTEGRAL PART OF THE PROCESS BY
WHICH METALLIC DEPQSITS SUCH AS COPPER, LEAD, ZINC, GOLD, AND SILVER FPORH,
THE CHARACTERISTICS OF GEOTHERMAL ABEAS ARE ExANINED AND' DIFPERENCES BETWEEN
SATURATED AND DBY GEOTHERMAL SYSTEMS ARE POINTED OOT. THE LATTER IS TO BE
PREPERRED BECAUSE OF ITS GREATEB ECONOMIC VALUE AND LACK ENVIBONMENTALLY-
DELETERIOUS BY-PBODUCTS. MAPS OF WORLDWIDE GEQOTHERMAL AREAS AND NEW MEXICO
HYPER-THERHAL AREAS ARE PRBSBITBD. OF THE ROUGHLY 60 KNOWK THBERMAL AREAS IN NEW
MEXICO, THE ONLY SYSTEMATIC DRILLING HAS BEEN IN VALLES CALDERA, A DRY STEAN
FIELD b? POSSIBLY SEVERAL MILLION KW POTENTIAL. SIX OR_SEVEN THERMA L PROSPECTS
ALONG THE RIO GRANDE TROUGH ALSO APPEAR TO HAVE ECONOMIC POTENTIAL.
GEOTHERMAL STUDIES/THERHAL POWER/STEAN/NEV MEXICO/EXPLORATION/DRILLING/MAPS/
ENVIRONMENTAL EFPECTS
/IDENTIFIBRS: /DBRY STEAM PIELDS/VALLES CALDERA/RIO GRANDE TROUGH/GLOBAL
DISTRIBUTION/MINERAL DEPOSITS

21
BIRSIC, R.J.

1974
THE GEOTHERMAL STEAM STORY, OF A HOT TIP FBOM MOTHER EARTH.
SAME AS AUTHOR. FPULLERTON, CALIFORNIA. 123 P,

PAST AND PRESENT GEOTHERMAL STEANM POWER GENERATION IN THE U.S., ITALY, NEW
ZEALAND, AND JAPAN ARE REVIEWED IN OVER 60 PHOTICGRAPHS OF pRILL RIGS, 'WELL
FIELDS, PIPELINES, AND POWNEEPLANTS, PLUS ACCOMPANYING TEXT. THE Book AINS
TC INTEREST THE * DISCERNING AMERICAN® 'IN GEOTHERMAL ENERGY AS A SOLID
INVESTMENT OPPORTUNITY. TO THIS END, THE FINAL SECTION EMPHASIZES THAT MONEY
CAN BE MADE ON GEOTHERMAL STEAHN SUH& ARIZES THE HISTORY, ASSETS, AND PEROFIT
OF EIGHT U.S. GEOTHERMAL COHPAN&E ND LISTS STOCK PRICES POR FOUR OF THEM
FRON 1962 TO MID-1974. (OALS)
GEOTHERMAL STUDIES/PHOTOGRAPHY/ECOHOHICS{COSTS/BLECTRIC POUER COSTS/ELECTRIC
POVER DEMAND/INVESTHMENT/PROFIT/EXPLOITATION REIURN{HONETARYL/UNITED STATES/
INDUSTRIAL PLANTS/ELECTRIC POWERPLANTS/THERMAL POWERPLANTS
/1DENTIPIERS: /ITALY/NEW ZEALAND/JAPAN/GEOTHERMAL STEAH/GEOTHERHAL POWER/
GEYSERS FIELD, CALIFORNIA

22
BLAKE, R.L.
1974

EXTRACTING MIN ERALS FROM GEOTHERMAL BRINES: A LITERATURE STUDY.
U.S. BUREAU OF MINES, INFORMATION CIRCULAR B638. 25 P.

THIS STUDY IS BASED ON A SURVEY OF THE LITERATURE DEALING WITH EXTRACTION OF
MINERALS FROM RESIDUAL GEOTHERMAL BRINES AFTER THEIR HEAT CONTENT AND SOME
DEMINERALIZED WATER HAVE BEEN RECOVERED. IT EXAMINES POTENTIAL OF DOMESTIC
GEOTHERMAL MINERAL RESQURCES, CONSIDERS TECHNICAL PROBLEMS, AND OUTLINES
POSSIBLE EFFECTS ON THE ENVIRONMENT FROM RESERVOIR FLUID WITHDRAWAL AND
REINJECTION, INTEREST IN RECOVERY OF MINERALS ANL SALTS FROM GEOTHERMAL
FLUIDS WANED APTER EXTENSIVE EXPLORATION EFFORIS OF THE 1960'S BECAUSE

OF CORROSION AND SCALING PROBLEMS, AND LOW CBR NO MARKET VALUE OF MINERAL
PROLCUCTS. MOST OF THESE PROBLEMS CAN BE CONTROLLED WITH EXISTING TECHNOLOGY
AND CAREFUL PLANNING OF PROCESSES AND EQUIPMENT, WHILE TECHNICALLY FEASIBLE,
THEREFORE, THE PROBLEMS OF LOW OR NO MABKET VALUE AND INSUFFICIENT AMOUNTS
OF MORE VALUABLE MINOR PRODUCTS MAKE MINERAL RECOVERY UNECONOMICAL AT PRESENT.
67 REFPERENCES.

BRINBS/INJECTION WELLS/CORROSION CONTROL/SURVEYS/ENVIRONMENTAL EFPECTS/MASTE
WATER IREATHBIT/!IIBRA( WATER/SALTS/ECONOMIC PEléIBILITY/CORROSIOH/SCA{I NG /
CHEMICAL INDUSTR!éBE'IEHS/HARKBT VALUE

/IDENTIFIERS: /GEOTHERMAL POWER/CHEMICAL RECOVERY/GEOTHERMAL RESOURCES
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27
BCWCEN, C.
1575
THE IMPACT OF ENERGY DEVELOPMENT ON WATER RESOURCES IN ARID LANDS:
LITERATURE REVIEBW AND ANNOTATED BIBLIOGRAPHY.
UNIVERSITY OF ARIZONA, TUCSON, OFPICE QP ARID LANDS STUDIES, ARID
LANDS RESOURCE INFORMATION PAPER 6. 278 P.
SEE: SWRA W75-05471.
BIBLIOGRAPHIES/ARID LANDS/COLORADG RIVER BASIN/SOUTHWEST U.S./
WATER SHORTAGE/ENERGY/GREAT BLAINS/POSSIL POBLS/SOCIAL ASPECES/
WATER ALLOCATION(POLICY)/ENERGY CONVERSION WiTER DEMAND/STHIP MINES/
STRIP MINE WASTES/OIL SHALES/COALS/KISSODRY RIVER/ROCKY MOUNTAIN REGIOM/
Egz{gggugggééserECTS/uarza QUALITY/GEOTHERMAL STUDIES/NOCLEAR EMERGY/
/IDENTIFIERS: ~/GEOTHERMAL RESOURCES DEVELOPNENT/ALTERNATIVE ENERGY SOURCES/
GEOTHERMAL POWE
28
BOWEN, R.G.
1971

ELECTRICITY FROM GEOTHERMAL, NUCLEAR, COAL SOURCES: AN ENVIRONMENTAL
CONPARISON.

ORE BIN 33 (11) :197-209.

RECOGNIZING THAT WHILE THE PRODUCTION OF ELECTRICAL ENERGY IS GROWING RAPIDLY
AND THAT THE GBOWTH OF HYDROELECTRIC POWER GENERATION WILL SOOR CEASE WHILE
OTHER METHODS OP POWER GENERATION ARE UNDESIRAELE OR TOO PAR IN THE FUTURE, IT
IS FELT THAT NOCLEAR (PISSION) REACTORS, COAL~FIRED GENERATORS, AND GEOTHERMAL
PLANTS ARE THE LIKELY SOURCES OF ELECTRICAL POWER IN THE NEAR FUTURE. THE
PROBABLE OR ACTUAL ENVIRONMERTAL IMPACT OF EACH OF THESE THERMAL SOURCES IS
EVALUATED AND COMPARED WITH THE OTHERS FOR LAND, AIR, AND WATER. A DRY STEAM
GEOTHERMAL PLANT IS THE ONLY TYPE OF THERMAL POBER PLANT THAT DOES NOT COMPETE
WITH OTHER USES OP WATER., NOR DOES GEOTHERMAL FOWER HAVE THE CYCLE OF MINING,
MILLING, REPINING, ENRICHMENT, PFABRICATION, REPROCESSING, AND WASTE STORAGE
INVOLVED IN THE PRODUCTION OP BOTH FOSSIL AND NUCLEAR FUOELS., THIS SELF-
CONTAINED ASPECT SEEMS TO CONVEY AN ECONOMIC ALVANTAGE TO DRY STEAM GEOTHERMAL
POWER PRODUCTION WHICH IS BORNE OUT BY THE EXPERIENCE OF TWO PLANIS 1N
OPBRATION.
ELECTRIC POWER/GEOTHERMAL STUDIES/ENVIRONMENTAL EFFECTS/STEAM/THERMAL
POWERPLANTS/NUCLEAR POWERPLANTS/COALS/POWERPLANTS/COMPARATIVE BENEFITS/
COMPARATIVE COSTS/HYDROELECTRIC POWER/FOSSIL PUELS
/IDENTIPIERS: /DRY STEAM FIELDS/GEOTHERMAL POWER/ALTERNATIVE ENERGY
SOURCES

29
BOW EN, R.G.
1972

GEOTHERMAL OVERVIEW OF OREGCN, 1IN GEOTHERMAL KESOURCES QOUN
OVERVIEWS OF THE WESTERN UNITED STATES, EL CENTRO CONFERENCE
PROCEEDINGS, PAPER J, 9 P.

GEOTHERMAL RESOURCES COUNCIL, DAVIS, CALIFORNIA, PUBLICATION.
SEE: SHWRA W73-03429.

CIL, GEOTHERMAL
. 1%

GEOTHERMAL STUDIES/SUBSURFPACE WATERS/THERMAL POWER/OREGON/THERMAL UATER{
WATER TEMPERATURE/THERMAL PROPERTIES/HYDROGEOLOGY/EXPLORATION/THERMAL SPRINGS/
VOLCANOES{SPATIAL DISTRIBUTION
/IDENTIPIERS: /GEOTHERMAL EESOURCES/SPACE HEATING/KLAMATH FALLS

30
BOW EN, R.G.
1973
ENVIRONMENTAL IMPACT OF GEOTHERMAL DEVELOPMENT. 1IN P. KRUGER AND C. OTTE,
EDS., GEOTHERMAL ENERGY--RESOURCES, PRODUCTION, STIMULATION. SPECIAL
SYMPOSIUM OF AMERICAN NUCLEAR SOCIﬁTY, 1972, PkOCEEDINGS, P. 197-215,

STANFORD UNIVERSITY PRESS, STANPORD, CALIFORNIA,
SEE: SHWRA W73-13224.

ENVIRONMENTAL EPPECTS/GEOTHERMAL STUDIES/ELECTRIC POWER/ELECTR DERAND
THERHMAL POWERPLANTS/ELECTRIC POWER PEODUéTION HY DROGEOL G!éSTBiE ggggflﬁs 4
WATER RESOURCES DEVELOP!EIT{UELL%{THBBHIL POL UTION‘HATBR OLLUTICN SOURCRS/
MULTIPLE PURPOSE/AIR POLLUTION EFPECTS/AIR POLLUTION/GASES/LAND USE
/IDENTIPIERS: /ALTERNATIVE ENERGY SOURCES
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31
BOWEN, R.G./GROH, E.A.
197
GEOTHERMAL-~-EARTH'S PRIMORDIAL ENERGY.
T ECHNOLOGY REVIEW 74 (1):42-48. EIA 72-00337.

A GENERAL REVIEW ON GEOTHERMAL POWER WHICH DISTINGUISHES ITSELF FROK OTHER
SIMILAR REVIEWS IN ITS CONSIDERATION OF THE ECONOMICS AND EHVIHONHENTAL EFFECTS
OF GEOTHERMAL POWER. EXPLORATION COSTS, AMORTIZED AT 14 PERCENT PER YEAR FOK
A ONE MILLION KW PIELD, WOULD BE ONLY 0.175 MILLS/KWH. EVERY INDICATION IS
THAT GEOTHERMAL POWER WILL COST LESS THAN THAT PRCCUCED BY COAL, NUCLEAR, AND
FVEN HYDRO METHODS. GEOTHERMAL PLANTS DO NOT NEED A SUPPLEMENTAL SOURCE OF
COOLING WATER, SO, SIGNIFICANTLY, GEOTHERMAL PLANTS, UNLIKE OTHER TYPES OF
THERMAL PLANTS, DO NOT COMPETE WITH OTHER USERS OF FRESH WATER, IT IS ALSO FELT
THAT THE POTENTIAL QUANTITY OF GEOTHERMAL ENERGY, WORLDWIDE, HAS BEEN
UNDERESTIMATED IN THE PAST.
GEQTHERMAL STUDIES/THERMAL FOWER /ENVIRONMENTAL EFFECTS/COSIS/EXPLORATION/
RCONOMICS/COMPARATIVE COSTS/COMPARATIVE BENEFITS/COCLING WATER
/JIDENTIFIERS: ALTERNATIVE ENERGY SOURCES/GEOTHEEMAL RESOURCES

32
BRALBURY, J.J.C.
1971
THE ECONOMICS OF GEOTHERMAL POWER.
UNITED NATIONS NATURAL RESOURCES FORUM 1:46-54,
SEE: SWRA W72-13092,
GEOTHEKMAL STUDIES/STEAM/VARIABLE COSTS/FIXED COSTS/QPERATING COSTS/
EéfigRATION/DRILLING/ECONOHICS/COSTS/COHPARATIVE COSTS/THERMAL EOWERPLANTS/
/IDENTIFIERS: /ALTERNATIVE ENERGY SOURCES/GEOTHERMAL POWER

33
BRONDI, M./DALL'AGLIO, M./VITRANI, F.
1973
LITHIUM AS A PATHFINDER ELEMENT IN THE LARGE SCALE HYDROGEOCHEMICAL
EXPLORATION FOR HYDROTHERMAL SYSTEMS.
GEOTHERMICS 2(3-4): 142-153.
LITHIUM CONTENT 1IN WATER IS HIGH ALMOST EXCLUSIVELY WHEN WATER-ROCK
INTERACTION IS AT HIGH TEMPERATUEKES; IT IS CONTRASTINGLY VERY LCW IN NORMAL
COLD METEORIC WATFRS. THUS, SINCE LITHIUM éONCE IN SOLUTIONL I5 EXTREMELY
MOBILE IN SURFACE WATERS, 1f IS AN IDEAL ELEMENT EOR REGIONA GEOTHERNAL
EXPLORATION WHEN THERE IS A WELL-DEVELOPED SURFACE DRAINAGE NETWO
?gg{éfOUb LITHIUM CONTENT OF SURFACE WATER CAN BE FOLLOWEL BACK TO ITS SOURCE.
GEOTHERMAL éTUDIES GEOCHEHISTRY‘EXPLORATION/TEHPERATURE/CHEHICAL PROPERTILS/
TRACE ELEMENTS/WATER CHEMISTRY/WATER TEMPERATURE
/IDENTIFIERS: /LITHIUM

34
subb, C.P., JA.
1973
STEAM PRODUCTION AT THE GEYSERS GEOTHERMAL FIELD. IN F. KEUGER AND
C. OTTE, EDS., GEOTHERMAL ENERGY--RESOURCES, PROLUCTION, STIMULATION.
?gECIAL SYMPOSIUM OF AMERICAN NUCLEAR SOCIEfY, 1972, PRéCEEDINGS, P.
STANFORD UNIVERSITY PRESS, STANFORD, CALIFCRNIA.
SEE: SWRA W73-13220.
GEOTHERMAL STUDIES/ELECTRIC POWER/ELECTRIC POWER UEHAND{THERHAL FCWERPLANTS /
ELECTRIC POWER PRODUCTION/HYDROGEOLOGY/INJECTION/CALIFORNIA/STEAN TUEKBINES/
g%gig RESOURCES DLEVELOPMENT/WELLS/INJZCTION WELLS/PRESSURE/COOLING TCWERS/
/IDENTIFIERS: /GEOTHERMAL POWEE/POWER DEHAND‘GLYSBRS FIELD, CALLFORNIA/
é%gESgELLO/HAFbUKAHA/VAPOR-DOEINATED SYSTLEMS/WELL HEAD EQUI#HENT/DRY STEAHN




122

35
BULLARD, SIR E.

1973

EASIC THEORIES. IN H.C.H. ARMSTEAD, ED., GEOTHERMAL ENERGY: REVIEW OF
RESEARCH AND DEVELOPMBET, P. 19-29.

UNESCO, PARIS. EARTH SCIENCES SERIES 12.

SOURCE OF EARTH HEAT IS MOSTLY RADIOACTIVE DECAY, BUT SOME HEAT IS LEFT FRON
EARIH PORMATION, GEOTHERMAL AREAS ARE NOT DISTRYBUTED RANDOMLY. MOST FAVORABLE
AREAS ARE AT CRUSTAL PLATE BOUNDARIES, ESPECIALLY WHERE MEW CRUST IS BEING
FORMED OP BASALTIC INTRUSIONS AND LAVAS éRIPT ZOMES, MID-OCEANIC RIDGES), AND
WHERE OLD CRUST IS BEING MELTED AND DESTKOYED &SUBD&CTION ZONES, ISLABD ‘BCS),
NITH ANDESITIC VOLCANISM AND EMPLACEMENT OF MOKE FELSIC MAGMAS. IT APPEARS
THAT BARTH IS A HEAT ENGINE, THAT THERMAL CONVECTION IN THE MANTLE DRIVES SEA
PLOCR SPREADING AND CONTINENTAL DRIFT. MOLTEN ROCK RISING TOWARD SURFACE
DRI VES HYDROTHERMAL CONVECTION SYSTEMS (MOSTLY METEORIC HATERb AND CONCENTBATES
RARE ELEMENTS TO PORM MINERAL DEPOSITS, GEOTHERMAL POWER, THOS, IS A LOCAL
MANIFESTATION OF THE MACROSCALE EABRTH HEAT EKGINE WHICH pRIVES GEOLOGICAL
CHANGE. (OALS)
GEQ THERMAL STUDIBS‘GEOLOGY/SPATIAL DISTRIBUTION/THERMODYNAMICS/THER MODYRANIC
BEHAVIOR/CONVECTIO
éIDEHTIFIERS: /GEOTHERMAL HEAT/WORLD/GEOTHERMAL BELTS/PLATE BOUNDARIES{;IFT
ONBS/VOLCANISM /MAGMA/MID-OCEANIC RIDGES/ISLAND ABCS‘S BDUCTION/CONT INENT AL
DRI PT/GLOBAL TECTONICS/HYDROTHERMAL CONYECTION SYSTENS/MINERAL DEPOSITS/GLOBAL
DISTRIBUTION
36
BURNHAM, J.B./STEWART, D.H.
1973

RECOYERY OF GEOTHERMAL ENERGY FROM HOT, DRY ROCK WITH NUCLEAR EXPLOSIVES.
IN P. KRUGER AND C. OTTE, EDS, GEOTHERMAL ENEBGY--RESOUBCES, PRODUCTION,
STIBULATION. SPECIAL sYhPoSI0f OF ARERICAM NUCLEAR SOCIETY, 1972,
PROCEEDINGS, P. 223-230.

STANFORD UNIVERSITY PRESS, STANFOBD, CALIFORNIA,
SEE: SWRA W73-13226.

NUOCLEAR EXPLOSIONS/GEOTHERMAL STU
EXPLOSIVES/ECONOMICS/FRACTURE %EB

/IDENTIFIERS: /PROJECT PLOWSH
GEOTHERM AL EN ERGY

CTRIC POWER/THERBMAL POWERP LANTS/
AL POWER/AOT-DRY ROCKS/

17
BURNSIDE, R.A.
1973 .
WORLD GEOTHERMAL FINANCING,
GEOTHERMAL WORLD DIRBCTORY, 1973. P. 128-133.
UP TO 1970 TOTAL FUNDING FOR ENTIRE WORLD GEOTHERMAL EXPLORATION AND
DEVELOPMENT WAS UNDER MILLION DOLLARS. VAST NEs PUNDING IS NEEDED FOR
RAPIDLY EXPANDING GEOTHERMAL INDUSTRY. PUNDING AGENCIES WHICH SUPPORT
GEOTHERMAL PROJECTS GLOBALLY INCLUDE WORLD BANK AND UNITED NATIONS, ONE
TABLE COMPARES GEOTHERMAL AND ALTERNATIVE ELECTRICITY COSTS IN EIGHT COUNTRIES,
INCLUDING ETHIOPIA AND KENYA, ANOTHER TABLE SUMMARIZBS POPULATION, PER CAPITA
INCOME AND PONER PODUCTION, GROWTH RATES, POWER CAPACITY (HYDRO AND THERMAL),
AND POWER MARKET DATA FOR 59 COUNTRIES. {(OALS)
GEOTHERMAL STUDIES{FINANCING/BCONOBICS/CREDIT/CAPITAL{INVESTHENT LOANS/UNITED
NAT IONS/EXPLORAT ION/COMPARATIVE COSTS/HUMAN POPULATION/INCOME/ELECTRIC POWER
PRODUCTION/HY DROELECTRIC POWER
/IDENTIFIERS: /WORLD/DEVELOPING COUNTRIES/GEOTHERMAL RESOURCES DEVELOPMENT/
ALTERNATIVE ENERGY SOURCES/ETHIOPIA/KENYA/POWER CAPACITY

38 .
CALANAI, A./CERON, P.
1973
AIR CONVECTION WITHIN MONTANA DEL FUEGO (LANZAEOTE ISLAND, CANARY
ARCHIPELAGO). 1IN UNITED NATIONS SYMPOSIUM ON THE DEVELOPHENT AND
UTILIZATION OP GEOTHERMAL RESOURCES, PISA, 1970, PROCEEDINGS.
GEOTHERMICS, SPECIAL ISSUE 2, 2(1):611-614.
VOLCANIC EFRUPTIONS HAVE OCCURRED ON THIS SEMIARID VOLCANIC ISLAND AS BECENTLY
AS 1824 AND AS RECENTLY AS 1736 IN NMONTANA DEL FUEGQ AREA, THRQUGHOUT THIS
AREA HOY AIR WITH TRACES OF CARBON DIOXIDE AND AMMONIA ESCAPES PROM EQCK
PISSURES AT TENPERATUHES WHICH CAN EXCBED 250 DEGREES C. BOCK TEMPERATURE
GRADIENTS ARE HIGH: A TEMPERATURE OP 700 DEGREES C. WAS REACHED AT ONLY 27
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AUTHORS SUGGEST THAT THE VOLCANIC ROCKS ARE
IS S50 SCARCE THAT HEAT TRANSFER OCCURS BY
STEAM) THROUGH INTERCONNECTING PRACTURES.

39
CALIPORNIA DEPARTMENT OF CONSERVATION

1972

GEOTHERMAL MEETING IN IMPERIAL VALLEY.

90-92.

GEOTHERMICS 1(2)
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42
coLP, J.1./BRANDVOLD, G.E.
1975
SANDIA MAGNA ENERGY RESEARCH PROJECT. IN UNITED NATIONS SYAPOSIUM ON THE
DEVELOPEENT AMD USE OF GEOTHERMAL RESOURCES, 2D, SAN PRANCISCO, 1975,

ABSTIRACTS VI-10.
UNIVERSITY OF CALIFOBNIA, BERKELEY, LAWRENCE BERKELEY LABORATORY.

THE OBJECTIVE OF THIS PROJECT IS TO LOCATE AND DEFINE POTENTIAL KAGHA
RESOURCES, AND TO PROVIDE MATERIALS TECHNOLOGY AND ENGINEERING CONCEPTS TO
PROLCUCE CLEAN, HIGH QUALITY EN BGY. WILL BE IMPLEMENTED I¥ FOUR GENERAL
ABEAS: 1£ SOGRCE LOGATION AND DEFINITION; 2) SOURCE TAPPING; 3) MAGMA-
EATERIAL COMPATIBILITIES; AMND “% ENERGY EXTRACTION. THERE ARE MA
POTENTIAL SITES POR A MAGMA DEMONSTRATION IN THE WESTERN UNITED STATES. TWO
WILL BE SELECTED FOR DETAILED EXPLORATION NEXT B. ABILITY OF ENGINEERING
MATERIALS TO SURVIVE IN A MAGMA ENVIRONMENT 15 CRITICAL TO THE SDCCESS OF
THIS PROJECT. MAGMA ENERGY EXTRACTION CONCEPT BEING STUDIED COMSISTS OF A
CLOSED, WATER-SYSTEM HEAT BXCHANGER INSERTED DIRECTLY INTO MOLT CK.
OTHER CONCEPTS POR ELECTRICITY OR ERuEL BROD UCTION ILLTBE cousrnzazn.
GEOTHERMAL STUDIES/BESEARCH AND DEVELOPMENT/MATERIALS ENGINEERING/MATERIALS
TESTING/AEAT EXCHANGERS
JIDENTIPIERS: /GEOTHERMAL ENERGY/WESTERN U.S./GEOTREENAL POWER/HOT -DBY ROCKS
43
COMBE, M.
1969
LES SOURCES THERMO-MINERALES DU MAROC (THE THERMO-MINERAL SPRINGS OF
KOROCCO IN INTEBRNATIONAL GEOLOGICAL CONGRESS, 23D, PRAGUE, 1968,
PROCEEDINGS, SYMPOSIUM 2: MINERAL AND THERMIL WATERS OF THE WORLD,
[PT. ) B, OVERSEAS COUNTRIES, P. 121-137.
ACADEMIA, PRAGUE.
IN MOROCCO THE TERM 'THERMOMINERAL' COVERS MEDICINAL WATERS USED FOR
THERAPEUTIC PURPOSES ANB HOT WATERS WHICH COULD BE USED FOR GEOTHERMAL
ENERGY. THREE MODEEN STATIONS BXPLOIT THE MEDICINAL WATERS--MOULAY
YACOUR' (ROT SULPUR WATERS, S3 DEGREES C.), SIDI HARKZEN (TEPID BICARBONATE
WATERS, 35 DEGREES C.), AND OQULMES 4501 ASEOUS BICARBONATE WATEES, U2.
DEGREES C.). THE LAST HAVE BEEN BOTTLED AND SOLD SINCE 1952. IN ADDITION
THERE ARE 50 LESS WELL KNOWK SPRINGS USED POR THERAPEUTIC PUERPOSES.
ggs;:acu AIMED AT EVENTUAL DEVELOPMENT OF GEOTHEEMAL POWER IS ABOOT TO
GIN. :
GEQ THERMAL STUDIES/APRICA/THERNAL WATER/NINERAL §ATER/YATER TEMPERA TURE/
WATER TYPES/THERMAL SPRI {uxrzn CHE HISTR!gPOTlBLE ¥ATER
/IDENTIPIERS: /HOROCCO/GEO HERMAL RESOURCE
4y
coMes, J.
1973

FEASIBILITY STUDY FOR DEVELOPMENT OF HOT-WATER GEOTHERMAL SYSTEMNS.

U.S. AIR PORCE QFFICE OF SCIENTIPIC RESEARCH, FINAL TECHNICAL REPORT
7323070. 115 P. AVAILABLE NTIS AS AD-771 016.

SEE: SWRA W74-13213.
GEOTHERMAL STUDIES THERMAL WATER/CALIFQRMIA/GROUNLCWATER/WATER TEMPERATU
PEASIBILITY STU é 4 / /48 RATURE/
/IDERTIFIERS: /GEOTHERHAL ENERGY/GEOTHERMAL FLUIDS/GEOTHERMAL RESERVOIRS
45
comBSs, J./MUFFLER, L.J.P.
1973
EXPLORATION POR GEOTHERMAL RESOURCES.
GEOTHERMAL ENERGY--RESOURCES, PRODUCT
OF AMERICAN NUCLEAR SOCIETY, 1972, PR
STANFORD UNIVERSITY PRESS, STANFPORD, CAL
SEE: SWRA W73-13219.
GEOTHERMAL STUDIES/EXPL
WATER RESQURCES DEVELOP
GEOLOGIC INVESTIG ATIOH%
A

/IDENTIFIERS: /GEOTHER
INPERIAL VALLEY/BROADL
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J. D.

G./D*ARCHIMBAUD,

1973

2(1) :11C-116.

SPECIAL ISSUE 2,

GEOTHERMICS,

NUENOD .~
WOy W)
UK RIOE =,
aAHE o e
D-OMAN 0O
OH mMz=I—~
NLOO=L
mMEZE NN
@ H A
QO () =€ 2] T
_EATUSO0
N -
x ED N
@ wApddyy =
MO=COT Ao
[-E O-~220
HHEO D=
OO 2O
MEROOM o
VDO Eam
< O @
e=xOn
O ZO@mdDmm
B o gl
U QU
NN EIUn -
QzZM 0w e,
Ho=H i< |
HEHO<NEHEAQ

OERLAW «O
g H ank,
0, QXN U < i)
EA LAl 121
DO MmO NZT
[ El-m =]
> W (117
G-I T
2] OB g S 2] T
ZM0 EmZO
HHT Q@M o
Ll AT IS IRE JATY
HE  WTmET
HEVIRE HE
wmEn O 0
KDt ZNO
LN E L () g B2

E
T
ALGERIA/GEOTHERMAL RESOURCES/TEMPERATUKRE GRADIENT

u7
CCRIECCI, G.
1974

IC RATIOS OF SULFATE ION-WATER PAIRS AS A POSSIBLE

GEOTHERMICS 3(2) :60-64.
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48
CROMLING,

1971

J.

HOW GEOTHERMAL 4ELLS ARE DRILLED AND COMPLETED,

$42-45.
SWRA W74-10860C.

WORLD OIL 177(7)

SEE

DRILLING/DRILLING
LL CRILLING/INFEERIAL
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J. W,

CROSBY,

1971

EOTHERMAL EXPLORATION.

