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The first Invitational Workshop on Geothermal Technology for the Pacific Basin is the
beginning of an important process of regional cooperation to strengthen geothermal
development throughout the world. Thanks and appreciation are offered to all those who
contributed time, energy, facilities and financial resources to make this workshop a success,
especially Dr. Bill Chen, Chairman of the event. In particular, I also wish to commend the U.S.
Department of Energy, the University of Hawaii at Hilo, and the County of Hawaii for their
strong support.

Geothermal applications research has in the past generally been a largely neglected field. In
much of the world more than 90010 of the heat entering the powerplant is discarded. Silica,
carbonates and hydrogen sulfide are invariably expensive nuisances. The program being
initiated is expressly to convert waste to worth to improve the total system economics of
geothermal energy.

We thought it would be fitting to present at the beginning of this report an address by the
Honorable Daniel K. Akaka to the Geothermal Resources Council (GRC) 1985 International
Symposium on Geothermal Energy, which immediately followed our workshop. The title of his
presentation is, "Total Energy Utilization: The Next Step in Geothermal Energy
Development", which was the theme of our workshop and will be the major goal of the
international cooperative program we have initiated. At the end of the report is a second paper
which describes the Puna Research Center, which was dedicated the day following the
'!.'orkshop.

Mahalo and Aloha.
PATRICK K. TAKAHASHI

Director, Hawaii National Energy
Institute, Honolulu, Hawaii
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TOTAL ENERGY UTILIZATION: THE NEXT STEP IN GEOTHERMAL
ENERGY DEVELOPMENT

ADDRESS BY THE HONORABLE DANIEL K. AKAKA

U.S. Representative, State of Hawaii

To the Geothermal Resources Council 1985 International Symposium on Geothermal Energy

26 August 1985

Kailua-Kona, Hawaii

As the Congressman from the site of the hottest operating geothermal well and home of
Madame Pele, I have a deep interest in our geothermal resource. As your opening speaker, I
would like to relate my views on the past, present and future of geothermal development in
Hawaii.

For those of you not so familiar with the surroundings, let me first share with you some of
the lore and legend of Pele. Hawaiians believe that Pele, the goddess who came here from their
homeland, is responsible for the volcanic eruptions of these islands. The story is told that, after
burning her ancient homeland, Pele was exiled by her brothers. Searching for a new home, she
travelled to Hawaii where she tunnelled into the earth to find a new place where her fire could
be sustained. Pele's home is now here, on the Island of Hawaii, in the pit of Kilauea, which is
one of our most active volcanic sites. To many, Kilauea is known as the "navel of the earth".

The ancient Hawaiians believed Pele needed to be appeased when she became violent. Even
today, on the occasion of an eruption, you might see a Hawaiian throw twigs of ohelo, a native
plant that is sacred to Pele, or a red handkerchief into Kilauea to ease the anger of this ancient
deity.

Throughout the past, people have settled near volcanoes to take advantage of their warmth
and beauty. The early Hawaiians cooked and bathed in natural hot springs. For centuries,
people have enjoyed resorts and spas, around the world, that offer therapeutic bathing. This is
now well over a billion dollar per year industry worldwide.

About 25 years ago, a new era began in the use of geothermal energy in Hawaii. Four
privately financed exploratory wells were drilled with the hope of using natural steam to
produce electricity. Though much was learned, the wells were quite shallow and, unfortunately,
were not productive.

Interest in geothermal development was again awakened and spurred on by the 1973 - 1974
oil embargo, which convinced us that energy self-sufficiency was a goal of critical economic
necessity.

Thus, with high hopes, we began again in earnest to explore for a viable source of geothermal
energy, this time with financial assistance from the federal, state and county governments, and
technical assistance from the University of Hawaii and other organizations, including the
private sector.

Prophetically, on 4 July 1976-Independence Day-the first successful geothermal well was
flashed, and provided hopes for the beginning of energy independence for Hawaii.

The success of this well, named Hawaii Geothermal Project-Abbott, or HGP-A, encouraged
private developers to begin drilling exploratory wells and making plans for the construction of
geothermal power plants.

Since that time a 3-MW power plant has been powered by the HGP-A well and Hawaii
became the second state in the U.S. with on-line electric power generated by geothermal steam.
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The plant has been an outstanding success, supplying reliab;·' power to some 2000 homes.
There is an old axiom in geothermal exploration that goes like this: "The best way to get a

successful well is to drill next to your neighbor who has already hit steam". This has not always
held true in Hawaii, but fortunately we have people with faith and persistence. Exploratory
drilling and development plans are underway by private developers, who risk about $2 million
per well, and realize the rewards may be a long way off in view of the lowered price of fuel oil,
which determines the price of electricity produced by alternative energy resources.

Federal assistance has played a key role in reaching our present state of success. The HGP-A
project cost $14 million, 85070 of which was suppUed through federal grants, with the remainder
coming from state and county funds.

Other important programs were made possible through cost sharing by the federal
government, including a statewide geothermal resource assessment to locate possible
development sites; a commercialization program to conduct social, legal, financial, and
environmental studies, and to recommend legislation; and a very important feasibility study of
an interisland underwater power cable system that would allow us to take full advantage of our
geothermal and other natural energy resources.

In Hawaii, we must not only be concerned with harnessing geothermal energy, but also with
the means by which this power can be delivered to the major population centers in Hawaii.
Thus, the idea of an underwater power cable was born.

The underwater cable is a story in itself. Known as the Hawaii Deep Water Cable, the goal of
this project is the development of a state-of-the-art submarine power cable for the Hawaiian
Islands. The cable project presents a unique challenge. Because of the geography of our Islands
and the hydrography of the surrounding waters, a high voltage submarine cable must be
developed that is capable of being deployed in depths up to 7000 feet and over distances of 15
miles. Although submarine cables have been laid successfully in other parts of the world, none
come close to meeting the requirements of the Pawaii Deep Water Cable Project.

At this point, I would like to mention a very important factor in our history of energy
development. That is the cooperation, or as we say in Hawaiian-kokua-of the electrical
utilities in our state. In a recent publication by the Center for Renewable Resources in
Washington, D.C., I found this statement regarding utilities: "Most have invested vast sums in
yesterday's technologies-especially nuclear power-with consequences that are perilous for
shareholders and ratepayers alike. Today, the utilities with the best bottom lines are those that
have been most innovative."

I am happy to see Hawaii's utilities are among the innovative group and that they are
investing in tomorrow's, not yesterday's technologies. This is obvious from their financial
statements, as weIl as the numerous alternative energy projects that exist in Hawaii, largely due
to their support and cooperation. This is not only true for geothermal energy projects but also
for wind, biomass, hydropower, photovoltaics, ocean thermal energy and other solar energy
projects.

While some of the most exciting developments in the field of geothermal energy have taken
place right here in Hawaii, we cannot overlook developments occurring elsewhere in the U.S.
and throughout the world.

It is estimated that perhaps as much as ten per cent of the world's land mass contains
geothermal resources that could be brought to the surface for heating or electricity generation.
In addition to Hawaii, there is significant geothermal potential scattered throughout much of
the Western United States.

Geothermal energy is recognized as a technologically ready and economic source of energy. It
currently provides 20 countries with the energy equivalent of 50 to 60 million barrels of oil per
year. About half of this is in the form of direct heat and half as electricity. Although only a
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small portion of our world energy supply, geothermal energy provides enough heat to meet the
needs of over 2 million homes and sufficient electricity for over 1.5 million homes.

The use of geothermal energy has expanded more than 10% per year since the mid-seventies.
It has been shown that geothermal energy can be developed at less than half the cost of a coal or
nuclear plant. For this and other reasons, analysts predict a five- to ten-fold increase in the use
of this resource by the year 2000.

There are many examples of the application of geothermal resources. In Reykjavik, Iceland,
geothermal energy is being used for space heat through a centralized district heating system.
Over 60% of the homes in Iceland are heated with hot water produced from geothermal wells.

In Klamath Falls, Oregon, many homes are heated by tapping near-by low-teinperature
geothermal wells.

In Utah, they are attempting to use geothermal heat for alcohol fuel production.
One of the largest geothermal projects is at The Geysers in northern California which

provides an excellent high-temperature reservoir of geothermal steam. This field produces over
1800 MW of power, providing nearly 8070 of the region's electricity needs. Their output is
expected to double by the end of the century.

Energy plants which will provide over 200 MW of geothermal power are either operating or
are under construction in the United States. A 20 MW power plant has just been completed at
Roosevelt Hot Springs, Utah, which will feed power to the local utility.

In Heber, California, a 45 MW binary cycle plant to be constructed with the assistance of the
Department of Energy is now being planned.

The Department of Energy estimates that the world's geothermal electric capacity wi~1 reach
7000 to 17,000 MW by the end of the cehtury. The United States could account for as much as
one-third of this total. The lion's share of the U.S. total will come from Hawaii, California and
the Rocky Mountain states.

The great advantage of geothermal energy is that it is constant, reliable, and does not depend
on intermittent phenomena like wind and sunshine.

The geology of Hawaii presents some of the best conditions in the world for the development
of geothermal energy.

During this important week of focus on Hawaii's geothermal resource, plans are being
formulated to apply this energy in new ways-to dry and process agricultural crops like
macadamia nuts, coffee, papaya and bananas. Experiments will be done in aquaculture-such
as growing and processing edible seaweed and other sea foods. New products such as high
quality glass, fertilizer, cattle food, and fuels may also be produced. Many new jobs should be
created, many exciting business opportunities presented.

As for the future, I predict that cCiuntless visitors will come to appreciate this ingenuity, as
well as to experience the beauty of thi~ island as they do now.

Geothermal plants, by the end of thb century, could supply the total electrical needs of this
island and much of the needs of the rest of the state.

Developing geothermal energy can be thought of as going into partnership with Madame
Pele. The eruptions that are now taking place can be looked upon in two ways: a warning not to
get too close to the source and an affirmation of the abundant power that is available.

I am impressed and proud of the present accomplishments and look forward to the
realization of tbe many applications of this resource that appear so promising.

We should use this lull in the price of imported fuel to prepare for the future. We know that
fossil fuels are finite, diminishing and environmen!ally harmful. '

I will continue to work in Washington for support of the efforts that are underway to make
this partnership with Pele a fruitful reality. The Puna Research Center was dedicated over the
weekend, culminating in a $15 million investment in geothermal energy. I pledge to involve our



394 Address by Daniel K. Akaka

federal government in a reevaluation of their program to consider applying increased R&D
funds in application research as has been proposed for the Center, for it seems foolish to
discard almost 90% of the heat entering the power-plant. I think it makes a lot of sense to
convert waste and nuisance-silica and hydrogen sulfide in particular-into new industries. The
Puna Research Center shows promise for transferring basic research technology quickly into
the marketplace.

I know that Donna Fitzpatrick and her Department of Energy staff will want to join me in a
total systems technology transfer geothermal applications program. To be sure, we appreciate
the funds that have been provided, most recently to support the International Research
Collaboration Workshop held last week in Hilo and the Community Geothermal Technology
program. I understand, too, that additional research monies will be released to initiate research
at the Puna Research Center.

However, as electricity represents only one-fourth the energy demand of our nation, and
since geothermal fields found in Hawaii, New Zealand, the Imperial Valley and many other
locations generally discard nine-tenths the energy (that is, one-tenth is converted to electricity),
it is high time that we took a closer look at what we can do with this discarded resource. In so
doing, we will not only reduce oil imports, but create new jobs and innovative businesses in
agriculture, aquaculture, bioconverted transportation fuel and the like.

This impressive gathering of international specialists has brought geothermal energy
development a long way. I congratulate you on your ingenuity in working with the heat of the
earth for the benefit of mankind. I would like to challenge you now to take this resource the
next logical step to total energy utilization. I stand ready to assist in this endeavor.

Thank you.
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The Invitational Workshop on Geothermal Technology for the Pacific Basin was held on 23
August 1985 at' the University of Hawaii at Hilo to bring together geothermal scientists and
technologists from the Pacific Basin area to address common concerns in geothermal
exploration and development and to plan for future cooperative research efforts using the Puna
Research Center in Hawaii and/or other research facilities in the Pacific Basin. The workshop
was organized by the Hawaii Natural Energy Institute under a grant from the U.S. Department
of Energy.

The morning program consisted of overview presentations to the plenary session by three
invited specialists: Drs John Weare, Henry Ramey and John Lund on process chemistry design,
reservoir testing and agri-aquaculture applications of geothermal energy, respectively. For the
second part of the workshop, the participants were divided into three groups based on their
topics of interest and concurrent workshop sessions were conducted.

The attendees were honored during the luncheon period by a visit from the Acting Assistant
Secretary for Renewable Energy of the U.S. Department of Energy, Donna Fitzpatrick and the
Mayor of the County of Hawaii, the Honorable Dante Carpenter. Both delivered inspiring and
encouraging addresses.

At the end of the day, the entire group reconvened and results were presented on the three
workshop sessions. In addition to the summaries presented in the text, there was strong
consensus to hold a second meeting, most probably in the Orient.
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MAYOR DANTE K. CARPENTER'S REMARKS
Invitational Workshop on Geothermal Technology for the Pacific Basin

23 August 1985

University of Hawaii at Hilo, Hawaii

Aloha! It is a sincere pleasure for me to join such a distinguished and accomplished group of
researchers, technologists and scientists, who are involved in what I believe to be a fascinating
and important field of study-the research and development of geothermal resources. I
sincerely appreciate your invitation.

I would particularly like to welcome those of you who have travelled from other islands,
other states and nations to participate in this workshop, the dedication of our Puna Research
Center, the 9th Annual International Geothermal Symposium in Kailua-Kona and in other
activities revolving around these major events. I am certain it will prove to be a most rewarding
and productive week and assure you that the people of the Big Island of Hawaii will eagerly
look forward to your conclusions, insights and suggestions.

Since our island was, of course, formed by volcanic activity and still has some of the most
active volcanoes in the world, the development of our geothermal resources has been discussed
and debated since the early 1950s. Until the past couple of years, however, geothermal was
compared to that old adage about the weather-everybody talked about, but nobody did
anything about it. The few exceptions to this rule generally were discouraged either by the
shortage of community support or by the excess of government red tape. I think the events of
this next week, however, will make it quite clear that this attitude has changed considerably and
that the promise of geothermal has, indeed, generated significant support from our state and
county governments, the community and members of the private sector.

One of the major reasons for this positive reversal was the development of a geothermal
power plant in 1981. Since that time, the plant at Puna's HGP-A wellhead has successfully
demonstrated the feasibility of geothermal energy utilization and also has served to reduce fears
and misconceptions related to geothermal operations.

The net result of this tangible experiment has been a renewed interest in the Big Island's
geothermal potential. We are told that our county's geothermal resources could not only help to
satisfy our own energy needs, but that we also might have the potential to export energy to the f
other islands-most feasibly, to the Island of Oahu, home of Honolulu; in terms of population,
the lIth largest city in the United States.

On the Big Island, what has been projected as a billion dollar industry may help address the
almost 40,000 non-electrified house lots in the Puna District alone. Eventually, it may help to
overcome a number of other challenges within our community. Can geothermal energy or its
by-products be applied to a transportation system on such a large island? Can it be feasibly used
to deliver water from rain-inundated to dry areas and thereby aid agricultural efforts and
increase options for development?

Can it be practically used in conjunction with ocean mining operations-particularly as
regards the extraction of minerals from manganese crusts and nodules? Can it be used to
desalinate ocean water or to separate the components of ocean water-hydrogen, nitrogen and
chlorine-to produce potable water, salt, ammonia, fertilizer and fuel? Especially on an island
which already produces nearly two-thirds of this state's agricultural products, we are very
interested in these and other applications.
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As provocative as the energy possibilities appear to be, the relatively new concept of
exploiting geothermal by-products may prove to be of even more immediate benefit. The Puna
Research Center and the Community Geothermal Technology Program will be exploring ways
in which steam, heat, silica, hydrogen and sulfur may be used to benefit our citizens, farms and
businesses. Initially, perhaps, some assistance can be generated in support of diversified
agriculture, our papaya, flower and sugar industries, the development of aquaculture and the
establishment of a geothermal industrial park.

For an encouraging example of what could result from this research, we need look no further
than the western side of this very island. At Ke-ahole Point, in the district of North Kona, the
Hawaii Natural Energy Institute has been involved in ocean thermal energy conversion
operations. Although the original intent of this facility was to create energy, the process of
pumping very cold water from great ocean depths has been found to have many other
applications as well. The result has been an interesting and surprising array of scientific,
agricultural and aquacultural activities, a wide-range of new applications, a commitment to the
expansion of the project and installation of a second pipeline, the development of the Hawaii
Ocean Science and Technology Park and an increased informational and promotional effort to
attract new investors and entrepreneurs.

The activities at the HOST Park, Natural Energy Laboratory and Puna Research Center are
just a few of the scientific and technological projects presently underway on the Big Island.
Mauna Kea has proven to be the finest center in the world for the study of astronomy. The
observatories already in operation represent the interest and investment of many nations,
including the United States, United Kingdom, the Netherlands, France and Canada, and several
other countries have expressed an interest in being included in this international effort. Next
year, the University of California's KECK Telescope will be added to this impressive
astronomical center. It will be more than twice as powerful as the facility at Mount Palomar in
California, and will enable scientists to detect candlelight on the surface of the moon. Atop our
second largest mountain, Mauna Loa, can be found a major international center for the study
of cloud physics and meteorology. Our Ka'u Desert has been considered as a site well-suited for
the launching of rockets into space for commercial purposes. Additionally, the Hawaii Volcano
Observatory is conducting important research relating to the origin of our planet, its
composition and physical characteristics.

As Mayor of this county, and as an engineer, I am truly fascinated by the scientific work
being conducted within this community and by the opportunities for further endeavors that the
Big Island has to offer. The fact that we live on an island, completely surrounded by ocean
resources and located at one of the most desirable and most isolated places on Earth, creates a
very unique set of "laboratory conditions". This island has I 1 of the world's 13 major climates,
ranging from desert to skiable mountain snow in the wintertime. This island is well-situated to
serve as a bridge between East and West, particularly when considering the diversity of our
state's population and Hawaii's internationally famous "aloha spirit". This island has a
tremendous wealth of available land. It is almost twice the size of all the other Hawaiian islands
combined, larger than two states and approximately the size of Connecticut. Yet, most of our
land remains undeveloped. Our relatively small population of 110,000 is barely a half-hour
flight away from the resources and labor pool of one of America's largest cities. We already
have in place two major harbors, three airports and, more importantly, a growing four-year,
state university. The fact that Hilo Harbor is located just a thousand feet from Lyman Field,
our international airport, has stirred great interest in the development of a state air cargo
distribution center and the creation of a Transportation Authority. This serious discussion may
even eventually lead to the Big Island's designation as a duty-free, international trade zone.

These almost ideal laboratory conditions certainly stimulate my imagination as regards to the
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rare opportunity presented by these factors. Perhaps someone in this room may have other
ideas as to how these resources can best be utilized.