G

CLYMPIA, WASHINGTON, 1971,

1581,

NCE ON GEOTHERMAL POWER,

20 P,
SWRA 472-00077.
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50
DE ANDA, L.P./REYES, S.C./TOLIVIA, M.E.
1973
PROCUCT ION OF FRESH WATER PROM THE ENDOGENOUS STEAM OF CERRO
GEOTHERMAL FIELD. 1IN ONITED HATIONS SYMPOSIUM ON THE DEVELQOP
UTILIZATION OF GEOTHERMAL RESOURCES, PISA, 1970, PROCEEDINGS
GEBOTHERMICS, SPECIAL ISSUE 2, 2(2):1632-1635.

SEE: SWRA W74-09037.

GEOTHERMAL STODIES/MEXICO/WATER SUPPLI/WATER TRBATHBHI{SALIHE WATER/
POTABLE WATER/PILOT PLANTS/DESALINATION/DESALINATION PLANTS
/JIDENTIFIERS: /GEOTHERMAL POWER/GEOTHERMAL STEAK/CERRO PRIETO FIELD,
MEX ICO

51
DECKER, E.R.
1972
GEOTHERMAL RESOURCES, PRESENT AND FUTURE DEMAND FOR POWER, AND LEGISLATION
IN THE STATE OF WYOMING. IN GEOTHERMAL RESOURCES COUNCIL, GEOTHERNAL
OVERVIEWNS OF THE WESTERN UNITED STATES, EL CENTRO CONFERENCE, 1972,
PROCEEDINGS, PAPER M, 23 P.
GEOTHERMAL RESDODRCES COUNCIL, DAVIS, CALIFORNIA, PUBLICATION.

SEE: SWRA W73-03432.
GEQTHERMAL STUDIES/SDBSURFACE WATERS/THERMAL POMER/WYOMING/THERMAL UATEgé

¥ATER TEMPERATURE/GEOLOGY/HYDROGEOLOGY,/THERMAL PROPERTIES/THERMAL SPRINGS/
WATER QUALITY/EXPLORATION/LEGISLATION/ELECTRIC POWER DEMAND/
SPATIAL DISTRIBUTION
/IDENTIPIERS: /GEOTHERMAL RESOURCES

52
DE LA FUENTE DUCH, M.FP.P.
1973
AEROBAGNETIC STUDY OF THE COLORADO BIVER DELTA ARER, MEXICO.
UNIVERSITY OF ARIZONA (B.S. THESIS). 48 P.
THIS STUDY WAS UNDERTAKEN TO DETERMINE THE BASEMENT STRUCTURE UNDER RELATIVELY
NONBAGNETIC SEDIMENTS AND TO COBPABRE MAGNETIC VALUES WITH THE ROCK TYPES IN
OUTCROP AREAS. FRQM AN ECONOMIC POINT OF VIEW, THERE IS A CLOSE RELATIONSHIP
BETWEEN BASEMENT STRUCTURE AND LITHOLOGY AND GEOTHERMAL HEAT SOURCES.
ACADENICALLY, THIS STUDY CAN ALSO BELATE THE BASEMENT STRUCTURE WITH SPREADING
CENTEBS, MAJOR RESULT OF THIS WORK IS THE DISCOVERY OF AN APPARENT SPREADING
CENTER NAMED PANGA DE ABAJO, AT LATITUDE 32 DEGREES 2 MINUTES N., LONGITUDE 115
DEGEEES 12 MINUTES W. THE ASSOCIATION OP THIS PROBAELE SPREADING CENTER WITH A
GEOTHERMAL FIELD COULD NOT BE ESTABLISHED WITHR THIS SURYEY.,
GEOLOGY /COLORADO RIVER/GEOTHERMAL STUDIES/MAPS/GEOPHYSICS/PETROLOGY/MAGNETIC
STUDIES/SURVEYS/STRUCTURAL GEOLOGY
/IDENTIFPIERS: {BAJA CALIPOBRNIA/SPREADING CENTERS/COLCRADO RIVER DELTA/
A EROMAGNETIC SURVEYS

53
DELLECHAIE, F.
1975
A HYDRO-CHEMICAL STUDY OFP THE SOUTH SANTA CRUZ EASIN NEAR COOLIDGE, ARIZONA.
IN UNITED NATIONS SYMPOSIUM ON THE DEVELOPMENT AND USE OF GFOTHERMAL RESQURCES,
2D, SAN FRANCISCO, 1975, ABSTRACTS II-9.
UNIVERSITY OF CALIPORNIA, BERKELEY, LAWRENCE BERKELEY LABORATORY.
THEBRMAL WATERS HAVE BEEN PUMPED FROM MORE THAN A LOZEN IBRIGATION WELLS NEAR
COOLIDGE, ARI20NA, VARYING IN DEPTH FROM 1,200 TO FEET IN DEEP INTER-
MCONTANE BASIN, WATER TEMPERATURES BETWEEN 35 AND 65 DEGREES C. HAVE BEEN
ENCOUNTERED. CHEMICAL SAMPLES WERE COLLECTED FRONM H HOT AND COLD IRRIGATLON
WELLS IN THE COOLIDGE AREA. SILICA AND ALKALI GECTHERMOMETRY PORTRAYED MAX IMUM
SUBSORPACE TEMPERATURES NEAR 100 DEGREES C. A GEOTHERMAL TEST WAS DRILLED
THROUGH 2,000 METERS OF LACUSTRINE SEDIMENTS AND THEN BASEMENT TO A DEPTH OF
2,460 METERS. OPTINUM RESERVOIR FLOW CHARACTERISTICS WERE DISPLAYED IN
F RACTURED PRECAMBRIAN SCHIST BELOW 2,000 METEBS. CHEMICALLY, FLUIDS CLOSELY
CORRESPOND TO THE WARM IRRIGATION WweLLS. SILICA GEOTHERMONETRY CORRELATED WITH
MAX INUNM BOTTOM HOLE TEMPERATURES OF 120 DEGREES C., A NORMAL GRADIENT (35
DEGREES C{KHL HREAT SQURCE IS INPLIED. ANOMALOUSLY WARM WATER POUND IN DEEP
IRRIGATION WELLS ARISES PROM DEPTH TO REPLEMNISH A DOWNWARP OFP THE WATFR TABLE
P RON PUMPING LARGE VOLUMES IN AN AREA OF LIMITED RECHARGE.
GEOTHERMAL STUDIES/ARIZONA/THERMAL WATER/GROUNCUATER/IRRIGATION W
'ELLS‘SEDIHEHTLBY ngIHSéGéOLOGICL / / M EB/TEST
/IDERTIPIERS: /NORKAL TEMPERATURE GRADIENT AREAS/GEOTHERMOMETERS
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EXPLORATION SHOULD BE CONCEMTRATED lLOlG STRIKE SLIP FAULTS ESPECIALL! IHERZ
THEY COINCIDE VWITH LINEAR MAGNETIC LOW L08s pBoBABLY RESGLT FRO
HYDROTHERMAL ALTERATION BY GEOT HERMAL PLUIDS DP'!LLIUG ALONG FAULTS.
GEQOTHERMAL STUDIBS/HAGHZTIC STUDIES/GEOPHYSICS/SURVEYS/MAPPING/MEXICO/
EXPLORATIOH/FAULTS{GBOLO IC
/IDENTI FIBRS: 4CB IETO FIELD, HBXICO/IBBOHIGIETIC SUBVEYS/SALTON TROUGH/
HYD ROTHERMAL ALTERATION/GEOTHERMAL FLUI

66
EWING, A.H.
1973

STIKULATION OF GEOTHERMAL SYSTEMS. 1IN P. KBUGER AND C. OTTE, EDS,
GEOTREBRMAL ENERGY--RESOURCES, PRODUCTION, STIMULATION SP!CfAL SThPosIum
OF AMERICAN NUCLEAR SOCIETY, 1972, PROCB&DIHGS, P. 217-22

STANPORD UNIVERSITY PRESS, STANFPORD, CALIFORNIA.

SEE: SWRA §73-13225, '

GEOTHERMAL STUDIES/ELECTRIC POWER/THERMAL PO

ELECTRIC POWER PRODUCTIOH EXPLOSIVES{ UCLEAR
R/MELL STINUL

/IDENTI FIERS: /GEOTHERMAL POWE
CHEMICAL EXPLOSIOES

[}
A

EBPLANTS/HYDBROGEOLOGY/WELL S/
EXPLOSIONS/HYDROFRACTU RING
TION/GEOTHERMAL RESERVOIRS/

67
PACCA, G.
1973

THE STRUCTURE AND BEHAVIOR OP GEROTHERMAL PIERLDS. 1IN H.C.H. ARESTEAD, ED.,
GEOTHERMAL ENBRGY: REVIEW OF RESEARCH AND DEVBLOP!EHT, P. 61-69.

UNESCO, PARIS. EARTH SCIENCES SERIES 12.

GENERAL MODELS POR GEOLOGY AND MECHANICS OF HOT WATER, WET STEAM, AND DRY
STEAM GEOTHERMAL FIELDS ARE PRESENTED. THREE EXAMPLES, TuE GEYSERS

CALIFORNIA E OTAKE (JAPAN), AND LARDERELLO (ITALY), AkE SBOWN TO CCNFORN TO
HESE MODEL
GEOTHERMAL STUDIBS/GEOLOGY/H!DROLOGY/HODEL STODIES
/IDENTIFIERS: /HQ ATER SYSTEMS/V E STEAN PIELDi{DR! STEAM FIELDS/LARDERELLO/
HYDROTHERMAL SYSTEHS/GE!SERS FIELD, CALIFORNIA/OTAKE
68
FAIRCHILD, W.D.
1972

EVOLVING WATER POLICY AND MANAGEMENT IN THE UNITED STATES. IN
INTERNATIONAL SYMPOSIUM ON WATER RESOURCES PLANNING, PAPERS, VOL. IIX. 19 P.

SEE: SWRA WJ74-02358,
PLANNING/WATER NAMAGEMENT (APPLIED) /U AT ER ALLOCATION(POLIC!&/HDLTIPLB PURPOSE/
REGIONAL DEVELOPNENT/UATER SUPPLY DEVELOPHENT WATER CONTROL/G EOTH ERMAL
STUDIES/PLOW AU TATION/COLORADO RIVER BASIN/RECLA {30 STATES/VATER LA¥/
NATIONAL UATER CORNISSION/ENVIRONRENTAL EPFBCTS
/IDENTIFIERS: /GEOTHERMAL RESOURCES DEVELOPMENT

69
PAIRCHILD, W.D.
1973
THE ROLE OF WATER IN THE ENERGY CRISIS. IN K.E. STORK, ED.
gsggn E" ;ge1guzacx CRISIS: PROCEEDINGS OF A urzazu&zanr'nggoigfzuggansxn.
NEBRASKA VATER RESOURCES RESEARCH INSTITUTE, LINCOLN .
NEBEASKA WATER RES . COLN, PUBLICATION., AVAILABLE
SEE: SWRA W74-07962,
WATER DEMAND/ENERGY /PORERPLANTS/WATER SUPPLY/VATER UTILIZATION/G
STULL ES/WATE ( ﬁ AE T(lPPLIB‘L{TBEH!IL PO BT N bE /GEOTHEENAL
7 IDENT THIERS GY CRISIS/EMERGY-WATER RELATIONSHIPS
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70
FENNER, D./ KLARMANN, J.
1971
POWER FROM THE EARTH.

ENVIRONMENT 13(10):19-26, 31-34, NSF-RANN ENERGY ABSTRACTS 1(19)219C.
TAIS PAPER SURVEYS THE PRESENT CAPABILITIES OF GEOTHERMAL POWER AS A
TECHNICALLY AND ECONOMICALLY VIABLE MEANS OF PBODUCING ELECIRIC POWER. THE
MECHANISMS OF GENERATION AND POWER PRODUCTION ARE DIAGRAMMEL AND REVIEWED IN A
NON-TECHNICAL MANNER. THE ECONOMICS OF THE PROCESS ARE STILL RATHER UNCERTAIN,
PARTLY DUE TO GREAT DIFFERENCES IN THE METHODS OF ESTIMATING COSTS IN EXISTING
PLANTS. REVIEWED ARE COST OF EXPLORATION, WELL-DRILLING, POWER PLANTS,
ENVIRONMENTAL POLLUTION, LAND, AND PIPELINES To THE WELLHEAD. VARIOUS ESTINATES
OF WORLD GEOTHERMAL RESOURCES ARE BRIEFLY SURVEYED.
GEOTHERMAL STUDIES/ELECTRIC POHER/EXPLORATION{COSTSéHELLS/THERHAL POWERPLANTS/
ENVIRONMENTAL EFFECTS/DRILLING/CONDENSATION/PIEELI
/IDENTIFIERS: /GEOTHERMAL POWER/GEOTHERMAL BESQURCES

Al
FINNEY, J.P.
1973
DESIGN AND OPERATION OF THE GEYSERS POWER PLANT. IN P, KRUGER AND C. OTTE,
EDS. EOTHERMAL ENERGY~--RESQURCES, PRODUCTION, STIMULATION. SPECIAL
SYHFOSIUH OF AMERICAN NUCLEAR SOCIETY, 1972, PKCCEEDINGS, P. 145-161.
STANFORD UNIVERSITY PRESS, STANFORD, CALIFORNIA.
SEE: SWRA W73-13221.
GEQTHERMAL STUDIES/ELECTRIC POHER‘ELECTRIC POWER DEMAND/THERMAL PCWERPLAN /
ELECTRIC POWER PRODUCTION/CALIPORNIA/COMPARATIVE COSTS/STEAM TURBINES/WELLS/
ENTHALPY /PRESSURE/PLOW RATES/COOLING TOWERS
/IDENTIFPIERS: /GEOTHERMAL POWER/POWER DEHAND{GEYSERS FIELD, CALIFORNIA/
DRY STEAM FIELDS/PRODUCTION WELLS/POWER CAPACITY

72
FOURNIER, R.O./TRUESDELL, A.H.
1974

GEQCHEMICAL INDICATORS OP SUBSURFACE TEMPERATURE. FPART 2: ESTIMATION OF
TEMFERATURE AND FRACTION OF HOT WATER MIXED WITH COLD WATER.

U.S. GEOLOGICAL SURVEY/JOURNAL OF RESEARCH 2 (3) :263-27C.
SEE: SWRA H74-179915.
GFOCHEMISTRY/AATER TENP

ERA
THERMAL WATER/MINERAL WATE
/IDENTIFIERS: /GEOTHERMAL

THEKMAL SPRINGS/

73
FOU ENIER, R.O./WHITE, D.E./TRUESDELL, A.H.
1974

GEQCHEMICAL INDICATCRS OF SUBSURFACE TEMPERATURE. PART 1: BASIC
ASSUMPTIONS.

U.S. GEOLOGICAL SURVEY/JOURNAL OF RESEARCH 2(3):259-262.
SEE: SWRA W74-09914,

GEQCHEMISTRY/WATER TEMPERATURE/GEOTHERMAL STUDIES/HCT SPRINGS/THERMAL SPRINGS/
g?éggAL VATER/MINERAL WATER/WATER CHEMISTRY/EQUILIBRIUM/SILICA/ISOTCPE STUDIES/
/IDENTIFIERS: /GEOTHERMOMETERS/GEQTHERMAL FLUIDS

T4
FRIZ, T.O.
1973

GEJTHERMAL A3 A FUTURE ENERGY SOURCE--BY HYDRAULIC FRACTURING AND NUCLEAR
EXPLOSIVE.

AWARE (37):13-15. EIA 73-11054,
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THAN 10,000 FEET. AT PRESENT TWO METHODS ARE FEASIBLE POQR THE REC OVERY oF
GEOTHERMAL ENERGY~--HYDRAULIC FRACTURING AND BUCLEAR EXPLOSIO S. SO
TECHNOLOGICAL PROBLEMS HINDER US HESE METHODS. ALSO, THER IS THE UESTION
OF WHETHER ENVIBONMESNTALISTS AMD PUBLIC IN GERERAL WILL fccEPT DETORATION OF
NUCLEAR BOMBS AS A LEGITIBATE PART OF TRE QUEST FOR ENERGY RESERVES.
GEOTHERMAL STUDIES/WATER POLLUTION/AIR POLLUTION/LAIC RESOURCES/IUCLEAR
EXPLOSIONS{BXPLOBATION HYDROPRACTURING/POLITICAL ASPECTS
/IDENTIFIERS: /GEOTHERMAL EKERGI/WELL STIMULATION

75
PUCHS, R.L./WESTPHAL, W.H.
1973

ENERGY SHORTAGE STIMULATES GEOTHERMAL EX PLORATION,
WORLD OIL 177 (7) :37-41.
SEE: SWRA WI4-10851.

GFOTHERMAL STUDIEBS/ENERGY/ELECTRIC POVER PRODUCT IOI/DRILLING{INDUSTRIES/
GEOCHEM ISTRY/GEYSERS/HOT SPBINGS{STEAH/SUBSUBPA E WATERS/THERMAL WATER/
ENVIRONMENTAL EFPECTS/EXPLORATIO
/IDENTIPIERS: /ENER SHOBTAGB{EHEBG! ﬂBSBRVES{G EOTHERMAL EXPLORAT ION/
GEOTHERMAL HISTORY/GEOTHERMAL STEAM ACT, 1970/ALTERNATIVE ENERGY SOURCBS/
GEOTHERMAL RESDURCES

76
P URUMOTO, A.S.
1974

U.S.-JAPAN SEMINAR ON UTILIZATION OF VOLCANIC ENERGY.
EOS, AMERICAN GEOPHYSICAL UNION TRANSACTIONS 55(10):895-899.

SUMMARIZES PAPERS AND DISCUSSIONS OF A SEMINAR HELD IN HILO, HAWAII, FEBRUARY,
1974, TOPICS COVYERED INCLUDED: CALDERAS, ATERS, PUHAROLéS, AND GEYSERS;
GEOLOGIC STRUCTURE OF VOLCANOES; GEOLOGY OF VOLCANIC REGIONS; AND VOLCANOES
IN THE PRAHEHORK OP GLOBAL TECTORICS. PROPOSALS FCR VOLCANC ENERGY USE RANGED
FROM INJECTION OF WATER INTO HOT PERMEABLE LAVA LAYERS FOR STEAM PRODUCTION, TO
ELECTROLYTIC HYDROGEN GENERATORS ON THE SEA PLOOR AT SUBMARINE VOLCANOES AND
SPREADING CENTERS. NO STUDIES YET ABOUT EFFECTS CN NORMAL ERUPTION MECHANICS.
SURFACE SURVEYS HAVE BEEN USEFUOL, BUT DRILLING IS NEEDED NOW FOR BETTER UMNDER-
STANDING. (OALS)
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DEPTHS OF 5,000-10,000, 10,000-15,000, AND 15,000-20,000 PEPT. RES KBYOL
FLUID Tznpzbnrungs Aup pnz§sgggs fRE 200 nrgsizs F., 250 DEGREES P., 30
DEGREES P., AND 5100 PSI, 9100 PSI, AND 12800 PSI, BESPECTIVELY. MNATURAL
GAS IS AsSOMED TO EXIST KT SATURATiON LEVELS. ECONONIC ABALYSIS IBDICATES
THAT CLASS I BRESBRVOIRS WOULD BE PROFITABLE FOR GAS PRODUCTION, CLASSES II
AND III FOR COMBINED POWER GENERATION AMD GAS PRODUCTION. CLASS ITI RESEBVOIR
WITHOUT PRESENCE OF GAS WOULD BB MARGINALLY PROFITABLE POR ELBCTRICAL
GENERATION ALONE.
GEOTHERWAL STUDIES/GULP OF NEXICO/TEXAS/LOUISIANA/ECONONICS/NATURAL GAS/GOLF
COA S
/IDENTIPIERS: /GEOPRESSURED SYSTEMS/GEOTHEBMAL RESODRCES/GEOTHERMAL RESERVOIRS/
GEOTHERMAL POWERR
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HUBBERT, M.K.
1971

TRAE ENERGY RESOURCES OF THE EARTH.
SCIENTIFIC AMERICAN 224 (3):60-70.

PROM THIS QUANTITATIVE SURVEY AND EVALUATION OF

WORLLC EMERGY RESOUBCES, THE
THAT WHILE THE rnrgak is

NOT

AUTHOR COMES TO THE CONCLUSION FOR FOSSIL FUELS
BRIGHT, THE POTENTIAL OF GEOTHERMAL POWER, WHICH BE ESTIMATES AT NO MORE THAN
60,000 Mi/YEAR OVER THE NEXT FIFTY YEARS, IS HARDLY MORE SO.
ENERGY{THBRHAL POWER/RESOURCES DEVELOPMENT/FOSSIL FUELS/FORECASTING
/JIDENTIFIERES: /GEOTHERMAL RESOURCES/WORLD
108
HUGHES, E.E./DICKSON, E.M,/SCHHAIDT, R.A.
1974

CONTROL OF ENVIRONMENTAL IMPACTS FPROM ALVANCED EMERGY SOURCES.

U.S. ENVIRONMENTAL PROTECTION AGENCY, TECHNOLOGY SERIES, REPORT
EPA-600/2-T74-002. 326 P.

: SWRA W75-05313.
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HUTCHINSON, A.J.L.

1974

POW ER GENERATION FROM HOT BRINES.

U.S. PATENT OPFICE, OFFICIAL GAZETTE 928(1):54. U.S. PATENT 3,845,627. 6 P.

SEE: SWRA ¥75-03737,
PATENTS/HEAT PLOW/HEAT EXCHANGERS/HEAT TRANSFER/GROUNDWATER/SPECIFIC GRAVITY/
VAPOR PRESSURE/SALTS/MINERALS/STEAE/0OILY WATER
/IDENTIFPIERS: /POWER GENEEATION/POWER SOUBCESéGlOTHEBHAL WELLS/GASES/
GEOTHERMAL HEAT/GEOTHERMAL FLUIDS/HOT BRINES/HEAT TRANSFER FLUIDS/VAPOR-TURBINE
CYCLE/CLOSED SYSTEMS

10
ISITA, J./MOOSER, F./SO0TO, S.
1975
SRR SO LD o B0 BT RIS IR OSEE? T
AesTEacTE T-1Y° A E CES, 2D, SAN FRANCISCO, 1975,
UNIVERSITY OF CALYFORNIA, BERKELEY, LAWRENCE BERKELEY LABOFATORY.
INCREASING EVIDENCE SHOWS THAT CERRO PRIETO FIELD STAMDS ON WESTER IT REME
OF SPREADING RIDGE UNITING ACTIVE SAN JACINTO AND INPERYAL PAU . 57 WELLS
HAVE BEEN DRILLBD WEST OF SAN JACINTO FPAULT TC DEPTHS PROM 600 TO 2,600 N,
PENETRATING BELOW A THICK SEALING CAP OF CLAYS AND SANDY CLAYS. oOpfImunm
PRODUCING HORIZON (PLEISTOCENE PLUVIAL SANDSTONES AND SANDY SEALBS& IS AT 900
T 1,500 M. !Asf OF SAN JACINTO FAULT NEW WELL M~53 STRUCK PBODUCING HORIZOM
AT 1£800 70 2,000 B, THUS PROVING DOWNDROP OF 500 M, HIGH BOTTOB gOLE
WL R o o) N R e PR S Tl e e
EAST OF PRESENT PIELD, WITHIN THE TRCTOMICALLY SPREADING RIFT AREA,
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129
KUNZE, J.F.
1975
WHAT IF THE WATER ISN®T HOT EBNODGH?
GEOTHERMAL ENEBRGY 3 (5):60-6u4.

DISCUSSES HYPOTHETICAL CURVES POR AMOUNT OF GEOTHERMAL WATER AND ENERGY
AVAILABLE VERSUS TEMPERATURE, TECHNOLOGIC IMPROVEMENTS CAN VASTLY INCREASE
THE ENERGY AVAILABLE BY LOWERING THE TEMPERATURE 4PRBSEHTLY 180 DEGREES C.)
AT WHICH RESOURCES ARE MABRGINAL (COSTS JUST COMPETE WUITH OTHER SOURCES OF
ENERGY&. ALSO, DRILLING SUCCESS RATIO WILL IMPROVE BECAUSE LOWER TEMPERATU RES
ARE MORE COMMON THAN HIGH ONES. WHETHER WE CAN UTILIZE A CERTAIN AMOUNT OF
GEOTHERMAL ENERGY IS NOT AS IMPORTANT AS HOW MUCH IT WILL COST AT A GIVEN
TEMPERATURE. GEOTHERMAL ENERGY COSTS, EVEN POR VAPOR-DOMINATED RESERVOIRS, ARE
NOT WELL KNOWN. TECHNOLOGICAL INPROVEMENTS, LOWEEING COSTS OF LIQUID-DOHI&AIED
RESERVOIR EXPLOITATION, MAY BE EXPECTED SOON. A TEST WELL (4650 FEET, 146
DEGREES C.) HAS BEEN DRILLED IN THE RAFT RIVER VALLEY, SOUTHERN IDAHO. (OALS)
GEOTHERMAL STUDIES/IDAHO/TECHNOLOGY/HOT WATER SYSTEMS/COSTS/DRILLING/TEST
HELLS{TEHPERLTURE
/IDENTIFIERS: /GEOTHERMAL RESOUBCES/GEOTHERBMAL WATER/GECTHERMAL ENERGY/HOT
WATER SYSTEMS

130
LAHSEN, A./TRUJILLO, P.
13975
THE GEOTHERMAL FIELD OF EL TIO CHILE. IN UNITED NATIONS SYMPOSIUN ON
Egnggé%sogﬂggT AND USE OF OTHERNAL RESOU RCES, 2D, SAN FRANCISCO, 1975,

UNIVERSITY OFP CALIFORNIA, BERKELEY, LAWRENCE BERKELEY LABOFATORY.

EL TATIO IS LOCATED IN HIGH ANDES (68 DEGREES 1*S, 22 DEGREES 20'9&.
GEOELECTRICAL STUDIES HAVE DEPINED A RESISTIVITY ANOMALY WITH AN AREA OFP
APPFOXIMATELY 30 RM2, ELONGATED IN THE DIRECTION OP THE MAIN GRABEN STRUCTURE.
GEOCHEMICAL STUDIES SHOW THAT THE A?JIFEB RECHARGING TRE FIELD IS BETWEEN 800
AND 900 METERS BELOW SURFACE, AT 263 DEGREES C. STEAM EQUIVALENT TO 18 MWk IS
CURRENTLY OBTAINED FROM THREE PILOT WELLS. FUTURE DEVELCPMENT PRCGRA ARE
EXPECTED TO YIELD UP TO 50 MW, CNLY A SMALL PART OF THE REAL POTENTIAL.
GEOTHERMAL STUDIES/SOUTH AMERICA/ELECTRICAL STULIES/RESISTIVITY/GEOPHYSICS/
GEOCHEMISTRY /TEMPERATURE
/IDENTIFIERS: /CHILE/EL TATIO FIELD/GEOTHERMAL RESOURCES DEVELOPMENT/POWER
CAPACITY/ANDES

131
LAIRD, A.D.K.
1971

RANKING RESEARCH PROBLEMS IN GBOTHERMAL DEVELOPMENT.

U.S. OFFICE OF SALINE WATER RESEARCH AND DEVELCPMENT, PROGRESS EEPOERT 711,
J3 P. OSW GRANT 14-30-2635,

SEE: SWRA W72-03777,
DESALINATION/DISTILLATION/GEQTHERMAL STUDIES/ERINE DISPOSAL/CALIFORNIA/
W ATER POLLUTI URCES/BENEPITS/WATER SUPFLY/ENVIRONKENTAL®EFFECTS/BLANNING/
STBAH/RESOURCES DEVBLOPHENT/RESEARCH AND DEVELOPMENT
/IDENTIFIERS: /IMPERIAL VALLEY/GEOTHERMAL RESOURCES

132
LAIRD, A.D.K.
1973
WATER FROM GEOTHERMAL RESOUECES. ~IN P. KRUGER AND C. OTIE, EDS.,
CEOTHERMAL SNERCY--RESOURCES. BRODUCTION “S9TRULADIG spEcIAl
SYKPOSIUK OF AMERICAN NUCLEAR SOCIETY, §7 PROCEED

STANFORD UNIVERSITY PRESS, STANFORD, CALIFORNIA. DE

Tu=-727.

SEE: SWRA 673-132213.

DESALIHATION/GEOTHERHAL STUDIES/ELECTR POWER/THERMAL POHERPLANTS/ECONOHICS/
DISIILLATION/WATER RESOURCES DEVELOPME ENERG{ ]

/IDENTIPIERS€ /GEOTHERMAL POWER Nt/ /UATER SOURCES
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LAIRD,

134
LAWVER,
1975

1972
GEOTHERMAL DESALINATION AND POWER PRODUCTION.

UNIVERSITY OF CALIFORNIA,
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IN H.C.H. ARMSTEAD,
P. 135-1

ggDIENT/SPREADING CENTERS/

REVIEW OF RESEARCH AND DEVELOPMENT,
SERIES 12,

CO/HEAT FLOW/ON-SITE INVESTIGATIONS/THERMAL
EARTH SCIENCES

PLICATIONS OF GECTHERMAL ENERGY.

UDIES/RESOURCES DEVELOPMENT/DESALINATION/COLORADO RIVER/ENERGY/
/GEQOTHERMAL RESOURCES DEVELOPMENT/WORLD

135
J.
SWRA W71-08643,
B.
PARIS.

LEAER,

1970
136

LINDAL,
1973 A

CLEAN POWER FROM INSIDE THE EARTH.

SATURDAY REVIEW 53(49):53-61.

INDUST

ED.,
UNESCO,

SEE

NG/

— O 0% o 1 2
Oiun EadO
HdwW e
MEX L o
(1=l E 1))

UZxD | 3F -]
B O L
=) MHZ
0] er WML )t
DZ- Vs
ZEORJD N
- .