The administration of the county of Hawaii certainly has a tremendous interest in exploring
these possibilities. And we recognize they must be pursued with more than mere lip service and
encouraging words. During the past few months we have worked in conjunction with state,
federal and private agencies to sponsor informational hearings, present and introduce
testimony, provide funding and to "streamline" the permit process. I would, furthermore, like
to use this occasion to announce that the county will be forming, within the next few weeks, a
Geothermal Advocacy Task Force. This group, which will be comprised of specialists and
members of our community, will serve to advise and represent the county on all matters related
to the research, development and implementation of our geothermal resources. The efforts of
this task force will eliminate any doubt as to this administration's firm and total commitment to
geothermal operations.

By this time I am certain you geothermal scientists and technologists have been considering
ways to harness the hot air emanating from politicians and luncheon speakers. Therefore, let
me close by expressing my sincere appreciation to those who made this workshop possible-the
Hawaii Natural Energy Institute, the University of Hawaii at Hilo, the Pacific International
Center for High Technology Research and the United States Department of Energy. I thank
you for your important work in this promising field and for your many contributions towards
improving the quality of life in this community, in this state and throughout this state and
throughout this planet. I thank you for inviting me to be with you, wish you a productive
symposium and certainly look forward to joining you at various other occasions throughout the
week.

Mahalo and aloha.
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MODELING GEOTHERMAL BRINE PROCESS CHEMISTRY

JOHN H. WEARE, NANCY MOLLER and JERRY P. GREENBERG
Deparlmenl of Chemislry, 8-014 Universily of California, San Diego, La Jolla, CA 92093, U.S.A.

Abstract-Problems associated with the manipulation of highly concentrated brines at high temperatures
have severely hindered the development of importa"t geothermal energy resources in the Imperial Valley
of Southern California and in other locations. One of the most serious of these problems is the
precipitation of various mineral phases when the working fluid becomes supersaturated due to changes in
external pressure or temperature. Scaling in well bores can significantly diminish flow rates and
eventually seal the well. Precipitation of minerals in the energy production plant can cause costly down
times in order to remove scales from the operating equipment. Similar chemical problems arise when
spent geothermal brines are injected into an incompatible mineral formation. In this report we describe a
chemical model which accurately predicts the properties of geothermal brines.

The magnitude of scaling and other chemical problems associated with geothermal resources
utilization scales roughly with the ionic strength (l) of the hydrothermal water used to operate
the power plant. The ionic strength of an aqueous solution is defined by the equation

1
1= '2 I: miz/

where Z, is the charge of aqueous ionic species i and m i is the molality of species i (m =
moles/1000 g H 20). In Table 1, the ionic strengths of a representative set of world-wide
geothermal systems are shown. Calcite and/or silica scale formation has been reported for all
the operating systems in Table 1 with the exception of Reykjab6l (l = 0.005 m). For wells
under an ionic strength of approximately 0.2 m, relatively minor operational problems, which
can be solved by routine maintenance programs, result from the scale formation. However, for
higher ionic strengths these problems may become very severe. For example, in the Woolsey
(Salton Sea) well pipe diameters were reduced in some cases from 10 to 3 in. in two months of
operation (Bishop et al., 1977).

The chemical properties of a hydrothermal brine are strongly affected by the way the brine is
manipulated in the energy extraction program. For example, the solubility of one of the chief
scaling minerals, calcite (calcium carbonate), is proportional to the CO 2 partial pressure above
the brine. If the CO 2 pressure is precipitously released in the extraction system, calcite scale is
likely to form. If the CO 2 pressure is maintained, calcite solubility actually increases with
decreasing temperature, and the likelihood of scaling decreases. On the other hand, the
presence of high concentrations of certain dissolved solids in the geothermal fluid may have
economic value if an efficient mineral recovery process can be developed for the spent brine.

In designing the operating system of a power plant, the chemical properties of the working
fluid should be taken into account. Unfortunately, these properties are quite complicated
functions of the tem?erature, pressure and concentration variables of the working fluid. We
have been developing a model of geothermal fluid behavior which will be able to predict these
properties accurately. There are many applications of such a model. In Table 2 we have
summarized some of these.

The thermodynamics of aqueous solutions is usually summarized in terms of activity
coefficients. In order to model a system, an equation giving the activity coefficients in terms of
the concentrations, temperature and pressure of the system of interest must be adopted.
Unfortunately, first principle theories of the activity coefficients (the Debye - Hiickel theory)
are expected to be valid only at very low ionic strengths ( -0.01). Simple extrapolations of these
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Table I. Ionic strengths of geothermal waters (I = E Zi 2m,)
i

Geothermal source Ionic strength Res. temp.
(molality) (0C) pH

Reykjab61, Iceland 0.005 152 7.23
Namafjall, Iceland 0.007 252 7.48
Hveragerdi, Iceland 0.009 184 6.99
Leira, Iceland 0.014 127 6.73
Broadlands, N.Z. well 2 0.052 260 8.3
Wairakei, N.Z. hole No.24 0.062 250 8.3
Matsukawa, Japan hole No. I 0.065 300 4.9
Sulphur Bank, CA Geyser spring 0.094 230 6.8
EI Tatio, Chile geyser 238 0.230 220 7.32
Ahuachapan, El Salvador, ave. 0.312 230 6.3
Cerro Prieto, Mex. ave. 12 wells 0.431 388* 8.2
Matsao, Taiwan well 205 0.429 245 2.4
Sea water Std. CI = 19°;'0 0.709 20 8.0
Halls Bayou, TX. FF No. I 1.111 150 6.8
Chocolate Bayou, TX. Angle No. 3 1.348 118 5.9
Salton Sea Woolsey 3.434 176t 5.8
Salton Sea Magmamax No.1 4.203 196t 5.5
Salton Sea hole I 110 6.931 340 4.7

*Max temp.
tWell head temp.

Table 2. Uses of a chemical model for geothermal energy production operations

Prediction of brine behavior under a variety of field conditions (temperature, pressure, composition).
Prediction of well and plant damage due to mineral scaling.
Testing of strategies to decrease effect of mineral scaling, and to maximize energy production.
Support of laboratory simulation programs.
Prediction of CO, breakout and flashing as a function of brine composition and temperature.
Prediction of chemical incompatibilities during r<'injection of spent brines or mixing of spent brines at the surface.
Prediction of chemical evolution of evaporated ;'rines during reservoir storage of spent brines.
Design of optimal reaction pathways for ancillary mineral recovery programs.

theoretical results provide a theory which is reasonably accurate and practical for ionic
strengths up to about 0.1 m. This is still well below the concentration where chemical problems
occur in geothermal systems (l> 0.2 m; see Table 2).

Presently available models of aqueous solutions are based on extended Debye - Huckel
phenomenology and therefore are not applicable to most geothermal resources (Kerrisk, 1981).
Recently, Harvie et al. (1984) have shown that highly accurate chemical models can be
developed to the required accuracy from the phenomenoiogical equations of Pitzer and co
workers. These specific interaction m~dels are based on a VIdal expansion of the free energy.
When strong association is evident from the data, these ion pairing species are included in the
model. Our calculations have shown that it is necessary to include both ion association and
specific interaction to model natural waters to the desired accuracy. We have shown that it is
necessary to include only up to third order specific interaction coefficients (virial coefficients)
to obtain the accuracy required for most geothermal predictions. Consequently, all the model
parameters may be evaluated from binary and ternary experimental data, and reliable
predictions can be made for much more complicated systems (Harvie et al., 1984).

Ion pair species are modeled explicitly only for very strong ion association (e.g. CO/- + H+
= HCO"3). For intermediate ion association strengths, we have found that the specific
interaction model provides a more accurate description than approaches emphasizing ion
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pairing (Harvie et al. 1984). This is true even at high temperature (T ~ 250°C; M~lIer, in
preparation). Although ion pairing becomes more important at high temperatures it is still
necessary to include specific interactions to allow for changes in ion association as the solution
concentration increases.

Temperature' 238 °C

o 0.4
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02
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NoCl (M)

Fig. I. The solubility of CO, gas in sodium chloride solutions. The" +" symbols represent the experimental data while
the solid lines are the solubilities calculated by the model. The data at 238°C are from Ellis and Golding (1963). The
data at 100 and 150°C are from Malinin and Kurovskaya (1975). The calculated solubilities are at 73.5 atm. CO,

pressure. The data have been corrected to that pressure using Henry's law and fugacity coefficients.

The mineral calcite is a common scale-forming mineral in many geothermal systems. The
calcite solubility problem is particularly difficult to model because the entire acid/base
carbonate equilibrium must be modeled as a function of solution composition. In Figs 1 and 2
we show results of calculations using the model we are developing. Figure 1 presents the
solubility of CO, gas (moles/lOoo g H,O) in aqueous sodium chloride solutions (moles/lOoo g
H,O). We note that for many formation waters the contribution to the total pressure due to
dissolved gases far exceeds the contribution due to the partial pressure of the solvent. For such
systems, the breakout pressure will be a strong function of CO, (aq). In Fig. 2 we show calcite
solubility (moles/IOOO g H 20) as a function of CO 2 pressure in a I M NaCI brine. In order to
make the calculations presented in this figure, the results in Fig. 1 had to be combined with
water dissociation, carbonate acid/base data and carbonate solubility data. Because of the
many variables, some of which are difficult to control experimentally at high temperature, there
are no data at a single CO 2 pressure. The model thus serves as a means of interpolation between
various laboratory data.
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Fig. 2. The calculated solubility of calcite (CaCO,) in I molal sodium chlroide as a function of CO, pressure at 100, 150
and 200°C. The line drawn perpendicular to the CaCO, axis represents CO, equilibrium pressures when a brine

containing I molal sodium chloride and 0.005 molal calcium carbonate is saturated with calcite.
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Fig. 3. A plot (derived from Fig. 2) of the pressure of CO, gas necessary to just saturate a solution of I molal sodium
chloride and 0.005 molal'calcium carbonate with calcite (CaCO,) as a function of temperature.

In Fig. 3 we illustrate an application of the model by calculating the change in Peo2 (atm)
necessary to keep calcite undersaturated in a brine of ionic strength 1. Problems of this kind
might be encountered in plant design. We note that as the temperature is reduced, the Pe02

necessary to keep calcite (0.005 m) soluble is greatly reduced. This effect is due partly to the
increase in solubility of calcite as the temperature is decreased and partly to the increased
solubility of CO 2 with decreasing temperature.
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SUMMARY OF PROCESS CHEMISTRY SESSION

The process chemistry working group discussed several aspects of process chemistry as it
related to reservoir fluid chemistry and power plant process design. The most critical of these
was the problem encountered with scaling properties of geothermal fluids. Two separate
approaches to these problems were discussed: (a) a field-oriented research program to
investigate the various methods of inhibiting or accelerating scale formation and (b) theoretical
modeling of the fluid chemistry to determine the critical parameters associated with scale
formation and solid species saturation in the fluid.

The positive aspects of the former approach were pointed out to be the simpler of the
procedures and the higher probability of rapid (at least partial) success in dealing with the
scaling. The negati~e aspect of this approach was agreed to be the probable non-generality of
the derived methodology to other geothermal fluids having different chemical compositions.

The positive aspect of the latter (theoretical) approach to the scaling problem was that if a
successful theoretical model could be derived, it could probably be applied to geothermal fluids
from different geochemical environments and could be more generally applied to the scaling
problem.

The recommended course of future research was to pursue both avenues interactively using
the laboratory and field results to guide the theoretical models of fluid saturation and use the
theoretical results to suggest potentially fruitful laboratory or field methods.

Other problems or avenues for research that were discussed included mineral recovery-as a
subsidiary to the scaling and removal research, a correlation of fluid effects and fluid chemistry
between HGP-A, Salton Sea KGRA, and New Zealand, and hydrogen sulfide control in
geothermal facilities. Although all these topics were considered to be fertile research areas that
would yield benefits to the international geothermal community, none were considered to be of
as critical a need as studies of fluid chemistry and scaling processes in the future of geothermal
development.
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Abstract-Geothermal reservoir testing evolved from oil and gas reservoir engineering. However,
differences between geothermal and oil reservoirs required a broad spectrum of earth scientists efforts.
Resll\ts to date enable location, drilling and evaluation adequate to finance development of many
geoth':rmal systems. However, the fundamental nature of geothermal reservoirs is not yet certain. A
broad attack on this problem by earth scientists and engineers will be required for some time.

INTRODUCTION

The principles of reservoir testing were developed in oil and gas exploration and production.
American effort began with the drilling of the Drake well in 1859 in Pennsylvania. Through the
1920s there was no perceptible separation between geologic and engineering personnel. A
recorded view of practical petroleum people was that a petroleum engineer was a geologist who
had seen a drilling rig. By the early 1920s, oil company effort had often been organized into
exploration, drilling and production. Exploration personnel were mainly geologists. Once a
producing well was completed, operations were turned over to the producing department. This
type of organization continues to this date.

By the time significant scientific curiosity about geothermal systems appeared in the post
World War 11 era, ~eologic research had led to the appearance of specialities such as
geophysics, geochemistry and hydrology. Initial geothermal exploration was conducted in the
vicinity of hot springs and fumaroles-analogous to the oil seep exploration for oil. Perhaps the
speciality of geochemistry first offered exploration information that tried to quantify
identification of conditions at depth from measurements made at the surface. The chemical
geothermometer was the result. Such pioneering workers untraditionally maintained their
interest in geothermal systems beyond the discovery of a producing well. The net result is that
reservoir measurements for geothermal systems benefit from the attention of both earth
scientists and petroleum engineers who practice reservoir engineering. By the late 1960s, a
theory of geothermal reservoir behavior had been repeated so often (and not challenged) that it
was accepted as fact. The theory was that geothermal systems were all naturally recharged and
that development at natural recharge rate would lead to a steady-state system that would not
deplete. Reservoir testing was focused on determination of the natural recharge rate. By the
early 1970s, it was found that fluid production rates for electrical power generation would
overwhelm natural recharge (if present). Thus reservoir testing became" problem of supreme
importance. In the following, we will briefly consider geothermal reservoir testing under the oil
industry's traditional phases of exploration and production.

lDENTIFICATION OF A RESOURCE-EXPLORATION

A potential geothermal resource is normally identified as a result of the effort of many kinds
of earth scientists. Included are surface geology, geochemistry, geophysics and hydrology.
Surface geology and regional hydrology can often indicate the likelihood of a hydrothermal
system. Surface geophysical measurements such as resistivity, gravity, magnetics, seismic
activity and geothermal gradient may locate regions of potentially high temperatures at depth.
If surface hot springs or fumaroles are present, geochemical data often will indicate a common
area of high likelihood of a subterranean geothermal reservoir.
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At this stage, deeper wells (strat test) may be drilled to obtain subsurface geological data, or a
deep exploratory well drilled. Drilling specialists (engineers and production geologists) often
enter at this stage, and service company specialists provide important planning of steps to
maximize the opportunity to obtain reservoir data should the well be successful. Fluid and rock
samples may be taken and borehole geophysical measurements obtained. Often drilling safety
and economy and the need to obtain scientific data conflict, and it is necessary that all
personnel understand objectives important for reservoir testing and drilling.

Assuming successful completion of a high-rate geothermal well, the usual procedure is to
production test the well to determine rate and quality of the produced fluids in order to plan
commercial development. Quality of the produced fluids include fraction steam, enthalpy,
composition, quantity of noncondensible gases, formation conductivity, initial formation
pressure and temperature, and the sandface formation condition (well damaged, presence of
natural fractures). Drilling may also indicate important information such as steam or hot fluid
entry points (depths). Production testing is usually done for a range of flow rates and producing
pressures such that inflow performance at wellhead and sandface conditions can be determined.
Surface fluid enthalpy and quality should also be determined as a function of flow rate. Other
measurements such as downhole temperature and pressure both during flow and shut-in periods
can be very important. This information often yields data on fluid entry elevations. For
example such tests have shown entry of cold liquids as well head pressure is dropped during
flow.

Assuming high temperatures are found, but limited hot liquid entry, well testing may yet
indicate a commercially productive formation. Either low formation conductivity, low
formation pressure or a badly damaged well can lead to uncommercial natural flow rates. A
badly damaged well can result from conservative drilling procedures or a formation highly
sensitive to the drilling fluid. These conditions can be overcome in many cases once the cause is
identified. Low formation pressure may be overcome by some production practices.

Although the well may not naturally produce at high enough rates for a well production test,
it is still possible to conduct injection tests. Surface water injection is conducted routinely in
some geothermal fields as a means to identify the potential quality of a well. Either surface or
downhole pressures taken as functions of time can often be used to establish the potential
quality even when the well will not produce naturally. The HGP-A well at Puna, Hawaii is a
case in point. Simple injection testing indicated a non-commercial well initially, but pressure
transient analysis indicated well damage which was overcome by continued attempts to produce
by gas lifting. Each flow cleaned the well until it eventually became a commercial producer.

At this stage, a potentially commercial geothermal reservoir has been found, and usual oil
field practice would turn the operation over to production and planning of the development
would continue.

Usual geothermal industry practice has been different. Oil reservoirs contain very high energy
concentration. Geothermal reservoirs exist on the lowest level of energy concentration found in
oil reservoirs. It is necessary that geothermal systems contain a vast amount of energy, and be
capable of extraordinary production rates per well. Because of the high energy concentration
and the sedimentary nature of oil reservoir rock, it is usually possible to make reliable estimates
of the initial fluid content for oil reservoirs. Geothermal systems are complex and not yet fully
understood. With the information from one producing well and usual geologic and geophysical
data, it is possible to postulate the possible area and perform important calculations. The initial
heat in place may be computed, and computer simulation of performance under development
schemes made. However, the initial fluid concentrations are usually not known with
confidence. Because of the large investment needed, it is wise to proceed to a second phase of
evaluation. Geothermal industry practice is that all technical specialists continue to be involved
in this development. This phase involves the drilling of one or more confirmation wells.
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DEVELOPMENT

With two or more producing wells, a more detailed reservoir testing may be made.
Production and shut-in of a single well should lead to measurable pressure drops at the other
wells. This kind of test is called a multiwell (interference) test, as opposed to the single well test
performed on the discovery well. Multiwell tests can result in observation of the inplace fluid
content per unit volume, or area, and existence of important geological details such as flow
barriers and recharge sources. Such tests may be performed by either injection or production.
Injection tests may be useful in planning reinjection-often a necessary environmental and
reservoir management operation. A more reliable estimate of fluid content (longevity of a
development) and productivity (flow rate or plant rating) may be made. A detailed computer
simulation of potential operations is possible. A significant reservoir test which should be
conducted at this stage is a long-term production test. The duration of this sort of test is
difficult to specify because of the extreme variety of geothermal reservoirs found to date, as
well as practical matters. Environmental or legal constraints may require a small plant to handle
produced fluids. In some cases reinjection of the fluid in a remote site will suffice. Another
important result of the long term flow test is that potential production problems such as
chemical scaling may be studied and operation strategies developed. Scientific specialists can
study the reservoir through geochemical and other means. The result should be a study
adequate to secure financing of the future development, and construction of a pilot plant whose
operation will lead to further reservoir data sufficient to plan the eventual development with
reasonable reservoir engineering accuracy.