JAEVO»NAO

HOHWNZZ20o
EHAMMIHMO
P AR N -
LELSONEAZ

ATrZILEp <l

5/




et

(72 1Y

5 : /R = ™ @ WEHOEN 3 . = U £ 2 £
a3 < Tan &« - b AT 4 > @™ Ha O T =T o - HEOZ E -1 HZ> = rOa0=n 3z = [ 2] Tz
TR REER D BEIER T Q9 F A B e HUEHME - @ N WX oW Omal - 5 m B85 & . &dbesn 2 2 o & e S

= ~ OO~ O M OMD<A M~ M W OxHnAam N &~ = OV m melao L~ m »n O m oaran> T~ M @ W Oan
MO WMoy B e g Oy 5 0 HO < o) U JjeET D O O B W SAmiae S O Cmal [0 @ R < 3 T x W @on
H - OO VU U\ H o DR E gy Dax@NU =R e A menN\ e OHE o o R\, E rw & « 07 U\
- E&T
[ 3] . [ S -] T 1% Fe) E RS
3 6 = & 2 e g S8, Zeu= OS2 .33
. o D D T ) ~N [+ -]
ﬂ Bl py U Ll HEOl T - 3 & o 1 0= BHC“ MM % m M
v U AV} » o BT Hoa m - LAMPRBT Mn=x = - a2 s
M O D 6t L] [ O~ o LH O N N\ = = nlw PCNXHEHT m o g
(ST ] HSV x amy VNt & =< - D m 0O o » OQOm g i HOO =z
o [aiadal 2] nx H A Ox R 2% 3= EPHEWGNLRTTM N%N 2 =g
[ nosMm = [T VOO MM - o N 1 - IO T/ T HO & - 3 Hg
Qs M DR Q MEQEBTEEDAML o HEq =] EEITHGRW IVD 2 2o
3o 27 2 35 Spoogomasst L8h 2 8.  55855250=E0f  Sag g <
100 = o] L] CQ g HE X g - gRumM=SLEE = 4] a S
< Qi o ve [+ = IR, E <$in? o ot [a) (8] v M a
THOWgx, WK =_3xq, =
- &O M= M <10 N SH  VHaE Qe W 18] s gl it a Q=
pojet-49) aamt o 8O =nacs NEOn e a e DATSPWBT 18] AN a < x
[ 2 d L] 3] Mgl )y O = <O H.!EROP ] [ nn o & H =0 = a o=
- iz MMeEO > =) mou O (A et T =
“ﬂhuu APHE m o0 wEP.mA.A.AHmw.L ﬂP.A w.hu Mn.ﬂ A”HWEM“““! u “ m -] DHn vO._
- a [1e] 42 [a3 Fad g « \NE a,
Wmﬂ /WTH e O CEQCNETE O U \NHO N\ o NRXZY™MONH-COMT NI L m ”
- IR bl A 3 | - _HOZ "N N O M “ﬂ NPGOB WHGMTE Vﬁw o ol
N 0 o, G0 o e
“wu ”P“M ﬂ WI H.%LGEU.E = H -9 . RDLXT.CDNPEB Var ” ﬂ Q
gD N m = = ZNOQE<aAZE- >I «£400 D - m ®~HO LW~ EIGHC OMN a En
8570 2842 & 28 TeEEMENANEC 23> 3 *3 § .¥TeRnEtagtz  28% g U=
EWSE 2338 = S - = o = - ~ T 32— . « O
€ BNQ o <] fu Mo (81 ) us v =<x) O
ofts =83 O =,  OhommsSuadE 40N o 5 g I uhazeos=td 58 g9 4=
o <5 e B = ~ WROTMO (AR Pt K 3 - O Bno
L1 LTAH ot em ZEANTGOM O DM m NM Qrugo. v N BY 0o ng
nmxy <nm €] - o MOMEHM WO MHZ & la] 0 = IU 2% nan = v o= e
[l ] UDO i » o WMJOHEBTWE QLD B [ w TYP pe<pua 9Z3 3 attel
=] -~ Qe L - i o X O noO= Do [T [oJE1-7 215
25 ELE G B2 | ufeoadhshg 298 &8 3 g SEeSEegmosn Bed 5 B2,
et=trie =i e St il = > DM A/ OHD [CTXAN [ nn<
DM n aN = ¢ MUNQLCmp M ZzIRl WO CH o] EROHPOSTEICA BN 4 ot
=0U= SIS} - afe ~ OO = H @A HEexE 0Q - o & Quaus ate - 2ot
- - z0 ~ OFHA< Auno=< \JH \mn L) 2] [ 2 0
0“3” WHWE b 2] -y D anEE o EAHB WAR b o] MR 8] RDHOWBSMTH&“ “M“ m “ MRH
N\ ORI ] m [ QLY wn R no = - - £ o CEE
(oIS ] [ 2] 1 AR B et om -
iy INTm m o Q MmN AomIBVIKMAM N > - a < oty
o = A - nNRemHOOMmMNn=E =N -t n = ez . o
H “m ”u“l (S1=] [ TPUCBPIC <0 VML o (S]] 5 NNAP mNINHNH ﬂMN ﬂ . HHG
ol LT =315 ﬂ o o o i~ @OB = mEN - = -9 EE PPG ETE I W/A a2 nas
CNEL  S£2h 82 °28 & B88=a9 aenBd SEZz =Zm han ¢ EmaaCadhaen R » <
=58 Sane 2n & .a o Iw ] < 0y - = Zh <nblax V) e = - s>
-o0a -\ EHE X3 o€ 14 =€ 0 ~nOL @aH ] = - Ea =44
NE ™mQ no = M - -1 3] M
i B EU S=a © ZEY_mHol« . SRz mes L YA D ac o a2
= =a - Qi I @O MmN Q= O MmN 0 &=
HE,S  28EE ae S35 o DouEgsatach sfges 3y © .oohed=fieRs SF gz B
) - = o a - mE
3805 o328 2 9l | =zSendsfnEd DEN-Bw on 3 SpnmEmtaz=le ol 2P Etn
2 =T D 3] - -
“hxg B3NGB E Sz § BoEmDoESRLE £ioet 25 2 gEOSCERERES &ES =5 I
o N0 -m uwn n K n z
.98 2Ean En o & aiizEfesze) SReod .= O B ogeBEsES g « g | Bis
e opA = Ny - - VI & «xmNUIMAHXKOM el = o Xa
m -0 230 Nt KHro QO g  og e N/HCMR = A N ET LY Eeand% mom =z s - EdE
L1312k 4 DS DO T~ -3 = MEOa DH HUO (3] R& = o 5
OVEHNEH4 Q0 TN e 1% P =z N\>=
et 2250 2o VN = < EE M en aaYR0Y <z HDNW T -y = NEO- B o Nk
[SETT: ] NEZNY =N - MOOXMIE TIAMZEt - HOUD Qs . 3 na
uge M= om 5. 9 ghngongueRn Saeand DI e I B N S 3 g HeY
a m .
=g~y Sp3E = 53 B Eotn,m8.738 Son0 O 3B © 35 Zmbommpom Sw . B35 T g
L) ™ =HN 0 - h . -
03 B ghe¥ o SLx . ERSEE ob3~ gE2eag 4 ES = Hedlped ael HoE o B £ gy
(o] - -
pegs i £e 6% 0§ 8%ERdRShe Dzosel < E3 § LoowieRo BN Tes T D0 D eE
Amad  RuEs h= A San o =2° S92xZ < O o Z B BN NESN D = < & o <A
D> €D M m 28y H < SImEZO HO < e oy N onestu W <3 £ o x H R Xme
R O \Hunk amikl & ExMAQNtaeH O B0 FH prgel 2 Go K aon ame Emen 4 En o Eee
e e [ Y R T 1] - OHL & xEaA-0O LVHNAQ< @< Em - M = ILH SErexTS arT2 > o & 2 gt
—_ [-%-_1--1 [ ~ & @ @ A MR S U mOD & o @ . e
GERZD EanionE T 5 . %25 £ fogwaomsio8 miSeme SR e . T wo dSdendBias Rl 23 8 Eete
nEree SaRndon -enr = =11l ag - O & =1 H~ 0 K 61 OOy
AHBAMNONEO OMEana 0 ~ DN o o B40-m - [ x 9 >
x NErne S8gmoaon =5 Ex0 2 22 [~} o H O ar® O EABMALTHRRGAS B - O Bl m Gl Wk
(AT D M B )22 S 06 A b e O et ey D O i
wm Wﬂn”m ﬂm“TPﬂw u - MG O OHOBZcSNET LU\ RN v~ ENT o) HOHAHOFSHUVAIR, T O\ - - 0O o [ 72 RS K 0 W -



ZESSES

ROJECTS
LACE .

$thr/
v

BGY

AL
EA TI NG .
(OALS)
USTRY/
H/
OWER/

ON,

16=-48.

{ATION/
CHERMAL

140
LIVINGSTOM, Y.E., JR.
1972
GEOTHERMAL ENERGY IN WASHINGTON, IN GEOTHERMAL RESOURCES COQUNCIL
GEOTHERMAL OVERVIEWS OF THE WESTERN UNITED STATES, EL CENTRO CCNPERENCE,
1972, PROCEEDINGS, PAPER L, 17 P.

GEOTHERMAL RESOURCES COUNCIL, DAVIS, CALIFORNIA, PUELICATION.
SEE: SWRA ¥73-0G3431.

GEOTHERMAL STUDIES/SUBSURPACE WATERS/THERMAL POHEB4HASHINGTOH{TH§HHAL WATER/
WATER TEMPERATURE/HYDROGEOLOGY/THERMAL PBOPERTIES{ HERMAL SPRINGS/YOLCANOES/
FAULTS(GEOLOGICL/HATER QUALITY/EXPLORATION/HOT SPRINGS/ELECTRIC POWER DENAND/
SPATIAL DISTRIBUTION
/JIDENTIFIERS: /GEOTHERMAL RESOURCES

141
LUNCBERG, E.A.
1974

UTILIZATION OF THE EARTH'S NATURAL HEATING SYSTEM TO DESALT GEOTHERMAL BRINES
FOR AUGMENTATION OF THE COLORADO RIVER SYSTEM.

NATIONAL WATER SUPPLY INPROVEMENT ASSOCIATION JOURNAL 1(1) :39-51.
SEE: SWRA W75-04430.

GEOTHERM AL STUDIBS/DESALIﬁATION{EXPLORATION/GEOLOGY/TEST HELLS{THERHAL WATER/
PLASH DISTILLATION/BRINES/POTABLE WATER/GFOPRYSICS/GEOCHEMISTR {UATER SUPPLY/
WATER RESOURCES DEVELOPMENT/WATER QUALITY CCNTROL/CALIFORNIA/COLORADO HIVER
BAS IN/WATER DEMAND/SALINE SOILS/RESEARCH AND DEVELOPMENT
/IDENTIPIERS: IMPERIAL YALLEY/HOT BRINES/GEQTHERMAL BRESOURCES DEYELOPNENT/
CHEMICAL RECOVERY/GEOTHERMAL POWER

142
LusBY, W.S./SOMERS, E.V.
1972

POWER PLANT EFPLUENT - THERMAL POLLUTION OR ENEFGY AT A BARGAIN PRICE.
MECHANICAL ENGINEERING 94 (6):12-15,
SEE: SWYRA W74-02888,

ELECTRIC POWER PRODUCTION/THERMAL POLLUTION{HEAIING/AIR CONDITIONING{
THERMAL POWERPLANTS/DESIGN/COOLING/COST ANALYSIS/ECONOMICS/FOSSIL FUELS/
SEASONAL/GEOTHERMAL STUDIES/MODEL STUDIES/PEAK LOADS
/LDENTYFIERS: /NODEL TOWNS/REYKXJAVIK/LITHIUM BROMIDE/ICELAND/WASTE HEAT

143
EAHCN, W.A.J.
1973
CHEMISTRY IN THE EXPLORATION AND EXPLOITATICN OF HYDROTHERMAL SYSTEMS.
IN UNITED NATIONS SYMPOSIUM ON THE DEVELOPMENT AND UTILIZATION OF GEOTHERMAL
RESCURCES, PISA, 1970, PROCEEDINGS.

GECTHERMICS, SPECIAL ISSUE 2, 2(2):1310-1322.
SFE: SWRA W74-09013,

GEOTHERMAL STUDIES/HYDROTHERMAL STUDIESéGEOCHEHISTRY WATER CHEMISTRY/SCALING/
EXPLORATION/HEAT FLOW/THERMAL WATER/MINERAL WATER/BOREHOLES/THEREAL SPKINGS/
SAMELING/GROUNDWATER MOVEMENT/SOLUBILITY/PERMEABILITY/THERMCDYNAMICS/
HYDROGEOLOGY/WATER TEMPERATURE
/IDENTIFIERS: /BOREHOLE GEOCHEMISTRY/NEW ZEALAND/GECTHERMAL POWER/GECTHEFMAL
FLUIDS/GEOTHERMAL RESERVOIRS/GECTHERMOMETERS

164
MAHCN, W,A.J,/FPINLAYSON, J.E.
1972

THE CHEMISTRY OF THE BROADLANDS GEOTHERMAL AREA NEW ZEALAND,
AMERICAN JOURNAL OF SCIENCE 272(1):u48-68.
SEE: SWRA W72-03842,

GEQO THERMAL STUDIES‘HEAT PLOW/WATER CHEHISTRY{HATER TEMPERATUR E/STEAN/
VOLCANOES/HOT SPRINGS/THERMAL SPRINGS/METEORIC WATER YSTENS
/IDENTTFIERS: /NEW ZEALAND/BROADLANDS FIELL, NEW ZEALAND/HOT WATER S5 b

149
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145
MARINELLI, G.
1873
DEEP DOWN POWER.
DEVELOPMENT PORUM 1(3):5-10.

A PROPERLY OPERATED GEOTHERMAL FIELD CAN PRODUCE AN ENDLESS SUPPLY OF STEASB.
AIR POLLUTION HAS AROUSED KEEN INTEREST IN THIS RESOURCE IN REPCENT YEARS.,
BECAUSE GEOTHERMAL ENERGY IS CHEAP AND CLEAN, RESEARCH FUKDS SHOULD BE PQURED
INTO THIS FIELD, BEGARDLESS OF ANY NATION'S EURBENT ENERGY SOPPLY. PERHAPS THIS
SOURCE OF POWER CAN SPUR INDUSTRIALIZATION IN POCRE COUNTRIES.
GEOTHERMAL STUDIES/AIR POLLUTIOB/COSTS{COST EPFICIENCY/ENVIRONMENTAL EFFECTS/
ELECTRIC POWER PRODUCTION/EUROPE/THERMAL PO
/IDENTIPIERS: /GEOTHERMAL STEAM/GEOTHERMAL POWER/DEVELOPING COUNTRIES

136
MARKARENKO, F.A. ET AL
1973
GEOTRERMAL RESOURCES OF THE USSR AND PROSPECTS FOR THEIR PRATICAL USE. IN
UNITED NATIONS SYMPOSIUM ON THE DEVELOPMENT AND UTILIZATION OF GEOTHERMAL

RESQURCES, PISA, 1970, PROCEEDINGS.
GEOTHERMICS, SPECIAL ISSUE 2, 2(2):1086-1091.
SEE: SWRA W74-08986,

MAL STUDIES/HYDROGEOLOGY/EXPLORATIONéHXDROTHEBHAL STUDIES/
WATER/THERMAL POWER/COSTS/DATA COLLECTIONS/HYDROLOGIC DATA/
1zRs: o /U3sh

SR/GEOTHERMAL RESOURCES/HOT WATER SYSTEMS

MARSHALL, T./BRAITHWAITE, W.R.
1973

CORROSION CONTROL IN GEQTHERMAL SYSTEMS. IN H.C.H. ARMSTEAD, ED., GECOTHERMAL
ENERGY: REVIEW OF RESEARCH AND DEVELOPMENT, P. 151-16C.

UNESCO, PARIS. EARTH SCIENCES SERIES 12,

GEOTHERMAL FLUIDS ARE PAR FROM BEING PURE WATER; THBEY CAN CONTAIN NUMEROUS
DISSOLVED SOLIDS AND GASES WHICH CAN CAUSE CORRbSION, THE MIXTURE VARYING
GPEATLY WITH LOCATION. DURING RESOURCE EXPLOITATION, GASES ARE CONCENTRATED
IN STEAM, CONDENSATE, AND ATMOSPHERIC EFFLUENTS, WHILE NON-=GASECUS IMPUERITIES
ARE CONCENTRATED IN WATER PHASE. THESE IMPURITYES CAN CORRODE METALS AND
CONCRETE (USED IN GEOTHERMAL PLANT STRUCTURES) UNDER VARIOUS CONDITIONS OF
TEMPERATURE, PRESSURE, AND STRESS. CORROSION IS CONTROLLED BY USE OF SPECIAL
MATERIALS éSPECIAL ALLOYS IN PIPELINES AND TURBINES, PLASTICS, WOOD, AND GLASS
IN CONDENSERS AND COOLING TOWERS, ALUAINUM WIRES INSTEAD OF COPPER TG AVOID
HYDROGEN SULFIDE CORROSIO%L SPECIAL COATINGS ;EPOX! COAL TAE, PLASTICS, GOLD
AND CHROME PLATINGL, ENCLOSORE AND ISOLATION © SUSCEPTIBLE HAfERIALS, AND
PREVENTIVE MAINTENANCE. (OALS)
GEOTHERMAL STUDIES/CORBOSION/DISSOLVED SOLIDS/GASES‘CORROSION CONTROL
CHEMICAL PROPERTIES/COAL TAR COATINGS/COATINGS/ALLOYS/EFFLUENTS/METALS/GOLD/
PLASTICS/FPOXY RESINS{PROTECTIVE COAMTINGS/HYDROGEN SULFIDE/ALUMINUM/CONCRETES/
CHROHIUH{HAINTENANCE/ ECHNOLOGY/WATER CHEMISTRY
/IDENTIFIERS: /GEOTHERMAL FLUIDS

148
MATHUR, S.P./STEWART, R. EDS.
1970

CONFERENCE ON BENEFICIAL USES OF THERMAL DISCHARGES, ALBANY, NE¥ YORK, 1970,
PROCEEDINGS.

g%g £ORK STATE DEPARTMENT OF ENVIRONMENTAL CONSERVATION, ALBANY, NEW YORK.

SEE: SWRA W73-04337.
HEAT/THERMAL POLLUTION/PISH PARMING/AGRICULTURE/THERMAL POWERPLANTS/HE D
HATE§ MULTI PLE~PURPOSE PROJECTS/ENYIRONMENTAL EFFECTS/WATER
POHERﬁLANTS/GREENHOUSES/COOLING&HABINB PISBEBIES¢PISH€RI§§ rggﬁLg}%gasHEAg}NG/
JIDENTIFLERS: - /WASTE HENE/TRERRAL DI SeAKBoD L) EAnsboineuThL ERCINERRIN

: Y 4
WASTE HEAT USBS/SPACE HEATING / / CARACITY/
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151

149
MATLICK, S./BUSECK, P.R.
1975
A NEW BEXPLORTION METHOD POR GEOTHERMAL SOURCES USING MERCURY. 1IN UNITED
NATIONS SYMPOSIUM ON THE DEVELOPMENT AND USE OF GEOTHBERMAL RESOURCES, 2D,
S AN PRANCISCO, 1975, ABSTRACTS III-61.
UNIVERSITY OF CALIPORNIA, BERKELEY, LAWRENCE BERKELEY LABORATORY.
MERCURY (HG) MINERALS OCCUR NEAR MANY GEOTHERMAL AREAS, AND HG ORE DEPOSITS
COMMONLY HAVE ASSOCIATED HOT SPRINGS. BECAUSE OP THIS CORRELATION, USE OF
HG AS AN EXPLORATION TOOL TO LOCATE GEOTHERMAL AREAS WAS TESTED. OVER 400
ANALYSES WERE MADE IN THE PIELD AT LONG VALLEY CALDERA, CALIPOBNIA. SIX
ANOMALOUS AREAS RANGE FROM LESS THAN 0.5 TO GREATER THAN 3 SQUARE MILES AND
DO NOT APPEAR TO CORBRELATE WITH ROCK TYPE. TWO CENTERS OP HOT SPRING ACTIVITY
AND TWO BOUGUER GRAVITY ANOMALIES COINCIDE WITH HG HIGHS., SEVERAL HG ANOMALIES
ALSC PALL OUTSIDE THESE REGIONS. KLAMATH PALLS, OREGON, ALSO SHOWS HG
ANOMALIES OVER GEOTHERMALLY ACTIVE REGIQNS. HG HEASUBEHENTS, IF OF
SOFPFICIENTLY HIGH SENSITIVITY, CAN BE USED TO LOCAME AREAS OP GEOTHERMAL
ACTIVITY, EVEN IN AREAS PREE OF HOT SPRING ACTIVITY.
GEOTHERNAL STUDIES/CALIPOBNIAéOREGON/UERCUH!4EXPLORATIOH/GEOCH£HISTRY/TRACE
ELEHBNTS{ANALYTICAL TECHNIQUES/ON-SITE INVESTIGATIO
/IDENTIFIERS: /MINERAL DEPOSITS/LONG VALLEY CALDERA/KLAMATH FALLS

159
MATSUOQ, K. .
1973 A '
DRILLING FOR GEOTHERMAL STEAM AND HOT WATER. IN H.C.H. ARMSTEAD, ED.,
GEOTHERMAL ENERGY: REVIEW OF RESEARCH AND LEVELOPMENT, P. 73-83.
UNESCO, PARIS. EARTH SCIENCES SERIES 12,
SURVEYS EQUIPHENT AND PROCEDURES QP FIRST-GENERATION GFOTHERMAL DRILLING
TECHNOLOGY, WHICH IS BORROWED DIRECTLY FROM THE OIL INDUSTKY dBUT WITH CERTAIN
NECESSARY MODIPICATIONS). STANDARD BOTARY RIGS WITH MUD CIRCULATICN AKE MOST
COMMONLY USED. SPECIAL CASING, DRILLING MUD, ANE WELLHEAD EQUIPMENT ARE
REQUIRED, AND MUD COOLING TOWER MAY BE NEEDED FCR HIGH TEMPERATURES AND
PRESSURES. SEVERAL SPECIAL PROBLEMS CAN ARISE CURING DRILLING AND AFTER WELL
COMPLETION, AND PROCEDURES FOR SOLVING OR PREVENTING THEM ARE OUTLINED. USING
AIR FOR CIRCULATION IS FPASTER AND CHEAPER IN DRY STEAM FIELDS THAN STANDAKD
DRILLING WITH MUD., SAPETY PRECAUTIONS, WELL SURVEYS, AND WELL REPAIRS ARE
BRIFFLY DISCUSSED. (OALS)
GEQTHERMAL STUDIES/DRILLING/ROTARY DRILLING/WELL DRILLING/DRILLING EQUIPHENI{
ggé#%éggG$LUIDS/OIL INDUSTRY/MUD/AIR CIRCULATICN/CASINGS/CCCLING TOWERS/SAPETY/
/IDENTIFIERS: /GEOTHERMAL STEAM/DRY STEAM PIELDS

151
MATSUO, K.
1973 B
PRESENT STATE OF DRILLING AND REPAIRING OF GEOTHERMAL PRODUCTION WELLS 1IN
JAPAN. IN UNITED NATIONS SYMPOSIUM ON THE LCEVELCEMENT AND UTILIZAT ICN OF
GEOTHERMAL RESOURCES, PISA, 1970, PROCEEDINGS.
GEOTHERMICS, SPECIAL ISSUE 2, 2(2):1467-1479.
SEE: SWRA W74-09C3F,
CPILLING/WELL CASINGS/HOT SPRINGS/GEQOTHERMAL STUDIES/WELLS,/WATER TEMPERATURE/
EXPLORATION/STEAM/ROTARY DRILLING/DRILLING ECUIPMENT/WELL SCREENS
/IDENTIPIERS: /GEOTHERMAL FOWER/JAPAN/MATSUKAWA/OTAKE
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MCMILLAN, D.A., JR.
1970
ECONOMICS OF THE GEYSERS GEOTHERMAL FIELD, CALIFORNIA. 1IN UNITED NATIONS
SYMPOSIUM ON THE DEVELOPMENT AND UTILIZATION OF GEOTHERMAL RESOURCES, PISa,
197C, PROCEEDINGS.
GEROTHERMICS, SPECIAL ISSUE 2, 2{2):1705-171u.
SEE: SWRA W71-11650; W7u-C9Cus6.
GEOTHERMAL STUDIES/THERMAL POWERPLANTS/COMPARATIVE COS1S/PIPELINES/WELLS/
STEAM /COSTS/WASTE WATER DISPOSAL/ECONOMICS,/CALIFCENIA/CORROSION/THERMAL EOWER/
ELECTRIC POWER COSTS/CALIFOKNIA/LCONOMIES GF SCALE/INCOME/PRICES
/IDENTIPIBRS: /TURBOGENERATORS/GEYSERS FIELD, CALIPORNIA/GEOTHERMAL EOWEE
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MCNITT, J.R.
1973
THE ROLE OF GEOLOGY AND HYDROLOGY IX GEOTHERMAL EXPLORATION, IN H.C.H.
Q?H§§E:8: ED., GBOTHERMAL ENERGY: REVIEW OF RESEARCH AND DEVELCPHENT,
UNESCO, PARIS. EARTH SCIENCES SERIES 12.
SEE: SHWRA #74-11761.
ETBLOBATION JoURVES 5/ T4 Y ESTE A TEOR S /G EOPH YSICS /G FOCH ENLSTRY/RESISFIV 111,
B%%éﬁ%¥%IERS: /EXPLORATION ¥ELLS
154
MCNITT, J.R.
1975
ORGANIZATION OP UNITED NATIONS GEOTHERMAL EXPLORATION PROJECTS. 1IN UNITED

NATIONS SYMPOSIUM ON THE DEVELOPHEHT AND USE OF GEOTHERMAL RESOURCES, 2L,

SAN PRANCISCO, 1975, ABSTR
UNIVERSITY OF CALIFORNIA, BERKELEY,
IN THE PERIOD 1965-1975 THE U.N, WI

PROJECTS AT AN AVERAGE COST OF 3 MILLION DOLLARS EACH.

CTS III-67

LAWRENCE BERKELEY LABOEATORY.

LL HAVE COBPILETED GECTHEEMAL EXPLCRATION
DURATION OF A PROJECT

IS PROM 4-7 YEARS. PROJECT WORK PROGRESSES THFOUGH FIVE CONSECUTIVE PHASES:
1% RECONNAISSANCE SURVEY TO IDENTIFPY SPECIFIC PROSPECT AREAS
{ YDROGEOCHEMISTRY, REGIONAL GEOLOGY, HYDROGEOLCGY, AND AERIAL INFRA-RED

MAGERY SURVEYS&. 2 BRESISTIVITY, MICROEABTH UAKE, AND TEMPERATURE GRADIENT
SURVEYS, TO LOCATE SITES FOR EXPLORATION DRILLING. 3) EXPLORATION DRILLING
&160 TO 450 THOOSAND DOLLARS PER HOLEL. U& DRILLING OFPSET WELLS (TC PROVE
SUFFICIENT PRODUCTION FOR THE FIRST GENERATING PLANT AND STUDY RESERVOIR
CONDITIONSE. 5) PEASIBILITY STUDY TO DETERMINE CAPITAL AND OPERAT ING COST
OF A GEOTHERMAL POWERPLANT.
GEOTHERNAL STUDIES/UNITED NATIONS/EXPLORATION/COSTS/SURVEYS/GEOLOGY/DRILLING/
HYDROGEOLOGY/GEOCHEMISTRY/REMOTE SENSING/INFRARED RADIATION
/IDENTIPIERS: /DRILLING COSTS
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MEADOWS, K.F. ED.

1972 - TO DATE.

GEOTHERMAL WORLD DIRECTORY.
SAME A?OQUEHOR. GLENDORA, CALIFORN

IA. 1972, 190 P.; 1973, 242 P.;

1974, .
AN ANNUALLY UPDATED COMPILATION OP ADDRESSES AND OTHER INPORMATION USEFUL TO
GEOTHERMAL INDUSTRY. PART ONE LISTS INCIVILUALS (280, 450, 600--NUMBER LISTED
IN 1972, 1973, AND 1974 DIRECTORIES BESPECTIVELY) ANE cOMAERCIAL FIRMS (116,
300, 408) ACTYIVE IN GEOTHERMAL RESEARCH, EXPLORATION, AND UTILIZATION. ALSO
LISYED ARE UNIVERSITIES AND COLLEGES WHO SUBSCRIBE, U.S. PUBLIC UTILITIES
COMMISSIONS, PUBLIC UTILITIES, POWER POOLS, ANL SELECTED GEOTHERMAL-RELATED
PUBLICATIONS, QUESTIONNAIRE ANSWERS PROM U.S. CONGEESSMEN, STATE GOVERNMENTS,
AND 'POREIGN COUNTRIES, AMD ADVERTISEMENTS POR PRODUCTS, SE{VICES, AND
PUBLICATIONS ARE INCLUDED, AS WELL. PAR?T T#O éTHO-THIﬁDS OF THE' DIRECT ORY
CONSISTS OF ORIGINAL AND REPRINTED TECHNICAL AND SUMMARY ARTICLES ON GEOTHE BMAL
TOPICS. (OALS)
GEOTHERMAL STUDIES/DATA COLLECT IONS/RESEARCH AND DEVELOPMENT/EXPLORATION/
EXPLOITATION/PUBLIC UTILITIES/MANOALS
/IDENTIPIERS: /DIRECTORIES/WORLD/GECTHERMAL FESOURCES DEVELOPMENT
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MEIDAV, T.
1975 A
CRITIQUE OF GEOTHERMAL EXPLORATION TECHNOLOGY. 1IN UNITED NATIONS SYMPOSIUN
ON THE DEVELOPMENT AND USE OF GEBOTHERMAL RESOURCES, 20, SAN
ABSTRACTS ITI-68. e FRANCISCO, 1975,
UNIVERSITY OF CALIPORNIA, BERKELEY, LAMRENCE BERKELEY LABORATORY.
INDIVIDUAL EXPLORATION TECHNIQUES HAVE CISPLAYEL THEIR VALUE IN SOME CASES
AND HAVE FAYLED IN OTHERS., TBMBERATURE GRADIENT, PLECTRICAL HESISTIVIRY. '
SELP-POTENTIAL, GROUND-NOISE SOURVEYS, MICROEARTHCUAKE SEISMOLOGY
GRAVIMETRY, GEOCHEMICAL THERMOMETRY, AND ISCTOPE GPOCHENISTRY HAVE PROVEN
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160 GEOTHE!
GOV ERN!
MEYER, C.FP./TODD, D.K. CODENT.
GEOTHE!
1973 INDUST:
CONSERVING ENERGY WITH HEAT STORAGE WELLS.
4
ENVIRONMENTAL SCIENCE AND TECHNOLOGY 7(6):512-516. EIA 73-08063. | 16
UNDOR:
LARGE QUANTITIES OF USEFUL HEAT MAY BE STORED UNDERGROUND IN SPECIAL WATER A L
WELLS, “UITH HORE THAN 75 PERCENT OF THE REAT RECOPERADLE- APTEn. 50 BEYs PioT : 197¢
WELLS ARE ENVIRONNENTALLY ACCEPTABLE IF THEY ARE HOT LOCATED T0O CLOSE TO
WATER PRODUCING WELLS, TOTAL ENERGY SYSTEN CONSIDERATIONS INCORPGEATING BQT : KAJOE °
WATER STORAGE IN WELLS ARE DISCUSSED.
GEQTHERMAL STUDIES/NEAT TRANSFER/INJECTION WELLS/THERMAL WATEE/HEATED WATER/ UTAH G
THERMAL POLLUTION/HASTE HEAT/UNDERGROUND STORAGE
/IDENTIPIERS: /HRAT STORAGE/THERMAL ENERGY EE:
HE RMA
161 THERKA
| WARM S
MILLER, E.X. JIDENT
1974 6¢
. . 16¢
GEOTHERMAL AND GEOPRESSURE RELATIONS AS TOOL FOR PETROLEUM EXPLORATION.
ABSTRACT G PAPER PRESEWTED AT SER ANADAL RERIING GiohEUR FXDLORATION. 3 MORRAY
PALEONTOLOGISTS AND NINEBALOGISTS, ROCKI NOUNTAIN SECTIGN, CASPER, WYOKING, ,

. 1972
AMERICAN ASSOCIATION OF PETROLEUN GEOLOGISTS, BULLETIN 58(5):916. PRO LU ¢
HIGH GEOTEMPERATURE, ABNORMALLY HIGH PRESSURE, ANL PRESENCE CF CRGANIC-RICH ‘ VAT ER
SHALE PACIES ALL COEXIST WITH PRODUCTIVE HY CROCAREONS IN WASATCH FORMATION ,

OF UINTA BASIN. MAPPING OF SUBSURFACE TEMPERATURE AND PRESSURE MAY BE A VERY | SEE: .
USEFUL TOOL FOR PETROLEUM EXPLORATION IN TERTIARY BASINS WITH FRESH- AND l
BRACKISH-WATER LACOUSTRINE SEDIMENTARY DEPOSITS. ' FRE SHi
GEOTHERMAL STUDLES/TENPERATURE/PRESSURE/OIL EESERVOLRS/ORGANIC BATTER/ | GEQRH
OIL SHALES/EXPLORAION/SUBSURPACE INVESTIGATIONS/LAKE BEDS/BRACKISH WATER, ! PRESE:
RESHV AT ER |
/IDENTIFIERS: /GEOPRESSURED SYSTEMS/ENERGY SOURCES INTERFPACES Ay
162 16"
MOYLE, ¥.R., JB. ! NARAT
1974 ' 1975
TEMPERATURE AND CHEMICAL DATA POR SELECTED THERMAL WELLS AND SPRINGS IN ADVAX
SOUTHEASTERN CALIPORNIA.
WATER~RESOURCES INVESTIGATIONS 33-73, 12 p. GEOTH
SEE: SWRA W75-01814. DEIM
THERMAL GATER/THERMAL SPRINGS/CALIFORNIA/WATER CHEMISTRY/DATA COLLECT IONS/ PRESE
UYDROLOGIC DATAZHYDROGEOLOGY/CE OTUERNAL STU DIES(HY DAGTHERNAL sTUDTESY 2.
ATER TEMPERATURE/WATER QUALITY/SPATIAL DISTRIBUTION/PAULTS (GEOLOGI I
/IDENTIFIERS: ,/IMWPERIAL VALLEY 2RaRK
e
163 égu;i
MUFFLER, L.J.P. IS.ISEL
1973 Lhe
GEOTHERMAL RESOURCES. IN D.A., BROBST AND E.P. PRATT, ECS., UNITED STATES GEOT
MINFRAL RESOURCES, B. 251-261. EEon
U.S. GEOLOGICAL SURVEY, PROPESSIONAL PAPER 820. NSP-RANN ENERGY ABSTRACTS /1DE
1¢10) 234 3.
GEQTHERMAL RESOURCES BASE IS DEPINED AS ALL THE HEAT ABOVE 15 DEGREES C. IN "
THE EARTH'S CRUST, BUT ONLY A SNALL PART OF THIS EASE CAN PROP Rt L B3 N AT H
CONSIDERED AS A BESOURCE. THE MAGNITUDE OF THE GEOTHERMAL RESGURCE bEPENDS
OF THE EVALUATION OF MANY PHYSICAL, TECHNOLOGICAL, ECONOAIC, ENVIKONMERTAL. AND 1974
GOVERNMENTKL FACTORS. PHYSICAL PACTORS THAT CCHTROL THE DISTEIBUTION i b ae
AT DEPTH CAN BE EVALUATED, AT LEAST RUDELY. MOEE TENUOUS AKE THE ASSUMDITaNaToP FLAS
TECHNOLOGY, ECONOMICS, AND GOVERNWENTAL POLICY. THESE ASSUNPTIONS ARE CRIFICAL
TO_ GEOTHERHAL RESOUHCE ESTINATION, AND CIPFEEENCES AMONGC THEM ARE IN GRSFY PAEw .5,
RESPORSTELE FOR THE VAST RANGE IN'MAGNITUDE ANONG DIPPERENT GEOTHEENAL: 38 S0URGE .
ESTINATES. UTILIZATION OP A GREATER PROPORTION OF THE GEOTHERMALCBESOU bCE  BASE SEE:
RV IN25cOf ASMIEYING, ORE OF mOMP OF THE POLLOUING rTems:’ N} TECHWOLSCICLL :
ADVANCES THAT WOULD ALLOW_ ELECTRICAL GENERATICN PRCM LOW-TERPERATURE  RESEEVOIBS HYDF
2) BREAKTHROUGHS IN DRILLING TECHNOLOGY THAT WOULD PERMIT LOW-COST LEILIEnG op aras
HOLES T0 DEPTHS GREATER THAN 3 KILOMETE RS: 3} DEVELOPHENT OF TECHNIQUES OF TERE
ARTIPICIAL STINULATION THAT WOULD INCREASE THE PRODUCTIVITY OF GEQTHEREA 7IDE
FESERVOIRS; AND'4) EXPANSION OF THE USE OP LCW-GBADE GEGTHERRAL RESOUACES POR
SUCH PURPOSES AS SPACE HEATING, PRODUCT PROCESSING, AGRICULTURE- ABD
DESALINATION. (ADTHOR)
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60 P.

STEAN/
TAL

33é

CES/GROQUNDWATER/
ATER/MULTIPLE-PURPOSE

LITY/WATER TEMPERATURE/

ESOUé
EOLOGIC)

o}
CIRS/SPAC
CCNDENSATION/C

ESOURCES DE
RY

#ATER RESOURCES BULLETIN 13.
ERMAL £

54~-57.
CLEAR POWERPLANTS/FOG/EVAPORATION/

R RESQURCES DEVELOPMENT/COS

/THERMQCLI NE

ION/EVALUATION/RESQURCE LNVENTORY/
NTS/TH

u0-43,

8-17.

/GEQTHERNMAL PLUIDS
TECHNOLOGY.

W.B.

. SWRA W22-12661.
A,

SWRA W71-11779.

164
MUNDORPF, J.C.

197¢C
165
MURRAY,

1972
166

NARATH,

1975

UTAH GEOLOGICAL AND MINERALOGICAL SUBVEY,

PROCUCING FRESH WATER PROM BRINE.

MAJOR THERMAL SPRINGS OF UTAH.
WATER AND SEMAGE WORKS 119°(1-2)

ADVANCED DRILLING
GEOTHERMAL ENERGY 3 {(6)

SEE
SEE

ATER/
ING,

=X
o =1
[o] B MST
(21 g n
YAm o w3 T o & ~
N —_ v A = &)
G IO NE < m =
Nzzr VUANEZ K< H
Z ORlIm-MHHH%Y) = - -1
CHUKME €M) (SR —
< & >3} ANOK X o o
N VDMOEVMSEHKG -~ x o
O ZONEMNZUM = O N3
Z W Qe DON vy N\ N 5
A OEt T INm [ ENG] [T
AN GUMDRan, o = (=T T ]
Rt O ROxOQO N W E\N =
QAEEHAHGIEET E, e @ <
OVt De) H ety & o z =
LY 0V QUHEHEMN ] Mm ol S O
VUZ D DMl B & a- H
HH<Ox &1 n o0 MM oM o™
THEBH Hzmyy 2 ~ H D F ﬂ
BT com e AMIOEY =0 . mee D
DRIV OO [T AN - wNE O
T IBmHATHE M, ) TH O
(V] [l et wgE o= | ~ [ X o
=0 W0 WAy WO D ] = oy
HZWOBR,) 0T > = m ~™ “I\n N\
HEOZ J=<C) T X O 52 HE 0
HO MU M H=0> okl 3 ~ e X
Vi W JONOVIO N IX<T 1 - L3 B W
FRprll KOO I ™ G _— =
HHOHZN & e Oxm o o3 v3) n n
HEOEEOM UV =T -~ [F ]
= A0 EZCH B N\ [ ) (517 ]
HEHO AmalHLEmnnty O N n Bl
BHEZR~ HMEXTGE DG = 2 - <= m
oMy AQCWHDULDEHHI —+ 1 - O et [
VZ09Zzaning [ B W m NG
smZEl et S5 T - 5 R Y. 1 - - (%) -
NO = 0O AU0MmM T - O 15 M= =
(LB - TS N R PR, ) -1 1n O
NSO B Z - O o x < 3 ad B
HOZE QOO OSA s " o ok O
ZEHHXHZ QO TEZ S et -] =\ =
H W IR g DO =< @& Q 1 ay o N\
0] o g 4 e IO 2 D < un = O a3eqtn
EAHHUERVNE HDZ o BN\ D W
Q@M GeHNpeEHO O n m 3 L Aals
A OO NHENO o X 23 - Eompar)
(%1 RRZUmMGg N\ N v = o o=
L ASISERSE TS 2 1O D O 2 e lnle
HOHHAE N =& B = O [ X2 el 0 3
EHQOO smiMMEHOD W = O B4t P
o DS OmUNK = g ~ Ot x
NEZOVNIKNON OO 3 = - N IOy
HIEACVCEG(N Xy ok = > DT - )
H et et ND2 wQ LI B N\
OT TR - XUy aox = > o WTAT
ST 38 MEIHEIE N N\ O ® m wEx
MHAD s L AmZomo nox T D e =m0
MIOEMOUHKMD MR =2 n N o Vv
<Y VO@EDuEM O [t = O oDmm\
NLTOOO HEA &= AU H 2 O
N WO ECM et DO < \n MO
HRIE ) e Ouze wipestiey [ . = O o~ i, e
NEHRN Ho I Bom T o \n o O = x® 3 \wn
OTCNRTNEI = = s [ 2V - - € oy, [z} OC
LVEDTUSH™>OnMnNm v gz - o Q < wmamm
HECH MDD > d-:lal £ o @ EmEDH
DY k) O®EQ Omty xEhH o WO B Mty
EEmEr WD WS el n Z @ ot Tmet
Hi{Z2NNn~0 =0 D 0§ ~ = — (=1
NN DN ZANZO =iz O m x CEMZ
WHANOEROTENHEIY o e - X = v ¢ e DO
Hpy I = ORI EXEHM OO0 = M~ s N p0ENS
mHm ZOB A0 0L - o 2 I R -y = ]
AaNHLUH>DVNAaE . I Do\ Z e nD U XTOEN
.
Q ueAHEIm
x OMRCS b? -4
<k Ve O o
'“SID.UB o [
z 0 =
V -t DLHOHP.%?‘LWWNW 2y



. - RS e~ ) e - e L e e € 2 = > MO falalinnd why it iy Bl el s
R e s - - m ml OMWIHZEG-S (CIED
ZZan EEE T 8 o © Be ToI0Ru0n.BeSnbne oA T S o E B ., ESESL T 5 o EOE © 2.28S00STED FTLS
oo~ n - O w LEOV o
@aoz wEaQ S~ B -~ ot~ i) SO = Moo @ 20 M MoMs S o mkm = HHANYFNYEC&S WiiHm
T. =
SH@W NCHK E - 4 S5M HMEZIQ>A<O0X0oV<0x Lo\ ® - v DUV LLLN\®N Z r Po< D BHEARTZLRDAr e ©N
- - = | -
2 S y se B
™ (L] Hoed o AS [
Do am a AN [~ Bt Onpyat > > o Iy B
dEOOBEY M - o] . 0 VE M [} o - 0
M O AR w S = Q4 QWOH & (e a N 5 m
VBV o 000« n 0N 3] > BN O <5 ] n . =M - [- -]
O ™M O Ao ~ =\ - no ZOp = ~A AEA L -] = m
[ L ial= e R ] = OWwn = 3 B3 we O 3 =N = - HHET
EI e H MmO = < Ax ] OxmxTg m x Mny - - g
=15 LA Tp@mEYyxn NON\m = . ST A2+ 18} -] o . D g «S4 =]
[ O AR opetm MMM 0 nk [ 8] HD sl - n mO=g o= o= -2
Tﬂ Mgl Om e n xn ] . MDD EHNHHD -1 o > & O .
(=] E® gm0 SRk oS Q A== O Q (2181 M oed ve N\ M nuna
=] GO ~=gO g B - 05 - W0 [ N D O o ©n o « M N B = [6] Ze)
Qx QULUEBM MmnHEND &~ 0 o - LS o N =1 > QT K o« o=
=0 B MYTVGET >0 n k3 (o] > = ) Hog R 0 O @ Ok O (ST
Qn - AIRHHEIE Nt Q @ o BNKG =K a3 nnn O UbHMNAQ < & M-
on QMO T MR g6 =] -] -1 E< e €90y - 18] g =) & RHEHO B oo [alg]
N e PQ 25 03 M B4 - 28 £ 4 8 it (X3 m & (=1 (L] - Al etE x5 o - GEMRNO & . 3L
QanT H@o &R OHKH & OM =1 - - e i & =2 o & O o1 U o n - B
Py <Al gmA NAAEa -oHE o 7, - [t B 171 =] oy Q U H M [ THE
- - = OEAK [T x HEHO - = MO WA X 0 o - o mapH F Y] w =-HO
-l DEHOMHEIDZER XM 2VNLOo =< > - n OOl T g ) Wi < KOO0 H = [~ o v
N o MOV oM=<t o5 W N A (L] -] - P e 4 U o ] > 727 « AxQ o = [+ (¢ ]
TNo e O a0 xH>»>AQ0 = I = =X =10 ] B3] ZoMmh X ) - 0 ex
- HAMEMN M | HHO £ad g3 2 3t B4 [ [N DA A o , -] > Q uHD B n Y]
[ adon] A ~ND =R OQ 2OOITN z - - HOnE WD [ ] [ 3] = Ul o &= O [zl ]
w . NmOomHURID NN O UN [ =] nNEUHKEWN x O = mQEld = o o - ol
> g -~ wa = =hd Pm (%) 3] - i —ar m A W NEROM = o [t S]]
[Z:17%] ~BO BNOCarn =g -t . - = N BomN [ ] ow M mExa | o= [ UM
T . MU ORI MR O P2 g it 3 n o) 12 4 P LD @ @ OmMOK = 3] ]
= g HOEMHTE OMND HN\GE T ) 3] - T E@n =Yg iy Cay WOHUTO™ e\ S AT
(= g Drd O b B TN\ (=4 o) o T ey 2] 2 - [=]a} « mnum O 0 6 e wb
o -0 s Q NN 4 0 gt 4 = x xJdQxZH 16 Qa - O\ W ~ Vi
[ 210 Lo 2 Mgy OME & edal 1201 w o] o W Om = = ox w o ow o maa n O o - [}
(SIS = RONNNY =Zx« e+ ™ x Q nikiog 6l L= Zn U HORlnT o o= xr ol &
o =L DO MmO _SN\OA X [ 2] = 0 [l -T=T = E =15 G Ho xE URHAO oy b = Y NnZn
= 0 B moe DO HAH - a1 gl - =] o Bl TE? o 0y a Al nl emy O & - e
E R MWl N W -l NOQH- x w [e17%--F 121 O oca @ mEHA b E e D O
QI OBN{AT mm 5] V100 i g o " MO W - oz = N @ M . xx
U o= w 8 v D 4 ] A 1y RIpymE & wr ECOHP!I N - - o« D=C,Am [XILY @ BMOH
=] « >0 wm a3 LD e O g\ =t <] ol 1] aEn O~ =N\ oy - Vi B R Qa - x
= n v GMOHBBTEHBNO Qounxm ] o O SOE LI, | K [ H=F ST Z O~ B
- N A0 NH20 S SN0 ~ [ [ MO UELSON =M mE N . MAMEA AV A I ] i
TEQ ~ MNAw HOOMEMV« [21=)81=]12] I [*] o Oown ~=wOoEmm O BRIy > Il o/l [} o paim
ot Q = DSVACES (8] nal O = [ o UEHMRIDS M HEX B g = O Q0L = n @O
e 03 PO g~ =] D A Lot 0 N4 HNEBE o MO =) OB LN lall
T N = g N =OOV = n [ 5] Any wepyE Qo =0 R o= Py Oivp >~ 1 Bex
HEE = v axs N Xm - Ly 0N o - -4 HEEHHNLVO A& q»y =N e HHMBG \\O 2 EAEm
. oD Lo nOMN U nEx Lol «ag (8] x mOVUH o0 Mmme M o Eo@MEA N aan m ~ moO=xT
[=Y] -1 m U Hgv Qom0 o e [N WL~ AO e @RE O=0 1 MmO = aa = O
. OXG] M HUNERSMEGOS @M mE -~ =N O W AT XD I - kit @ 00 HAH>4 QO &
] I el Ao O e QN0 —~ = M MEOHVOOX m-30 B0 -z O ™oV z H xmlx
B T U #DOo0MMgin O HZEaEn, — oY W @>O0H KA < O B By - o U Py
-3 m (ST STl ST 2 O \x ™ 18 - = —HOErEsS = ox My < N Qs Oy pee g3 T 1 &<
e & e OGO X £ ) = =y W EHOQMOCE » O i oM H MKROEA o= mEN
-~ 00 > gm=FHAN D M. QA D el HaC»0] E0Ie) oGkl Ot =z =<Moo e - U el
-] o] EEAANVHSDHH H Dot o X3 4 13 o ~ o BWEIEIN am AnEe v o e dRIge N o €O
5] nEn - (NS 1 m [e] TN (8] Lecali | N~ MO M T e« O WM OO m e
o | Gl RS 3y = RISV e O\ ] Y- x aym zx nom <O A O HB \UW0n e O UVIBIEN
[ U 0O D =0 NN« O NElmx ] =) E THV sHeE  \ Sx [ I ] il > B kol
[N | o SNEENUMNOaSRDO A\ DM =] O« O DIRNAQU MM ED nEe g Na« b pIxmD n o R
(=1 [~ Y] - Xr-HEoag OV v HONKO 5] ~a, L (ST O\ . MO g 1T O N - —
x ono < mHS = =VULUOown an «<m I~ [ = O mARA o ~ W = - O MODE Qo . [ - -]
~ Nty = DCOOMNE | NEM « Dt XU (e} Do X =aonlomeE »n O . 0N - OEAl o, (8] = n o0
. Bl U HQODBCaEm R Qe N\ oxy o O OOCCRmI e\ = Rmm o o1 O e e o m [ 3] 8]
x MK H OTR«OQ=wmEA &l VHNE 4 & (TR = 0 Db (1) w O = BWUK nan o [ 3l
- v A W o D N\ Oown 3] 4 & THRA N a =g - [ 33.217] O e D =0 [ VI
~ - = O QEBOAQQANDOMNEME —€aix [ Ow oD OE@ET B o2 Bl [N B ol e B Nnamo o . - 0 =QOJ
= O« L Oy I B aQ - N e - HE DEONO OHMm o) =BN0 & moan (ST & 4] Y- ]
(o] EREX O MM NAEAg > O EEad -3 [SE ML Me,S n Uz 0 - D [ =1 e x = (T2
(2] MEad B eLNHODNMA «mONM moH-EE - = v gy AN O - ] LN ORI Uy %) (SR ot
n = )il (9 X < __BhNn Ot o = (%] =1 wltl « AXA S © = MEE K DHAIO® BN\ - = = e OO
(¥~ 2 -5 -k 1. HTEM&O OBy mEUOM v O wn OHEINO DA BOxEA ~ - EOM M = MM TxmEm ™~ x n M t =fX ]
< XN e o« HzZE CUOLO I LK) HHAEIwE Ll T o] [ =3 MO0 Raye - N M > HNNND RNE - - N H
=~ OO 0 HANMONIoHUO x© oW &~ nk o x w>» QO maQ  ~ MEE SKANT CEHaH =~ o Ham
O w O BIOM ¢ NA™OO0 wE XN Opq BRI < N O - Ealp, Oy B O maa z ORI gy Bm ™ & o ==mO
LN Z - Do D AHMNEEMIrAE—RE OU\Us T - D W0 COOoEHNEME  mIN & Z - HZN o5 IHmEzZ Om\@D T e~ &« 0O gmwx

1



/PRICES/

¥
oLY/

TRIC POWE
TRY/NOCLE

C
S

S E
{NDU
/ALTERNATIVE ENERGY SOURCES

172

iGE

BIXZen x 4]
& V=<Oo= Nom mwn = =
=] ZMqH<A [Z2 3 = D WO
] O s MHEHOLE « > o« M = 9 W
. =M N Z g 1 - [ I «@wQ =@,
o ﬂ [Z18] x (ol L] ﬂT D -1 ¢ O mMXT mEyH (8]
8 - B A Dy v o <oy E4 T m Q o [
— [+ < ) BECEE EZ o0 oA =D O B € aIZ uEO 7]
> = el DVODY =a-lacH < = @y Al AL gEHD > 1
o] n QO XNANHDNEH 06 S a = SN\ O s Ca= T o«
@ 103 g ENONO Q< 2] - U T - o« QAUEBEHIOSEO [<TES 2]
- HEH O sHnalgmlp X S 3] [0 - my = TEI OV INED o m
-~ wTy ORI & = =om o M e N m =r~ He QORI O @ m
o = MGESRNEHOMAE ) O MBS H- [&] >~ x = HOHO T xHERewny <« L =
[ &) o BRI e - Al TS24 [ 1] b X UH o, - v O =0 Wk NOE
s | %] 0,0 H JI-9EkzonNAIn H -t (8] ox o = > HUMWO = oOmDO ¢ > O
- [ 3] OCBNHLOMI OO0t WX Oy [ 23] [ L I | (o Mo EmOHMNE o=k O o
a < WUOMUMINMSERIND =i Z omn m [] [&] < OHI< « Mz O O
- &~ NEZC T - mNme Hx [ By > =0 = MM HEEQO s 3 N\
Eel ] b T e ksl T 0 VwO @ [=14] < Taniae- MZy:mg O 0
[+5] T EH & O ] o2 P ] o m N a = N et Qe 0, ®
-~ 0 QMo QAn Q - >0 o m rO no [o] EHAQQOD A WA a
L] n Q> MM NZENEHN &N =0 3 a4\ 0 o= M Ztale pHEHEHZE > R
= - R EOAQ RMROMHECEHD i wooowe Wy ) < HHEHZ AHCNNCo T =
w a Q4+ QLRNEXNYZIRT] . (4] Rl 2"] =Y oV o -1 GEEED O =\
TR o o O] T D et B EAHT“ UN Ll =) nxE m et 2y QRO O e
U oA meq [=1= 17 B —Hz a Dm G -] 73} B ng ¢ TETRMEEN 3 O
= . HAaHAQHE SZQAETRHM o V0 oy T O = B N ZRIU Al o H
- [ meHAMN BOMO MEEZNN OH (=) oo W Nz = AO- sOLLn HZE 3 K
= HECOTH «tHJUQQMOHm b x =i @ zW0n WO OTNHEMRLNE O -
[ V-] UROAUEE =HDMmME ) KGN O« < N 3] L] [=} X OZOEMEH VOomMO m o
) o B (3] 0] P o ok 1] 8 ) U i U ] G o [ = < = - . o AHOHMUT W QO o
] ™~ SR ) e O HE Dag VO -l [ '@ B ISV [3Y=] L] EeERDODW W N )
[ 3] MHNMEANUNHEAY) LO \J o] T2} OX <N M e EAOADHOUKZ O o
[S) o O=wHZA Zxn o4 xn O [a R ] =N D x HAOMADOOXKWNZH = %
[ . Ml ) MEN) MO == =0~ Ny Em - M SN HRNG R el - )
3] — QUEMNAR Mo MM gAY HMO < G xap MxT awn () Pt e EmNES g N\
E HYTURDMHEHG G <3 DN\ . [ (SO = I (1) 2 e oG (S IR NS 7|
m [=] R O EBEUR 0N ) e SNH [ o g N m RO M L OO &
= (] MRIOMH oo TmMEIO HEiye . -1 (e o> Ouv o o wNMZEUH <o [ ]
[ 2] BT SR« Uz of-alr (8} A mE O W Z0 B ENHUIHZWEHE < Ao o
- < Al HOM 0 A HHHO AaBHE s xm “<n Va =0 < B 22 4 0] g O 3 N 6
(-9 2] Al -mdH 1y O0mEJ AN: -] . 3] am n o N N mrmh, 2 =
] [ BNLSOTLEE i Qe il W ~ E] o B/ Z W ~ LT TNTHTO O o
3] (%] B 003 005 g 94 < MmN piny Q0 8} m = S %) o S Z I ZOME o = O
b+ n TADRMUAHCEORMHAT NN IO — L Vo na um > oHAY OMH= IO = g O
= n x AHZHEOZHMMEM O mmm = (-1 Vet Eo ] ) @D el Oty O ««
[ O MH mapmlgcon = » = O -] 2 DO T DM ot A DAALVZNTOM o~ @ O
e a HETOMNg Z>0) M- MmO g - O O Ho Om -< 0 [ S feo 1l B TS | O OnNZE
o NGHDED w0 TN 2 = nn Nk e nm DG ¥ HMHEYAQ@mEZMOHC I
3 - QO o H AMHH N0 N m Qe @ g @m GEOTRNXOADHA O
Lol a EH QRHOHONNHa< GO Moy D [ 0Nz e mx € Ma oHHANAS om0
m . OZX M D MLgEHOOE el [+%] ~ o M 1] O Nt Het pImed
(X x <o N™MO aQ gaunan \«x . ;o e Ay AT o A OZaeXNmME N\ W
n o W OMAOHOUMMU N oA (8] " ey “cpe] =N . Zm » N APt <€ S
- ~ NOUNZE-EED DHEUT -G U = N - Em | o < TLMAOLL>OQAM=E LM
x s ~OfxmAm HORENo N\ - O = oo mn . o EEMNHORMAHDEH  HAAQ
5] < HE HXHCNOoOO H ol »x () o =mo a1a, M " zn, Zz N QHHO MLN@ [<I3AN
-1 w ZOMEMN Z omOoxT MNMEDn Mean - @ . T 3 Qo 0 DA SNEHNNECION A\
8] [=) eV o W-HBeREOQRHE ki = a “ ~ K - 4 Q HA«E> apOma,R <>y
o L] TCEX N oD NEHE ¥ = O - \U O w 53 & OJIMOEAAT O HON\MMEL
=] - ] JHX M O« Ok N ] < N« N N0 Mg -0 - MO JaM B Ry
(1) = mAINEH< UMMO Nk o  MN\o o < O M O« x 1= - OTHAOHNGHVNON MnMA,
1% MEm IRNTBOHE T O N o X Al - ]\ - (=] < DOMEUHO=ROM Hae\O
a o RO UMM QX AU m 8l ~NO ¢+ Oom [+ ] - 0. U EZEOMONT XA O>o
= QUYL «oHXAaLMND ZxO DH N [ 3] A ™M D m ) e~ S le) o & o
. - [ GmIL om HMOVIMAMOE | 1 e ) T T - L T - ST T - o Sl Dy G a6 Dusd Y N\ 01D
o om MOIE NADNHL =EEH NOWN - = O o NN\ N N B 1 O THTMOO 5AImmM s ing
. D | ZEMECERCEE JENHMY et . nnmo D Nl HGNZE o OmIX mEa
8] m MO\ METHEHQO HaeToRlpmTe —S0OMm (8] = ZE @ R - =z P et UNCRECcAD Sm
HM U 2 Q2 GRS AQRO RN bl - O m «<ZNHL . <M H WO>aHy <MK <N
- -3 - SOMOMOMMEMLHDMLOWN TV - E M = Eaon\ ) LEEH o eI O=@ € HE ETHEp M
n o N3 HXIOUVUIKZE HOMO WNKH BE Mey 7] K N W EI0HN mAD N <00 = DZE myp U
-1 ] Mes MMV CH HZDZ OHLQM BOK m n ©Mm moTHE =* [N MO= of SMEMSIAHXEOU oH B
o v fWem B HIEOAN M) SO T ~ O o E= e e ~ o T @ M nOEAHZEME XTE.
T o =< D UEAHNHACEN T A e — B N H >0 e I = 1 N HMUEH » @M BNex00Aa0 HA HUNO
VO~ =Y RoQHAHMNEE) @ EH Z OpA U~ O HE m O=mawn D~ QPN 4 WOX A UEon OO0 aAawm
- oo o= T TOHANMEDCOHMOMO UM - [ty H o W EO @ QO O O ML T TICTHEETLC I KD
Z - DM HMDRTAR>AOZOVL0OxT On\ z -~ 0 DU ©n val\n T PO« S HHARD@RUYORT L DUNT
B N e oy e
- P
ol 2] L] = =)
S oy > s g <
aDoAam [~ N Q —HE =0 N
HMOOBEYD WM < m M Omm ™ £
T B g i) H B 4 @D w = - . e E D [T] o o e 4]
Rmn< »  Cola n M &% @Emow B o -~ @ T -