Reservoir engineering is one of three specialities in petroleum engineering: drilling,
production and reservoir engineering. The reservoir engineer usually enters the picture during
computer simulation and well testing. However, it has only been during the last 20 years that
significant reservoir engineering has been applied to geothermal systems. Most early geothermal
reservoirs were developed by trial and error. Small plants were built and incremental plants
added until the limits of the development were found. Reservoir engineering offers the benefit
of an early specification of the eventual size of development and advantages to initial planning.
Even more recent has been the combination of knowledge of all earth scientists to reservoir
description. Development of geothermal systems appears to have led to this significant situation
naturally. Perhaps one of the most important developments in reservoir engineering has been
amalgamation of all specialities to provide better reservoir description. For many years,
geothermal development benefited from knowledge developed by the oil industry. Currently the
oil industry benefits from knowledge found from geothermal research.

NEW DEVELOPMENTS

Coordination of information gained from r~search in all disciplines is beginning to yield
dividends on reservoir testing of geothermal systems. Examples include studies of the effective
compressibility of multiphase reservoir fluids, changes in the gravity field and seismicity of
geothermal reservoirs with production and injection, studies of the adsorption of fluid in
geothermal rocks, development of multidimensional, multiphase, nonisothermal geothermal
reservoir computer models, development of high temperature borehole instruments, better
understanding of the effects of temperature on geophy~ical measurements, and geochemical
studies of relations between the composition of produced geothermal fluids and reservoir
parameters. Nevertheless, the fundamental nature of most known geothermal systems is still in
question. Much work remains. The extraordinary differences between known geothermal
reservoirs promises that continued study will be rewarding and satisfying. The result should be
rapid acceleration of growth of the geothermal industry worldwide.
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SUMMARY OF RESERVOIR TESTING SESSION

The reservoir testing session considered an inventory of benefits offered by the Puna
Research Center (PRC), Hawaii Island, for cooperative research. Benefits included an existing
producing steam field containing a single well producing to a 3 MW power plant; reservoir fluid
of extremely high temperature of about 360°F (182°C), both liquid and steam; direct
communication with the University of Hawaii; an interested and supportive utility in the
Hawaii Electric Light Company; adjacent commercial activity; a geographic location adjacent
to the ocean and possible recharge by sea water. Although continuous power production is
presently necessary, it appears that existing debt will be paid by the end of 1985, and it would be
possible to conduct experiments involving either the power plant or the HGP-A well. An
adjacent well is currently being drilled on Thermal Power property which may offer possibilities
for interwell experiments in the interim prior to production of the well. Because the reservoir is
an existing fractured rift zone likely to be typical of many circum-Pacific systems, this situation
appears especially appropriate for cooperative reseach. The following research projects were
considered to enhance this situation and as obvious early studies worth consideration.

All sessions were specifically charged to identify potential researchers, timing of the studies,
location of the work and possible funding. About ten workshop participants contributed to this
session. Because of limited representation, the committee was not able to respond fully to these
charges. However, a limited response was possible. The following lists research projects in
order of priority.

Drill a second well at the Puna geothermal field
In order to permit multiwell testing, and to provide backup steam production capability, the

session considered drilling and completion of a second well as high priority. This well could be
located 500 - 1000 ft (150 - 300 m) from HGP-A and off line with the Thermal Power
Company well now being drilled. This should permit multiwell interference testing designed to
obtain reservoir parameters and perhaps define the size of the reservoir. Special experiments
could be conducted during drilling and completion aimed at definition of the reservoir rock and
producing intervals. A call for special experiment proposals could be made to the geothermal
community. The presence of this well could benefit adjacent steam producers. Thus the cost of
the well might be supported by commercial interests, the State of Hawaii, and the U.S.
Department of Energy. This project should come under the aegis of the Puna Research Center
but could benefit from formation of an advisory committee composed of domestic and foreign
specialists representing both scientific and practical experience.

Conduct multiwell interference testing
Completion of a second producing well in the Puna reservoir (presumably by the Thermal

Power Company) could permit a two-well interference test in late 1985 or early 1986. Test
objectives were described above. Since the effects of present production of HGP-A would likely
be evident at the new well location, one experiment could be interruption of production of
HGP-A and observation of the effect at the new well. It was reported that the Stanford
Geothermal Program personnel would be eager to cooperate in such an experiment and could
offer aid in designing and interpreting results. It is likely that other geothermal efforts such as
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the Lawrence Berkeley Laboratory would also be interested. The level of funding for this
project could be less than $100,000. It appears that a combination of private, state and federal
funding would be available. The project would be conducted at the Puna Geothermal Facility,
and local, domestic, and international personnel could be involved in this cooperative project.

Development and testing of new downhole tools
Wells at the Puna Research Center appear ideally suited to provide an environment for

testing of geothermal wells. The HGP-A well is the highest temperature geothermal well now
producing and thus provides an extreme environment. One session member reported that
existing tools were not widely used, perhaps due to unfamiliarity by the geothermal community.
Such tools might include downhole pressure, temperature and flow devices. No specific tools,
experiments, personnel or funding were identified.

Identification of the source and nature of the fluids at HGP-A
One project was discussed to determine whether the reservoir fluid at Puna was old waters or

ocean water. Whether sea water intrusion is happening was discussed briefly. Due to lack of
time, this project was not discussed in detail.
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AGRICULTURE AND AQUACULTURE APPLICATIONS OF
GEOTHERMAL ENERGY

JOHN W. LUND

Ceo-Heal Cenrer, Oregon Inslirure of Technology, Klamarh Falls, OR 97601, U.S.A.

Abstract-Agriculture and aquaculture applications are particularly attractive for geothermal
applications because they require heating at the lower end of the temperature range where there is an
abundance of geothermal resources. Use of waste heat or the cascading of geothermal energy from power
plants or other high-temperature uses also have excellent possibilities. A number of agribusiness
applications can be considered such as greenhouses, aquaculture, animal husbandry, soil warming and
irrigation, mushroom raising and biogas generation.

GREENHOUSES

There are numerous uses of geothermal energy for greenhouse heating throughout the world.
In the U.S.S.R. it is reported that extensive agricultural land is heated by geothermal energy of
which 104 acres (42 ha) are covered by greenhouses (Gudmundsson and Palmason, 1981). In
Hungary over 300 acres (120 ha) of greenhouses are heated geothermally. Many of these
greenhouses are built on rollers, so they can be pulled from their location by tractors, the
ground cultivated with large equipment, and then the greenhouse returned to its location. In
addition, to minimize cost, much of the building structure pipe supporting system also acts as
the supply and radiation systems for the geothermal fluid. Greenhouses cover about 20 acres
(8.0 ha) in Japan where a variety of vegetables and flowers are grown. Individual greenhouses,
operated by farmers and covering 3200-16,000 fe (300-1500 m') use 158-212°F
(70 - 100°C) geothermal water. Many large greenhouses, totalling about one acre (0.4 ha), are
operated as tropical gardens for sightseeing purposes. New Zealand has numerous greenhouses
using geothermal hot water and steam. At the Land Survey Nursery in Taupo, greenhouses are
heated by geothermal steam and soil is sterilized (pasteurized) at 140°F (60°C) to kill insects,
fungus, worms and some bacteria. In Iceland over 35 acres (14 ha) are heated, including a
greenhouse, restaurant and horticulture college <l.t Hveragerdi. Everything from bananas,
coffee beans, cacti and tropical flowers to the standard tomatoes and cucumbers are grown in
these greenhouses. Studies of the economic feasibility of greenhouses in Iceland have been
based on a theoretical 82 acres (33.5 ha) facility, which would grow asparagus on 25 acres (10
ha), anthurium on 25 acres (10 ha), roses on 25 acres (10 ha), flower seedlings on 2 acres (I ha),
tomatoes on 2 acres (1 ha), lettuce on 2 acres (I ha) and cucumbers on I acre (0.4 ha). Projected
profit on the initial investment would amount to 11 % before taxes, and the greenhouses would
provide jobs for 250 persons (Hansen, 1981).

Numerous geothermally heated greenhouses exist in the U.S.; several examples are described
as follows. In Salt Lake City, Utah, a 150,000 ft' (23,000 m') greenhouse is using 200 gpm (12.6
lis) of 120°F (49°C) water for heating. Utah Roses, Inc., is producing cut roses for a national
floral market. The 4000 ft (1200 m) geothermal well is replacing a natural gas/oil heating
system. Fifteen miles (24 km) south of Klamath Falls, Oregon, on the Liskey ranch,
approximately 50,000 ft' (4600 m') of greenhouses were heated with 195°F (90°C) water from a
270 ft (82 m) deep well. One of the greenhouses consists of four 42 x 150 ft (13 x 46 m)
buildings connected to form one large complex. Initially seedlings were raised for federal and
private agencies. More recently, succulents and cacti were raised. All plants are grown in trays
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on raised tables, with the heat supplied by pipes under each table (Laskin, 1978). At Honey
Lake, California, near Susanville, over thirty 30 x 124 ft (9 x 38 m) Quonset-design green
houses are used to raise cucumbers and tomatoes. The vegetables are raised by hydroponics,
with the heat being supplied by forced air heaters. Production rates are about 1500 pounds
(680 kg) of cucumbers per unit per week and 850 pounds (358 kg) of tomatoes per unit per
week. The cover of each greenhouse consists of two layers of six-mil sheeting (plastic). A small
electric air blower continually inflates the area between the two layers and maintains an air
space of about 6 in. (15 em), resulting in heat savings of approximately 40070 over conventional
coverings. The savings using geothermal heat as compared to conventional fuel averages $4500
per acre per year ($II,100/ha/yr) (Boren and Johnson, 1978). A similar analysis has been made
for a greenhouse provided in La Grande, Oregon. The double six-mil polyethylene covering
required 45070 less heating than single layer (Higbee and Ryan, 1981).

A number of commercial crops can be raised in greenhouses, making geothermal resources in
cold climates particularly attractive. These include vegetables, flowers (potted and cut), house
plants and tree seedlings. The optimum growth temperature of cucumbers, tomatoes and
lettuce are shown in Fig. 1 (Barbier and Fanelli, 1977). Cucumbers grow best in the temperature
range 77 - 86°F (25 - 30°C), tomatoes near 68°F (200C), and lettuce at 59°F (l5°C) and below.
The growing time for cucumbers is usually 90 - 100 days, while the growing cycle for tomatoes
is longer, in the range 9 - 12 months. The use of geothermal energy for heating can reduce
operating costs (which can account for 35070 of the product cost) and allows operation in colder
climates where commercial greenhouses would not normally be economical. In addition,
greenhouses can be suited to large quantities of relatively low-grade heat. Furthermore, better
humidity control can be derived to prevent condensation (mildew), botrytis, and other
problems related to disease control.

Greenhouse heating can be accomplished by: (I) circulation of air over finned-coil heat
exchangers carrying hot water, often with the use of perforated plastic tubes running the length
of the greenhouse in order to maintain uniform heat distribution, (2) hot-water circulating pipes
or ducts located in (or on) the floor, (3) finned units located along the walls and under benches,
or (4) a combination of these methods. A fifth approach is using hot water for surface heating.
Surface-heated greenhouses were developed several decades ago in the U.S.S.R. The
application of a flowing layer of warm water to the outside surface of the greenhouse can
provide 80 - 90070 of the energy needed. The flowing layers of warm water prevent snow and ice
from accumulating.

The most efficient and economical greenhouse development consists of large structures
covering one-half to a full acre (0.2 - 0.4 ha). A typical size would be 120 x 360 ft (36 x
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110 m), constructed of Fiberglass with furrow-connected gables. Heating would be from a
combination of fan coils connected in series with a network of horizontal pipes installed on
outside walls and under benches. A storage tank would be required to meet peak demand and
for recirculation of the geothermal water to obtain the maximum temperature drop.
Approximately 100 gpm (6.3 lis) of 140-180°F (60-82°C) water will be required for peak
heating. The average is much less. Fortunately most crops require lower night-time than
daytime temperatures.

Greenhouse construction and outfitting will run from $5 to $10 per square foot ($54 - $108
per m2

). A recent paper by Kevin Rafferty of the Geo-Heat Center (1985) presents a detailed
guide for the design of greenhouses.

AQUACULTURE

Aquaculture involves the raising of freshwater or marine organisms in a controlled
environment to enhance production rates. The principal species that are typically raised are
aquatic animals such as carp, catfish, bass, tilapia, frogs, mullet, eels, salmon, sturgeon,
shrimp, lobster, crayfish, crabs, oysters, clams, scallops, mussels and abalone.

The use of geothermal energy for aquaculture, rather than water dependent upon the sun for
its heat, has demonstrated that more fish can be produced in a shorter period of time. When the
water temperature is below the optimal range, the fish loses its ability to feed because the basic
body metabolism is affected (Johnson, 1981). Thus a good geothermal supply, due to its
constant temperature, can "out-perform" a natural mild climate.

Fish breeding is a successful business in Japan where carp and eels are bred and raised. The
eels are the most profitable and are raised to 10 in. (25 cm) diameter by 3 ft (0.9 m) long
earthenware pipes. Water in the pipes is held at 73°F (23°C) by mixing hot spring water with
river water. The adult eels weigh from 3.5 to 5 oz (100 to 150 g), with a total annual production
of 8400 Ibs (3800 kg). Alligators and crocodiles are also raised in geothermal water. These
reptiles are being bred purely for sightseeing purposes. In combination with greenhouses
offering tropical flora, alligator farms are offering increasingly large inducements to the local
growth of the tourist industry (Japan Geothermal Energy Assoc., 1974). Icelandic fish
hatcheries raise 610,000 salmon and trout fingerlings annually in geothermal water. A total of
100 fish hatcheries existed around the country-a new and fast-growing industry (Hansen,
1981). -

In the U.S., aquaculture projects using geothermal water exist in Idaho, Oregon and
California. Fish Breeders of Idaho, Inc., located near Buhl, has been raising channel catfish in
high-density concrete raceways for over 10 years. The water is supplied by artesian geothermal
wells flowing at 6000 gpm (380 lis) at 90°F (32°C). Cold water from springs and streams is used
to cool the hot water to 80 - 85°F (27 - 29°C) for the best production temperature. Normal
stocking densities are from 50 to 10 pounds of fish per cubic foot of space (80-160 kg/mJ).
The maximum recommended inventory for commercial production is about 10,000-15,000
pounds per second foot of water (1.6-2.4 x 105 kg/mJ/s). Yearly production will usually be
three to four times the carrying capacity. Oxygen and ammonia are the principle factors
limiting production (Ray, 1979).

Giant freshwater prawns (Macrobrachium rosenbergil) have been raised at Oregon Institute
of Technology since 1975. Some work has also been done in trout culture and mosquito fish
(Gambuzia ajjinis). This work has provided data demonstrating that a tropical crustacean can
be grown in a cold climate (as low as - 20°F or - 7°C) where the water temperature is
maintained at the optimal growing temperature for this species of 81 - 86°F (27 - 30°C).
Initially two smaller outdoor ponds 4 ft (1.2 m) deep were used, and more recently two half-acre
(0.2 ha) were built. A selected brood stock is held in a small spawning building where larvae are
hatched in artificial saltwater and reared to the post-larva stage which make the facility self-
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supporting. Growth rates of 7/8 in. (2 cm) per month have been maintained (twice that
obtained in tropical climates) with a I ft2 (900 cm 2

) of surface area per animal maximum
density. The plumbing system of the ponds consists of perforated diffuser pipes, control valves
and thermostats to maintain an optimum temperature of the pond. This provides an even
distribution of geothermal energy throughout the pond (Johnson, 1978, 1981).

A very successful catfish raising operation has been started by the Indian community at Fort
Bidwell in northeastern California. Geothermal well water at 105°F (40°C) is mixed with cold
water to produce 80°F (27°C) water which is then piped into 25 ft long by 8 ft wide by 4 ft deep
(7.6 x 2.4 x 1.2 m) raceways. Two sets of parallel raceways use 900 - 1000 gpm (57 - 63 I/s). A
one-foot drop between raceways is used to aerate the water. One ounce (28 g) fish at 3000 per
raceway are initially stocked, producing a surviving 2000 fish at 2 pounds (0.9 kg) each in five
months. Construction of the raceways and well cost $100,000. The fish are sold live at the
source for $1.40 per pound ($3.09/kg) and delivered live to San Francisco where they wholesale
for $2.00 per pound ($4.4I/kg) and retail for $3.00 to $4.00 per pound ($6.60-$8.80 per kg).
Production cost at Fort Bidwell is approximately $0.60 per pound ($1.32/kg) (personal
communication with William Johnson).

Other fish-raising projects are underway in Corsicana, Texas, and Ely, Nevada.
Aquaculture ponds are best constructed with 1/4 acre (0.1 ha) of surface area. A size of 50 x

200 ft (15 x 6 m) is ideal for harvesting. A minimum-sized commercial operation should have
7 - 10 acres (3 - 4 ha) under development (water surface area), or about 30 - 40 ponds. The
maximum surface area that should be considered for a single pond is one-half an acre (0.2 ha).

The most important items to consider are quality of the water and disease. If geothermal
water is to be used directly, evaluation of chemicals such as fluorides, chlorides, etc., must be
undertaken to determine if the fish or prawns can survive. A small test program is often a wise
first step. An aeration pond preceding the stocked ponds will often solve the chemical problem.

Table I.

Species

Tropical fish
Catfish
Trout
Prawns

Growth period

2-3 months
4- 6 months
4- 6 months
6- 9 months

Water temperature

74 - 90°F (23 - 27°C)
65-75°F (I8-24°C)
55-65°F (13-18°C)
81 - 86°F (27 - 30°C)

Crops that are a good candidate for aquaculture are in indicated in Table I. Tropical fish
(goldfish) are generally the easiest to raise and have a low investment and high yield. Smaller
ponds can also be used. An average of 150,000 fish per year can be raised from 1 acre (0.4 ha),
as they require the lowest temperature water, they can better use low-temperature resources of
cascaded water. Freshwater prawns generally have a high market value, with marketable sizes
being 16-20 tails to the pound (0.4 kg). Channel catfish are also popular, especially as fillets.
Production rates depend upon water quality and flow rates.

Ponds require geothermal water of 100-150°F (38-66°C) and a peak flow of 300 gpm
(19 I/s) for one acre (0.4 ha) of uncovered surface area in colder climates. The long axis of the
pond should be constructed perpendicular to prevailing winds to minimize wave action and
temperature loss. The ponds are normally constructed of excavated earth and lined with plastic
where necessary to prevent seepage loss. Temperature loss can be reduced, thus reducing the
required geothermal flow, by covering the pond with a plastic bubble. Construction cost,
exclusive of geothermal wells and pipelines, will run $30,000 - $50,000 per acre
($75,000-$125,000 per ha).
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Ambient temperature is generally more important for aquatic species than land animals. This
suggests that the potential use of geothermal energy for aquaculture may be greater than for
animal husbandry, such as pig and chicken rearing. Figure 2 shows the growth trends for a few
land and aquatic species (Barbier and Fanelli, 1977). Land animals grow best in a wide
temperature range, from just under 50°F (10°C) and up to about 68°F (20°C). Aquatic species
such as shrimp and catfish have a narrower range of optimum production at a higher
temperature, approaching 86°F (30°C). Trout and salmon, however, have a lower optimum
temperature no higher than 59°F (15°C).

POTENTIAL GEOTHERMAL AGRICULTURE-AQUACULTURE DEVELOPMENTS
FOR HAWAII

Three potential agriculture-aquaculture and related industrial developments appear feasible
on the Island of Hawaii. Depending upon the temperature of the geothermal resource, the
following projects are proposed.

(I). Low-temperature resource (90 - 150°F or 32 - 65°C)
- prawns
- catfish
- tropical fish.

(II). Intermediate-temperature resource (150 - 250°F or 65 - 121°C)
- food processing

fruit (papaya)
vegetables
milk.

(III). High-temperature resource (above 250°F or 121 0c)
- refrigeration (cold storage)
- ice production.

Greenhouse operation is not considered commercially economical for Hawaii, as it is difficult
to compete with products such as roses and vegetables grown in southern California and
Mexico. However, a preliminary economic analysis should be made to compare the cost of
importing these items versus locally grown.
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The raising of aquaculture products and ocean fishing can be tied closely with a refrigeration
and ice production facility. This would allow for storage and preparation for shipment outside
of the island.

Two excellent reports, specifically addressing some of the above uses, are Goodwin and
Hansen (1974) and Hirai and Associates (1982). A recent article describes the shrimp farm on
Oahu (ASCE, 1985).

Food processing also has excellent potential, especially with the location of the Hawaii
geothermal power plant and the papaya processing industry. An in-depth analysis needs to be
made of the potential use of geothermal energy for cleaning, processing, and storing the various
papaya products.

A recent review of direct-use geothermal applications can be found in Gudmundsson and
Lund (1985).
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SUMMARY OF AGRI-AQUACULTURE APPLICATIONS SESSION

The major applications that were determined to be promising in the Puna District, Hawaii
Island, are:

(1) Food processing (human food, animal feed, and food technology)
(2) Refrigeration (ice making and cold storage)
(3) Greenhouse operations
(4) Dehydration
(5) Aquaculture
(6) Balneology.

Food processing
Projects in food processing appear to be highly relevant to the Big Island economy. Dipping

papaya in naturally heated water for insect and disease control required for out-of-state
shipment may be economical because of the proximity of many papaya fields to the developing
geothermal area. Cooking and processing other fruits such as guava should also be investigated.

Animal feed processing
Ranked as high priority was the need for a study of the drying and processing of feed

materials for livestock and aquatic animals using geothermal energy. Hay and other feed crops
may be dried to produce high energy feeds and roughage.

Food technology
There was a strong recommendation that food technologists be consulted on the possible use

of green fruit, culls, leaves, stems and so forth to produce edible products for both human and
animal consumption.

Ice making and cold storage
Ice making was considered by the group as an important potential business for the Puna

district mainly to serve fishermen, along with refrigerated storage space for local agricultural
products. The investigation should determine whether off-the-shelf refrigeration equipment is
available for utilizing geothermal heat directly.

Greenhouse operations
Some applications of greenhouses appear feasible and worth exammmg. These include

producing high quality seedlings, rootstock and high value vegetables in a controlled pest-free
environment.

Dehydration
Dehydration of local crops to extend shelf life, create new products, or as part of normal

processing appears to have promise as an industry. This may not need experimental verification
on a small scale since there are full scale plants presently operating in other areas. Some
candidate crops are papaya, bananas, macadamia nuts and coffee. Fish and other sea foods
might also be preserved by dehydration using geothermal energy.

421
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Aquaculture
It was decided that aquaculture experiments would be of value on species that have a history

of success and marketability, such ~~ shrimp and fish that require brackish or warm water.
Impurities from plumbing materials and chemicals added to the water could cause serious
problems with this type of operation.

Balneology-resort and health spa use
Finally, a use of geothermal water that does not fall into the category of agricultural or

aquacultural use but may have commercial value is therapeutic and recreational bathing.
Worldwide this is a significant industry and should be tested for viability in Hawaii.
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The Puna Research Cenler-Noi'i 0 Puna.

The Puna Research Center (PRC), also known by its Hawaiian name, Noi'i 0 Puna, was
constructed on the grounds of the Hawaii Geoth~rmalProject-Abbott (HGP-A) and dedicated
on 24 August 1985. Funding of $325,000 for creation of PRC was provided by the Hawaii State
Legislature. The facility consists of a 2000 ft> (186 m') building with a wet chemistry laboratory,
a second laboratory room and an office. A spacious open area with high pressure brine outlets
has been designated for larger projects. Electricity (120 - 240 volts), telephone, potable water
and compressed air are also provided. Miscellaneous tools and a wide variety of laboratory
equipment are being acquired. Transfer of heat exchangers and other equipment to PRC from
the U.S. Department of Energy (USDOE) Geothermal Test Facility in Imperial Valley,
California is being accomplished with support from the Energy Division of the State of Hawaii
Department of Planning and Economic Development.

An international geothermal workshop was held in August 19135 to discuss common problems
of geothermal exploration and development, and methods of solution. The three main
categories addressed were process chemistry design, reservoir engineering and direct heat
application, mainly for agriculture and aquaculture. Research projects supported by the
USDOE and the State of Hawaii have already been initiated at PRC in the areas of reservoir
engineering, silica control and utilization and materials corrosion.

The Community Geothermal Technology Program will also make use of PRe. Under this
program, grants up to $10,000 each wilt be provided to individuals and small businesses in the
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community for projects that will begin early in 1986 to demonstrate commercial uses of
geothermal heat and by-products. Several proposals have been recommended for funding in the
categories of dehydration of fruit, animal feed, and lumber, soil heating and greenhouse
operation, glass making and textile dyeing. A number of other uses have been suggested for
future consideration.

The advantages provided by PRC include an operational geothermal power plant with a
functioning applications laboratory, nearby private wells, an endowed Fellows in Renewable
Energy Engineering (FREE) program, the availability of non-proprietary information, and
strong support from the state and county governments, the local utility and geothermal
developers.

Plans are being pursued to obtain a full time site manager for safe and orderly operation of
the facility. The administration of PRC will be the responsibility of the Natural Energy
Laboratory of Hawaii (NELH) Board, with research supervision being provided by HNEl.
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THE DESIGNATION OF GEOTHERMAL SUBZONES IN HAWAII*

TAKESHIYOSHIHARA

Departl/1enl of Planning and Economic Developmenl, 335 /'vterchanr Streer, Room 108, Honolulu, Hawaii 96813,
U.S.A.

Abslract-The issue of maintaining a balance between economic development and preservation of the
environment is a major concern in Hawaii, which in 1961 became the first state in the nation to adopt
sweeping statewide land use controls. Hawaii suffers from a very high dependence upon imported
petroleum as its primary energy source, and has declared a policy of accelerating the transition to
alternate energy sources. Geothermal energy is believed to exist in abundant quantity, especially on the
Island of Hawaii. In order to ensure that geothermal development occurs in the most appropriate areas,
the State in 1983 adopted legislation to establish geothermal resource subzones where geothermal
activities may take place. Six subzones have subsequently been established.

BACKGROUND

The State of Hawaii consists of approximately 4.1 million acres of land on 132 islands, with
most of the land and population contained on only six. The Island of Oahu is the most densely
populated with 78% of the State's one million population (State of Hawaii, DPED, 1983). The
largest island, Hawaii, is approximately 200 miles southeast of Oahu and is the only island
which is presently volcanically active.

Public concern over the proper management of Hawaii's limited land area, including the
need to preserve its unique and pristine environment, has for many years been an important
issue for the people of this State. Hawaii became the first in the nation to adopt sweeping
statewide land use legislation and has now in place one of the most complex and conservative
land use regimes in the world (Callies, 1984).

In 1961, the State Legislature passed Act 187-61 which provided for the classification of all
lands within the State into four use categories, namely urban, rural, agricultural and
conservation. A nine member Land Use Commission ("LUC") was authorized and empowered
to classify land into one of the four categories (State of Hawaii, 1961). Ultimately, Land Use
Districts were drawn by the LUC and the area of land devoted to each use is as follows: urban,
156,400 acres; rural, 9200 acres; agricultural, 1,971,300 acres; and conservation, 1,975,500
acres (State of Hawaii, DPED, 1983). Specific regulation of the uses and activities within
urban, rural and agricultural districts were left to the counties to administer and enforce, with
regulatory responsibility for the conservation district assigned to the Board of Land and
Natural Resources (BLNR), an appointed body attached for administrative purposes to the
State Department of Land and Natural Resources (DLNR), an executive agency.

GEOTHERMAL ENERGY

Hawaii is presently dependent on imported petroleum for more than 90070 of its energy
supplies, making the State highly vulnerable to adverse economic and social consequences
which may result from any shortage in supply or escalation in the price of oil (State of Hawaii,
DPED and Lawrence Berkeley Laboratory, 1981). Early reductions in the use of oil and a shift
to indigenous renewable sources have been made a matter of State priority (State of Hawaii,
OPED, 1962).

'Paper presented at the 1985 International Symposium on Geothermal Energy, Hawaii, organized by the Geothermal
Resources Council (GRC), Davis, California. Reprinted by courtesy of GRC.
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Geothermal energy has been found to exist in potentially large quantities in Hawaii, primarily
on the Island of Hawaii, and is now considered the State's best near-term prospect for
producing baseload quality electricity in large quantity from an indigenous source.

The development of geothermal energy in the State dates back to exploration efforts begun as
early as 1961 with the drilling of the first exploratory wells. The Hawaii Geothermal Project,
begun in 1972 under the direction of the University of Hawaii, led to the drilling of the first
successful well in 1976, and to the construction of the 3 MW HGP-A operating plant in 1981
(Goodman and Love, 1980). Funding for these efforts was provided primarily by grants from
the National Science Foundation and the U.S. Department of Energy, with the State also
making a sizeable contribution. After over 3 years of successful operations, the HGP-A plant
has demonstrated the technical and economic feasibility of geothermal energy in Hawaii.
Largely as a result, there are now three private firms or consortia actively involved or interested
in developing the State's geothermal resources. Puna Geothermal Venture, consisting of
Thermal Power Company, Dillingham Corporation, and Amfac Energy, has initiated
exploration in the Lower Kilauea East Rift Zone on the Island of Hawaii. Barnwell Industries,
through its subsidiaries, Barnwell Geothermal Corporation and Geothermal Exploration and
Development Company, has also initiated exploration in the Lower Kilauea East Rift Zone.
True/Mid-Pacific Geothermal Venture has indicated its intent to explore in the Upper Kilauea
East Rift Zone as well as in the Haleakala Southwest Rift Zone on the Island of Maui.

The prospect of large-scale geothermal development has raised public concerns over its
possible environmental effects, including the use of land. Geothermal development does not fit
neatly into any of the existing land use categories since the resource cuts across district
boundaries and must be developed where it occurs. Any developer interested in working in a
conservation zone would be faced with an especially difficult and time-consuming task of
establishing a right to develop geothermal resources located on such lands in the face of strong
views held by some that conservation lands were intended to be preserved at all cost and that
geothermal development would be inconsistent with that objective.

It is against this background of the urgency to develop an indigenous energy resource, while
at the same time preserving the quality of the environment, that Hawaii's State Legislature in
1983 enacted the Geothermal Resource Subzone Assessment and Designation Law (Act 296-83),
determining that the development and exploration of Hawaii's geothermal resources is of
statewioe concern, and that this interest must be balanced with interests in preserving Hawaii's
unique social and natural environment (State of Hawaii, 1983).

THE LEGISLATION

Act 296-83 mandated the creation of "geothermal resource subzones" within which
geothermal development could take place, regardless of the existing land use classification. The
intent of the Act was not to overhaul or displace the existing land use system, but to add to it the
requirement of a subzone procedure applicable to geothermal activities. Another tier was ad~ed

to the existing regulatory process, while keeping intact the site-specific land use review process
which existed before passage of the Act. The counties would continue to maintain jurisdiction
and authority to approve site-specific activities on agricultural, rural and urban lands, while the
BLNR would continue to exercise these responsibilities on conservation lands.

Act 296-83 requires the BLNR to establish geothermal resource subzones on the basis of an
assessment which would examine a number of factors, including, but not limited, to the
following:

(a) Potential for production of geothermal energy.
(b) Use of geothermal energy in the area.
(c) Geologic hazards.
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Fig. I. Potential sources of geothermal energy in Hawaii.

(d) Social and environmental impacts.
(e) Compatibility with present and permitted land uses.
(f) Potential economic benefits.
(g) Compatibility with conservation policies where a subzone falls within a conservation

district.
Other applicable existing statutes were to be considered and public hearings were to be held in

close proximity to each proposed subzone area. Lands covered by existing geothermal mining
leases were declared subzones under a "grandfathering" provision contained in an Act passed
by the State Legislature in I984 (Act I5I-84).

In accordance with established procedures, a report "Proposed Rules for the Designation
and Regulation of Geothermal Resource Subzones" was issued and public hearings on the rules
held in all the counties by the BLNR. The rules, formally adopted in July 1984, set forth the
criteria for designating the subzones, and provided for the modification and withdrawal of the
subzones once established (State of Hawaii, DLNR, 1984a).

STATEWIDE ASSESSMENT

With timely financial assistance provided by the U.S. Department of Energy and the
Department of Planning and Economic Development, the task of conducting the necessary
assessment was undertaken by the DLNR (State of Hawaii, DLNR, 1983). It enlisted the
assistance of local physical and social scientists to review available information and advise the
BLNR concerning the merits of each potential subzone (State of Hawaii, DLNR, 1984b). An
assessment of the geothermal potential in each county was conducted by the Geothermal
Resource Technical Committee, which reviewed several regional surveys conducted in Hawaii
during the past 20 years (State of Hawaii, DLNR, 1984c).

In all, 20 geographical areas showed some previously documented indication of a geothermal
resource: one on Kauai, two on Oahu, two on Molokai, one on Lanai, six on Maui, and eight
on Hawaii. The assessment process resulted in the identification of seven areas with a
probability of at least 25070 of having a high temperature (greater than 125°C at a depth of less
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than 3 km) resource. Haleakala Southwest Rift Zone (25070) and Haleakala East Rift Zone
(25010), both on Maui; and Hualalai (35%), Mauna Loa Southwest Rift Zone (35%), Mauna
Loa Southeast Rift Zone (35%), Kilauea Southwest Rift Zone (greater than 90010) and Kilauea
East Rift Zone (greater than 90%), all on the Island of Hawaii. Five additional areas that had a
probability of at least 15% of containing a low temperature resource were also considered:
Waianae on Oahu; Olowalu-Ukumehame on Maui; and Kawaihae, Mauna Kea Northwest Rift
Zone and Mauna Kea East Rift Zone, all on the Island of Hawaii.

Seven geographical areas with at least a 25% probability of containing a high temperature
geothermal resource were selected for further assessment using the criteria provided (State of
Hawaii, DLNR, 1984d,e,f,g,h). The assessment resulted in the identification by the BLNR of
the following four areas as proposed geothermal subzones (State of Hawaii, DLNR, 1984i).

(a) Two subzones in the Kilauea Lower East Rift Zone on the Island of Hawaii, consisting of
one parcel of 5939 acres in the Kapoho Section and another parcel of 5519 acres in the Kamaili
Section. These areas are located in agricultural and conservation land use districts.

(b) One subzone in the Kilauea Upper East Rift Zone on the Island of Hawaii, consisting of
5300 acres in a conservation land use district.

(c) One subzone in the Haleakala Southwest Rift Zone on the Island of Maui, consisting of
4154 acres in a conservation land use district.

d
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DESIGNAnON OF GEOTHERMAL SUBZONES

After conducting public hearings on the proposal, BLNR issued its decision on 16 November
1984, which designated the above-described areas in the Kapoho and Kamili Sections in the
Kilauea Lower East Rift Zone, and a modified area in the Haleakala Southwest Rift Zone as
geothermal subzones. They were in addition to two parcels totalling 1585 acres in the Kapoho
Section of the Kilauea Lower East Rift Zone which were designated as subzones under the
grandfather provision of Act 151.

Final decision on the designation of a subzone in the Kilauea Upper East Rift Zone was
withheld pending the conduct by the BLNR of a contested case hearing as requested by an
opposition group. Following the hearings, the BLNR modified its initial proposal by
designating an 800 acre parcel of land as a subzone, with the condition that no new activity
would be permitted within this subzone until a further determination was made that
geologically hazardous and eruptive activity in the area had ceased. In addition, the BLNR
requested the land owner to consider a land exchange of the contested lands in the zone with
State-owned land in the Kilauea Middle East Rift Zone. If a resource assessment indicated a
lack of geothermal resources in the new area, or if a land exchange was not consummated, the
remainder of the 5300 acre parcel initially proposed in the Upper Rift Zone would then be
designated as a subzone. If the land exchange was agreed upon, the entire 5300 acres in the
Upper East Rift Zone would be withdrawn from further consideration as a subzone.

CONCLUSIONS

The designation of geothermal resource subzones marks an important milestone in the
history of land use policy and regulation in the State of Hawaii. The designation requirement
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establishes clear State policy with respect to geothermal energy by allowing for its development
in support of the State's goal of achieving energy self-sufficiency, and in areas which are
compatible with the social, economic and environmental concerns of the State. Although
another tier has been added to the existing regulatory system; the ultimate effect of the subzone
designation will be the encouragement of geothermal energy development in an orderly and
acceptable manner.
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Abstract-Geothermal energy development in Hawaii has been surrounded by public controversy which
could be avoided if the opportunity for community-scaled policies were pursued. As a case study of the
relationship between energy and community the Hawaii example provides hope for alternate energy
development strategies in the future.

INTRODUCTION

Public officials in Hawaii believe that geothermal resource development is the largest, near
term baseload electrical energy potential for the State. Critics maintain that they have been
willing to subvert its prized land-use law, to threaten the visitor attractiveness of the Hawaii
Volcanoes National Park, to violate the biological uniqueness of the wilderness, and to commit
to locally unwanted industrialization of an agricultural and service based island economy in
order to show their dedication to full-scale geothermal energy development.

Some proponents of geothermal development believe that the State's position has been
myopic, distorting the tremendous future that geothermal energy could have for community
development; that its rush to invite carte blanche large scale development without investigating
the relation to end uses puts the cart before the horse much like decisions that led to the current
energy crisis. Furthermore, the State's alignment with particular geothermal development
proposals (of Campbell Estate at Kahauale'a, e.g.) has had the additional effect of eroding
public trust in alternate energy (including geothermal) and of creating a hostile climate in which
future debate will be conducted.