158

. . . . . P W o . e DR U Ul Rt
FE o RS . Enk ©F o R wEasend GIRE - koo B R SENERES T DR L40 I davoaomnus S0cTAZ
- & = 0 -y I3 @m o~ O L X ZOTMO TSLE ey
S5 8% 888N 25 =7 HUELE828 oSz oz @ oxowosommnnm 2 2 389 S RIa0RZ8IaS FTISCE
3 - -~
27 6a 0w v<\ 0« = D BueMMoLE D[UNE ° ©
i alitancaibnaii
-3 =) u n
- [-172) =z m-=0 - = [--] m
fa) = N DOk sH O Em) - m am =]
-] nod Y ® M = NUZEC s b= = Ot g B4
) =HO=n HOALMMN Q EMISCHAFF - N -] [ 1 151 KLW [+
o= aArs w Oomnm =N HOma M iy 0 m —HOwn=E Um =]
ZO o nHEQ, ZE Yu o) - NENgTNRMNMG MN m vE-4 H O B+ ~N
[ [-M MO “"H-O= (L] (] L (NG HED O tnaen e (] ) - z
[N Uxdzn Om- mE gy (3] - SBENnE NN oy O MoH ™M =EJ ™ o
om BOWBOT!UGC [ L ] 3} OEO XMy om0 @y W [$1-1 4 %1 ~m ~N -
[lel/] mC [ ot 181~ ~ B X [ O T|EOLDVNNMOA [T ] QO =mOnn -] > 0
i, RMAQMEO s W= ] N0 (1] “nuo N\ [l Ll 117 z0 1
> STGDLCBRSML /E g o w 0 X m e h) wL o O vmaA HE H
- (o151 (ol 1ol T I P ) - g =0unwn HE4 o ™M & VNREAEE oz n
DHD CRNEQXMY «<O 0O o, g - RO N O 6 g [ ] I oMM M A MEZOT N
=] EEDE AREBNY HY WAD-GNSDmOm x " = no m IO
o1} - Bepag HE O - MOMO™ OO0 AMRMO O~ M XA =N G X FAN71818)
O N=1"F 1. S50 A o VI MIDgegoXog (el Byt  BIE4DQ Hno o
LNOEZOIMNMOQ « » mH 3] LRl T =™ /H - OMHENO X Q>
QOO BT e e [ V)0 U 5T 64 (D g 4 G el -3 CNEOMNDIMNE ¢ ZEZEXY
WMNHOWVMN HQUY = O = @ D NN O @ NUMRNOAHOOWN MaOoI>
b -] XN k4 oG o & =0 oy [SF 3710 D O N gy M m=m -10) Bl ag
HECaE GgOBAIA NO ™ > O tOREDHTZODH =D N HO HOMDZ<Sn mo\ao
O ofuibaiitne Heyy ™l 'm a HOM® EOHOU - o MO @ O O =woamgh g
M MO@UE g D A ™ D T NADMNKDE <= e HERIE M. mIE
VA0 mMa<xn 4 V = VO = UNECMTDL Aoy g HaNXXOHO NN LHTCW
= Al e =159 N XN ANEHERENE A A <O EEOHHNAONE QOwH
P >0d O EmEx =N\ m - ] & SAD MDD e T =O whl, ] HRWm =< DoaEN\
O UVUnnUn-ii<o HUY = W O = QU oOm o [ SEVUO B i = o
7% Ha NN MO Q 7 - VR B 1= 3 = ~TE N YsY Eind u Al = QOMW \VQEN
WO My D A «E W - o HO@EE A=A | o] & Ve HUHLD U Qe
Sudriad o @mQAn A - ] EER OQ«= WM . <am X a3 [ XODO @mMp =& O
PMOcOMOMEIH VK - H ST TQ R oG HO MO Vil UOKIJKE Dt ok
HE-DH oBHHOH N < W Ve K U = N M 03O Om oLAn
I.FSTW/A.AS nn [ L QQ«EHMp X 6} oy “<u3 TN . < MMM GgEhe MDD end
ZOMNMOIZOHO BN & 7 ] WE M e EW BN\ X (3] HAR E ZEHU0 WUD<
Ozmludteg GOB HEEM < 0o HEpnO NOOM oW N OMm 3 Q@ ZN o aon N\
- o RYLVAMR AaOuamn MooN oA RIS, nw e - s« MOUM « O m @m\Hum
O HuHEXdS O oo M OH Eda o) O O Om - M EOHI RN anUmE
nNOoEAM ¥ ay =\0 mﬂ HESMNO MM gUDo T \x O oOEUr-g ~HND EmRQE
¢« QUM M OAMMOE NN - JONTe O et = <O o ﬂ GY vlkomn =laldd
- EBRLINA O o [N YT - ) CHOEBMMAZT G « z=¥r m m 200 DEEmEa \UN\D
B R E N O HEHO N - 2 I NIRIOIEI >~ X Qe O M O magisdp) ez W nzEzom
fe) RBBVR:TBI) LISINTY) & @M o m - ER EN N g m | EmAaAxA O ZMONL
N EA HENOMNMM  xixE ey O mo B IMICOR  Hx O = pEM ULMAE 6 QOH N\
H O apWurmagl @@y N Ht O+ [EO wm O O e Q ~ N QORISR0 N T
@ H s Ol VA@mE o H aCat G s MV o <O QO VZAMA0x< 1 <O
o HEnBRMOQ [ L] Uno [- - ] M. n wHPY™ E o< -] [A] - 2 4 WEcOmBpnl) Om@agH
<Ormn A~ oaa ~NEO - H E>OZHVNExDOV MEs w0 - - 0O A A OLles
o UMOEN\E o~ M [ 17 M) N U0 A BN >N E m azxzVA HERN Qi oz
®m O H mHg~ O [S LIRS E ELM MOXEAITE g Q) TM My x MOOMMDXM ) s¢f<tupld
O HuFRam<goan Ol - On »n ~=HaoxTze O Hed X Lol nNAnmy M e O
0 COoUL VI 5 \\= no  HA) A e g A [) T . o O= ey g eanx
QO 0 U xkx @Emn nlunan v U -I=mGA] Do <& 0 M 4 HELO e e\ D=
D Duroal-po=<a HHO = B pa, MHag At atagts Z0 »ay M ACUONOD XS -
H Ol HANHX BN UV & (ST 51 =M = O> m T @E = EXDQO mHRB0n
DL O HE>Q MOoneD 3 H o IO ARHO U NE Q> O ™ [ alekd o ABU
. » CEIXEAOA<OO- TOUHMmMmWY D W DUmUEmMa o —HE X ™ ERAZOH o uHm=S
[ - M EMBEUEN RNADE O == OEM~Qaon @< On K . G ASHYFH =3 =110
E B meEAd a. =N O N EXQ VHVNOMMOM A, -\ B E o U OEAQO= ZAQORIM
- O BNEEHRIQO M A ICEWI oM Q M, W 0 100G ) NE Bt -~ TN \CNS
L N OmRuy A WAl DHZE - N e GO O QI nuo <o T OO HEMI g () \MI\
17} - BOXIMNAO Gt gal Dm0 - —HE -l Ux OHAY M- R N oy MEHEm MM~D  BHAGK
- @™ M NEpMEDT MOMm N\ X mE Gl maAldded o< HE N\ W - > QNN RANO HE O\
-3 -t SmSHB.HSO cEm M &~ Al <O MOmVAMNTMXE et - [a] K EUHZO apa =
at 0n HD &AM OO O\ = o} [ 3] Q Hbu=pim - (ol o o5 = - X NRARGMON A DME
m B HAO > = mUng e < oAl . BI1E4 w2 O eetd QA O OHZLIED MK DN
[ =] - WNNOKHEES MM O m>AXD MO >m N na 2] T =SSN s no-ns
N L3 30 A Ry - p - AIBIO =N o) LU ST 1" @ omE x - & AUmOHOM = n\x o
. > =3 uT HEEPHO Rl . oE QROMO MM N MmN 2] =2 NEQVOIM X ZEw
a -~ NOXE~r M RO [=} < HO <O [Bale) <) W = EZ a MOM ANEHZCH <O
H ooz Om M N\ aw = HH O EO Lo IoF 17T 0 o m o zZm N@) EO M
- N HaNV<d HMEY <SR ) - x5 0 M-HNN O ZEHNA Lhin 40O =41 N GHHEMON ME EHHE
N = @ =_=E:n e B S 0 = [~ - RMUMHMNDOO O ¢« WNOHK ~ - B o <O OEGEFH O DGO
~ O @ Qomwn GEDMJ QMm =y ~ O oM T X EWZCNPSR . Oz=Dp ~ x WD gHBNHEY oz
- = oan o YZPETmFCl B N> — B N N RGO Ml MmO - T U o HADTIEONWEN 3> W
oo~ - omH EBNINEDVIN HEEHOR B~ O HE OO0 mMIGhiaNNge OXDAalN O M~ &0 E U BHe~ZNE O OdZEQC
o o 2 PAEALOOHZEMOWKW MOOHZT O O M ZO MMHRESID QI g A L)« DO R o« D HEHUOMNME BHNOOMHM
E - D EgoaUXmABAE <UoN\@m T - O DU VUENHCHR=<HImM<x CHONG zZ « X N ZMCELLANGS D8O\



159

LNC)R [77] = -1 [+ (=]
. n ) o O ] - M NI \O - m EE (4]
wn my < gL >DNH = @] o e N
4] — oy I e 2 TRG@ (@] -+ A m N\
=z N @ NOVMI U4 o HDZ [l O Lm e = >
— > B4 ZzZ Wz=50 N @m QO M o -~ O Xy epghd o NOm
o v = ZEHEMNE n o Hm VX o ad S0ownnAn n=e o
3] o oD O=<O O A [ ] omoE Dw) €3] NOSWTT = metpr
i -1 O HHO~ = - O HEVH Q> F 3RS - ) ZA0 = =HOm =
18] Qo v BRSO Sy a 1] N QO v 0 2w 22 0] o oy Aug, o
=0 ] WO INE o O G o0 - 0 HUNZEMHI DO
g o O =OEXAO =~ 0\ MO Bend —H Wway oHQO=zZU >\ &
o o = & o M. n 0 RigsTed N\ n OTZa»O-o< N0y @
£l @ (el lat=171=] = N QO D€ Q3 ZOUE xn =z
O~ 0 o Tk ZMnO 20 ORm: A3 [=]-9 O =an0 [EITTEEN
o O = HO < o HN e Lt = O WEHLa<O W (RIS 1T I )
T~ b | O>H Hium T o nVDKH XU =} 2] A O wg =+ Qg U0
SN N om OH P x O Ok OH X HCTHy =T Ot H
- N > MO W o ZEZ L] =ZXL - ZURK o neHx =
n O m DL () e x O<mE+ “€Mm I HH g oo NZE o«
O - z O NHTO IO [ (S AN x =z 2] DTy B nm Q
-] H O\ =z Uz [SENL] . Wia < €O o eI IST- WAL wE>
nn o v MmN O o [=4 NBExLH N\ no QA ZEZERHG wWHO O
N [t BNl Om (O] (<] MWMZ n= oM™ QANZZ HOom >
i, v = =m n= N = ~ OXEME Xw =23 RIMNEZ VI O = (721 117 BN
(o] Xy W v m [} 2O O > oz HAOQR OV HWNE mNE WD
(3K o 0 Pl ] o4 oo < = Bl O [=1>] oy MM x; NN\ x
=W o ORI G vay (SIS » QNWH W w MIOD (e ]
om m mEO b= O MBI - (1] LRV m o=z o
—HO N oy HOSIE o o . 0 Nttt I (=121 0 Wy @ OO ©
(213 ] Ol gl N B S Wy <= x . ey [SE=F 3313 Ordr
< O m O AI@HEY > g = DENN >X N oC g e X0 ) I Y ) o0n HKH
=0 = N\ 4] ZGRIEY O = o~ 1) 3] D VOOV [ TEY- =T
0 . ~ BATOUTERM X M o, N am [ s\ B oMY Qe -
QE ™ Mmoo MU RO0D M M > 2 E XTI . t DUH/Am DN BN et
me a O . DR ORO = e v o O HE . oM QoM W axx UD
[ 2] o n o ZOLH— 0N Mm = =N\Hx @O nnoy oA mm OO0 &3O
el e o + OxiwE -t @ 9 =L ] b =N VOonm meiny =rO00 m
me< 21 O . Q VDG > N\ [CT ] <ZOMm 0O ) Ziy O @ D] =
o o - %] () MITEO L ™D «£ M =~ = ZEE o\ (a1 IS LCOHE N NO> MY
= ™ n n - Onm WM @ @m - QN [«18]-9 - NG O X
zm O [ O N 2+ QAW <m 1 = - D i BN A O v =M nmE  nm
-HE ] >~ ODw@BmEQOWZE U O (o] @ Z e N . ¢ ONREQDLN < [ORNCILIE )
.. I ] - b Ox<OD0m D oy by = nz0n mxo =il X Zagd @O, HNZymm
m —_— ~ - o~ - =0 L ] (o] mHHN UM HTUO @ <« nembix=z I O
op1 ™ N E MM o Q \Ha ., AQAUKET ®O oz O HEHHx OO ZHN\XEXOWn
-(n -2 - -] » ¢« NETEZ[Q m =Z2O0x= [<: - NZ<Oo D O = 5 s OD0OW g Dt I )
[ (3] @ m n TR LN et ONM O O »ME- O ma nbl nHL G- 0=
£ = = ] U U HE -SzN0M Hnx [ =D OHE HOM 3 EXg >l > NUE» Lz
<O ~ - m - o~ AdLID @ =N = ) Qyder QW) (ST T R Y T 6 Yol S 1 ] E maHQ
N o~ = ~ « b WO Onl) MBI Q = Deug Sy @O >0 T @MOTU SR MAZO D
==z =m o) o Mam @ oM SO v A [=18YT, L] > O O Mg >ben, o HOMX O
<O m HOO 3] V1 O HUE w3a<a, >m 94 nHm4a a0 VHE  ~ < VO 20« no (1]
[ =] N - ™ >ONMHGY) = [ < O LA @it . o X0 S By e ke B4
= T ~ g O EENMOoOHmAaE Oz ©n I NHE 2O Sl U AUENEOE O n\OTv
e 0 P Q . QAMOHDMD DR n un [BF--17:}=-Y87: 1.1 ZY. » = DN R NVWOH~ .4
N H mme 0 NoH R m &= %) < O mmo WMk H OO TONY St ] =N D et
- ¢ Teg - [L - OX e . > ¢ SL\UNIMNDTQ T~ @O Z mQOONnUm
Nl =D o HEN 3 ® T AxO@OZz 3 VO v N m EROMOEHWN RN v RO ZE mCEE HNEEEO
By € ~ NHZE 6 4 M=« m rontt @50y (SIS /ECTRWE H o~ 1 @MEDMMK H [ ISE 18] - N
O H oo nne -3 Zz o @m0 a no BaN\o O & m N> <o o Z AODNETAQ <0 - U=
mo U ® Rygs -t 0] Oy TPk et U @ O N D= O XE ~ O O HEHZN<A WCEPE/
= BN O HaAaN = AUy e D B o~ HEmENANA HZE 1 g MO DO HE O\
oa a 1 A o e B+ Mxoondnikl \o o 1 QA oy < nOn oCM= O = TOND
nE »nn = 5O — O T DMaEMEHMaET 1 N X m DOo=<=z0O = MZEAN O HMHINHIZO vcn 4
fa) e I~ e oo &~ W ARIZE 3, 330 M. . B MW~ QXA e et = w4 B M gy ) QA3 s0n
-] s m M-V 3 - v oo He ) - @ & x N\ zZ@munD VnE < DADOMNZY LMOonN<CnNo
. = n [ 4] = X Z2 HRO>unMm ~ Tmm . - mHzZDxT LW O et 2 1)~ DML o0y
- HE U <€ el O @ mEUZEHEMHO [-=TX] ) [ O = =<CounEs . ] > mH X mON Na=z e
. ) o e w &~ L O - O m\E hisiel < ] 33§ HO 3] [ ICE A e | [5F s = bt e B2 4 23
b o Er = X =k (4] B P et N Methy - T Z = OEOEQMAm . LT L Vo sUZO mm mTrzyoa,
mo & ) N\ =] W O MImEEE - o= =z m o ) U\ - < H LNHMU N N Z
o -~ ®0 o g £ = ] > o EOLBIU JZQO O\ O W m U WNO ML\ - U O = >z mN ., NNNOH=
~ O [ TS - ~) 15} 1 ~ m = ZAOHD OO HWNZn @ s o =N aliEmWN @© - LY~} L MeEEmEmENEy Haom=zom
— & M ] B4 e papld — ™~ e NEE Q] I — & N @ e YT - E N E o 2 mzEtiVa SO 3 edEn
< ~ O O M OoOmoO ¥ o~ NV HHUGQeWNO m<ntd M~ O @m M O;nxHAOL D~ Al T omadam-meae B0z
N M W Wik ey < ™ = ¢ TUXREZODH HOHZ - O m E W LOoMaDHDM O N TA0 O ZIOQOZUIZEQO T ZpyH
z = U O n VN O =~ « D BunHmipe.m moN® O = O « N VUOOXN\® C — Ume = MENNCOoz~— QUCMN\ET
. BRI AR B A OB 1 ol e RO e R p—
= > - E Y e S i Fup— rE——
u
o
o s o B N T X o "
[ HO~M  fuonmpy = ©n O s+ oumm - - ot )
U= axcn o O“B [o] ECHA.HTFIIC r m am a
(ST % BB~ e ey O | I AR p -



_ . _ - WU B O sl S e e e m“m nll...nﬂm-tcﬂ - E O w
[ oy I Eal -t ® m Qf > ARTDHAREU QRN - M =AXV Owna
pd EE8 B . Go<we - TN oan. 2 Eoouxzmax z<s<o<m onuoe 2 5 8 20 mmom s
cf £ @ SSEAS 2 % R¥d 2 opewmSrronfLEEIRE SNERY £ 2 3 35 I o5
=D B+ m A oz
TRZ h n oma\e o - moo D UOMERO
S el it
- [~
Lo N . =] = 4]
- iy OTH U2 ) = n< =) - =
n [l LVON ~A ZNnoY < = | e
a O g () s UD ik M -3 0% (03 28 52 [S) [R} =]
u“ ““VEBL“I“O MEE 9 =3 OoOmOHY - -3, - WSE
(] - MHOmME am m W a0y [ 2] AS <O m
= WO DB NS HH MEDNO g SUxTI«< — . 3 OPm
—HE HNOVUNEK O\ T = NUKHOL o x (<9 =< Qn W g
o34 > OJOXEMN @mx 1817, mx [} O G0 o x =EO E = 137
QY EDHHUFBLYOE Omdu @ x =0 St o= d o [e Y ¥ Qe
N“ RHAOCH M IOP=% o S/MI S ) - <D X — E-] ~ il VDt
<30 @ NGO @ Ops = EQDQZT xn [ 3} T ) - (@)
- [ 3] PRT"OETO IO~ e a WIZO ou o ~ 3 ”WHM
(3] EAQAEOHMEHED ) e\ Mg o] [=F o] Zlant<t ] Z- o . Nz € faE
[=] ORI E @ Qi ;N (=] [ 2 1> X&1 QX F [ - BWEOUO
== X Y oz Ed NxE~ &0 Pt e LD [¥1e) o []2F @l MO~z
-y —~dBe MEOO W) Al = n OBt g @z = [ TN mo ©
0 MEHIMDHLNS EQm N\ e o m WQAxO O — Qa, N Na
g A RO O - Y Bl - [*3]a Js o F= ST FX") @ o > v g
=) O NGO N<N o w 2w Oa@An o w0 -4 F X1 LT RF -
y HOULBHHEINN B Q- N > (ST {0k 421 N < O B NN B
=1.3 & Dz A0« nosSamnm —HOTWO & 7] ] O3 -
[0 ] © UMY Eid DO Dh A= ) ZOr— i [918] - -3 Sl Wl = |
ol Qi ZHOEVNWN OOKHNHJ o - QX0 A =10 - - -~ Qo QIR T
34 BMTRIGCI [5] MOENET . - [ST-VR=TNIT ax B O = D EB» RO
L] QUEREMEHE 1y U N <0 > HMO < o= = [} = A<
n A ol ISTE 21 x o L 3= o] xR oz - = LI Vet d o@m
no DOLQEZO <D <ol O ) @ ) oBend Qe = o mx - z Otz
oA O NNNE O e x LN < [ o -9 Dmu UL NG
%) HEBu=< M W =N -y QP D Mo O - 18] ) [@] AL mymz ®x
= HE RQXE JR R 128 LT 1 = [l ] (788 = N OB Q»
-« e HeIN0 wuiEmo o o N\ & 0 = OB U = . = - oY OO0 KEY
Gwd - ] - mAa R - OCOHZEEH O Q - < \T Dop.a
Ao mOa X OG> (ST 1+ X 5] = My ar w - >mO A HAwr
(2181 o wWERAON N O D N\ MEZUxXO [ad [&] = mad N A wd
- | [ T R TS ) et IC o N\ D [ ey Ma, N o il <G |
£ 1% - B O I My 5. A0 iy =] -QEm, bt = Q X, - 05 (S 1S XSy
21V Ul ey =2 BIEY () gt () G i @ U @O=TAO @ [X] - [P FY —~z <=
[ o VDEXEUM  wgay =~ON\uno=-m - HO= O (3 (] [ I NEH A
[=] v MaiBl M 3 B A - NN e U< (ST ] [§] = e ] A=< X
- e A pIME B oD 4EOUO I 3 (2] N b g o€ moO @ - -y 0o Nnerma
O, A ZONM H-NENDE< NO = 2 > - <= =T . I .| (8] zxr [oT-W-We [ 3] &
4 x5 O mwm:3rdvy i ogm N OO (o] [aF 111818 wQ 3] Oy VO Z—
1O « N - a1 & N O g [ £ 098 o NN\ n - Ik . OO
=l WA «OEOHD LM naEInm ©n ¢ OHRO«E > b eTrm QO o o) )
=2 0B R UCARO Haty DBHORBO 0 HOOoOAMmMO D [ 9 =3 <page X (] [ E N1
nnNE: =« o mANE -\ xIN [ = an n=E: ., xYy D (@] - =\ o [ =AW Wi
[ 1] B-EHOXA XN L J=F 20 O\ z [= IR | EWOe- WM o [-9 &N L [ef=Y=T0 F 3
MR s SDURMANNDOMM BN PO >N - O €N A0EU i e W = Uiz o & - -
oMM x O e lbbeamen HMAITO T — QO e Gl O (o] o [ el el w O el
ER O mxXa=ao - HOONAH« [&] t BTEen p o~ o — ] AT P 3 Y2 -1 4
0nKL TI@BHODEPHE BRI\ NO-x; ™ B0 ) e Oy (2] z O R 3 [t =B 4 21
20 U HOVUx o L0 a 0o B ) 2 O 3} M~ W Syt ey - a2 NENO- x Exfod o
QME D 3 Ma M (Ao raOnMS«x = Hop D) Dl < =] © EALTITY ST [ OO T
HDO e il NN O RIOG =\ O - < O0HIOD-x = =) aN\aax o (21 3
O SUMENY SNzZOoU O\ O =¥ - a oOncx ~zr o - - - o < E=INEC
UB « o« s O0m mxEx NV G i m (4] (LS ISR AL A W > ES) > @Y nal [ Q> o
AN - m Q= L%HSI NABIEO D> ) NPT o = — w W ¢« mMFDUT s OOl =
o o~ A’ e WA ) O -3 <O 2z Oz & - > ~ BNO & @ o QOnKu
Moy Q VN &8 N o USR] OMx 2] » ORE W M O w @ e @ x \HONxO 0N » O DA
HAly N X O EZODGEWEAQNV &Ml =nd wn el 0 N C [ Qe D = NEdER SR AWM ICT
13 - EHNIDOTEVOLM a MEUME . M N CZE Ol D [ 3] LD N A RN B . %AaO
He v @ ZRHS g ATEND B o By 002 =4 N\ (1] @ | OBQ@ymm - \ - - =T ANy W N O+ s
e & OHQEEEHDEEE AN EHO N\ ol N EOome T 0Oz > = ) DAVAN s . Y] Y-1-9
- = 2 D=xVUOO mU-— Nnnno nn = ™M 0} @B A S Bl & M o= . T N T e
EEO A ey wyy Q= uSCv.L.. oy @] o = ET OO Ca\( e . «z O 9~ LDxag. [ 2] - Mo b
HON O O W Zx@mxTO & OO Ny o —~ 0] ¢ ME-d NZT N x o — B NODeN . . I3 It
[ Qo IO X o B\ WA . E [CENLTe} o3 QO m . a0 Nk Da - r & < G
. €I > N RHOO e ENECEOLWOS » -3 ~ AE e e g faa e C « Aneon < = £ <thnl
- SV - = = I MEZEEZONNRIO - 0~ ORI D ] e DI ) o U - W @ ~Rwmel
- O = QT LN) & € 00 EOmmXTb, 1 - x - xH0O@m >0 xXa W - B~ D B e N\SL, w = E Egr-zn
x W o« U OO XD g ZON\ a) o - om JdxWg o = 1) = 2 VZE W N @iV Oy x N E NOVHmxT
o~ EEZ @O O WAXA OO0 OHOMXU) e > ™ w) AW DT> W F oW ity s Ayt Dox O MmO
b el - D030 M DN i WO T = g EZD @ > X TZZILHTEC TOU=x T (8151 T EreE T o = g ~—r a0
— K N Epin > Z BIRAEJUMBGHIT - MO & - W m W HOTU mm e - N = . Qe ~ O N o ey O iE
[aw] D~ WMEQY H HO0VLALAMEY «£U >AmZUOXE w o~ 0 x OHAUHEML Ccoun T M~ = N o o0xmAa T o~ W > MO
(Vo] o 3 20D =E KZEAAHE S0ONH®L Za€T O - >r w O i WIDOXZE WU~ =S ™ Oz v ey e P T STt E
— T - MU D AT OO~ mEL0ONUm D =~ 0 A VDxEBabL DLla N\ D - na =T 7 92 nmN S, M QT