This paper examines an alternative relationship between energy and community, one which
undergirds local support of geothermal development. The discussion is based on an assumption
that Hawaii serves as an extremely instructive case study of America's response to the so-called
energy crisis. It questions whether the interests of capital production threaten to pervert the
opportunity of alternate energy to provide avenues of social and economic development that do
not put us in the exact same (undesirable) situation.

BACKGROUND

In the late 1970s the federal government joined the state of Hawaii in a creative alliance
regarding alternate energy development. Realizing the rich mix of renewable resources
available, both governmental levels backed efforts to pave the way for the commercial
attractiveness of geothermal energy. However, official policy never questioned the extent of
power being sought or the desired end uses to which it could be put. The unwitting repeat of
past thinking led Shupe and Weingart (1980) to suggest that

The factors that will delay rapid expansion of geothermal power are more likely to be legal and regulatory, social and
environmental. .. there is genuine concern on the pan of the people in this quiet area of the impact on their life-styles
and traditions.

'Paper presented at the 1985 International Symposium on Geothermal Energy, Hawaii, organized by the Geothermal
Resources Council (GRC), Davis, California. Reprinted by courtesy of GRC.
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What Shupe and Weingart (as well as most public officials and private industry representatives)
did not appreciate is that genuine concern about local life-styles and traditions was actually a
call to reevaluate the assumptions of the relationship between energy and community.
Moreover, if interest in alternatives to nonrenewables was spurred by a crisis, the folk wisdom
of examining the assumptions that got us in trouble in the first place appeared rational and
logical to the average citizen.

HISTORICAL ASSUMPTIONS

What were some of the assumptions that made rethinking energy sources necessary and how
is Hawaii instructive of the past relationship between energy and community? First, Hawaii
assumed along with the rest of the Western world an unlimited right to exploit any resource
anywhere anytime regardless of implicit depletion messages from mother earth or the imbalance
of world wide resource extraction.

Second, Hawaii's history presents a microcosmic portrayal of America's energy dilemma. Its
history is one of rapidly moving from a small, self-reliant agricultural ecosystem to a Western
modelled plantation economy which introduced technologies like the steam engine and later the
internal combustion engine with its dependence on imported petroleum. Later events which
accompanied modern travel capabilities and a "foreign" architecture that relied on air
conditioning rather than the prevailing tradewinds contributed to a relatively huge local
petroleum appetite.

Third, like the rest of the United States, imported non-renewable energy has become a critical
dependency in Hawaii. Relatively low electricity demand (total 1700 MW installed capacity)
associated with mild weather and a service oriented economy is counterbalanced by the high
price of imported non-renewable sources of electricity. (Perhaps the crisis is more stark in
Hawaii because of its near total dependence on imported petroleum. That is, as a volcanic
island chain, there are no fossil fuels in the state. Except for some 5070 contributed by burning
milled sugar cane, all fuels must be barged in. While this situation is more extreme than on the
mainland U.S., the nation itself has not been energy independent since 1946.)

When international developments a decade ago encouraged an assessment of petroleum
based economies, Hawaii discovered that its blessings of indigenous natural energy resources
could mean it need not rely on Venezuelan, Malaysian and Indonesian petroleum. Rather, a
combination of renewable energy sources provided by the sun was virtually awaiting
exploitation: energy direct from the sun, from the constant motion of the ocean waves, from
the differential gradient in the temperature of the ocean (OTEC), from the prevailing
tradewinds, and from the ultimate source of the land's formation ... the heat trapped near
molten lava by its mother volcanoes, known as geothermal energy.

However, Hawaii discovered that the ohysical distribution of its wealth of indigenous
renewable energy was uneven. Thus, Hawaii is like other places in a fourth sense: the natural
distribution of resources being uneven create~ issues of local versus regional development. In
this regard the Hawaii case can be summarized as follows: (1) the islands vary locally in the
types and feasibility of their natural energy potentials; (2) the locations of natural energy
supplies are not matched with high local energy demand; (3) no inter-island energy grid exists to
connect electricity produced at one location with users on another island so each island's
electricity company imports fuel and transmits electricity locally and (4) the dramatic physical,
social and economic consequences of large scale geothermal development would predominantly
fall on local communities.

If so blessed by renewable energy resources, how is Haw.1ii exemplary of the American
response to the energy crisis? The response of government and industry was a collaboration that
articulated a capital intensive, technologically short sighted, quick fix instead of reasoned re-
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evaluation of the relation between energy and society such that really self reliant communities
could be developed. "Full steam ahead with assumed state and island benefits" was the official
policy. But what were the promised benefits? Avoidance of spending large amounts of money
for foreign oil, but no assurances that the same monies would not be paid to absentee owners of
geothermal developments. Jobs; jobs in energy intensive industries that would be created
because of the excess electricity on the island where the resource is located. New industries like
aluminum smelting and manganese nodule processing; industries that are suspect in their
compatibility with local community values and fragile islands. Electricity export to islands with
greater demand; but no known method of successfully transporting power across miles of deep
trench ocean.

Finally, with few locally oriented benefits, state efforts were aimed at corporate risk aversion
but not community risk aversion. In fact, community endorsement of large scale resource
development was sought in spite of many unanswered questions regarding environmental
control provisions, property ownership, drilling regulations, health and safety hazards, zoning
requirements, and threats to current economic activities, religious practices, and cherished
community life-style.

ALTERNATIVE ASSUMPTIONS

Viewing energy as a solution to a problem rather than as an end itself suggests that the end
uses should be specified first and then the appropriate type and scale of resource development
follows. This corresponds to the notion that improving the quaiity of life, and not corporate
profits, is the goal being sought. In a review of the literature on energy policy and the quality of
life, Nader and Beckerman (1978) show that the following caveats are in order if the resolve is
to improve life quality.

(I) Abrupt rises or declines in energy use should be avoided.
(2) Production should be matched to consumption in scale; that is neither process should be

over-whelmingly larger than the other.
(3) Production should respond to consumption, and consumers, in administrative decisions.

There should be channels for the influence of consumer needs on producer policy.
(4) Consumption should respond not only to production but to future possibilities of

production. There should be channels for the influence of information about possibilities of
production on consumer decisions.

(5) Technologies that are vulnerable in terms of civil rights and liberties, and in terms of
health and safety, require a focus on the supply form, an emphasis upon the necessity for
consumers rather than producers of energy to answer the question of needs.

(6) Decisions about quality of life issues that are arrived at oligarchically are decisions
imposed rather than agreed upon and thus run contrary to American traditions.

Because geothermal energy is a resource that can be developed at a chosen extent, and with
direct applications particularly interesting to agriculture, it is especially appropriate for local
areas to be intimately involved in geothermal policy making. This would allow are-evaluation
of the relationship between energy and community. As Lovins et al. (1983) report:

Empirical evidence now shows that a soft energy path based on efficient use, renewable technologies, and non
coercive, community-scale implementation not only relieves the economic, social, and environmental risks of the
officially favored technologies, but can better fulfill the stated goals of official policy-providing us with the energy
services we need. (Italics supplied.)

The orientation to diverse, renewable, relatively simple technologies which are appropriate in
scale and quality for the task required implies that the community, not the state in this case, is
the proper locus for policy determination. It recognizes that
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... the community is in the unique position of being large enough to mobilize resources needed to meet such a threat as
energy but small enough to understand and protect the community's diversity, to allow for constructive individual
participation; and to tailor the solution to meet individual needs. (Lovins et al., 1983.)

HOW COULD A LOCAL ORIENTATION HAPPEN?

Instead of assuming that the location of the resource and its extent should be exploited to the
maximum, the island community of Hawaii (the Big Island) could develop a geothermal energy
development plan. As it is, the communities nearby the Kahauale'a land parcel have suggested
paced development downrift where hazards appear fewer and where the national treasure at the
Park would not be threatened. Locally derived economic development goals could be
established and the ability of geothermal development at an appropriate scale invited. Such a
policy of diverse, regionally appropriate solutions to energy resources would correspond to
goals of true community development.

BUT WHERE ARE THE BOUNDARIES ON "LOCAL"?

One could argue that Hawaii's attempt to fully develop geothermal potential represents a
locally oriented program. After all, what is more "local" than state self-sufficiency? This is the
one area where Hawaii differs from the rest of the American states. Given its isolation, Hawaii
is more like a small nation that itself has to balance between national and local interests. More
importantly perhaps, the physical distribution of the variety of renewable resources argues for
island-by-island answers to energy development and not dictation by statewide needs/dreams.

CONCLUSION

Large scale development of geothermal energy without regard to the goals of the local
(island) community need not be the policy of the state of Hawaii. Island scaled development,
directed by local residents, would reverse the relationship between energy and community that
has proven to be aversive in the past. Renewable energy has the tremendously valuable
characteristic of serving the interests of true community development.
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Abstract-The Hawaii Geothermal Resources Assessment Program was initiated in 1978. The
preliminary phase of this effort identified 20 Potential Geothermal Resource Areas (PGRAs) using
available geological, geochemical and geophysical data. The second phase of the Assessment Program
undertook a series of field studies, utilizing a variety of geothermal exploration techniques, in an effort to
confirm the presence of thermal anomalies in the identified PGRAs and, if confirmed, to more
completely characterize them. A total of 15 PGRAs on four of the five major islands in the Hawaiian
chain were subject to at least a preliminary field analysis. The remaining five were not considered to have
sufficient resource potential to warrant study under the personnel and budget constraints of the program.

The results of these studies have allowed us to attempt an estimate of the probabilities of low- to
moderate-temperature (50 - 125°C) and of moderate- to high-temperature (125 - 360°C) geothermal
resources in 12 of the survey areas; inadequate data or interpretational difficulties did not allow a valid
estimate to be made for the remaining three study sites. Table II presents estimated probabilities for these
PGRAs that are based on all currently available data.

The results of these studies have also demonstrated that no single surface geothermal exploration
technique is capable of providing unequivocal proof of a subsurface thermal anomaly under all field
conditions; it is more frequently the case that an estimate of the geothermal potential of a given PGRA
must rely on a synthesis of all geological, geophysical and geochemical data available. Experience in the
Kilauea East Rift Zone, a Known Geothermal Resource Area, has also demonstrated that none of the
currently available surface exploration techniques are capable of yielding definitive information
regarding the production capabilities of a specific parcel of a geothermal reservoir; the only technique
that has proven capable of providing this information has been the drilling and flow testing of deep
exploratory wells.

The island of Kauai (Figs I and 2) was not studied during the current phase of investigation.
Geothermal field studies were not considered to be warranted due to the absence of significant
geochemical or geophysical indications of a geothermal resource. The great age of volcanism on this
island would further suggest that, should a thermal resource be present, it would be of low temperature.

The geothermal field studies conducted on Oahu focused on the caldera complexes of the two volcanic
systems which form the island: Waianae volcano and Koolau volcano. The results of these studies and
the interpreted probability for a resource are presented below.

Lualualei Valley: (Figs I and 3). Geologic mapping located the focus of the late-stage eruptive activity
near the back of Lualualei Valley and tentatively identified the Waianae caldera boundaries within the
valley. Soil geochemistry studies defined anomalous zones of mercury concentrations and radon
emanation that appeared to be coincident with the caldera boundary faults. Groundwater chemistry and
temperature measurements identified a distinctly anomalous well near the back of the valley and several
others with slightly anomalous conditions on the caldera boundary faults. Geophysical soundings
indicated low subsurface resistivities within the valley that were interpreted to correspond to warm fresh
to saline water-saturated basalt. On the basis of the available data, the probability for a low- to moderate
temperature resource (50 - 125°C) within 3 km of the surface is assessed at 10 - 20070. The probability for
a higher temperature resource is less than 5070.

Mokapu Peninsula and Koolau Caldera: (Fig. 3). Geologic mapping identified three post-erosional
volcanic vents on Mokapu Peninsula; the inferred ages were on the order of 300,000 years. Geochemical
studies on Mokapu were unable to identify a self-consistent pattern of soil geochemical anomalies or
significant groundwater chemical anomalies that would suggest a geothermal resource. Resistivity
soundings determined subsurface resistivities that were consistent with cold seawater-saturated sediment.
The probability for even a low-temperature geothermal source at depths of 3 km or less beneath Mokapu
is considered to be less than 5070.

Results of preliminary soil geochemical studies and interpretation of available groundwater data to the
south of Mokapu, within the Koolau caldera, suggest that some thermally induced alterations may be
present. Interpretation of geophysical data indicates that the temperatures within the ancient Koolau

"Report prepared for Western States Cooperative Direct Heat Resource Assessment under grant No. DOE DE
AC03-80SFI0819, Feb. 1985.

Hawaii Institute of Geophysics Contrib. 1797.
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magma chamber are less than 540°C and that the shallow subsurface resistivities show no evidence of
thermal effects. On the basis of the rather sparse data currently available, the probability for a low- (Q

moderate-temperature resource associated with the Koolau magma chamber is considered to be 10% or
less.

Due to the anticipated small demand for geothermal power on the island of Molokai in the foreseeable
future, only preliminary effons were made (Q assess the potential for a resource on this island. An
abandoned well reponed to have produced warm water when it was first drilled during the 1930s was
located, but temperature measurements were unable to detect anomalies within the open ponion of the
hole; collapse of the lower third of the bore did not permit access to the water table, however. Soil
geochemical analysis did not indicate significant mercury concentrations or unusual alteration minerals in
the vicinity of the well. In the absence of detectable anomalies from the preliminary investigation, funher
studies were not considered (Q be warranted. The probability for a resource on West Molokai is not
considered to be high; however, sufficient data are not available to offer an estimated probability for a
resource.

Geothermal assessment activities on Maui included an evaluation of the major rift zones and post
erosional volcanic vents on both West Maui volcano and Haleakala volcano. Field surveys conducted on
West Maui yielded the following results (Fig. 19).

Olowalu and Ukumehame Canyons: extensive geologic mapping characterized the southwest and
southeast rift zones of West Maui volcano and interpreted these structures (Q suggest a migration of the
rift zone activity late in the formation of West Maui. Numerous late-stage alkalic and trachitic dikes and
plugs were also identified in the survey area. Ground-water geochemical and temperature measurements
identified distinctly anomalous water chemistry and temperatures. Resistivity sounding data for the area
was interpreted to indicate a thick layer of warm, fresh to saline water beneath the Olowalu and
Ukumehame Canyons. The probability of a thermal resource having a temperature greater than or equal
to 50°C is estimated to be 50-60070, whereas a temperature greater than or equal to 125°C has an
estimated probability of 10070 or less.

Lahaina-Kaanapali: soil geochemical surveys were unable to identify a self-consistent pattern of soil
mercury concentrations or radon emanation rates that would suggest a thermal resource. Groundwater
temperature measurements and chemical analyses were similarly unable to detect significant thermal
alterations. Geophysical soundings detected subsurface resistivities consistent with cold water-saturated
alluvium and basalt. The probability of a thermal resource existing in this area is less than 5070.

Honokowai: groundwater chemistry and temperature data for this area were unable to confirm the
existence of any thermal impacts and geophysical soundings indicated normal subsurface resistivities.
Hence the probability for a resource in this location is believed to be less than 5070.

Field surveys on Haleakala were confined to the lower portions of the three major rift zones and
yielded the following analyses:

Haleakala NOrlhwest Rift: soil geochemical and groundwater chemical studies in this area both
indicate potential anomalies. The interpretation of the anomalies with regard to thermal alterations was
not, however, unequivocal. Geophysical soundings were unable to identify significantly anomalous
subsurface resistivities or self-potential variations. The probability of a low- to moderate-temperature
resource is placed at 10- 20070, whereas that for a high-temperature resource is less than 5070.

Haleakala Southwest Rift: geologic mapping has determined that several flows on this rift are less than
10,000 years of age and that a few are less than 1000 years old. Preliminary geochemical studies were
unable to identify unequivocal evidence of thermal effects on the lower rift zone area, whereas
geophysical soundings indicated that thermal groundwaters may be present at depths of less than 3 km.
The probability for a low- to moderate-temperature resource is estimated to be 30 - 40070, whereas that
for a high-temperature resource is placed at 15 - 25070.

Haleakala East Rift Zone: preliminary geochemical and geophysical surveys were performed in this
area. The results of these efforts did not identify significant anomalies; however, difficulties in
inrerpretation and the small amount of data available do not allow an assessment of geothermal potential
to be made.

The island of Hawaii, being the youngest and most volcanically active island in the Hawaiian chain,
was found to have the largest number of PGRAs (Fig. 34). The current assessment program performed
field surveys in six of the most promising PGRAs on Hawaii, which yielded the following results:

Kawaihae: geophysical surveys performed over this area indicate a set of magnetic and resistivity
anomalies that suggest that an intrusive body, associated with the Puu Loa cinder cone, may be heating
local ground waters. Groundwater chemistry and temperature anomalies confirm the existence c,f a heat
source in the vicinity; however, the temperatures are not indicated to be very high. The probability of a
low- to moderate-temperature resource in the survey area is indicated to be 35 to 45070 and a moderate- to
high-temperature resource to be 15070 or less.

Hualalai: geologic mapping on the western flank of Hualalai suggests that frequent eruptive activity
has occurred during the last 5000 years. Geophysical surveys have identified distinct magnetic, resistivity
and self-potential anomalies near the summit of Hualalai, whereas the lower western flank has not shown
significant thermal effects. Geochemical data on the lower flanks were similarly unable to identify any
obvious thermally induced anomalies. These data suggest that there is a 35 - 45070 probability of a low- to
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moderale-lemperalUre thermal resource near the summit of Hualalai and a 20 - 30010 probability of a
high-temperalUre resource in this area. Probabilities for comparable resources existing on the lower
flanks are estimated at 15 - 25 and SOlo or less, respectively.

Mauna Loa Soufhwesf RifE: limited geophysical surveys performed on the lower southwest rift were
unable to detect significant resistivity anomalies to depths equivalent to the local water table, and a self
potential traverse detected only one anomalous gradient that was interpreted 10 be the result of a
downgoing streaming potential. No strong geothermal anomalies were identified; however, the
limitations of the available data set do not allow a probability estimate 10 be made of the resource
potential in this area.

Mauna Loa Norfheasl·Rift: geophysical and geochemical field studies performed in this PGRA were
unable to detect any evidence of a geothermal anomaly in this location. The probability for even a low
temperature resource is estimated to be less than 5%.

Kilauea Soulhwesl Riji: geologic mapping has indicated se\'eral areas or steaming ground and warm
coastal springs adjacent to the rift systems. A re-analysis of available geophysical data for this area
concluded that warm groundwater was present within the rift zone. Magnelic anomalies observed over
Ihe rift indicate that subsurface temperalUres may exceed the Curie temperature. The probability for a
low- to moderate-temperalUre resource on this rift is considered to be 100%, whereas that for a high
temperature resource on the upper rift is estimated at 70- 80010.

Kilauea East Riji Zone: an extensive body of geological, geophysical and geochemical data concerning
the East Rift Zone is available and virtually all of this data indicates that a high-temperature thermal
system is associated with the entire rift. Deep exploratory geothermal wells drilled into the rift zone have
identified temperatures in excess of 350°C and continuous production from one of these wells for a
period of more than two years indicates that sufficient recharge is available for production of geothermal
electrical power. The probability for both a low- and high-temperature resource on this rift zone is 100%.
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INTRODUCTION

The Hawaii Geothermal Resources Assessment Program was initiated in 1978 under the
Western States Cooperative Direct Heat Resources Ass'essment Program. Its goal was to
identify and evaluate Potential Geothermal Resource Areas (PGRAs) on all major islands of
the Hawaiian chain. The first phase of the assessment effort entailed a review of publicly
available data from which 20 areas within the state were identified (Fig. 1) where geological,
geophysical or geochemical data suggested that a resource might be present (Thomas et al.,
1979).

One of the identified areas, the Kilauea East Rift Zone, was at that time considered to be a
Known Geothermal Resource Area (KGRA) due to the discovery of a productive, high
temperature geothermal reservoir by the experimental well HGP-A (Kingston et al., 1976; Chen
et al., 1979). The probability of the existence of a geothermal resource in the remaining 19
locations ranged from nearly l00<'i'o (e.g. areas of recent volcanism or known warm water
resourtes) to less than 5<'i'o (areas identified on the basis of unconfirmed reports of warm water
or decades-old water chemistry data).

The second phase of the Assessment Program consisted of a series of geological, geochemical
and geophysical field surveys conducted in selected PGRAs in an effort to confirm the presence
of a resource and to characterize a confirmed anomaly as completely as possible within the
funding and personnel constraints of the program. The former constraint precluded any
attempt to confirm or characterize a potential resource area by drilling and thus the current
study was limited to surface exploration techniques. In order to operate most efficiently with
the personnel and budget available for the program, those areas believed to possess the greatest
potential as an economically viable energy resource were given the most intensive study. Areas
in which either the resource potential or the interest in development was believed to be minimal
were given a lower priority for field surveys.

The second phase of the Assessment Program, under Department of Energy sponsorship, has
come to a close. The present report will review the results from the field survey program as well
as data from studies conducted under the sponsorship of agencies other than DOE which are
relevant to geothermal resources in Hawaii. Finally, an estimate of the potential for a
geothermal resource in each of the identified PGRAs will be presented.
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1979.)

KAUAI

The island of Kauai is the northernmost and oldest major island of the Hawaiian chain (Fig.
2). It is made up of a single volcanic shield that completed its most active phase of volcanism
nearly 3.3 My ago (Macdonald and Abbott, 1970). Intermittent post-erosional activity has
occurred more recently, spanning a period from 1.4 to 0.8 My ago.

Groundwater geochemical data compiled for Kauai during the preliminary assessment
identified a few very weak water chemistry anomalies, and although these anomalies could be
interpreted to be the result of residual heat associated with Kauai's late-stage volcanism, the
great age of this activity as well as the absence of any other detectable thermal effects suggests
that this is very unlikely. Hence, further field studies on Kauai were not considered to have a
high priority and therefore, no additional data have been acquired for this island.

The probability of a viable geothermal resource of even a moderate temperature (less than
100°C) existing on Kauai is believed to be 5070 or less.

OAHU

Oahu is the second oldest major island in the Hawaiian chain and was formed from two
independent volcanic systems (Fig. 3). The older of the two, Waianae volcano, was formed at
least 2.4 - 3.6 My ago (Doell and Dalrymple, 1973), whereas the younger Koolau shield
completed its most active phase of volcanism approximately 2 My ago (McDougall, 1964;
Gramlich et al., 1971). More recent post-erosional activity occurred only on Koolau volcano
where approximately 40 separate vents, ranging in age from more than 400,000 years to less
than 30,000 years (Macdonald and Abbott, 1970; Lanphere and Dalrymple, 1980), ha~e been
identified.
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Fig. 2. Map of the island of Kauai. The inferred caldera and rift zones of Kauai volcano are noted as are the locations of
the more recently active post-erosional vents. (From Thomas el al., 1979.)

The preliminary assessment survey (Thomas et al., 1979) identified six locations on Oahu
where available geological, geochemical or geophysical data suggested that a thermal resource
might be present (Fig. 3). Field surveys have been conducted in two of the more promising of
these areas-Lualualei Valley and Mokapu Peninsula-during the current phase of the
Resources Assessment Program.

Lualualei Valley
Lualualei Valley is located almost entirely within the inferred boundaries of the caldera

complex of Waianae volcano. The valley is a superficial feature formed by subaerial erosion of
the Waianae shield at a lower than present stand of the sea (Macdonald and Abbott, 1970).
Deposits of silt and alluvium at higher sea levels formed the presently existing broad, flat valley
floor.

Lualualei Valley was identified as a Potential Geothermal Resource Area primarily on the
basis of reported groundwater geochemical and temperature anomalies together with limited
geophysical indications of a geothermal resource. The geothermal evaluation studies conducted
in Lualualei Valley under the current phase of research included geological mapping,
groundwater chemistry and temperature measurements, soil mercury and radon mapping, and
Schlumberger resistivity soundings (Cox et al., 1979).

Geological mapping. Geological field studies in Lualualei Valley were oriented primarily
toward identifying the lithology and structure of the Waianae caldera (Sinton, 1979). The
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lithologies present within the valley grade from older olivine-phyric basalts through plagioclase
phyric basalts to hawaiites (Fig. 4). Younger alluvial and marine sediments and conglomerates
overlie the older volcanics and form the majority of the valley floor. The major lithologic units
were found to be interlayered with erosional unconformities or soil horizons indicating that the
volcano experienced significant periods of quiescence during its formation.

Analysis of the faulting within the valley has identified the approximate boundaries of the
ancient Waianae caldera (Fig. 5) and suggests that deeply penetrating fractures accompanying
caldera collapse may present permeable conduits through which surface groundwa~ers might
circulate down to denser, possibly high-temperature rocks associated with the former magma
chamber of Waianae volcano.

Geochemical surveys. Groundwater temperature and chemical surveys were performed in
Lualualei Valley as a means of identifying surface aquifers that may have been affected by
thermal fluids discharging from deeply penetrating, permeable fracture systems (Cox and
Thomas, 1979). Water temperature measurements in wells and shafts in the valley were highly
variable, spanning a range from 18 to noc (Table 1). The lower-temperature sources were
generally associated with high-level, dike-impounded aquifers receiving extensive recharge from
higher elevations. The higher temperatures were all measured on the valley floor in wells that
penetrated basal aquifers. The temperatures observed in the basal aquifer, although higher than
average for Hawaii, are not considered to be excessive in light of the relatively limited rates of
low-elevation rainfall that provides recharge to this system. It may be significant, however, that
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the highest-temperature wells in the valley are located adjacent to the fracture systems believed
to be associated with the caldera boundaries.

The extensive set of groundwater chemical data compiled for the wells in the valley (Table 1)
showed that two of the primary indicators that have been commonly used in Hawaii for
identifying geothermal potential (i.e. silica concentration and chloride to magnesium ion ratios)
were anomalous in the groundwater of this survey area (Cox and Thomas, 1979). Several wells
located on the caldera boundaries were found to have both moderate-to-high silica
concentrations as well as above-normal chloride/magnesium ratios. Although neither of these
indicators can be used as a quantitative indicator of subsurface temperatures, both strongly
suggest that the groundwaters in this area have been altered by thermally driven rock/water
reactions.

Another indicator of possible thermal influence, although not normally used extensively in
Hawaii, is the sulfate to chloride ion ratios. With one exception, all of the wells in the valley
appear to have normal SO./CI ratios; the exceptional well is 2808-01 (Fig. 6) which, in the past,
was noted to have one of the highest SO. concentrations of any well on Oahu (Mink, 1960).
During its initial testing, this well was also noted to have had a sulfurous odor which, at the
time, was inferred to be the result of sulfur-laden emissions from a geothermal system
underlying the area (Mink, 1960).

Soil mercury and radon emanation surveys were performed over much of the accessible
surface of Lualualei Valley (Cox and Thomas, 1979). The results of these surveys (Figs 7 and 8)
delineated several areas in which soil mercury concentrations or radon emanation rates were
substantially above normal background values. Some of these areas were apparently coincident
with the mapped fracture systems associated with the caldera boundaries. However, some
anomalous zones were identified well outside these areas. These results were generally
interpreted to suggest the presence of at least low-level thermal effects associated with the
caldera boundaries; however, it is apparent that other non-thermal influences are being
detected as well.

Geophysical surveys. Three Schlumberger resistivity soundings were performed in Lualualei
Valley (Mattice and Kauahikaua, 1979). The resistivity structure derived from these soundings
indicated four distinct geoelectric units (Figs 9 and 10). Unit 1 was interpreted to be the surface
alluvial valley fill. Unit 2 was identified as dry to partially saturated, weathered basalts. These
surface layers were underlain by water-saturated layers. The upper layer, with a resistivity of
20 ohm'm to 28.2 ohm'm, was interpreted to be basalt saturated with fresh to brackish warm
water; the basement layer had a resistivity ranging from 110 ohm'm to more than 240 ohm'm
and was suggested to be the dense, intrusive complex associated with the former magma
chamber of Waianae volcano. The depth of the interface between Unit 3 and Unit 4 was
inferred to range from approximately 60 m below sea level at the back of the valley to more
than 500 m at the mouth. Interpretation of the resistivity soundings suggests that the source of
the warm water layer within the valley was the dense dike complex associated with the ancient
magma chamber of Waianae volcano.

Geothermal assessment. Taken individually, each set of geophysical and geochemical data
can be interpreted to be due to non-geothermal phenomena. However, the coincidence of
atypical groundwater temperature and chemistry data, soil mercury and radon data, and
subsurface resistivity data seems to indicate a common source for the anomalous conditions
observed in this area. The most reasonable single source of the anomalies observed is believed
to be a low-temperature thermal system associated with the caldera complex of Waianae
volcano.
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Fig. 4. Detailed geologic map of the Waianae caldera area (Oahu is.). Open circles denote the inferred boundaries of the
Waianae caldera and solid lines signify access roadways. (From Cox el al., 1979.) Legend on p. 443.

The present assessment of the geothermal potential for Lualualei Valley is that there is a
10 - 20010 probability of a low- to moderate-temperature (50 - 125°C) resource existing at
depths of less than 3 km; the great age of the caldera suggests that the probability of the
existence of a moderate- to high-temperature (greater than 125°C) thermal resource within 3 km
of the surface is less than 5010.

Mokapu Peninsula and Koolau Caldera
The Mokapu Peninsula is located on the windward (eastern) coast of Oahu at the

northeastern edge of the Koolau caldera complex (Fig. II). The peninsula is comprised
primarily of calcareous, sedimentary material and small lava flows and tuff cones; the latter are
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Fig. 4. Legend.

associated with the late-stage, post-erosional activity of Koolau volcano. The age of volcanism
on Mokapu has been estimated to be at least 32,000 years before present and, more probably, is
on the order of 400,000 years (Doell and Dalrymple, 1973).

The geothermal assessment program for Mokapu consisted of geological mapping, a limited
set of soil mercury and radon emanation surveys, and three Schlumberger soundings (Cox et
al., 1982a). Due to Mokapu's proximity to the Koolau caldera, a limited number of
geochemical surveys and geophysical surveys were also conducted within the caldera complex.
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Fig. 5. Map of the Waianae caldera slruclUral features (Oahu is.): crosses denote the inferred caldera boundaries;
closed circles outline inferred rift zone trends; broken lines indicale air photo lineations; solid lines denote faults; dots
outline the inferred focus of eruptive activity. The light double lines are access roadways. (From Cox et al., 1979.)

Geological mapping. Geological mapping on Mokapu (Cox and Sinton, 1982) identified at
least three separate volcanic vents within the study area and several other vents forming small
islets around Mokapu. Pyramid Rock, located on the northern end of the peninsula (Fig. 12),
appears to be the oldest of the three vents forming the peninsula. Puu Hawaiiloa, at the center
of the study area, comprises the largest area on the peninsula and is believed to be at least
320,000 years of age. Ulupau Head is apparently the youngest vent on Mokapu and originally
formed as a submarine vent that broke through the fringing reef around the peninsula.

Chemical analyses of the lavas from the post-erosional vents indicate that they bear no
genetic relationship to the shield-building lavas of Koolau volcano and hence cannot be viewed
as a renewal of Koolau's earlier activity (Cox and Sinton, 1982). The short duration of vent
activity and the relatively small amount of lava emitted suggests that the probability of a
remnant thermal resource being associated with Mokapu's post-erosional vents is very small.



Table I. Water chemistry data for groundwater sources in Lualualei Valley, Oahu island

Temp. HCO, TOlal
Source Number Locality (0C) pH Na K Ca Mg CI F + CO, SO, Sia, depth Dale

(m)
--~'"_._-----

• _ _~u_ ••~_.,_______

HIG 2409-07 Maili 25.5 680 18.2 96 61 1410 232 172 22.3 9/78
HIG 2409-23 Maili 25.0 690 20.1 101 60 1480 178 157 22 9/78
HIG 2508-02 Lualualei 27.0 102 10.0 40 80 260 48 68 53.3 8/78
USGS 2508-02 Lualualei 29.0 7.8 92 7.9 36 102 292 0.2 338 22 92 53.3 10/71
USGS 2508-02 Lualualei 29.0 7.7 126 9.6 41 108 382 0.2 313 25 89 53.3 10/71
BH 2508-02 Lualualei 9.5 (136) 286 127 520 258 51 84 53.3 2/54

CJHIG 2508-07 Lualualei 25.5 380 12.8 127 81 1330 59 186 26.0 9/78 ~

HIG 2607-01 Lualualei 24.0 41 2.9 14 12 41 58 96 137.5 8/78 c.....
USGS 2607-01 Lualualei 24.3 7.5 38 2.8 13 12 46 0.3 113 8.5 65 137.5 2/72 ;::..

~

USGS 2607-01 Lualualei 7.1 39 2.9 9.6 8 50 0.3 117 10 80 120.4 6/67
...,

USN 2607-01 Lualualei 6.7 28 3.0 7.2 8.5 48 0.3 105 8 78 120.4 1966 ~

HIG 2609-X Lualualei 24.0 90 95 50 141 7.8 41 6.4 9/78 ~

HIG 2709-08 Lualualei 26.0 92 2.6 II 9.6 147 22 165 57.9 9/78 ~

~
HIG 2712-01 Waianae 24.5 75 3.6 24 39 143 58 94 54.9 8/78 c
USGS 2712-01 Waianae 6.9 48 4.3 17 30 82 0.2 176 14 80 54.9 2/76 ::::
BWS 2712-01 Waianae 7.1 55 4.1 19 34 97 0.2 183 16 75 54.9 2/',;, ~

BWS 2712-01 Waianae 50 3.7 17 30 83 0.2 171 14 74 54.9 1/76 ~

HIG 2808-01 Lualualei 26.5 120 4.0 116 27 138 0.6 260 81 163 8/78 ~

USGS 2808-01 Lualualei 26.7 7.8 120 3.2 66 28 160 0.3 97 222 63 163 2/72 ~

USN 2808-01 Lualualei 26.6 7.5 165 180 700 163 9/57 ~
USN 2808-01 Lualualei 7.5 164 200 390 34 163 12/56 ~

HIG 2808-02 Lualualei 19.0 19 3.0 II 6.5 23 0.12 33 58 8/78 ~

::s
USGS 2808-02 Lualualei 18.5 7.7 19 3.1 II 7.4 26 0.1 75 3.6 49 2/72 .....
USGS 2808-02 Lualualei 7.2 19 2.8 II 7.3 26 0.1 74 4.6 49 2/72 5'
USGS 2808-02 Lualualei 7.6 19 2.9 6.4 6 32 0.1 76 7.0 56 6/67 ~USN 2808-02 Lualualei 7.5 19 3.8 8.8 8.2 30 0.1 71 5.8 62 1966

~
USGS 2809-05 Waianae 21.5 7.4 63 0.2 36 3.7 68 0.05 0.1 62 1969 §:
HIG 2809-06 Waianae 22.0 27 2.7 21 29 26 34 73 8/78
BWS 2809-06 Waianae 22.7 7.4 29 3.7 31 16 33 166 26 57 9/77
USGS 2809-06 Waianae 7.8 25 3.3 24 15 28 0.1 143 23 50 2/72
HIG 2809-06 Waianae 20.0 16 3.3 12 10 15 28 51 8/78
BWS 2809-06 Waianae 20.6 7.9 18 3.7 12 5.4 10 76 7.5 42 9/77
BWS 2809-06 Waianae 21.1 8.1 18 3.9 12 5.0 18 0.2 72 7.8 36 2/62
BH 2809-06 Waianae 7.6 (33.5) 16 8.7 22 75 14.5 40 8/58

Source = BH: Board of Health; BWS: Honolulu Board of Water Supply; HIG: Hawaii Institute of Geophysics; USGS: U.S. Geological Survey; USN: U.S. Navy.
Analyses iI) parts per million (ppm).
() = Na + K. .;..

.;..
V>
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Fig. 6. Map of groundwater well, shaft and tunnel locations in Lualualei Valley (Oahu is.). The numbers presented
adjacent to the groundwater sources are defined as follows: the lower number is the mean of published temperature
measurements made at each well; the upper number refers to the U.S.G.S. identification code number. Three zones of

apparently anomalous water temperatures are outlined. (From Cox et al., 1979.)

Geochemical surveys. The high degree of cultural activity (e.g. residential areas, streets, jet
runways, etc.) on Mokapu both limited the extent of the soil geochemical surveys performed
and rendered their interpretation much more difficult. Soil mercury concentrations and radon
emanometry data on the peninsula showed a few localized high values (Figs 13, 14), but no
consistent correlation between the anomalous zones and geologic features could be identified
(Cox el al., 1982b).

Extension of the mercury survey to the Koolau caldera complex (Fig. 15) detected a broad
range of soil mercury concentrations that were thought to be associated primarily with
variations in soil type and rainfall rates. Although some association between the higher mercury
zones and possible thermal effects was suggested, the temperature of the resource in this area
was inferred to be relatively low due to the small magnitude of the observed anomalies.

Chemical analysis of groundwater from Mokapu was severely restricted by the absence of
drilled wells; the only groundwater sources present were five shallow, brackish ponds. Chemical
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Fig. 7. Map of soil mercury concentrations found in Lualualei Valley (Oahu is.). Contour intervals are 50 parts per
billion (ppb). (From Cox el al., 1979.)

data indicated that all of the ponds consisted of seawater diluted by varying amounts of fresh
surface water; no thermal alteration was revealed by the water chemistry (Table 2).

Available temperature and water chemistry data on the Koolau caldera area were also
assessed as part of the Mokapu study. The results of this analysis (Table 2; Fig. 16) indicated
that the majority of the ground-water sources in this area were typical of those found in the
Hawaiian environment. However, two wells did have reports of anomalous conditions: one well
had a reported (although unconfirmed) temperature of 30°C while the other had a
chloride/magnesium ion ratio in excess of 15 ppm. Both of these wells are located on or
adjacent to the Koolau caldera boundary faults and hence they may reflect thermal alterations.