161

eI - a
Pz o g O]
xhl MY = ~ - [ < >
e 20T o 7] 0 o O O . N E=
Mg M [SE E= N\ 3 =3 [l 2= I =T I E ] 5 ul o
>4 05 NG X g Zx O\ =0 g o< e LT et 2y > nm N &
e Mo (73] <ty G o= Al E Ul 5o -3 = s} - v n
Z m= (@1 5] ~a W D N0 Mmoo O g = N\ [=7] ] [T ]
Ol [2]-3 Al O [&] o Ot VYO U 3] U = - ox
T30 o X @ %Y Q43 O B L 2] > no o (ST I ] o € [ i T o
RO %] = AT B QOZ AN AN 1. ] QUK o
z =AH m gt =N\ O oo S B X3 SNk, X mBO . . o =< « O
B 3 CE . O o] LGN iy DI TH = O > D x o
na «NO o g i Qe [STS | * O0MZE HZOMZ 2O X0 N\ L m Mo O
Z Qe =1 Q0 [ - = > EX NG T -1 A 5O QD wn -H O rznx O m
OW e ox w) e O ox [ mHAHPOMDw <, Ux M B ey O
o & DR G 0 = ~<0 @ o O T VRMRHULDMH «1 A, \& n [ o N
H= O bl g - Eo ™ [ H OoUEmT OMmAO<wDLgZE A (wn D n o x = @ S
T ) L] (AT el = X g HEHE@EWR Za Jhddzmz d %) IS )
ZIT X AN [ fe] m e a VO MNNKNMIGE gt <O o m [=17%] - T ]
Fad g 4 2] =\ =O o D0 O ZHNZE Ha@ i N Ez =< x Oklin N 9
- Aas < o [T 2] O WEHOONY ME) OQZTa - < 3 L X g =z
(G YSTE | - - N > (L] < e O}, Jdde bl L) Bl [ 21218 o >
ST 1) = e =) = - W RXOMADSMOMM 0,364 =IDN il < [} =
HO 0o no un z & 2 by g MO TEJ<CN0LO m wn H G e WEE-y | S
[STS ) ANS) ) [®Te] St H>ORINANO<HE X wz D = Om OO <
ey [0S [Z]] U = (3] B AL <N UHIEUD W =m0 @ Ke HO@ =<
HNHOM » HZ =t = o d (1] = N dGEMNDZ O HH aZE N0 = Q 1 A =
HHEX-O 20 - [S o T OV D0 Wz L0 00 QU 0 G B -~ mz L ) = [o 2 o
L IST - O Qo & =D ¥ WM ELDAQ O BN b i N\ H D e [ e
Miat WPl Ik o . ®m 2 M OMEHMOEE N 5 wWOwmwa D\ & Q- (] a, W
NeE@=HOH 0D »ia, ] (15 = B HOHMUNHONMANZ>LIHE W0 = < 3 mox = =
RN N R [&15] — EL N o m Qmo OO0 i i v © oo m N\
munmOa [ =} = o] [4) = N O =ZADUKHMMZE] IV Om MO HEW N>
HEMMOTEY =O o e 0 am = m [ N I Y L T e I ] HN e — . O = >
H H et OO M o O by = [$1a O QD o MmAG<O®E 4 xD 20 = Z3 e QO 4
<NOx ¥ Ze Dy U = [ Z mOmMOEN mMuEdOHROH no <= 9O M1 ORO o
ux O wx S OV e Dl e m ¢y O @mADM R+ Qunxm o Xy 5 xO (=] - =
EapodBh  wIegH e 3 Ly O OO M M OMNMRMEK 1 OMIARE I M O = UVEY O >
O 1n =T ez = -t N nNo™ w CEQZOON Mol o wd o (AT o et i ny
VNO MO Lo ZL o ) Us. oen MOt <€ Qo ONAOFO MO O W TW» [P =Y [T
HNURO @m0 et MY WAm eIpe EQOMH DNMEORHIHMAI «Z =in nm . N = N =<
@O MY by o - =0 =Q 1] W SNHEZENESHENS Nt~ ol0 = =1 = -t D, O
Q> O e s O A O - . MHO "D o a M = N » o ™ S Opny U m
T NG N om NO . il > LNOEHTE Z OmMAZMMUN HE U0 o = mWU Npol MmN
EZpEHHm \Ne X0 O mENN\Q 2 MDﬂ 3] HONEHMRELARHNODEH HD \= L OH WOZEU x Gim
O =« M ZHU onz IO PS 30 . 24 - Aax MUzZE o Loadz Zh M - < rH o O m EQ
MNUHSNZ OV o H = 2O XIfim e} afe ) QARG O oosunm M oot M m n ar ~ W X M
m DM —=p . [ I Y= T [o]-4=F 1. mEE X g VanOQEESememy) o Yl s =] 4] M N \D
QO e ~Emp =1 A=) - HEHE 068 Ot-ERa0 = MEQaEHL N Om k) m >m <0 < X
3 - Sl S0m ©n > Quyy .0 O N @ mEIXOADNOTAMBIZMN R ey - T ] By = O
@t NhIIE Ham [«1218) |S1-- 16 Iy 4 = mzmn o« My ~OEgmk o~ I =1 H A @mnzZMh ZE oW
L HTEO- =3 [Ye) IS HN\-HAX a oYL ] mx OV HDoZOH € O M -Am ~N -« WHLE & O
nEHQ O vabe O 0 G & - o Q s XN IO ol > el L) . By ey = o @
[FY=12] U Qe Ubdna 0 ~HOnzm -7 MGE & = (4 HCDHEHZEDNOOMN D E=z o O <t = Mo A ]
HEOO®Z &~ [=1=} ] O ~ oo H AHECCHDTMNA, B0 E o o@aN . et O mp H =
CQEMNH @z @O « o 5] GlEe . OHF Z Lz>EAME (O MZH m o2\ T ~ ~ => W .a, - Zx
HA = -1 Hmm ZEN a6, o RNUNEO o] NN N OHMIDTE O mOM-tei) i) e z =< 5 < O
@ -] G20~ VY mDnEm e O =Ta “SHE 2 Qaxma el o, ~ [N e naa «» LU Bm
Bt Oed  \Zbm . A >~ N\NQJ0L - < Q, Be 11 U mZ oy mzE \—HzOa =} r Al N AxX
= a & nom Q. v N NO RN =z My « H OMCOLOMOLMO ZOMN4« VI kIBlr o A H e ZMaH (N L
n Ma Exo o = oM Do) s ] N0 =p Al O oM [ZISICILE - O Ap = < [ NQ
« emin SIS . =B W 1 = yamND 3] NL = 3DAUVM NANA EOmb « HXEOoNM = R QO W
ZENPDONk Q> >} Use & ¢ O N\ o™ o B 0 U Mge oo gNGuTD .o ONa X o] @ O azm O v
oD UOUx0O o= n3 e R m DXy W &) o DUECANANORWDOD WO=Z pHO o ] o> I OU==ta D ~
Hye o HE ) e L] DA e~ LI e AN z0 M Do o UZOoOUM At ot oot ~ [ o = O
BH RN N\ F=] ZOH =+ = NERENM . ZOZ O mor HoanNH=E-! O sV T B P | . a o 2= = o
azey mm e o onv = omHm (=3 O st REOT g TE A G sG] [ARNC 3= o o O ar4 o
M M M NOlO D o ME, g . HEM > NN g =@ 3B . Y W = e
OEHN e o€y ~N [ a1 o € e - o] et  H OVOH =IO T (3] < e~ VXMA o« 4@
= <y EXbh D (O] a ® XU -~z H ZUMOZOZMwDatnHm- « Emobum o~ Blpam T oa.x
ox= O @Oy © DIm @ N EHENG -  Z N BNHOAREMI0N U ZED T < . LT L S T I ST
DG - [Sled 2 0= a»=< O m ~ o Hoaw o Z0 OZ pamza<>U0oT mEQHT ® @ B m pERay M@
NnNO oG T ,x= @ - oUVMm nHRZn o OmNN W HOBZ HWMOMWE DI TN\EBZN\ ol ) | T Bl e nO=EO
He SN A - W M EX 2 e ROy — E 0 S P RO EOQENEARND T TN -~ £ N Ko = By ek
EHEWHE C>0 ~ M~ MU <« @ OWEIA0 H O~ AU s H Z00UEAAaN ZaDgO< ONluam s~ O HE >arxrn Onal
i G2aivy O ZED 6 my Gl o N HEO Z OWMZMO=EMONMOMEITMEHY  LWHENYY < O W ZD @mEDE W
DL WO\ O + iz N 1 vwan\U e @WoHN D LOXHUUIZOULUIUVELAN~ DREN\D A e~ D oD mane o=
Siaaiii R - e R AR cerery ety N o - PR ——
oy
on b AN -
g K OM 0 * 1 =)
a P UGN > HSSM 3 =z v
POIE s ()4 % <N - 4
] Wibd 2 300 T DO Fue e = Cin) 2 2y 3 3
X WEC EHORMEE Oonm RN = [oF. {11} - Py )
= WO T O 1 MEAO Meo Lo B0 0. -~ ma o,
—-x HNOLLVIK <O DYz s N 5 Sm
R N X x ; ) . TS bl c
> = QelI0=EM A O wzE NUMHOL Nt = a. [
Qv HAZMDAGII O W Om3ry N~ L] O Xa,Mma@ ey Nt _ .



I N eyan et bk € e e
N he e i (9 O DU A e o

WO [ ™ n oL o o = 25 2565 ¢ 5 R M s e Hedmmu
naABEnS BEEEE T o, 2dE . T50QuESAcau BIWIT T G 3 B GMREafeh Scn T 2 2 S pa 4 z3iaq
. )
R - s - Y MUOEQULOE NI OBMOH 5o 0 @ mommE<zd QO H T E Pt munba<
aunaHe oRne W oo W=p, 2 EHEOB@EAEEN ﬂﬂ%ﬂm 228 o zemeaviic GEN i
O (0 6 DN W :
I”DD‘.AUA LmaNo R~ mHO D HmISNe
o~ R
Qwn
nE=>d xm ~
| 3L 8] = i Ay
] = m — - N MW (]S ] -3 N aaqQ
-1 HE nm R @i == N (=] mo %) ='m
=) Apo<NEAZEH «mm - 3 5] -z 03 (7] L] P
T [l 2 - 1] S mMaAN ™ - = mec ot [L17] =
OCEZOMH sIXTNO N N\ a €m0 ¢t o z=m ) -1 "]
e i g 35 RN E% Ewﬁ ) ~N T ) g -a N\ 9]
oGO 00 A OmtNg Nui¢ = Q RO o= E o
[ x W =1 N By N, [ = [Pl Q< no own nd
b2l NHB -y N W bl (317 fad Py X ) n\ [21: = -4
= SHZHNERSDN & O mnEEn = i OBYBEP B [S] ) [ 3] o
o m BmUAOME M\ =0 [=) <) = -1 o < mn
oE QEEAIOM O by -HNTE o =1 ¢ WRETJZAM - O om ox o
=0 BARAAZNEO «» N 0 NEHL m =] e OO o MC AN By oo
w0 - (0O - MR Mg - H“ = o3 HOUOMHM@ [+ 4~ - Dot ON
an - O AN 4 64 IO IR e OMm & - O AHHDON mO 9 >0 (L)
E-17] -] MmN o omMm om [ - WwOxm 3V T 1] . Mo g RN
V) o =383 Bl I 0 60 ) B 4 AR Ry aG o B O B = = N YN
-0 O=MEmO A NS wNown Nhlw O= . o wE " N\ -2~ =) o0 F Il
= HHeaHENNoON  H n = \O el O VUHAQOM 0 - [ am (213D
[~ NEDAQO O™ sax <3N N0 ~et aQ Or:EA=ENL ) nw ) -td g~
.t Ny =0, O g My x ax < Amee [} g @ - mO =0T
nnn EOMNOMM VAN WO e -y - m 1<, nx e O om o
man HOmmEHM mozE oU HARH - X 20 =< > G X L] an ~n
(810 o [ J=1_ N {-Y-9 N e - > W UTaadn o e | =N ] lolal (1502
x >l . QoOEBEEA =X AREQ pem O M O eeeos .y Omn o el (9 bt
ERE) Hao AR e g6 HEM N\ @O - Mz mhe N\ (XY= =) NN\ -
own MONHEN e O -y 0 iad(ad o) VOQMDVH N ] Y A% (3113
x NBAD B w "o - Smm QE -] L LT E T T T X - (2T iy
- o M el W . WD JE Qa iy oG »OOKHEH mE OV T~ IS E I w0
[C-TeY,) AEHOMED om0 >N @ oy W €«OmO o EN\ -z o ok naio
-~ Or HOEVNNM WU » AT D HO m T € e € =] ) a5 O M-
I L a '+ wn oEa Omo < nm O i @mQ Um = L] (519
-y Matf o+ MNNBORIRIY =\ 0 bl ) L R T BV T T - VR | oE s @ 30 P
=) HEBERN QO HEROe QM NNO M on U OG- [«]e] @ O - O O
[ ] DORHNEAQ - =|oQ ke X xz B0 EEHG 05 L] Lo o [T 1]
@ oetn NHEHHARQ T QM) O Qe oy m @unHnin N ac S [ 1% 0 e
oIS 7] NNEBE O HEBEOK- UK O z0 o ez DIy =0 - &) ©l QO =
-~ MIOUSEH ~RBgs O oa mxg [CF Y O =Jynmm oD LM o = =~ QO k@
O o= DV mA &2im N~ B Ond - w SoHE@MSmE Ol o0 O - o OO0
[X1=TH ¢« MO O= N IO O O I = A AEDHOTEAR AN 7 Rz [~ ]
O n 9 OLTOOWDT U [ (<181 7S] < o mpml T ox [ - nmown QO TW=
K=) N @ €WoNDOERNMAM « OMgy Bo EZRO « afi «=O=EM pin “<XTM 0 milHwW n L=
oxAQ ~ vAM « GEHRUDH O \\= Um Lol AU T EDE - O How o~ [2F T 8] B e
Il g G} ZT~MAMAGDED-AD OB XN RAE) B OF «00< « (= . [3ld=1] o D
X O K g CXdEAZEMO~UVUOAA VO =3 TR ) EMANONDG S [«3 71- "I < \AD [-51- 9
DR =« O oMAOAQMT™E M HHM OO =o B TS e [S13] ao a E L lale]  AQAown
ne=E - n el i HO® XN 0z O ¥ BRTAMZEOMIM HJ - 0~ e n O = =
V=D w BA)ASPNI%LR [3) nyegen B4 B gy 64 o N> MO mn . WD A o am
mx NXNHMOO> NGO T T Nm< O [LEAS) A1 B | OO = U0 8] o
ol o QRN HEDED OHO =T - me m DOVWNAN =\ RO ] - 2 Bt
A E H AHHNOHBRNGG sH O AN = [1=11] OonHHZMMEO ~n) OHKH ) Qg m Qe
1 O o« U - HU YRl O M~ wm E= K . b HIEDDEZAE - U = o - =2
- ooy MMOXMAHDA MU =R LD HAIN - CEHOHT - M| o Sadx 2 MUm
D o« DOHOEHAENHIGMU MO @) NEM = O e @ [ 2 MM O nE<x < +HMeo
= QO » m < arHOwn B0 =30 @\ HEHa 3 HOHE DOt DU o=L L AT 1 23 r U
&« [~} M DNY s O ANEQTea Dl T =) [ mnnOMm v O\ [e]e} ¢ DHEHT moonm
ME > o OomwWA « H--LA O\ (2] HE « O o mm = D N om o om NN <e Y .
OHR M PEESARX A N L OH HON oy D o o N\ man N /RPW r om
O U D MAm AREOEZNTE-T Wy WO D o~ O AlEmMX W V= QU 3 AWK B Qe
. N M (1 EEEMNOMEDMOA HE O T 2 6dd KM @ma, i s pt o KAEHN\O O O
723 = D =HOOMNO x O O HeH N\x D @ gAmAHEHNn N\ DEN D o H=N\ a3 =104
. OzZ0O 1 ooXLDVOMME »m £mU [ O L HMO<EEHWN a ORI~ O t Omml (L} nlB
" N e HE N WOZRPIDUNRZE D W ] n . MO 2 D e M S\W0 o
LN U DNMEZOMEOMEERE O HB ool Smm By O B Al B M W~ e e 8 QO
- Qe Ny KMO MzZyxa Nowm e 5] (=} RXEHHORNE NN mo moE namn o =
n @ o O W JANQEMOOT =N KU ZMEE A ER -3 . (X3 STl St
Q &~ =2 O e, I8 QAIDM e ™ . B> oy @ M AIHE A x 2 u - e N\ . H OE>
2 EOL 3 QO €N Al Mzm «=£\OUnNH - HND 4 RBCOMNE 4 <H . < O o I -  Umed
=] QOUE O MHOUHKH MMH~AMZO« DMZ A N E e O HAOME X, [« 4] ¥ x 5 I Ofw . o] =0
o L B HEESNZOZxaE - o 0 B 34 25 -~ HN® 1 HOZE E M) @A ol Lo I B e | ] a = At
o O N O «k EWEES EASGP W AmEER o H MEN o G OO MK - . B Wy e L gy o~ tnn <00
® A Ve NWOAE SNNEHBLU0 EHBET o o HOM 1 Q MNm=xX Tx n A TR X o = [ S n ma=
- - U WX s HEE SN MG R BN R - O v unH e B IO M W) oM N HEZR e e - X (N W T
o~ N~ 1 O 0 K VO Moo oMM oo~ nNEE HED A Oa « ~ OopxZ: O M Owm« L~ Ay
'te) < O (I . VAaplmoEm-A NOZEWN WD ML < O Qax T ZTAdamn - [ IAN oo R I ] M\ A Mm@
— B = <O D MHOEWNHHAALEXNHHD ONONY & T AZN D HEUCS<CEOKN O\ &M o DOV Vo Wex\ S S Y -1 o



163

ESQOURCES
{ rTur 0NAL

NITUDE,

G
E
Z
R
N
S

o Bk v S g

GULF

QO ~
] -t
W EW S} 2] NH & ~N L ~ m
8] DO [3es [LTEL0) m g
— [N E AT TSN b= n MM .LNM =
= 1) @y = oax HE ST m & @
] Nm MU0 HATHO QLT Oy o) w H =
= =0 e b O G 8 (D 4 0 3 O s~ OWn i Quny
@] ~N ey WNUORUHU - HN\ & O NLER =l 9 SN o
[8) [ =D B O ..nw -1 QL HOCR nﬂ“ —“.. M,n.u.. =
3% ] aUxo « ™
32 @ L R e RNt zedeone G2 g By E
LO M Xl N F ‘
oo & o= TSoemisiig  2ide SEaEIsc XS . S2 3
In w ML DWDH”FWTII 0 1 1 X OmO » a3 n ax
TP =) [= %] T ZH O« z0@mxT Zrile UM U = @ O
- - R L =] EEO MO N\ - [2-] wiel f [ 2]=] onE [E]
s m Ere O OmpaTi=x NOY = H oW o« =} 1)
Sa a om aHNEBINZQ, o NE N 2NZE M O~ . mEEN
“n.w - AR o [ &) M) [a) £ o} 4 = N\ O <O U
M- [ HgHW BT o € "/O > ) ~N <O
] 1%} =0 T AL g IO Dt T o0 x QD0 > [ | ~ [Za Y1
/M 5] [eype] WMOORHmHH O L RN HTQHM&H HM % /ﬂmﬂ
DTN 22 0] e =
TN H MG NNB RS ﬁEE eI O MO - 1=} o HE M
“A Q (e]H myg et OO MY N s e [£-12 1918 20) o = (=19
o AU Z KA DZ Mo, & a o 2 =\ = ONHD
o a 0O = 12l PN ) Z s Ll oz e nz N O
PH H xE et 4 [=] o U xm <nNTUO™ o ) NABOM
9 o= OEEV Q@] o0 10T EHEZFD o [+ 2] PR S TSR
prie -3 >4 2] O QI EEIRI> b T | . O e [l v O <ECH
EH - [T9 -] MEEELHT O N v [T VRN, M TH - = [«Y-9O13)
e ] nNEEMa Sz no = ] SU T =z ® W QOwz
Em H >0 H O ONE Lt oMo V] HTA>O O z N\
DS m 1 CmEbexEZ ZLm oO0xm o <, a2 o=l @ O U
(=1 - Hun NOXMOA0VO EKTM M VEkS”mﬂ H” « M MN x
&) i PR PP Y] =
=a o o o R iy BERHO a gOGIm@HE i ° = zow
b o Sl (1] 3] =
HM H H,M WEMKYA:HTLM ﬂGEG e O W0 U 1 HDBA
22 5 24Y ¢ Szamgvgmide BEI o BTOdZER 82, W
¥ -~ -
Mw m YWﬂ % ANW“ERELHH HOOVM o NYWWﬂDR MH@ ” “H quﬂ
[Tk =
me g NE& = u”ﬂsnmﬂﬂ Lol “OEM e S 4 z o & = =0 e
ag g Moo @ = M SHZRE TA0D [ 2} MM 0O oz W N R O=
HM N Z0n - EANDCHAEOHLD ANZO [ HMHRHN mmw a NB NM%W
Otenttn o
e A M. B T HM ] e Ea sz Nem < NnN\m
ot H L“P w MGDTNMHQWBA @“CM 4] o MR ZEZblgy FXeY- =~ »>m YESC
m <l o T et O, 1 HI N T 3 RXLROHU< oo = Q. DeEDm
LL e - > H>@mTNU oA O = <HOH mom [alals] o .~ @MN\ZDwn
- M @ U noQeD0atat (D =€ -1 E e [ S x =W0n (A1 Ty 5]
mm = 3 Yo A XAOOINMEIE OO ~ ° R“MPﬂ “WM N “A “M”SM
[ 0
j-=F ] o O AN RN LWHR - gre =
=1 - B H»Am 4w -2 | ©n
Qo & Ba! B nG52Ew"RY0E Vs e m HmdEzs ol . H UH « D 0D
mﬁ TM E.& P OM MRIIEHEONHBE CUONEKH het KTRWEAE T 24 = EH - ﬂﬂmms
Z m Meplyy o = = ~
ol 8% val £ SR E2ngsE" /mum - MIEOM = Xom - 3] - o B T
%” ﬂm PD” W ﬂNBHWﬂH WNR ELIG Ll SIUMRNI wmm = o Mw wn "M/ﬂm
i a - n v Ot (e — o —
IH N OHM 2 HMNNE”DNEWE DHR/ = g E e nIN m O H@M ¢ WU o
3 “ > « 2 QL ANZE Dxmt . O [ mah O ownm < b et Xy =
o HRO U o« ANMAe o O e tn 5] oz piO oI . (S e < e~ QANYerm
ﬂnﬁﬁﬂ HEE ey D kI wd B NN\OwWnx . U M =M Mﬂmﬂm HM ~N M MH = “NWME
om ) oo U o < x = H > .
Lﬂm“L . HMH % LHWLLSRM&K GO0 [7PS | OGmMTwNﬂ Wﬂm a, N M“ “ mem”
<l - EEz 3 0@ @ROMDHA> AH H@ hy T widom~"ma usm o O = RUOMe
CrHnm . < 0 O UM~ mOME AT Epdbu =z v o= PPNt AT = U 0 mEN\—H«
mZae [~ 0 e W EEMNNNIHCNEO ot (@] Hom DA = z =
e ~ * W0 E M EOCHEEm H O [Tal ~ [t . NN
0 Ot e fad ™~ M) 5 GO SNOEMEEDY WmUE 3 T oaa Qune=
oy [ r DmU<mpnS Otz o
wm”“num W Kl [Tl mr"m . mem”uwmnlll mw_ﬂ”_D N)- m N m H OLpue=RQ 20m - D nPUu F.u. .e ”“MM”
(=1 =~ ~ O O 1 LOCcNOEK OZAO ¥~ [ (%)
Oop-tnAad U o~ O "N WUOZTYUOXLNWA OQix OO za =5 2 KT ¥ z=2ae
I LTI m oo W=, CWRODMIEIMMD R e -0 W O U o3 O Q
VmANY &~ @O m HEOHNEHALENRE Oma\T O = m O ERQGAUNO mEN 2 -~ & oEm 1 N\
e .
= - R
an
naAdD x
eug 5] EL] .
zHE N 2 4.2 o ]
O X Lol ) o ~
o=, AEHDN o m AN [a Yo
WCRERTIIH Mo g ©



164

196
GEOTHERY
PORTER, L.R. ELECIRL
S
1973 EEPENTIE
GEOTHERMAL RESOURCE INVESTIGATIONS. GEOTHER!
AMERICAN SOCIETY OF CIVIL ENGINEBERS, HYDRAULICS DIVISION, JOURNAL ‘
99 (11) :2097-2111. EIA 73-30020. 201
SEE: SWRA W74-01273., (ALSO: SWRA W73-05943 [ PREPEINT OF THIS PAPER]) RAMLEY,
GEOTHERMAL STUDIES/THERMAL POWER/WATER POLLUTIC%‘DBSIL!IATIOH BBIHBS{ 1974
ENVIRONMENTAL EPPECTS/COLORADO RIVER/COLORADO RIVER ansrnéulr R supbly/ \
ADMINISTRATIVE AGENCIES/ELECTRIC POWER PRODUCTIQON/SOUTHWEST U.S./ GEQTHER!
CALIFORNIA/ARID LANDS/WATER OURCES DEVELOPMENT/COLORADO RIVER COMPACT/ HISTOR
WATER DEBMAND/TEST WELLS/MULTIPLE-PURPOSE PROJECTS/INJECTION/RESEARCA AND
DEVELOPMENT NAT ION Al
/IDENTIFIERS: /IMPERIAL VALLEY/GEOTHERMAL uarznfcso:uzﬂuAL POWER/GECTHERNAL
RESOURCES/HOT BRINES/CHEMICAL RECOVERY/GEOTHERMML RESOURCES DEVELOPMENT sEE: S
197 Ggog%E%
.L. BRI
PREHN, W.L PoTégﬁf
ID
1973 {EQTHER
THE PUTURE ROLE OF DESALTING IN NEVADA.
U.S. OFPICE OF SALINE WATER, REPORT INT-0SW-74-92C. 234 P. AVAILABLE NTIS 202
AS PB-226 7160/A5.
RAP FE PO
SEE: SWRA #74-08065. 1972
DESALINATION/DESALINATION PLANTS/WATER SUPPLY/MUNICIPAL WATER/WATER COSTS/ \
NEVADA/PLANNING/BRACKISH WATER/GEOTHERMAL STULIES/WATER SOURCES/PEASIBILITY A RESEA
STUDIES/NUCLEAR POWERPLANTS : WATER.
éIDIHTIFIERS: /GEOTHERMAL RESOURCES DEVELOPMENT/GEOTHERMAL WATER/ALTERNATI VE .
NEKGY SOURCES NEGEYV 1
PROPOS !
WARM SA
AL THE
W
PRESSER, T.S./BARNES, I. FORAﬁTi
74 ADV
19 CLOSED
SPECIAL TECHNIQUES FOR DETERMINING CHENICAL PRCPERTIES OF GEOTHERMAL WATER I
WATER. GFOTHE!
U.S. GEOLOGICAL SURVEY, MENLO PARK, CALIFORNIA, WATER RESOURCES SALINE
INVESTIGATIONS 22-74. “11 P. AVAILABLE NTIS AS PE-235 148. 5§%§§T
SEE: SWRA W75-03980.
WATER ANALYSIS/GEOTHERMAL STUDIES/CHEMICAL ANALYSIS/ANALYTICAL TECBNI%UES 203
SAMPLING/NETHODOLOGY /ON-SITE INVESTIGATIONS/THIRHA% WATER/LABORAT CRY Esté/
AQUEOUS SOLUTIONS/WATER CHEMISTRY/TRACE ELEMENTS/HEAVY METALS/HIDROGEN ION REED,
CONCENTRATION /FILTRATION/SALTS
(IDENTIFLERS: /UATER SAMPLE PRESERVATION/FIELL PREPARATION/WATER SAMPLE 1973
TAEILITY/GEOTHERMAL FLUIDS
IMPERI
199 GEOTHE
UTILIZ
PURTYMAN, W.D./WEST, P.G./ADAMS, W.H. ?%sﬂkﬁ
1974 ’ gguggn
PRELIMINARY STUDY OF THE QUALITY OF WATER IN THE DRAINAGE AREA O PARR
KIVER AND RIO GUADALUPE. ¢ E AREA OF THE JENEZ gfﬁbﬂg
LOS ALAMOS SCIENTIFIC LABORATORY, NEW MEXICO, INFORMAL REPORT. E 87
2€ p.  AVAILABLE NTIS AS LA-5595Ims. ‘ B YELETC
SEE: SWRA W74-10658., TO 197
WATER QUALITY/NEW MEXICO/GEOTHERMAL STUDIES,WATER POLLUTION SOURCES/SURFACE GEQTHE
WATERS,/GROUNDJATER/TEST 4 ELLS/BOREHOLES, WATER CHEMISTE DRILL:
HYD KOLOGIC DATA/WATER SUALIT!/ / Y/DATA COLLECTIONS/ ZLIDEN:
/IDENTIFIERS: /JENEZ RIVER (NEW MEXICO) /JRIO GUADALUPE(NEW MEXICO) Eeloit
GEADILi
200
RAMEY, H,J., JR./KRUGER, P./RAGHAVAN, R. 20
1973 PEI NI«
EXPLOSIVE STIMULATICN OF HYDRCTHERMAL RESERVOIRS. 1IN P. KRUGER AND C. OTTE 1973
ED5., GEOTHERMAL ENERGY--RESOURCES, PRODUCTION, STIMOLA . ‘
OF ASERICAN NUCLEAR SOCIETY, 1972, PROCEEDINGS, P. 23%-%%8? SPECIAL’ SYAPOSIUN é%ﬁ?é
STANFORD UNIVERSITY PRESS, STANFORD, CALLFOERNIA. NEW
SEB: SWRA ¥73-11227. FEPCR

SEE:




ORNKN\O

291
RAMLEY,
1974

K. K.

R.E./SEO,

EL-/PETERSON,

N.,

1(1):31-138,

SALTING POTENTIALS,

LE
PHY .

L
NATIONAL WATER SUPPLY IMPROVEMENT ASSOCIATION JOURNAL

A A

HEEMAL

SWRA W75-04u23.

SEE

ROJECTS/BRINES/CORROS
BAT TRA(SPER/C(LIPORN%gg/

NES/VAPQR-TURBINE CYCLE/CLOSED SYSTEMS/

[>T~

T

202
RAPFEPORT,

1972

NTIS

P.E.

SEARCH AND DEVELOPMENT EROGRAM--HEATING GREENHOUSES WITH GEOTHERMAL

TS/
TLITY

ISKAEL. RESEARCH

BEER SHEBA,

EY INSTI?%TE FOR ARID ZONE RESEARCH,

.
. n
-] =}
ol a
&= DO
< g
= ZEfu
[EvE———

63

=

]

1]

-

3

£ ot (2] 5

P 1) -
P4 Dl ve_
<AL O

RAEL/NEGEV/HEAT CONTENT

293
".

REED,
1973

IMPERIAL VALLEY.

141-153,

P.

1973,

GEOTHERMAL WORLD DIRECTORY,

e e

0O

QX N

) D

-1 ZBL)
et tNO U=z

£ 4[] fa, 2 4 o L Lay
OCxo.Qw H
-~ 0 IR O oD
HQ ot ez
- ZoeEun R
- 2 O Ok
Tet OGRS Zza
UNpmdiddaa
S BIA, X -

EEZI OO <IN

oMM Z =M
Sy = B 3G 3
W L )

@®> = ED xn
QW A LN
G DRIEP L
OO Ln = € 5 O 4l

NBIKO EQOHEWY
Ity MHDZ
Ve O G
D E I
DRNEZNHOEOX e
oA OWAHAMZE
n VA0 0O

P oI [

MDA Cme
HOME@M ol-dx WV
< N ey~
ENX o= 104
MO D

MT ZHONAE e
X KE T
Bt MO
Qo= 0 T X
MM LIO U
> O DI DO <
el -1 101161 9

=) He . oam
) v T T E>
e ez EILIDT Ny

vEmn 0 n
] eI =
- O ANLNG
) e O ) D g OV
s =17

EOOD a1 Py
HREIXO eVt em
LR W
By @D <ORI
O T <=0
Z OO =40
ZOOW M e
OHZE AHO MM
HHE I JI N E
Hegmm) = .
CZOHHHOO <y
NHZ Z O~
H e W O o
HEXTUx OO0OMMe—
A ZAWME H
HLNEZOME X O
DoHUN<C-OQLHE

INEZ

XICO/

ML
ER/CHEMICAL
URE

ION/CORFOSION/BRINES/EXPLORATION/

H
L
N
H
v
I
204

‘ACE

L.P. ET AL

FEINIG,
1973

NEW MEXICO WATER

TATE ATER PLAN
EECI 50-61.

¥ STA W
ROCEECINGS, P.