Geophysical surveys. Geophysical surveys on Mokapu were restricted to three Schlumberger
soundings (Fig. 17). The results of these soundings appeared to indicate a highly resistive
surface section underlain by one or more layers of intermediate to low resistivity (Fig. 18).
Basement resistivities in all cases were less than 3 ohm'm and were interpreted to correspond to
alluvial layers saturated with cold seawater (Lienert, 1982).
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A separate geophysical analysis performed on the Koolau caldera area (Kauahikaua, 1981 a)
synthesized existing self-potential, gravity, seismic and aeromagnetic data with recently
acquired resistivity soundings. An analysis of the observed remnant magnetization within the
caldera complex suggested that subsurface temperatures ranged from less than 300°C to no
more than 540°C. The resistivity data indicated that the electrical basement, to a depth of
900 m, had resistivities ranging from 42 ohm'm to more than 1000 ohm'm, which is considered
to be within the expected range for basalts (or alteration suites) saturated by cold, fresh to saline
water. No substantial effects on the resistivities were observed that were interpreted to be due to
thermal influences. In the light of the geophysical data just reviewed, it may be assumed that if
a thermal resource is associated with the Koolau caldera, its temperature is probably very low.

Geothermal assessment of Mokapu Peninsula and Koolau Caldera
The results of the geophysical and geochemical investigations on Mokapu Peninsula do not

substantiate the existence of a potential geothermal resource in this area. Data acquired for
Koolau caldera, although slightly more positive, indicate that if a geothermal system is
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Fig. 9. Map showing the locations ofSchlumberger sounding transects performed in Lualualei Valley (Oahu is.). (From
Cox er al., 1979.)

associated with residual heat in the ancient magma chamber, it is probably of a very low
temperature. In assessing the geothermal potential of Mokapu Peninsula, the probability of a
low- to moderate-temperature system (50-125°C) existing at depths of less than 3 km is
estimated to be less than 5010; the possibility of a moderate- to high-temperature resource
existing at similar depths is virtually nil. Assessment of the thermal potential of the Koolau
caldera places the probability of a low- to moderate-temperature resource existing within 3 km
of ground level at 10% or less; the probability of a high-temperature system existing at these
depths is estimated to be less than 5%.

Assessment of geothermal potential of other PGRAs on Oahu
In the light of the results of the geophysical and geochemical studies conducted in the two

areas on Oahu that, on geological grounds, would be anticipated to have the highest potential
as geothermal resources, it is considered very unlikely that a viable geothermal resource will be
found at depths of less than 3 km in the remaining four PGRAs that were identified during the
preliminary geothermal assessment study.
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MOLOKAI

The island of Molokai is the smallest of the major islands in the Hawaiian chain and was
formed principally from two volcanic systems: East and West Molokai volcanoes. East
Molokai was active during a period from 2.25 My ago to approximately 1.6 My ago: West
Molokai was active from 1.75 My ago to 1.2 My ago (Macdonald and Abbott, 1970). A
substantial period of post-erosional activity formed Kalaupapa Peninsula, the small shield on
the north coast of Molokai, as well as a much smaller cone-now a separate island-at the
eastern tip of Molokai.

The preliminary assessment survey identified one area on Molokai where a shallow
groundwater well was reported to have encountered warm saline water.

Assessment surveys. Due to the very small potential market on the island of Molokai for
geothermal energy, only a limited effort was made to confirm a resource in the identified
PGRA. An attempt was made to locate the (now abandoned) water well that was reported to
have encountered warm saline fluids. The well was located but had caved in above the water
table and thus no water sampling was possible. Temperature measurements in the open portion
of the well were performed, but no temperatures significantly above ambient were encountered.
Several soil samples were also taken from around the well for mercury and mineral analysis; the
mercury levels analyzed were well within the normal range for Hawaiian soils and the alteration
suite present corresponded to normal weathering processes.

Due to the absence of any significant positive indicators for a resource and the low
probability for utilization of a confirmed resource, no further field surveys on Molokai were
attempted.

Geothermal assessment. The absence of any detectable geothermally related anomalies
suggests that the probability of a viable thermal resource existing on Molokai is not very high.



Geothermal Resources Assessment in Hawaii 451

..,.".,...,.....•......

0'/1-{·..·..

~\.r.... r

o
ra=

KILOMETERS

4

...
OLCl\IANA

WAIMANALO

Fig. II. Map of Mokapu Peninsula and adjacent area (Oahu is.). Roads are indicated by broken lines and the crest of
the Koolau Range by an unbroken line. Solid triangles denote topographic reference points. (From Cox et aI., 1982a.)

However, the surveys that were conducted on this island were far from complete; hence an
assessment of the geothermal potential on Molokai cannot be reasonably made on the basis of
the data which are currently available.

MAUl

Maui is the second largest and second youngest island in the Hawaiian chain. It is made up of
two independent volcanic systems: West Maui volcano, the older and smaller of the two, and
Haleakala volcano.

Data compiled during the preliminary assessment surveys indicated that six locations on
Maui (Fig. 19), three on West Maui and three on Haleakala, might have potential as geothermal
resources (Thomas et al., 1979). Field surveys were performed in all six PGRAs in an effort to
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Legend on p. 453.

validate the data set acquired during the preliminary assessment as well as to characterize any
confirmed thermal resource.

West Maui Volcano
West Maui is the older of the two volcanoes forming the island of Maui. The bulk of the West

Maui shield was formed between 1.15 and 1.3 My ago; post-erosional activity emplaced four
small cinder cones along the southwest coastal plain over a period from approximately 70,000
years to 20,000 years before present (McDougall, 1964; Macdonald and Abbott, 1970).

The structure of the West Maui shield differs from that of most other Hawaiian volcanoes;
the northwest and southeast rift systems form broad cones of dikes radiating out from the
central caldera complex and are much less well-defined than is typically found in Hawaii.
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Recent structural and age studies of the southeast rift indicate that there was a migration of this
system from a southeasterly strike to a southwesterly strike (Diller, 1982). This migration was
inferred to be the result of changes in the regional stress field brought about by the growth of
the adjacent Haleakala shield.

Three areas on West Maui were identified as having some potential as a geothermal resource:
(I) The Olowalu-Ukumehame Canyon area on the south-west coast and adjacent to the
southeast rift system of West Maui volcano, (2) Lahaina, near the site of several post-erosional
vents, and (3) Honokowai, adjacent to the northwest rift zone of West Maui.

Although all three areas were identified on the basis of groundwater temperature or
chemistry anomalies, the presence of a warm water source with a confirmed temperature of
30°C at the mouth of Ukumehame Canyon indicated that this area had the greatest potential of
the three idemified.

Olowalu-Ukumehame Canyon
Because the Olowalu-Ukumehame Canyon site was considered 10 have the highest potential

as a geothermal resource on West Maui, the major field survey program concentrated on this
area. Extensive geologic mapping was conducted throughollt both canyons, geophysical
soundings were performed within the valleys and along alluvial fans at the valley mouths, and
groundwater chemistry studies were performed on all identified water sources within the area.
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Fig. 13. Map of soil mercury concentrations found on Mokapu Peninsula (Oahu is.). Contour intervals are 50 parts per
billion (ppb). Solid circles indicate sample locations. (From Cox el al., 1982a.)
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Fig. 14. Map of soil radon emanometry on Mokapu Peninsula (Oahu is.). Units are presented as field radon
concentration divided by the background levels found for the soil type in each area. Solid circles indicate sample

locations. (From Cox er at., 1982a.)
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Fig. 15. Distribution of soil mercury concentrations in the Waimanalo-Kaneohe area (Oahu is.). Solid circles
correspond to sample locations and contour lines are in 50 ppb increments. The lighter dashed contour lines refer to

earlier published data. (From Cox et 01., 1982a.)

Geological mapping. The Olowalu and Ukumehame Canyons are located adjacent to and
between the traces of the older southeast and the younger southwest rift zones of West Maui
(Fig. 20). Geologic mapping (Diller, 1982) in this area has identified several trachitic and alkalic
dikes, plugs, and vents within the area bounded by the canyons (Fig. 21). The frequency
distribution of those dikes in the two rift zones was interpreted to indicate that eruptive activity
occurred predominantly on the southeast rift zone during the early shield building stages of
activity (approximately 1.32 My before present), but began to decline by 1.28 My b.p.; during
the final stage of West Maui activity, at 1.16 My b. p., eruptive activity occurred primarily on
the southwest rift system. The post-erosional activity on West Maui does not appear to be
structurally related to any of the identified rift systems and hence the location of these vents
provides little structural information of use in identifying a potential thermal resource.



Table 2. Chemical analyses of groundwater, Waimanalo-Kaneohe area, Oahu island

Fig. Well Temp. HCO, Depth (01) Elev.
No. No. Name pH (0e) Na K Ca Mg CI F SO. tCO. SiO, Fe Mn Cl/Mg well/water Dale (01)

._--_ ... ._--------
A 2750-02 Kaha1uu Well 7.6 (27.9) 50 8.1 36.0 8.2 105. 19.8 0.2 4.4 1937
B 2550-01 T-64 6.2 22.5 13.0 0.6 6.6 4.3 17.0 O. 3.4 43. 30.0 0.01 0.005 4.0 1975 t:::l
C 2448-01 7.7 (10.7) 6.5 4.6 14.0 0.1 8.2 46. 2.0 <0.1 <0.1 3.0 1961 0
D 2348·02 Kuau Well 1 7.5 (i0.2) 23.0 6.7 20.0 0.1 7.2 71. 24.0 <0.1 O. 3.0 lQ5S ::l

l:::l
E 2246-01 Kahanaiki Wei! 7.6 (28.9) 27.9 9.5 30.0 0.3 18.4 6R. 41.6 0.1 O. 3.2 1953 El:F 2245-01 Training Schl. Well 7.0 (14.6) 13.7 11.8 37.0 0.2 11.2 93. 20.4 0.1 3.1 195R
G 2142·03 Bellows A.F.B. 26.1 :2.5/2.2 1962 6.1 ~H 2043-01 Waimanalo 408 7.3 30.0 28.0 t.I 14.0 2.8 25.0 0.1 5.4 84. 22.0 8.9 163.7/9.6 1970 7.9
I 2043-02 \Vaimanalo 420 6.9 25.0 36.0 1.0 12.0 6.8 27.0 0.05 10.0 148. 35.0 0.3 0.03 4.0 85.3/8.8 1971 43.3

~J 2042-05 Waimanalo 420 30.0 137.21- 1960
K 2042·13 Waimanalo 420-1 A 7.4 25.0 920.0 36.0 150.0 110.0 1700.0 0.2 220.0 224. 26.0 O. <J.OI 15.5 4R.81 - 1975 15.2 0
L C&C Waimanalo 8.0 (15.4) 16.3 6.3 18.0 0.1 8.7 37.0 12.0 0.: O. 2.9 1953 ;:s
M Haiku Tunnel (12.4) 5.7 2.4 14.0 0.1 3.3 39.0 23.2 0.3 O. 5.8 1948 e;
N Plantation Waimanalo 7.9 (13.4) 17.2 7.0 22.0 0.1 8.7 42.0 22.4 0.1 O. 3.1 1953

° Pond No. N.E. Nuupia Pond 12534. 400. 407. 1432. 19110. 2433. 3.0 13.3 1981 O.
P Pond No. Halekou Pond 9250. 400. 407. 1412. 19412. 243.1. 2.9 13.8 1981 O.

Q Pond No. Nuupia Pond 10566. 429. 423. 1366. 18809. 2257. 2.9 13.8 1981 O.
R Pond o. Kaluapuhi Pond 13684. 588. 404. 1822. 25498. 3227. 3.5 14.0 1981 o.

Source of data: U.S. Geological Survey, Hawaii-B, G, H, K.
Hawaii Dept. of Health-A, C, D, E, F, I, L, M, N.
Macdonald, 1973-1.

Analyses in parts per million (ppm).
() = Na + K.
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The frequency of dikes present in the Olowalu and Ukumehame Canyons was also used to
identify the location of the caldera boundaries at the head of these valleys. The dike density
data acquired indicated that the caldera boundary faults were located approximately 6 km from
the mouth of Olowalu Canyon and approximately 4 km from the Ukumehame Canyon mouth.

Geochemical surveys. Soil mercury concentration and radon emanometry surveys were
conducted along the stream beds in both Olowalu and Ukumehame Canyons and on the coastal
alluvial fans (Cox and Cuff, 1981 a). The results of these surveys indicated that a few minor
~nomaliesmight be present. However, the extreme topographic relief in the area did not permit
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sufficient coverage of the area to allow any firm conclusions to be drawn from the small data
set generated.

A preliminary groundwater survey in the area confirmed the presence of unusually warm
groundwater (33°C) in a tunnel at the mouth of Ukumehame Canyon, Chemical analysis of the
water produced by this aquifer indicates that the chloride/magnesium ion ratio has been
significantly altered by thermal processes, More recently, a hydrologic study was initiated that
has sampled spring and stream waters along the entire length of both Olowalu and Ukumehame
Canyons. Although this study is still in progress, the data acquired to the present (Table 3) has
confirmed a second source of thermal fluids near the back of Olowalu Canyon. The chemistry
of the fluids in this location are significantly different from those found at the mouth of
Ukumehame Canyon, suggesting that the thermal sources for these two locations may not be
identical. Further study will be required to interpret the presently available data. It is of note,
however, that the tritium levels (K, Kennedy, pers. commun" 1983) present in both locations
indicate a predominance of recent meteoric recharge. This would suggest that the temperature
anomalies observed in these water sources are the result of either rapid circulation of high
volumes of meteoric recharge through a low temperature reservoir, or the result of
contamination of surface aquifers by much smaller volumes of higher temperature fluids from
depth.

Geophysical surveys, Geophysical surveys in the Olowalu-Ukumehame area have been
largely confined to Schlumberger resistivity soundings along the coastal fan and, to a limited
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extent, within the canyons (Mattice, 1981). An attempt was made to perform a deeper sensing,
controlled-source electromagnetic sounding in this area as well, but difficulties in completing
the sounding and in the subsequent data interpretation ultimately rendered the attempt
unsuccessful.

A total of tour Schlumberger soundings were completed successfully: one at the mouth and
along the stream bed of each canyon (Fig. 22). The results of these surveys (Fig. 23) clearly
detected the presence of unusually low-resistivity layers at depths corresponding to the local
groundwater table and underlying basal aquifers. These low-resistivity layers were interpreted
to be the result of a warm freshwater aquifer overlying warm seawater. Estimates of the
temperatures of the fluids present ranged from a maximum of 322°C at a basalt porosity of
10070 to 43°C at a basalt porosity of 30% (Mattice and Lienert, 1980; Mattice, 1981). The
thickness of the warm water layer in this area was estimated to be approximately 700 m.

An attempt was made to perform a controlled-source electromagnetic sounding in an effort
to detect the heat source for the identified thermal anomalies present in this area. The extremely
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steep slopes of the canyon walls restricted the location of the transmitter to a jeep road on the
ridge line above Ukumehame Canyon. Soundings were made from this location, but difficulties
were encountered in data reduction due to the terrain corrections required. The uncertainties
introduced by these corrections did not allow any conclusions to be drawn regarding the deeper
subsurface resistivity structure in this area (Lienert, pers. commun., 1983).

Geothermal assessment. The geophysical and geochemical data acquired confirm the
existence of at least a low- to moderate-temperature resource somewhere within the Olowalu
Ukumehame Canyon complex. Although further analysis will be required before the source of
the thermal fluids can be uniquely identified, the data presently available suggest that it is
probably located near the head of these canyons and could be associated with either the former
magma chamber of West Maui volcano or smaller, late-stage intrusions on the southeastern
flank of the volcano.

The probability of a low- to moderate-temperature resource existing in this area is estimated
to be approximately 60 - 70070. The probability of a moderate- to high-temperature resource
being present is considered to be much lower (10070 or less) due to the age of the West Maui
complex.



Table 3. Maui island. Groundwater chemistry in the Olowalu-Ukumehame study area

Sample Temp. (TU) Depth Elev.
location pH (0C) Na K Ca Mg CI SO. HCO , SiO, CIIMg 'H (m) well (m) Date

tJ
<::>

0-1 8.5 22 25.6 2.1 4.9 4.2 29.7 20.2 153 57.7 7.0 5.2 7/83 ::s
0-2 7.8 20 36.9 2.7 9.2 8.3 38.9 18.8 238 58.6 4.7 4.2 7/83 l:l

is:0-3A 7.9 23 43.3 1.8 187.2 14.7 8.9 628.2 170 44.4 0.6 9.2 157.9 7/83
~0-5 7.8 19 9.2 0.6 7.9 3.6 9.1 10.4 136 27.1 2.5 8.4 7/83

0-6 8.0 15.0 0.3 13.5 9.01 14.9 13.2 170 47.7 1.7 6.1 7/83
~4837-01 7.4 24 263.7 7.6 40.7 34.7 339.3 63.7 408 46.9 9.8 24.5 27.7 15.2 7/83

4835-01 7.8 35 202.2 28.2 53.3 18.8 393.4 50.6 340 51.2 20.9 23.4 13.4 7.3 7/83 <::>::4937-01 7.1 25.6 255.0 11.9 112.0 78.0 669.0 76.0 141 73.5 8.6 91.5 50.3 7/83
~

01-06 are spring water samples.
4837-01 - 4937-01 are U.S.G.S. well locations.
Concentrations are in mg/kg.
See Fig. 21 for spring and well locations.
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Fig. 22. Map of West Maui volcano showing the locations of Schlumberger soundings and self-potential traverses in the
Olowalu-Ukumehame Canyon, Lahaina-Kaanapali, and Honokowai survey areas. Heavy solid lines correspond to

Schlumberger soundings and dashed lines to self-potential traverses. (From Mattice, 1981.)

Lahaina-Kaanapali
The Lahaina-Kaanapali survey area is located to the northwest of Olowalu Canyon on a

broad alluvial plain. Although the two post-erosional vents Puu Laina and Kekaa Point have
been identified within the survey area, there does not appear to be any relationship between
these vents and the rift zones of West Maui volcano.

Lahaina-Kaanapali was identified as a PGRA on the basis of reported water temperature and
water chemistry anomalies. Field surveys conducted during the current assessment effort
consisted of Schlumberger soundings, limited soil mercury and radon emanometry studies, and
a survey of accessible groundwater sources.

Geophysical surveys. Four Schlumberger soundings were performed along the coastal strip
ldjacent to Lahaina town (Fig. 22). Three of the four soundings were able to detect a moderate
o low-resistivity basement that was interpreted to be basalt saturated with seawater at 20°C
Mattice, 1981). None of the resistivity sounding data in this area indicated subsurface
'esistivities lower than could be accounted for by local ambient temperatures (Mattice and
jenert, 1980).
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Fig. 23. Interpreted resistivity structure beneath West Maui volcano. Conductive region is believed to correspond to
warm water-saturated basalt beneath Olowalu and Ukumehame Canyons. (From Mattice, 1981.)