I
14

I'TE,
MPOSI UM

ESOURCES RESEARCH INSTITUTE,

LAS CRUCES WATER R
NTIS AS CORP-730u38-1

ITY
ABLE
W73-15232.

[0 ]

SWRA W7u-02461;

SEE




o

< 2 3 SomE ¢ A Z re el o N B M =
[ WMOUERIZ - TCEF o~ . M e [2ROF ]
o L N DV M AWEH W OO » ~ 0o < 21 QmMAwn = M~ QO m
M O i, B MAOOR WeaHz & N EE, B edb . M W o=
M v TO U AOMEHE DHN\m a, v« &OC N 1 DmNN\D U=

~ [ NN\
Ea) [ 2] r @:m O = [ v .
] = D OH 1 O o9 Moa n rin
W om [T ) ~ M DSm ~N nHaQ = M o,
NZE > —HIm ] Qe = Om [a) HMEm 1 = oM [ =)
N O Qe ¢ Am w0 LPom = HEH B <M 0 . o8 @
EZA z=ON > am NI ~m oy BAE OO ) X <4, = L) [T
O [l la) Bl | - [Z L] -] -~ OD HETEHEH BN ™ OO~ b
L L [lal BT ONEM o3 a4 [ - HEw QO XTm 5] oM o O
o\ Q- OO+ Oxin=Zm o o N\ wr~ HRE A DTy [3} [ 15 x TR~ ULZON o
Moz = B M 1) IUI“PC - B aun PHAREBENQ i+ Q= VEln - - A
zZ QO = - N = et = w Bl A HAMDAG - NNy EMNL (ST WH X K
=N U n HAHOSAATEES = O n W,SIHL .LMITTR o o TR gl
I - Dee B 4 QAP o - O E ) [ [ o QaNULO NI BN\ (21 & HUReERD
L X (L1198 o M H D W O H W a o wn e oUVtA H HE VAL = & [ N Q
Ny o M » TRO.-xAQa DX (=] oy (3] WD e Sm SODM XgE ap w0 TOCQ
E -] m & o HOLMDEE OISO a un - NRNGY SN0 ~On =D o) mm (X1
aN L zat O = mZESEHE = . oI O me HeSpI T = oA Ao
N\ ~N ROV &~ STB HEAKHAQ - & N YA - 2 N O X MAon NINE o ZeAlb 3 b
[Z)STO-) M € Hegleolmdd @ > I~ HGEHHCARHG 8 U o [T O PMOOo=<ELOM
wWeD W e GORMEIO NGO [~ | (a5, OV >wemo , n NEU i, HM oD@m:a
o = -“D QO il ~HSMOEO L - = O () 4 LVaxLMA nm -1 SHOHEAOOHA
xOm O N s @ LaOHMEGH @& - @ [] 1| QB ZEMOD H O«MX .o A el MOME  Mbog et
DxM o NN € A e 4 I D) g - @ o H I WMAQOoHN MU <N g~ HQuy A H@O
(o] 2] WOk 3 ZO0EpDyReNE A ~Nom -0 NOHZLQONLIIML 3 xp>i -2 HOHO> w1 =
L O TN [ MDD E n x abad Oz HeRIRlfsxr € NG (8] (ol I=Tolol8) J-% o]
mbm - e e NGRS I ) e oL 2 (512 O O AMEH MmO 0N\ - A oMNO UMM
AN\ m O A WO EBOO » e O ] OMZUORN O o@axn™~> wan - oy a M e D
nn o M v - IO AR NOO N om ae >R G N0 ED —Halx HE 00 ~OoU
o O O m v o ) /U = O zW0n LOOHM™E A=< Qi @y e W MEEOW
mnHNn T no x HOnxB MmO - O N\ - M HOW wm O » D wnl ki Ll (L]
O MR & N EGMEO0 e a Qe WMUNVOE > &= (- R e L [T [
|OHNO OO Ml WEHMLINE 2 et v = ay @ e Q00N Al = U LA ) D EION
N e b HO @ QUOKH W ragjet. @ ) (a1 H oA WP & ND WO xn — - &S O=D>5AO
Q00 NERZ it IO T oo - MO HEHWAEZELLTN 0 O ¢ HEIQ KON
OO =\ T B DIAMOO MO 0 o E-E 3 ZE H€0n < e wAz Wy M B EeT Q
DO WE ey OZEZEm O OWMEN DEHEm = = HAEHHEHEMDA Nzt ) O T W Kex xOd
OO H M EZ NN aOmAQM O O = DHEHH RJHZHEHD e £ = 600 W O
Lo (S35 [31=] A MNIW] WEaie [S 21 oy OZAL«OMMe = A0 WO | N QEE ) . oG
- =31 AME @ KOD WSO mME ] [SF] A0mMammE ® VOV a3 T Zm O a 0 <=6 O
NOOmmwn Ut ™= oEMNgE = | I ] . 3 tUAS M@ « g ] Hpe o ISE IS ST I
omHUa H) = 0 i wenm O = &1 a o THHOMUN Hay oo < m oA0BAMNE
O 5 et bt X e R ] AHAOTYBLHRC L 2 . e . OME DIME®/ANIMO X\2 Ny K ZEZmHHa K =<
TS P [-T-S T~ © ofdmMUag [ ] a BO O A QO MNA~rmnmT Qo ] HIEC | 2O
e TR 0 oy & A v med s e PEr = m - o~ <) WMOOMN WEgy MO O, « NSO =
(AR e M b NSO S DA mo - n o~ » Mgl N0 =0 RO >« g SO
ENLOZM 2] N QMPEZEOMO NN n (2] HBERHSI-% Nt = U MEREZOUHF
B PN\ ~m ) s 3 6 E-HoN=SxonY n o o L m EdO W) aEHOMISpm D OFE X Jow <X,
"3 P O et Pt 4 - N N O iy X = [ - ne - © G 4 oy 7 (4 g Ps 4 U o 3 o= o B g ~a Nk
SI=AGLE U .l e BApna=gual otde [ - - o X pHEH 0 HADX nx WH U <K ECE S
EDO P d MO @ ODZE HOmNr O ¢ = N = mo PO ) . O QB D ()] Ry « =m0 IOl
N & iy MmeE M U mnam.g @ g - %] m QENC<NENR-HNLRKCA ~H@x - = O Ola
N HOD M ZOANUXKNEH=R<O,] ©n - ) o O mdtiH £ K mZE 0 m Ty L
E LIRS UZO OMMTOM (i 4 XA, - = L] AR o e B A e 1] <] G T o ] 00 LD
MADO 0 MO - B A0x WIMns> O « ~ (7} 8] Oxae =ZHJltx=Uao [=p. -2 Nl W HEH O B
TaQ g QOB @ e A B x . s KO S|NEHHD I ZExr « WAxrn Xt X i QS MEHO
% 3 11718 mMIpyad - EHHNODU Tk B« o ) = . O Qe RKEEDHERMLT > Wy a MHAD0G MLa,
QEmHEKO M U A EA A MmO - W . Ox > NN THHNCODHE HWT oy w AHBIODEHA
03 e Z) M XU =QAMOOM = a G W I o x KO g ZIN mD T O e oemmIO]
[P Y 3] Ol © HAOHMOMMEHMUAM D HR > B DO DT s o Wy DN M H o pmnsyExO
fedadnt dale] Zxxr W™ HOMHIAUHIEm-E OV N\ O IS on O ~ +» N b@E> \OL Wm » B (=1
ENR/UA oM N <Gl N m o A 8] Ml D ZraEm NN EOROWN M VO N pNKHEAND
amnmi-N Il u MO OHTE m N O (3] =0 M|EEGNANNN R 1 o R b O OMZEgqEM O
(LI ATAN- O MV oOHMOQL -\ - =m HOMEEMZENE=MNET H\WN o EHX Gl o0
NN\HE N Mty O WNO Nlx X . O %] = Qv N E | O O > ORl > S HE & Qo
Clp Bt Nm GO0 E HBENEH D m o L - O NS OxU~x DO =0 D B OxOsilopda
[STL] ] . =] L TN OB Oae Nz [ et ~N [T O _ TaNdDNE OWEOMmM Eeee 4 Za L OM W emmAa
x@maLnE x < o Ak MACTAQNEMm N D . -Oo H HOHEM EAN 004 (115 ] QO ] ,1 Mmdex>=
(=15 F 1. . [OF - e BO =y ) ZEHMxy o ] ] (L] QOZ® wnoefMmg = o~ ] > @ OQO0H= M =
ONAUEM © B pe et OO =HOE QMg . e O Ml E NEHEMZEA O SRR (3] = Mz 0 W™
NWEO EO R H MEDOCRNOMAMG € ~ mz ) HG=) DD, e . <3 Vo LMoz
W MagheE - m= H OOl @mmnifRo T e mhi O “C B >0 b oF o 1 WRE. = [CE S| oORMQOOmMNOD
OO Q HHR 1) O SR e () G [ 3T T- - nx m NNERHAENNEHNERAGSEH HZN . M T @t x o
<\ N < O »n M EEreHARgE <SHoo mEEHEe w0 = ~=n o BX HAx EZXZAOZZE @ifqEvC ~ @ B H o mOMCo 4 o
o a3 0 G2 T S s M HaeEMM O EREON TEWN S w own MO w@x MW NNz 0 cZOx ] nE: o Mo @D n
bd o 2 ] 64 g4 N o0 [8] > OWE ) B QN HEmE NOE N @ e et g R ) (e ) N e © A W HQRNODME I
o HUHHAQD H O e M M ETM b a Oo=Aan z ~ Aan un = EVNEBESVZNONZE OQAA-< M~ > A O T
(Vo D) e Al g W o THE EZE AUNAORIARNVIAIRIE WA E W oon > . WS QOO OO Mg B o ZO E HKEQOONEKEHZEO
— EZXx \O G v HA® D WMGCEZETERMOCe OTN\ - & - re D SGNOCTNEMNODE AL O\ W e A H DO O -



I

XY,

JINE
OVERY/

— oty
L]

&

]
L9
£
%
i
A
%
7

167

GEOTHERMAL STUDIES/CALIFORNIA/DESBLIHATION{ELECTBIC POWER PRODUCTION/SEA
WATER/GEOLOGY /EXPLO ITATION/DISTILLATION /COLOBRADC RIVER/WATER QUALITY/
GROUNDWATER RESOURCES/VOLUME/INJECTION/DREDGING
JIDENTIFIERS: /IMPERIAL VALLEY/GEOTHERMAL RESOURCES/HOT BRINES/GEOTHEBMAL
RESOURCES. DEVELOPMENT/HEAT CONTENT/SALTON SEA/CHEMICAL RECOVERY

208
REX, R.W.
1971
GEROTHERMAL ENERGY, THE NEGLECTED ENERGY OPTION.
BULLETIN OF THE ATOMIC SCIENTISTS 37(8) :52-56.
DRY STFAM PROM GEOTHERMAL FIELDS IS A SOURCE OF LOW-COST, NON-POLLUTING POWER.
THIS IS BORNE JUT BY EXPERIENCE IN DEVELOPED FIELDS IN ITALY AND NORTHERN
CALIFORNIA. TEN THOUSAND MEGAWATTS SUSTAINED PRODUCTION MAY BE POSSIBLE AT THE
GEYSERS FIELD IN CALIPORNIA. ALTHOUGH ANOTHER PQOTENTIALLY IMPORTANT DRY STEAM
PIELD HAS BEEN DISCOVERED RECENTLY AT VALLES CALDERA IN NEW MEXICO, IN GENERAL
DRY STEAM PIELDS ARE RELATIVELY RARE COMPARED TC HOQO1 NATER GEOT HERMAL AREAS.
BASIC RESEARCH AND TECHNOLOGY OF HOT WATER FIELLS IS IN AN EARLY STATE OP
DEVELOPMENT. SUCH FIELDS OCCUR IN THE IMPERIAL VALLEY OF CALIFORNIA AND
NORTHEASTERN BAJA CALIFORNIA. SUCH FIELDS CONTAIN THE PROMISE OF NOT CNLY CHEAP
POWER BUT ALSO GEQTHERMAL WATER DESALINATION, FULL ECEVELOPMENT OF GEOTHERMA
WATER RESOURCES OF THE U.S. IN THE IMPERIAL VALLEY WOULD CCST OVER FIVE BILLION
DOLLARS, BUT NATIONAL EFFORTS IN THE DEVELOPMENT OF THIS RESOURCE HAVE BEEN
LARGELY LACKING. U.S. EXPLORATION EFFORTS MIGHT YIELD UP TO CNE MILLION MW
WITHIN 30 YEARS WITH SAVINGS OP OVER 100 DOLLARS PER KW COMPARED TO ALTERNATIVE
ENEKGY SYSTEMS. .
GEOTHERMAL STUDIES/THERMAL POHER/ENERGYﬂRESOURCES DEVELOPMENT/CALIFOKNIA/NEN
HEXICO/STEAH/DESALINATIONQBXPLORATIOH/T ERMAL WATER/COSTS/HCT SPRINGS/
FORECASTING/ELECTRIC POWER PRODUCT ION/COMPARATIVE COSTS/UNITED STATES
/IDENTIFIERS: /VALLES CALDERA/BAJA CALIFORNIA/IMPERIAL VALLEY/GEGQT HERMAL
KESOURCES DEVELOPMENT/GEYSERS FIELD, CALIFORNIA/CRY STEAM FIELDS/GEOTHERMAL
POWER/HOT WATER SYSTEMS/GEQTHERMAL RESOURCES/POWEE CAPACITY

209
REX, R.W.
1974

HYDROGEN AS A POSSIBLE INTERMEDIATE IN DEVELOPING THE GEOTHERMAL RESOURCES
OF VOLCANQES IN ISOLATED LOCATIONS.

GEOTHERMAL ENERGY 2(5):35-36.

PEAK LOAL POWER CAN BE PRODUCED BY REACTION IN FUEL CELLS OF HYDRCGEN AND
OXYGEN ELECTROLYZED AT THE WELL HEAD AND PIPED TO STORAGE FACILITIES.
ELECTROLYSIS FACILITIES WOULD ADD ABOUT 95 DCLLARS TO THE 120 DCLLAES EER KW
PONER CAPACITY FOR GENERATING EQUIPMENT. HYLKOGEN ENERGY COST IS COMPARED
TO NATURAL GAS, FUEL OIL, AND COAL COSTS., GECTHERMAL HYDROGEN CYCLE PLANIS
WILL PROBABLY PIND FIRST’ APPLICATION IN ISOLATEL SMALL LOAD AREAS. (GALS)
GEOTHERMAL STUDIES/HYDROGEN/RURAL AREAS/VOLCANOES/PEAK LOADS/OXYGEN/
ELECTROLYSIS/COMPARATIVE COSTS
/IDENTIFIERS: /GEOTHERMAL RESOURCES/FUEL CELLS/ENERGY COSTS/ALTERNATIVE
ENEFGY SOURCES
210
REX, R.W./HOWELL, D.J.
1973
ASSESSMENT OF U,S. GEOTHERMAL RESOURCES. IN P. KEUGER AND C. OTTE, ELS.,
GEOTHERMAL ENERGY--RESQOURCES, PRODUCTION, STIMULATICN. SPECIAL SYAECSIOA
OF BMERICAN NUCLEAR SOCIETY, 1972, PROCEEDINGS, P. 59-67.
STANPORD UNIVERSITY PRESS, STANFORD, CALIFORNIA.
SFE: SWRA W73-13217,
GEOTHERMAL STUDIES/ELECTRIC POWER/ELECTRIC POWER DEMAND/THERMAL ECWERPLANTIS/
ELECTRIC POWER PRODUCTION /HYDROGEOLOGY/WATER RESQURCES LEVELOPMENT/ENERGY/
STEAM TURBINES/WELLS/PROFIT/ECONOMICS/COMPARATIVE COSTS
6IgENTIFIERS: /GEOTHERMAL POWER/IMPERIAL VALLEY/GECTHERMAL RESOURCES/WESTERN
21
REY NOLDS, G.
1973
COOLING WITH GEOTHERMAL HEAT., 1IN UNITED NATIONS SYMEQCSIUM ON THE DEVELCPMENT
AND UTILIZATION OF GECTHERMAL RESOURCES, PISA, 1970, PkOCEEDINGS.
GFOTHERMICS, SPECIAL ISSUE 2, 2(2):1658-1661.



i L mes

< O - D U EMETLEm D sl " ;
N . !~ M Ml EDHL . = T NN . ~relo e - L B 1Y L i B M
E oot n 0 COHBAE AT SO a S N =3a B Y WYL o - < W osmx@ o bome GECLNS
M OHE 9 E o EEZTOH | BHee B O Lot . Tan T comz — b T WAaRMMERKS TOznn<
amOz  «— & o T oko _@ms s mz@oz 0T n = =bw it DO e BBO B e mEGmEn Nz on BB MO DM = N\t
Ehmm e~ W on e A HOoQeXZIDW W BEDWm N W o W mOmAe N ~ O=d o B MAaHa H~ tnn O WHNZmWaHE OAfa-x
oxMa m e~ A O An VOREHAD 0L vt ~ 8 H @m IWH = o o ENR S @ T - N < B TG aNGAe D Al R
oxaa @~ 29 dn 93922 2808 S o m U m mE<HE o mme B B EEIQ 2l a0 HeEO<ONRE DRN\mx
L AN & - @ 0 mEEERIATCE ORON & o~ 5 on 0 @AxNO =
_ Illlllll!llllllllm
M
] N S
Nim O « = e T =
ARVEINLGN  On u ohax ox o = o :
HEBEHHAQN & G N s It NOD 0 ux Wy om
Ses8es g2 4 28 o= 225 e e =g, =
= [« .
o e “S OH M Qs TSB - M UD»I EWE =
<Jo En o & <Ba 0 ™TYS) =) oz Qo =
~BDRBa 0 © 0 ohainE  UNT a o =8 a
2EzDa, a0 . GHALRH -~ t E«OM o B )
Hgy HHHQU @0 > K Of Mbe T . Samon e >
a0 OUrHHM o O (=] San 'O “ - SHG i = qme
MNEaRNEEQE M0 o - 228w On3 = 3 @ N e
M O MXMDES = -0 W = L] BIAD = 2 M 0 < GNPy
R - ®O = ar~taror=1 3= <] TR e G
ORHEZOHE W\ Mam - MxHES oo o 2Ho T
@A) OF « MR \a s MEEhe 2<% ol =a%n " Zeoa
OMEHONH-g ~ Tm OH 3 Anoahe =3 b > Zidmn nSam=
MUTTNTB e mEx H <R OOy nxm o= ~ “omo= red=z2
O30 «<oma  Hx HO =~ HWBHNS gRrE z P S wgEsH ., o EOm<<=m
= - 5
1 THO UH "H m 2 O M| Hxo M NC w =g o S 2 HSOL:A
NapVOHA 2 OD | 7! L Reae na % pge cmmi D D Sme <=
DZEBHAOL HO Tm a MBI M M < o 4, wdmBa & N OXmE+ <
O am®mIAM 315 = 3] Qox =<K el ] z0 " M"ERR Qe © m=chI(n
prOTMORE a@N Ri P Enpaa Hah u e S Anze @ h =RTHERS
QRO oY VX = STHP Hua o e e 2 Amm e W M o AU
HMO Mg M mx - 52 n a2 an ' i c R 'Mﬁ
NEBEE maE oM o @ Pt et ag k Do 2 MS=Ran
EN mH O HE e = eyttt 223 = 8 & 3 S sm
NRMEO M e NN\ o uEmn . €O g o N Oy ua A H aEH
HTaH 30 W A Quuoby o= < o= < SSwiow & I el o
xz Mo W wax < oo Tyn o E Tm O OZmum N =it
m=-mpes®  Wx Uz o Z< oem T0o o= & N QE@muM N = rrer
- = @O o NO ma M Yt 1Y ] [ P Y] =N GTUTN (7)) = ED -
CcMNCO@ODR om < = Ban< @9 = mN w CUaNs « S Shgma=
mom 0 = =M et no =« Mg e Ak D aale=s = m Oxm a0
-t~ e o - a4 » = arie= O nm ] = = T gQFSLe
HOO L= « WMy 5 HoameS B8= 8 z2 S W ad= B A
QOH-D Do®| O mm M BWEENL [} a -3 = MYPCN [ n oo~ .~ 0 -
HOMOMAIM HU MM nttaiat~L B el Al e 5 Nz L M oefam oE
Tw@ARUR  HHN = m A~ W o = "OPBE & ot 2880se
o BEamEn. e o< © HE <«fib Al N oo« A e <GBtz m
D EEL=EN L L= DN ° < Tl P rares Qq e o o < Q -~ Umx wx
ZwarEound 82 89 P -F- o e nes Z Zoped © O I HEZLA
ROmmz = OU Hm £ “ZnzaT o a2 e & “Omns N & w o mEg
U TAAHELY UM > V< m o =x Lxwn » & O mMEQw
Qg ZumHnug UM Nﬂ > > € m o meH D S5p w g<C W on ~ AL
A tmobn % Eo 8 Eamz=S BSE o g  om 3 wEas= 2o = = g=o=
-
So0%BSEZ . 29 20 g g oy o= mam . =4 o Ra e 8% = 5 PE.fd
oOmMHATNNSN W o - I <Lpe wase @ 0 o~ ) > H om0 O @ n mEmeoD
Oa<<ep B N0 —Ax 5 &\ mamami amo n Zan ™ WmRAE O N o= IO
AR EHEHRI 0 AT - © H o1 H o pee Eme@ 2 = < D vAHAE A0 ~ p1 T O
02EERLm A0 Henm< S v m Mk Om=a < 0~ mm a R lL,e v U T «Q™W o
SIBEST=AS HEnES w D aBlumE Qme ¥ mo- ol 2 M o x| [P R-N
N TaSHO  DUnBK . H o Qzen g g & h Qe °oms  wne h o= = ;ad
eEOE U= O XH = ; =T O axH W a = s S onaeg® 0% e P <3
<Hzo EmeH OM0RO w 3 8 A5® 0 EBEEQOE < A . qu= o~ HMNVH n= 5 O & Hmmalo
W B - = N CH )
HHRGHCE“O LTNW” H H m FSWHHN MHU m W F w H/T H WHHAE NT - o M MSM ot
o ° . - - =z
MENCHEEAc mho A s & 5 °d35.,458 388.9 = S g 258 g CZoma HE 5 5 & =bau<e
O EOND - Ere e / a - O O\ B} oy
= D g 3 e 4 nmoH N \o-o no N n U & MmInE
PCGHSHWM” HWU:U '™ B A MHEHOME> X0 g . r »n e nﬂ v =a<ol S = S5 Jupxxo
.00 == TELsn p Wu AUNA®, 3] 2 ab e o n o 4 = 0 e Qw =z - -l o D t > n > oWnNKkan
omAm A0 Ok<x 3 b - <l HANO 0 . T oy W™ RO . = T2uRznd o S Eom g
2 EERLQ“ omaa i = e Sax hNveLa - = ) ZnBuul N . ow E B X
LR mEmexmol 0RO 8 3 LANEEs~ mHidms > = Egm ” HOEGToR b = Szozsn
= e 0 e b y uH _ QXO B0, 13 4y . = = m O HoE Y E . N OEO=XM .
z  SE=ae <zZox n = E mEZHMaZM N€nT e & o m = N\& : & “nbaan - = T C oRiZgru
podmsdi,, gEOME 8§ Sk Bdgeen: E5%4 = Z o e gy | 4 00RO Bn 5 o HE s
TRaenX WO MW nEZ o O M ¥ GE = = ~ 3 fhae 2 = o o= EE L EEE 2o 1 A SsiaSiaEe
O AT oG,y P e N E oW oA O EHmaH e 00 w4 - o - 2z - w el o @ ) g QIR (T
[ B~ B~ S TR A DHO2M TE - 0 T E QExmTA
0Q QO <=<nox 3 QknQO -~ & O naxe an EOmma A NI RS s REEEeT e Y E 3
O NBEBA00NE OO MK [-ST -V TV R 1. R ] TP EHR R S S - b z o= >=Ann ca & n & 5 "o oned
— <€NEHOURCO OxOND E - X0 OetdomD mAannS 22 u s g nat H o @ O WuHTmm iy 568 3 8 =2.3358
o B- I T LY DN [ =) oxC
&} e DN - LR T TS Yo T W 2 -0



169

-3 [=]
(L] *x
by z % X g}
e = —E W N 24N
-~ - o . @ Ol e . ) Luen
g« = N 3 @ CTWO ] Z mEr
- SLPD WY & a3 k] =z e D umD O am=
b 2 - a ﬂ z O ] ) OO - . \len
23] it 50 o - = = = TANTONA .  NTN
Rw c... M“NAEO“E 2] [ IS Byl B~ o 17,34 HMHB “ Hmn.u.”
] Q = -
g3 2 Ggggeee= 22 53 S z S & .502%d = pem
nz S w ME %] “E N, m N o) Qati4>n, m O O EHON
et 2 TﬂLﬂ > i3l (O ST 2] o ol HEROWMD N~ B B N\
o5 W = EQIL & TO x (&} ] ) Tt A e [ 2B =1 plead
) ] MIH [N 218 > By | SN A [&] P AT = Oz,
ooy Haino= Of N\ © HE ONU<E O « & UMo
“Ru H = I b et B o B (] ] =~ - -3 OV D ,HM
OC -] €hiag MO ] (LY ] on o < froatt § " NN Ya
WNI HHUB XX o <= N = - v M MTquIMLM w me
: [ =0
e M DH EWMSH WW HM m M: e =] O QE; W€ [ Q amN=
=B x AL e ommE 2o o~ < o= ) Z  mEMN = O»MIO
JW“ [2-] “RCH Do W= =W e i N\ = - ZAMD O I g
MHL (] - OXRHY > B W o M“ m HAOH“WHPW W HDWH
—ry [="]
alple i ASP“ m..u “H m“ nTn. ” O H -] Iy Bl DIeEe O WY et
e but M =12 EQERA. nun iyl N\ Ll ZEH M LZENXOQO= > QAW
ﬂﬂ“ n E.L?uR =onl,g N\ uyr 0N nun Iw mc.“ “ mﬂmmu “NNN N v/..mmu
w - —~
] h RHSWNWNNW Mm NU H 18] [ = M NZE . VOO U &mD
s s am e~ Hx: <@ zum vm 0 EZCEM HL - RO
et > anz < me O oD [ o SN ITNAQARE O NSO
o= x manr o anm [ 2 - manes g 30=
w3 ~ M DOUMZDE HNn o —O A o o 3] 0 ~ A
it 3 WONRIKG=CND @ nH Evtn <4 m fay DHNMUZBTNLO® 2 QOK=a
m%Hm - HHR(DU N~ O n a wbnd . =0 SFEIHT MU m ] /ﬁ
0 -] -3 < L) ~ ~ LIS}
o= b4 HHN HHHH um ﬂ“ - < m = ] acdalzZnEE o < 0D
Mo S e MORNPR [St.= O - ax (=] T — < CEOHTLE — AT O
Emﬂ“ - W HAKANEN O Mm 7] 2] ) g — B 4 [ EYWAV “E“ m HHAM
[ ] ] = O £ ax n
et M a.d m BUT”“WH Vﬂ “H = ”R [Tad W\n xr [<3] a1 Fal Ne)al [ I of Y]
RSN [ .MHAOE wtpe @O v O - = ~ E1-"E wn NOZAZMISY D DO
obon S ARST2EEY m o N ¥ 2z = 4 Sopa UOk & o
wn = o aN wm 8} [=Y-J 3
S 5 0 CLES SR, vl ¢ = HEIIS 20 HE U e PVECOEEZN N UVaD
W”SK W - LUP“ATM“R HM m 3] Zzid Ha o~ N m = 1 O ZmaDHN M \\DQO
a vy - m xnOx
[alal=Y=] o0 H o R o [ ENIM L) “ %” M m MﬂCLTTHOH MREE/I
| [o] =~ 00X ame «X TN ™ - b ai="1 ) hweHOEos SES=xY
Demn AN nomEm actd Vo ©n (2] MMWM &W MH ﬁ K . IIR[USEBO ot aptadad
- ,
LAEH H NMMWNH HH WM M »” H O £ o o m [ 2] N Emaorst A=, TAPZSH
o ¢ £ Moo Enoxb Ox o nouy 55 . ot N v T Bzpaomam” L Laon
=t o sttty l/uONL o G7J Hwﬂm T.m =] SE < wnv - NIEETD ) o 0deg by DI
s 3 & 88Ve~Eere Soon = ommN = 0 Oz X > MEMEBELEN OJreml
&2 - . b Do N\
O e Gyt n <H oo [ naH H=Qo
[Slel 21 m Al - N olaimel HURHM 10 B+ SeE2Cne meaTR
=HOA™ ~3 H =X W = —_ oo
Pl S B 0 SpazSimwh mgps 5 h . oan ok T L EX & 3 T p20FITeR3 fE250.
w
1 32 - VN T 20w v TOK TejEg @ U O MO 13 = f S 580 Tobmiou
T - \muAn <= < ~ T o > ~ (3212 . o
=g € B Bzowrxm P9 /Sﬂm B - N ] HE H o A ®m M ZEAIN € AN\HEOA,
N H & M NMGBNM%TU %MUG el .. M GHWR =D O ® oa v e > DA eIz
HWNN - 0 DM ZaCa 4 @\ Z o~ O ZHON = m o WUY/ ” M MrTMaMDMW M“/NKW
] Hon L BN W [T E =
Wmmu -~ m NSWWNH”TE Unmu o N N mElfs nmuu tz [ 7o I VSN [+ rNu mm N%“Gﬁ““ WM.GTB
<] . - ~ d . . .
4 2f= : H = CWMFEM“IB ﬂ%”& W W WWM&V W LNl 1217] = M mBRHDNHZTMN NN\NZIZ
SWHS < = 9 ArO@ VK NN\ =~ [e]ol.p8| =N [ Sl la] . < OB Ol O HHE4 0 -ty X
=0 - C < DAL oM um DNnE R O~ @ EEame . Q=G U < <EXM » U g mzaE GRO 0MamU
MWRH D U mHNZTDEE>C <P L T - o OGPIﬁ x “EN — upl\. H“EH D“ n.ﬂ H T”R v”T“Muu& Mﬂn“wm
A9 Lok N . - K ke o 4 ]
MNSI & i ﬂ (rﬂNFHMHH RWLI m < o ¢ \WVpHn n oy H 0 HNCI - ” N HEM%ABHEM NM”NNH
. + O NN T oo} 10 a3 2] ~
B B O E > ERZrOd o) RHge ™~ o Y e HEEE TO=W W
@ W — T M X omz - T m.3mmn =
HRCH ~ m v 2 W NMWAHWHR& NM%M ~ 0 o~ o 3 . HUEET N Ao I e GG N Z N e I QU Pt COD [ et e b\ D
Py o . - QU N~ QN DO o 00 O W mAaHa -~ n O M-NZMRNELEZ OO 32
OHWD M ﬂ H N HﬁEONOMWW EWOI O & W U @ mEaem O & e o Bl TdaegH @ N < ) CEREEXNGED G m
ﬂmhﬂ G o« m O =EBrEINIGH DN e v & oy o anNENL m o~ Oalk U U LI VN - m O HEZXUacONME I\ Nmx
AT« LA 5 R e ORI - B P S — - —
o]
D“SNETSE (=1 n BDN O ~ V) - MR
- o] o OB Noe '
HEHHAQy o, @ N\ 0 oeend n = 2%
o = O e M D =11 '.A MLT ] N om =
LLTAVCH |y Bl TST IWH — HAHH °=. 2
P.l-“”:um Tnﬂu mU_Wu \.\l- <D :45 ERTY =) =2 it




170

220
SANDQUIST, G.M./WHAN, G.A.
1973
ENVIBONMENTAL ASPECTS OF NUCLEAR STIMULATION, 1IN P. KBUGER AN
EDS., GEOTHERMAL ENERGY--RESOURCES
SYMPOSIUM OF ANERICAN NUCLEAR SoCIfry, 1972, P
STANPORD UNIVERSITY PBESS, STANPORD, CALIFORNIA. EIA 73-09040.
SEE: SWRA W73-13230.
ENVIRONMENTAL EFFECTS/NUCLEAR EXPLOSIONS/WELLS/GEOTHERMAL STUDIES/THERM
POVERPLANTS/VATER POLLUTION SOURCES/RADIOACTIVE WASTES/SELSHIC STUDIES/

RADIOACTIVITY EPPECTS/AIR POLLUTIO

/IDENTIFIERS: /WELL 4TINULATION/GEOTHERMAL POVER

221
SCH USTER, R.
1972
TURNING TURBINES WITH GEOTHERMAL STEAM.

POV ER ENGINEERING 76 (3):36-41, EIA 72-04297.

THE AUTHOR BELIEVES THAT THE MOST REALISTIC ASSESSEENT OF THE MAXIMUN

GEOTHERMAL ENERGY POTENTIAL, NATIONAL AND WORLC®IDE, IF FULLY DEVELOPED, WOULD

PROVIDE ONLY A PBACTION OF f0TAL PUTURE ENERGY REQUiREﬂENTS. TECHNICAL FOCUS

OF THE ARTICLE IS ON GEYSERS FIELD, CALIFORNIA, AND DEVELOPMENTS IR ICELAND.

HE CALLS ATTENTION TO-CORROSICN PROBLENS AT THE GETSERS PLANT, AND THE STEANM-~

GAT HERING PIPING THAT DOMINATES ITS LANDSCAPE.

GEOTHE RMAL STUDIES/STBAH EXPLORATION/IURBINES{ENTHALPY/PIPELINES/CORBOSION/

ENVIRCNMENTAL FFFPECTS/STEAM TURBINES/UNITED A

/IDENTIPIERS: /GEYSERS FIELD, CALIFORNIA/ICELAND/WORLD/GEOTHERMAL RESOURCES
222

SCIENCE

1973

DRY GFOTHERMAL WELLS: PROMISING EXPERIMENTAL RESULTS.
SAME AS AUTHOR 182 (4107):43-45, EIA 73-11067.
TWO QUESTIONS ABOUT TAPPING DRY GEOTHEBHAL DBPOSITb

IN IGNECUS ROCKS HAVE BEEN
ANSWERED BY EXPERIMENTS IN NEW X ICO. BAS DEMONSTRATED THAT GRANITE
CAN BE HYDROFRACTURED, AND THAT IT IS SUPFICIENTLY IMPERMEAELE TQ HOLD WATER.
PROJECTS IN MONTANA ARE UNDERWAY TO ASSESS L[RY GEOTHERMAL RESOURCES AND TO
CONFIRM SUSPECTED DEPOSITS.
GEOTHERMAL STUDIES/NEW MEXICO/MONTANA/HYDROFRACTURING/LAND RESOURCES/SQUTHWEST
U.S. /G ANI TES/IGNEOUS BOCKS/EXPLORATION /PERMEABILITY/ON~-SITE INVEST IGAT IONS
/IDENTIFIERS /HOT-DRY ROCKS

223

SCURLOCK, J.S./CONLEY, J.N.
1972

STATE OF ARIZONA SUBSURFACE TEMPERATURE MAP. [MAP,SCALE 1:1,000,000]
ARIZONA OIL AND GAS CONSERVATION COMMISSION. TAELE. 8 P.

WELL LOCATIONS ABE PLOTTED, EACH WITH DATA CN DOWN-HOLE TEHPERATUBB DEPTH,
ROCK FORMATION, TEMPERATURE GRADIENT, AND TYPE OF WELL (DRY chs
WATER, PLUGGED ABANBONED ETC.) . A TABLE FOR WELLS IN NAV ‘JO AND APA HE
counTfES éNORTﬁEASTERN ARiZONA) LISTS IDENTIPICATION NUMBER, LOCATION, NAME,
AND TEMPERATURE DATA. LS)
GEOTHERMAL STUDIES/ARIZONA/MAPS/SUBSURFACE INVESTIGATIONS/WELL DATA/DRILL
HOLES/TEMPERATURE
/IDENTIFIERS: /TEMPERATURE GRADIENT

224
SIGVALDASON, G.E.
1973
GEOCHENTICAL METHODS IN GEOTHERMAL EXPLORATION, 1IN H.C.H. ARMSTEA .
GEOTHERMAL ENERGY: REVIEW OF RESEARCH AND CEVELOFMENT, P. “9-59.D' £D-.
UNESCO, PARIS. EARTH SCIENCES SERIES 12,

SEE: SWRA W?4-11786.
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GEOTHERMAL STUDIESgGEOCHEHISTRYgSURVEYSGEXPLORATION{HATER CHEMISTRY /BRINES/
CHLOBIDES/THERMAL WATER/HYDROTHERMAL STUDIES/THERMAL POWER/CHEMICAL ANALYSIS/
CHEMICAL PROPERTIES

225
SMALL, H.
1973

NATURE'S TEAKETTLE: GEOTHERMAL ENERGY FOR THE PEOPLE.
GEOTHERMAL INPORMATION SERVICES, WEST COVINA, CALIFPORNIA. 213 P.

EXPLAINS THE BASIC PRINCIPLES NECESSARY FOR UNDERSTANDING GEQTHERMAL POWEE,
TES THE ECONOMIC DEMANDS

HEAT TRANSPER, AND DESALINATION. THE AUTHOR EVALUA
CREATED BY ENERGY DEVELOPMENT AS WELL AS THE ENVIRONMENTAL PACTORS THAT MAKE
GFOTHERMAL ENERGY AN APPEALING SOURCE OP ENERGY. NUCLEAR ENERGY AND FOSSIL
FUELS ARE DISCUSSED AND COMPARED TO GEOTHERMAL ENERGY. A WORLDWIDE SURVEY OF
GFOTHERMAL ENERGY DEVELOPMENT IS MADE AND A SUMMARY OF LEGISLATION PROPOSED
TO AID DEVELOPMENT OP THIS RESOURCE CONCLUDES THIS PUBLICATION.
ELECTRIC POWER/POSSIL PUELS/GEOTHERMAL STUDIES/STEAM/HEAT TRANSFER/ECONOMICS/
DESALINATION/NUCLEAR ENERGY/GEOLCGY/ENVIRONMENTAL EFPECTS/LEGAL ASPECTS
JIDENTIFIERS: ,/DRY STEAM FIELDS/ALTERNATIVE ENERGY SOUKCES/GEOTHERMAL ENERGY /
GEOTHERMAL RESOURCES DEVELOPMENT/GLOBAL DISTRIEUTION/WORLD

226
SMITH, J.H.
1973 :
COLIECTION AND TRANSMISSION OP GEOTHERMAL FLUILS. IN H.C.H. ARMSTEAD, ED.,
GEOTH ERMAL ENERGY: REVIEW OF RESEARCH AND DEVELOPMENT, P. 97-106,.

UNESCO, PARIS. EARTH SCIENCES SERIES 12.
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SMITH, M.C. - ET AL
1973
INDUCTICN AND GROWTH OF FRACTURES IN HO
EDS., GEOTHERMAL ENERGY--RESOURCES, PRO
SYMPOSIUM OF AMERICAN NUCLEAR SOCIETY,
STANFORD UNIVERSITY PRESS, STANFORD, CA

SEE: SWRA W73-13228,
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SMITH, M.C. ET AL

1975

MAN-MADE GEOTHERMA

DEVELOPMENT AND US

ABSTRACTS VI-40.

UNIVERSITY OF CALIFORNIA, BERKELEY, LAWRENCE BERKELEY LABOKATORY.

ENERGY CONTENT OF DRY GEOTHERMAL RESERVOIRS IS ENORMOUS. IF MEA

POUND TO EXTRACT AND USE IT ECONOMICALLY, IT CAN CONTRIBUTE SIGN
TO SATISPYING THE WCRLD'S ENERGY NEEDS. ONE WAY TO ACCOMPLISH T
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GEQTHERMAL STUDIES/HYDROGEOLOGY/AQUIPER TBSTING/DRILLING{EX LORATION S{
BOREHOLE GEOPHYSICSéTHERHAL WATER/DATA COLLECTICNS/HYDROLOG ATl/G YSICS/
MAGNETIC STUDIES/ELECTRICAL STUDIES/RESISTIVITY

236
SOKHAREV, G.M./VLASOVA, S.P./TABANUKHA, Y.K.
1973
UTILIZATION OF THERMAL WATERS FROM OIL DEPOSITS OF THE CAUCASUS. 1IN UNITED
NATIONS SYMPOSIUM ON THE DEVELOPMENT AND UTILIZATION OF GEOTHERMAL RESOURCES,

PISA, 1970, PROCEEDINGS.
GEOTHERMICS, SPECIAL ISSUE 2, 2(2):1102-1115.
SEE: SWRA W7u4-08988.

GEOTHERMAL STUDIES/THERMAL WAT
THERMAL POHBR/H!DROGEOLOGY/OIL
/IDENTIFIERS: /OUSSR/HOT WATER

B{DRAHDOHNETHERHAL SPRINGS/HQT SPRINGS/
FIELDS/INJECTI
SYSTENS/INDUSTRIAL USES/SPACE HEATING
237
SUNMERS, W.K. COMP.
1971
ANNOTATED AND INDEXED BIBLIOGRAPHY OF GEOTHERMAL PHENOMENA.
NEW MEXICO, STATE .BOREAU OP MINES AND MINEFAL RESOURCES, SOCORRO. 665 P.
THIS MASSIVE WORK, COMPLETED IN A 3- YEAB PERIOD FROM JULY 1969 TQ JOLY 1971 ON
NSF GRANT NO. GN-764, INCLUDES OVER 000 ENTRIES COYERING ALL MNATOURAL,
SICAL, AND CHEMICAL ASPECTS OF THE ﬁARTH ) HEAT. IT PURPORTS TO LIST 95
6r REPERENCES ON GEOTHERMAL PHENOMENA AEPFARING THROUGH DECEMBER 3,

WITH GEOGRAPHICAL AHD SUBJECT '

ES ARE INCLUDED. X RIGH PERCENTAGE OF THE ITEMS ARE ANNOTATED

ERMAL STUDIBS/BIBLIOGRAPHIES/HEAT BUDGET/THERMAL POWER/STEAN/HOT SPRINGS/
YSICS/GEOCHEMISTRY/GEOLOGY

LI e

238
SUMMERS, W.K.
1572 A
GEOTHERMAL PROSPECTS IN NEW MEXICO. IN GEOTHERMAL RESOURC
GEOTHERMAL OVERVIENS OF THE WESTERN UNITED STATES, EL CENT
1972, PROCEEDINGS, PAPER I, 23 P.

GEQTHERMAL RESOURCES COUNCIL, DAVIS, CALIFORNIA, PUBLICATION.
SEE: SWRA W73-03428,

MAL STUDIES/S
EMPERATURE/TH
G/SPATIAL DIS
FIERS: /GEOT
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SUMMERS, W.K,
1972 8
GEOTRER™AL RESOURCES OF NEW MEXICO. [MAP, SCALE 1:1,000,0C0]
NFW MEXICO STATE BUREAU OF MINES AND MINERAL RESQURCES.

SHOWS LOCATIONS, NAMES, AND TEMPERATURES OF THERMAL SPBRINGS AND GEOTHERMAL
WELLIS, ALSO SHOWS LOCATICNS OF KNOW N GEOTHERMAL RESOURCE AREAS LSTABLISHED
BY U.S, DEPARTMENT OF THE INTERIOR) AND EXTENSIVE HYDROTHERMAL ANCMALIES.
ggg?ngg%%gAL MANIPESTATIONS OCCUR ALONG THE RIO GRANDE AND IN SOUTHHESTBRN
GEQTHERMAL STUDIES/NEW HEXICO{HAPS/SPATIAL DISTRIBUTION/THERMAL SPRINGS
/IDENTIFIERS: /RIO GRANDE RIFT/GEOTHERMAL WELLS

240
SUMMERS, W.K.
1973

GEOTHERMAL PROSPECTS IN NEW MEXICO, IN UNITEC NATIONS SYMPOSIUN ON THE
DEVELOPMENT AND UTILIZATION OF GECTHERMAL RESQURCES, PISA, 1970, PROCEEDINGS.

GEOTHERMICS, SPECIAL ISSUE 2, 2(2):1009-1014,
SER: SHRA ¥74-08975.
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245
TAZIEFF, H.
1972 A
ETHIOPIA'S GEOTHERMAL POSSIBILITIES.
COMPRESSED AIR MAGAZINE 77(1):14-17. EIA 72-04680.
DANAKIL DEPRESSION HOLDS AN ENORMOUS UNDEBGROUND STEAM BESERVE. SINCE

ERMAL POWER IS RELATIVELY CHEAP POWER THIS RESOURCE COOLD BE OF

ICANCE IN DEVELOPING THIS IMPOVERISHED NATION. A COST COMPARISON IS MADE
GEOTHERMAL POWEE AND OT HER SOURCES SUCH AS COAL, HYDROELECTRIC, AND
STUDIES/AFRICA/ENERGY CONVERSION/THEGMAL FOWER/LAND BRESOUERCES/COST

/ETRIOPIA/ALTERNATIVE ENRERGY SOURCES/GEOTHERMAL STEAM/GECTHERMAL

THE
GEO
SIG
BET
NUC
GEO
o
RES VELOPING COU TRIES/GEOTHERMAL POWER/DANAKIL DEPRESSION
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246
TAZIEFF, H.
1972 B
THE AFAR TRIANGLE.
SCIENTIFPIC AMERICAN 222(2):32-
RIFTS IN GULP OF ADEN AND R
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"
IERS: /APAR TRIANGLE/RIFT ZONES/GULF CP ADEN/RED SEA/ETHIOPIA/PLATE
ES‘DEVELOPING COUNT RIES/GEOTHERMAL BESOURCBS{SPREADING CENTERS/GLOBAL
S/MID-OCEANIC RIDGES/GEOTHERMAL BESOURCES DEVELOPMENT

247
TELLIER, A.H.
1973
GEOTHERMAL WATERS OF ARIZONA, A PROGRESS REPORT.
GEOTHERMAL WORLD DIRECTORY, 1973. P. 163-175.

PONER PRODUCTION POTENTIAL WAS INVESTIGATED AT 34 SITES BY ANALYZING WATER
SAMPLES POR SODIUM (NA), POTASSIUM Kg ICA, BORON, AND TOTAL DISSOLVED
SOLIDS. NA/K AMD SILICA GEOTHERMOMET ks INDICATE RESERVOIR TEMPERA TURE OVER
200 DEGREES C. FOR 5 LOCATIONS NEAR SAFFORL AND FOR SEVERAL CTHER SITES NEAR
MESA, ASH CREEK, AND WICKIEUP.
GEOTHERMAL STUDIES/ARIZONA/THERMAL HATERéHATBR CHEM ISTRY/SODIUM /POTASSIUN/
ON-SITE IlVESTIGATIONS/SILICA{BOROH/UATB ANALYSIS/WATER TEMPERATURE
/IDENTIPIERS: /GEOTHERMAL WAT ER/GEOTHERMAL RESOURCES/GEOTHERMAL POWER/
GELOTHERMOMETERS/GEOTHERMAL RESERVOIRS/SAFPORD VALLEY, ARIZONA

248
THOMPSON, W.E,
1972

REVIEW OF CALIFORNIA'S REGIONARL WATER SUPPLY SYSTEMS AND POSSIELE APPLICA TIONS
OF DESALTING.

OAK RIDGE NATIONAL LABORATORY, TENNESSEE, NUCLEAR DESALINATION INFORKATION

CENTER. PAPER. 98

SEE: SWRA W72-13917.

VAT ER SUPPLY/DESALINATION/APPLICATION METHODS/HATER STORAGE/CALIFORNIA /WA TER
CONVEY ANCE/CONSTRUCTION /AQUEDOCTS/COLORADO RIVER EBUEDUCT BESERVOIRS CéHTBAL
VALLEY PROJECT/IRRIGATION/WATER RATES/COSTS/¥ATIR zguxn HBIT%éSEl ATER/
gé{gg.ggsgg5§g ION (APPLIED) /JECONOMICS/BRINES/GEOTHEERAL STUDIES/SALINITY/
/IDENTIFIERS: /ALL~AMERICAN CANAL/SIERBA NEVADA/IMPERIAL VALLEY/CAL NIA
STATE WATER PROJECT/GULF OF CALIFOéHXA / / TFCR
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AMOUNTS. COSTS WERE ESTIMATED POR DESALINATION AT WELLHEAC FOLLOWED
IMMEDIATELY BY POWER PRODUCTION éBINARY FLUID CYCLE) AT LOWER TEMPERATURE.
THIS COMBINATION OF BOTH OPERATIONS PROVIDES LOWEST WATER AND POWER COGSTS.
KESEARCH ON DESALINATION IS PROGRESSING WITH TWO DISTILLATICN PILCT PLANTS
PULTISTAGE PLASH AND VERTICAL TUBE BVAPORATOR% ANC PLANS FOR MEMBRANE
éROCESS TESTS AND FIELD TRIALS OF CROPS WITH DESALTED WATER. ENVIRONMENTAL
CONSIDERATIONS ARE REVIEWED AND FUTURE RESEARCH PLANS ARE OUTLINED. (OALS)
GEOTHERMAL STUDIES/CALIFORNIA/MULTIPLE-PURPOSE PRBOJECTS DESALIHATIONéHELL
DAT A/GEOPHYSICS/TEST WELLS/BRINE DISPOSAL/INJECTION/WATER COSTS/ELECTIRIC
POWER COSTS/FLASH DISTILLATION{HEHBRANE PROCESSES/ENVIRONMENTAL EFFECTS
JIDENTIFIERS: /IMPERIAL VALLEY/EAST MESA FIELL/GEOTHERMAL WATER/GEOTHERMAL
POW ER/CHEMTCAL RECOVERY/HOT BRINES/ENERGY-WATER RELATICNSHIPS/BINARY CYCLE
261

U.S. BUREAU OF RECLAMATION, DENVER, COLORADC, LOWER COLOBRADO REGION
1973

GEOTHERMAL BRESOURCE INVESTIGATIONS, IMPERIAL VALLEY, CALIPORNIA: SPECIAL
REPORT TEST WELL MESA 6-1.

SAME AS AUTHOR. 44 P.

SFE: SWRA W74-05139.
ERMAL STUDIES/WATER WELLS/THERMAL WATER/CALIFORNIA/THERMAL PCWERPLANTS/
YIELD/WELLS/EXPLORATION/DEEP WELLS

IPIERS: /GEOTHERMAL ENERGY/IMPERIAL VALLEY/EAST MESA FIELD/GEOTHERMAL
ELLS/HOT BRINES/HOT WATER SYSTEMS

262

U.S. BUREAU OP RECLAMATION, WASHINGTON, Db.C.

1972

GEOTHERMAL RESOURCE INVESTIGATIONS, IMPERIAL VALLEY, CALIFORNIA:
DEVELOPMENTAL CONCEPTS.

SAME AS AUTHDR. 58 P.
SFE: SWRA W73-09439.

DESALINATION/GEOTHERMAL STUDIES/CALIFORNIA/GRCUNDWATER/WATER SUPPLYé
WATER gUALITY/COSTS WATER UTILIZATION/COLORACO RIVER/WATER RESOQURCE
DEVELCPMENT/BRINES/THERMAL POWERPLANTS/RESEARCH AND DEVELOPMENT/WATER
IMPORTING/ELECTRIC POWER PRODUCTION/BRACKISH WATER/STEAM/WATER TRANSFER/
MULTIPLE-PURPOSE PRCJECTS/BRINES
/IDENTIFIERS: /IMPERIAL VALLEY/GEOTHERMAL WATER/HOT WATER SYSTEMS/
GEOTHERMAL POWER/CHEMICAL RECOVERY

263
U.S. BUREAU OF RECLAMATION, WASHINGTON, D.C. .
1973

COLCRADO RIVER WATER QUALITY IMPROVEMENT PROGRAEX.
SAME AS AUTHOR. 88 P.
SEE: SWRA W73-11264.

COLORADO PIVER BASIN/WATER QUALITY/SALINITY{IRRIGATION WATER/MINERAL WATEER/
gisé%gga%iON/iEArHER MODIPICATION/GEOTHERMAL STUDIES/SOUTHWEST U.S./ARIZONA/
/IDENTIFIERS: /CENTRAL ARIZONA PROJECT

264
U.S. CODE CONGRESSIONAL AND ADMINISTRATIVE NEWS
1970
GEOTHERMAL STEAM ACT OF 1970 (EXPLOITATION ANL CEVELOPMENT OF GEOTHERMAL
STEAM RESOURCES).
SAME AS AUTHOR. P. 6778-6788.
SEE: SWRA W71-06650.
THERMAL WATER/STERAM/MINERALOGY/ADMINISTRATIVE AGENCIES/LEGISLATION/THERMAL
PROPERTIES‘LEASES{PBRHITS/FEDERAL GOV ERNMENT/W ATER T!PéS/HELLS/DRI{LlNG
EXPLORATION/EXPLO TATION/HINIHG/CONSERVATION/ENEBGY/HEAT/GASES/OIL/HELIﬂH/
EESQURCES DEVELOPMENT/BRINES/GEOTHERMAL STODIES/ROY ALTIES/REGUOLATION
/IDENTIFIEES: /GEOTHERMAL STEAM ACT, 1970,/GECTHEEMAL KESOURCES DEVELCEMENT/
GEOTHERMAL PLUIDS/GEOTHERMAL HEAT/CHEMICAL RECOVERY
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1ST SESSION

89TH,

CONGRESS,

+» n
2 BY -4
+« O
= -

F GEOTHERMAL STEAM AND ASSOCIATED GEOTHERMAL

A BILL TO AUTHORIZE THE SECRETARY OF THE

§

SENATE BILL 1674,

ACT OF 1965
SWRA NW72-06087,

OR TO MAKE DISPOSITION

RMAL STEAM

-x

11 P.

SAME AS AUTHOR.

SEE

ENT/LEGISLATION/LEGAL

BBG6LATICN
AL PLUIDS/GEOTHERMAL

ENCIES/PUBLIC LANDS/
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DEPARTMENT OF THE INTERIOR, WASHINGTON, L.C.

0.s.
1971

(DRAFT ENVIRONMENTAL IMPACT STATEMENT) .

AVAILABLE NTIS AS PB-203 102-D.

GEOTHERMAL LEASING PROGRAM

58 p.
SWRA W72-09044.

SAME AS AUTHOR.
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DEPARTMENT OF THE INTRERIOR, WASHINGTON, [.C.

Uu.s.
1973 a

ING AND

S
)

AVAILABLE NTIIS AS EIS-CA-73-1681-F-1.

519 p.
SWRA W75-06166.

SAME AS AUTHOR.
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DEPARTMENT OF THE INTERIOR, WASHINGTON, D.C.

Uu.s.
1973 3
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VOLUME IV
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NTIS AS EIS-CA-73-1681-F-4,

AVAILABLE

728 P.
SWRA W75-077381.

SAME AS AUTHOR.
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294
WEHLAGE, E.F.
1974 A

ANTINTERgATIONAL GEOTHERMAL OVERVIEW: THE WORLD-WIDE SCENE IS WHERE THE
ACTION ISsese

GEOTHERMAL WORLD DIRECTORY, 1974. P. 95-112.

WHILE U.S. GEOTHERMAL DEVELOPMENT TAKES A CONSERVATIVE, ACADEMIC APPROACH
SGOVERNHENT AND GIANT PORATE RESEARCH OVERKILL) oThER NATIONS

FALTHY, CONTINUE RAPID PROGRESS WITH INNOVATIVE ﬁRACTICAL APPLI&ATIONS.
GEOTHERMAL ACTIVITIES AROUND THE WORLD ARE SUMMARIZED WITH PHOTOGRAPHS AND
BRI EF TEXT.
GEOTHERMAL STUDIES/RESEARCH AND DEVELOPMENT
/IDENTIFIERS: /WORLD/GEOTHERMAL RESOURCES DEVELOPMENT/DEVELOPIRG COCUNTEIES

285

WEHLAGE, E.F.
1974 B

GEOTHERMAL ENERGY'S POTENTIAL FOR HEATING AND CCOLING IN FCCD PROCESSING.
GEOTHERMAL ENERGY 2(12):7-14. ’

FOOD PROCESSING FOR STORAGE IS VITAL FOR AVOIDING FOOD SHORTAGES. GEC-HENAT
GECTHERPAL HEAT POR DIRECT APPLICATION BUT NCT POWEE PRODUCTION) , ThFODGH
TEAM HEATING AND ABSORPTION REFRIGERATION (DOWN 10 MINUS 6C DEGREES C.), HAS

POTENTIAL AS FOSSIL FUEL SUBSTITUTE FOR THIS INDUSTEY.
GEOTHERMAL STUDIES/HEATING/COOLING/FOOD PROCESSING INDUSTRY/REFRIGERATION
JIDENTIFIERS: /GEOTHERMAL HEAT/INDUSTRIAL USES

286

WEHLAGE, E.F.

1976

THE BASICS OF APPLIED GEOTHERMAL ENGINEERING.

GEOTHERYAL INPORMATION SERVICES, WEST COVINA, CALIFORNIA, 250 P.

SUMMARI ZES GEOLOGICAL THERMAL FROCESSES, HISTORY CF GEOTHERMAL HEAT USE

WORLDWIDE, AND BASIC PRINCIPLES OF ENGINEERING RELEVANT TO GEOTHERMAL

TECHNOLOGY. TOPICS INCLUDE: MECHANICS, ELECTEICITY, HYDRAULICS, HEAT

TRANSPER, STEAM PROPERTIES AND UTILIZAT TON, GEOTHERMAL GREENHOUSE

SHYDROPONICS) AND AQUACULTURE SYSTEM DESIGN, DAIRY APELICATIONS, POWER
FOLUCTION MACHINERY, SPACE HEATING, AND REFRIGERATION. (ADAPTED FROM

PRE-PIBLICATION PUBLICITY NOTICE)

GLOTHERMAL SIUDIES/ENGINEERING/DESIGN/GEOLOGY/MECHANICAL ENGINEERING/

HYDRAULICS/HEAT TRANSFER/STEAM/GREENHOUS ES/REFRIGERAT ION

/IDENTIFIERS: /INDDSTRIAL USES/GEOTHERMAL HEAT/GEOTHEKMAL ECWER/ DAIKY

INDUSTRY/SPACE HEATING

247

WEISYANTEL, G.

1973

GEOTHERMAL POWER STILL IFFY.

CHEMICAL ENGINEERING 87 (6) :40-42, EIA 73-03565.

GEOTHERMAL RESJURCES COULU HELP IN MEETING THE GROWING U.S. ENERGY DEMAND. A

KEY F30OBLEM REMAINING IN EXPLOITING THIS RESOURCE IS OUR LACK OF KNOWLEDGE OF

BRI NF-RESERVOIR CHARACTERISTICS. UNTIL WE HAVE MORE EXPERTISE IN HANDLING

GEOTHERMAL PLUIDS THIS ENERGY SOURCE CANNOT BE SERFIOOSLY CONSIDERED FCR PONER

GENERATION.

GLOTHERMAL STUDIES/EXPLORATION/THERMAL POWER/ELECTRIC POWEk PkODUCTION

ENVIRONMENTAL EFFPECTS/WATER POLLUTION/BRIN / IoK/

JIDENTIPIERS: /GEOTHERMAL POWER/GEOTHERMAL EESERVOIRS

288

WERNER, H.H.

1973

CONTRIBUTION TO THE MINERAL EXTRACTICN FROM SUPERSATURATED GEOTHERMAL

BPINES, SALTON SEA AREA, CALIPORNIA. IN UNITED NATIONS SYMPOSIUM ON THE
DEVELOPMENT AND UTILIZA%ION OF GEOTHERBAL RESCUFCES, PISA, 1970, PRCCEEDINGS.
GEOTHERMICS, SPECIAL ISSUE 2, 2(2):1651-1655.

SEE: SWRA W74-09040.
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