Geochemical surveys. The soil mercury concentration and radon emanometry patterns
observed for the Lahaina prospect were similar to those found in Olowalu. Several localized
zones of high mercury concentration or enhanced radon emanation were observed, but showed
little relationship to each other or to the recognized geologic structure in the area. The data were
interpreted to suggest that there might be a small thermal anomaly to the northeast of the
survey area, but the probability of this being the case was considered to be very low.

Groundwater temperature and chemistry surveys were similarly unable to identify any
detectable thermal influence on the basal groundwaters. Silica concentrations and water
temperatures (Table 4) were within the normal range expected for basal groundwaters receiving
a limited amount of irrigation return water; chloride/magnesium ratios ranged downward from
normal seawater values.

Geothermal assessment. The virtual absence of any substantial geochemical or geophysical
indication of higher than normal subsurface temperatures around the Lahaina-Kaanapali area
suggests that the probability of even a low- to moderate-temperature geothermal resource
existing in this area is near zero.



CJ
<":>
0-Table 4. Groundwater chemical analyses in the Lahaina-Kaanapali survey area, Maui island :::-
<":>

Sample Temp.
~
l:l

location pH (0C) Na K Ca Mg CI SO, HCO, SiO, CIIMg Depth Elev. Date
....
~

5240-01 7.2 26.82 465 17.0 123 119 1030 144 194 64.4 8.6 11.9 10.4 1978
~
0

5240-02 672 22.0 134 140 1360 200 67.4 9.7 9.4 9.1 1978 ::::
~5240-03 7.2 24.93 406 16.2 164 132 1040 134 246 5.9 7.9 9.4 9.1 1978
~5339-04 8.0 20.30 188 5.8 57 37 403 56 68 50.0 10.9 228.3 199.4 1978
~5340-01 7.4 25.20 413 13.4 166 174 1180 240 150 51.4 6.8 8.2 7.9 1978
i::i5340-02 7.4 23.65 536 19.2 93 102 1070 157 91 57.3 10.5 98.5 98.2 1978
~5540-01 7.7 21.79 320 15.0 36 62 62 82 146 66.6 1.0 143.9 135.4 1978

5641-01 7.1 22.85 864 30.0 94 149 1530 210 172 68.0 10.3 8.5 8.2 1978 ::s
<":>

5641-02 7.7 22.68 773 30.2 88 128 1470 208 59.6 11.5 19.8 19.8 1978 ;:::

5840-01 7.24 21.42 177 8.5 12.4 20 291 10 88 8.7 14.0 83.5 262.2 1978 -S·
Concentrations are in mg/kg. ~Well depths and elevations are given in meters. ;t
See Fig. 24 for well locations. §:
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HOflokowai
Honokowai is located on the northwestern flank of West Maui volcano and is adjacent to its

northwest rift zone. This prospect was initially identified as a PGRA on the basis of several low
level groundwater geochemical anomalies (Thomas el al:, 1979). Since this area was not
considered to have a high probability of possessing geothermal potential, only a limited set of
geophysical and geochemical surveys were conducted in and around Honokawai.

Geophysical surveys. Three Schlumberger resistivity surveys were attempted on the alluvial
plain around Honokowai (Fig. 22). Two of the soundings penetrated to a moderate-resistivity
basement, interpreted to be seawater-saturated basalt, whereas the other sounding encountered
a high-resistivity intermediate layer which could not be adequately penetrated to allow
resolution of the basement resistivity (Mattice, 1981).

Geochel/lical surveys. Temperature and groundwater chemistry analyses were performed on
three wells along the alluvial fan above Honokowai. Water temperatures were approximately
lOoe and normal basal aquifer water chemistry was observed (Table 4).

Geotherl/lal assessl/lent. Even though the Honokowai prospect is located adjacent to the
West Maui northwest rift zone, the apparent absence of significant thermally induced
geophysical or geochemical anomalies indicates that the probability of geothermal energy
potential existing in this area is probably less than 5010.

Haleakala Volcano
Haleakala is the younger and larger of the two volcanoes forming the island of Maui. Three

major phases of eruptive activity have been recognized for Haleakala. The Honomanu phase
formed the major part of the subaerial shield and is believed to have ended approximately
750,000 years ago (Macdonald and Abbott, 1970). The Kula Volcanic Series followed and
spanned a period of approximately 250,000 years and was, in turn, followed by 400,000 years of
quiescence. The final stage of activity was the Hana Volcanic Series that began 70,000 years ago
and is currently underway; the most recent eruption of this series occurred in 1790 on the lower
southwest rift of Haleakala (Macdonald and Abbott, 1970).

Structurally, Haleakala resembles most other Hawaiian volcanoes in its current post
erosional phase of activity. Two major rift zones extend outward from the summit to the east
and southwest, and a third minor rift extends to the northwest. Geologic mapping on the
Haleakala shield has found that the majority of the late-stage eruptive activity was restricted
primarily to the east and southwest rift zones, whereas very few late-stage and no post-erosional
vents are present on the northwest rift.

The preliminary assessment survey identified the lower portions of all three rift zones as
PGRAs. Although relatively few geophysical or geothermal data were available for the east
and southwest rift zones, the presence of geologically recent volcanic activity in these areas
strongly suggested that a resource might be present. The northwest rift zone was identified on
the basis of groundwater temperature and chemistry anomalies.

Haleakala northwest rift
The northwest rift zone of Haleakala, as noted above, has experienced only infrequent and

scattered eruptive events during the later phases of the volcano's activity; fewer than a dozen
Kula Volcanic Series vents have been identified on the lower northwest rift and more recent
Hana Volcanic Series vents are entirely absent. The Kula Volcanic Series vents on this rift are
believed to be approximately 400,000 to 800,000 years old (McDougall, 1964).
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Fig. 24. Map of groundwater well locations in the Lahaina-Kaanapali survey area (Maui is.). The upper number refers
to the well identification number; the lower number is the temperature in degrees Celsius measured at each well.

The field survey program on the northwest rift zone consisted of soil mercury and radon
emanometry surveys, groundwater temperature and chemistry studies, Schlumberger resistivity
soundings and self-potential profiles.

Geochemical surveys. Soil mercury and radon emanometry traverses were completed at
several elevations across the trace of the northwest rift. Soil mercury levels generally indicated
higher than average levels through a zone extending from the northeastern edge of the lower rift
zone toward the southwest across the rift (Fig. 25); some locally very high values (greater than
800 ppb) were identified in two locations along this trend. The interpretation offered for the
mercury data was that the high levels observed correspond to faulting within the rift zone and
may indicate geothe~mal influences (Cox and Cuff, 1981b). The diversity of soil type and
organic content within the survey area may, however, account for some of the variations
observed.

Radon emanometry surveys indicated an elongate north/south zone of unusually high radon
values adjacent to and east of the trace of the rift (Fig. 26). The zone appeared to terminate at
Maliko Gulch which is believed to be a fault-produced feature. It is suggested that the
anomalous radon emanation area is the result of enhanced ground gas permeability due to
fault-induced fracturing (Cox and Cuff, 1981 b). Thermal enhancement of ground gas
movement may also playa part in the higher radon emission rates observed here.
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Fig. 25. Map of soil mercury concentrations on the lower northwest rift zone of Haleakala volcano (Maui is.). Units are
in pans per billion (ppb) and are contoured geometrically. Dark lines are mercury concentration contours and dark

dashed line is inferred mercury concentration contour. (From Cox and Cuff, 1981 b).
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Fig. 26. Map of ground radon emanation results (Maui is.). ConlOurs are in tracks per square centimeter per hour of
exposure (x 100), corrected for soil background and contoured geometrically. Dark lines are radon concentration

contours and dark dashed lines are inferred radon concentration contours. (From Cox and Cuff, 198Ib.)
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Groundwater temperature and water chemistry surveys were conducted in an effort to
substantiate the earlier reported temperature and chemistry anomalies. Although the earlier
data set was generally validated, additional data gathered tend to indicate that the anomalies
observed are not of geothermal origin. Water temperatures measured ranged from 19 to 24°C
(Table 5); the higher temperatures observed correspond to ash bed perched aquifers rather than
basal groundwaters. The former sources also seem to account for most of the chloride/
magnesium ion ratio anomalies as well. These results suggest that the ash bed perched aquifers
are carrying local, low-elevation and hence warmer recharge that has undergone limited ion
exchange with clays formed in the ash bed. Thus, the groundwater anomalies observed are not
considered to be the result of geothermal in fluences.

Geophysical surveys. Four Schlumberger resistivity soundings were performed along the
northeast rift: two were located within the trace of the rift and one each to the east and west of
the rift (Fig. 28) (Mattice, 1981). All of the soundings were performed at elevations of less than
120 m above sea level. Three of the soundings-numbers 17, 18, and 19-were able to resolve
subsurface layers corresponding to Kula and Honomanu Volcanic Series basalts saturated with
cold freshwater and cold seawater. The fourth sounding-number IS-encountered a 200 m
thick layer of lower than anticipated resistivity (the top of which was located at a depth of
20 m). This layer was interpreted to be a clay or alteration zone that was at ambient (low)
groundwater temperatures (Mattice and Lienert, 1980; Mattice, 1981).

Three self-potential traverses were conducted across the northwest rift zone (Fig. 28) (Mattice
and Kauahikaua, 1981): SP-4 at an elevation of approximately 100 m, SP-5 at an elevation
ranging from 490 to 790 m, and SP-6 ranging from 1750 to 2070 m.

Traverse numbers 4 and 5 showed only minor irregularities (Fig. 29) that were attributed to
cultural features such as culverts, or fence lines. Profile 6 (Fig. 30), although quite irregular,
exhibited a distinctive negatively polarized spike near Puu Nianiau (a Kula series cinder cone)
and also a broad positive feature over the trace of the rift zone. The negatively polarized spike
was interpreted to be the result of a streaming potential within a zone of locally enhanced
permeability associated with the Puu Nianiau eruptive vent. The source of the broadly
polarized feature was considered to be somewhat more ambiguous; a thermoelectric effect was
considered possible, however, the presence of a high-level, dike-confined artesian aquifer
within the rift zone was suggested as an alternative source of the anomaly observed (Mattice
and Kauahikaua, 1981).

Geothermal assessment. It is clear that several of the geochemical and geophysical evaluation
techniques that were applied to the rift zone identified conditions outside the ranges normally
expected. However, the absence of a spatial coincidence of the observed anomalies and the
apparently conflicting interpretations possible for the data would suggest that the geochemical
and geophysical variations detected on the northwest rift zone are not primarily the result of a
geothermal system.

The probability of a low- to moderate-temperature resource existing on the northwest rift
zone of Haleakala is estimated to be no greater than 10- 20070. The probability of a moderate
to high-temperature resource being present is placed at less than 5%.

Haleakala southwest rift
The southwest rift zone is the site of the only historic eruption on the island of Maui. This

eruption occurred in or about 1790 and produced approximately 27 million m3 of lava from two
vents located at altitudes of 472 m and 155 m a.s.l. (Macdonald and Abbott, 1970). This rift
zone has clearly been one of the major foci of volcanism during the Kula and the Hana phases



Table 5. Groundwater chemistry from wells on the Haleakala Northwest Rift, Maui island

Sample Temp.
location pH ("C) Na K Ca Mg CI SO. HCO , SiO , Cl/Mg Depth Elev. Date

5319-01 19.8 19 1.9 2.5 4.1 17.3 II. 7 4.2 1979
5321-01 7.7 20.5 232 16 20.6 32.5 431 95 140 53 13.2 159.1 1979
5323-01 7.2 22.8 300 17 27.3 47.9 543 178 140 56 11.3 38.1 1979 0
5419-01 22.0 30 2.4 6.6 26.3 14.4 4.0 1979 0
5420-01 6.9 19.0 73 3.8 4.0 3.26 44.3 51.4 79 53.3 13.6 113.1 106.4 1979

;:os
l::l

5422-01 22.5 174 14.6 38.0 53 531 91.5 10.0 45.7 47.2 **** is:
5422-02 21.2 175 25.5 33.3 316 9.5 89.9 1979

~5423-01 23.2 360 23 42.6 56.4 706 120 99 12.5 5.5 1979
5423-02 7.2 23.5 840 40 73.2 123 1572 220 178 102 12.8 7.6 1979

~5519-01 19.1 57 4.7 15.0 14.6 130 12.2 8.9 121.9 111.3 1979 0
5519-02 23.5 4.3 2.3 1.5 0.84 18.1 23.2 40.8 21.5 69.5 109.7 1978 ~
5520-01 20.5 475 23 396.0 64.5 887 156 13.8 9.1 1979 El
5522-01 6.9 21.3 203 8.6 14.5 18 295 68 125 52 16.3 47.6 1979
5615-01 23.5 33 1.15 4.2 4.2 38.3 17.4 9.1 63.4 1979
5620-01 21.5 66 2 0.53 0.40 23.2 58.5 58.0 15.2 1979

Concentrations are in mg/kg.
Well depths and elevations are in meters.
See Fig. 27 for well locations.
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Fig. 27. Map of groundwater well locations on the Haleakala northwest rift zone (Maui is.). The upper number is the
USGS well code number and the lower number is the temperature in degrees Celsius measured at each well.

Fig. 28. Map of Haleakala volcano (Maui is.) showing the locations of Schlumberger soundings and self-potential
traverses. Solid lines correspond to Schlumberger soundings and dashed lines to self-potential traverses. (From Mattice,

1981.)
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Fig. 29. Results of self-potential traverses 4 and 5 performed on the northwest rift of Haleakala volcano (Maui is.).
(From Mattice and Kauahikaua, 1981.)
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of eruptive activity. Recent geologic mapping (Crandell, 1983) has identified several flows on
this rift that are less than 10,000 years of age; a few vents are estimated to be less than 1000
years of age (J. M. Sinton, pers. commun. 1983).

Geophysical and geochemical surveys along this rift were limited by difficult field conditions
and access limitations. The geophysical program consisted of one Schlumberger sounding, one
self-potential profile and one controlled-source electromagnetic sounding. The geochemical
data collected included a reconnaissance soil mercury and radon emanometry survey and a
limited groundwater sampling program.

Geophysical surveys. The Schlumberger resistivity sounding was performed at an elevation of
546 m on the southwest rift near the site of the 1790 eruption vents (Fig. 28). Extremely high
surface resistivities (greater than 20,000 ohm'm) were encountered to a depth of approximately
10m; this section was underlain by a 255 m thick layer of somewhat lower resistivity
(approximately 4000 ohm'm) and a basement with a resistivity of approximately 860 ohm·m.
The upper layers correspond to a section of dry, unweathered (probably Hana Volcanic Series)
basalt and a section of dry, weathered (probably Honomanu Volcanic Series) basalt,
respectively. The basement at a depth of approximately 200 m is believed to correspond to a
zone of freshwater-saturated basalt (Mattice, 1981).

The high resistivities encountered and the inferred elevation of the top of this layer would
suggest that it more probably represents a wet but unsaturated basalt layer. If this latter
interpretation is accurate, the results of this survey yield little information regarding the
thermal conditions in the rift zone.

The self-potential traverse across the lower southwest rift was plagued by large potential
variations arising from the high contact resistance between the sensing electrode and the dry
surface rocks in the area. Although the data indicated that a weak positive self-potential
anomaly was associated with the trace of the rift zone, the low signal-to-noise ratio obtained did
not allow any interpretation to be made from this traverse (Mattice and Kauahikaua, 1981).

Controlled-source electromagnetic soundings were found to be substantially more successful
in the southwest rift than either the Schlumberger or the self-potential studies. This was largely
due to the ability of time-domain methods to penetrate high-resistivity surface layers and thus
to define lower-resistivity sections at depth. The results of this sounding study, which was
conducted at elevations ranging from 75 to 497 m a.s.l., generally indicated moderate- to low
resistivity (6 -7 ohm'm) sections to depths of I km on the lower rift zone and higher resistivities
(12-16 ohm'm) beneath the upper rift zone (B. R. Lienert, pers. commun., 1984). These
results were interpreted to indicate that temperatures in the range of 60°C and possibly as high i
as 96°C were present at depths of approximately I km near the coast and that a colder
freshwater lens was present farther inland.

Geochemical surveys. The reconnaissance soil mercury and radon emanometry surveys
consisted of two traverses across the rift zone at elevations of approximately 20 m and 700 m.
The results of these surveys identified several distinctive anomalies in both the soil mercury
concentrations and in the radon emanation rates. The spatial coincidence of the observed
variations (Figs 31, 32) suggests that they may be of geothermal signi ficance; however, the
limited coverage possible and the wide variations in soil types and land use in the survey area do
not allow any definitive conclusions to be drawn from the presently available soil chemistry
data.

Groundwater resources along the lower southwest flank of Haleakala are very limited in
number and hence very little geochemical information is available for this area. Nine wells or
springs were sampled for the current survey (Fig. 33). Six of these samples were either badly
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Fig. 31. Map of sampling locations for soil mercury and radon traverses performed on the lower southwest rift.
Haleakala volcano (Maui is.). (From Cox and Cuff, 198Ib.)

contaminated with organic debris (polluted) or were from perched aquifers and hence were n,
able to yield information regarding the water quality in the local basal lens. The chemistry of tl
remaining sources (Table 6) indicated normal groundwater chloride/magnesium ion ratios an·
normal temperatures. Silica and sulfate concentrations were somewhat higher than typicall
encountered; the values are not, however, considered abnormal in light of their proximity to th
ocean and the nature of the recharge in this area. It should also be noted that all of the well
sampled are located outside the trace of the rift zone and hence might not be expected to bl
heavily influenced by geothermal fluids that might be discharging from the rift.

Geothermal assessment. The field data acquired on the Haleakala southwest rift zone are no:
considered to be sufficiently complete to allow any definitive conclusions to be drawn regarding
the existence of a geothermal resource in this area. However, in light of the recent volcanism on
the lower rift and the generally encouraging results of the deep resistivity sounding data, it
appears likely that at least a low- to moderate-temperature resource may be associated with the
lower southwest rift. The probability for a low- to moderate-temperature resource within the
rift zone is estimated to be approximately 30 - 40070, whereas the probability for a moderate- to
high-temperature resource is placed at 15-25%.

Haleakala east rift zone
The east rift zone of Haleakala has experienced nearly as frequent and recent (Kula and Hana

Volcanic Series) volcanism as the southwest rift and thus should have a geothermal potential
nearly equal to that of the southwest rift. However, access to the east rift is limited and field
conditions are extremely difficult, and the probability for development of a resource in this area
is considered to be very low. Hence only a limited survey program was undertaken on this
PGRA.
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Fig. 32. Results of the soil mercury and radon emanometry study performed on the lower southwest rift of Haleakala
volcano (Maui is.) (see Fig. 31 for the sampling locations). (Redrawn from Cox and Cuff, 1981b.)

A single Schlumberger resistivity sounding was attempted north of the trace of the rift zone at
an elevation of approximately 110 m a.s.1. (Fig. 28). The resistivity structure defined by this
sounding indicated moderate resistivities (2300 -7750 ohm·m) to near sea-level, corresponding
to unsaturated ash and basalt layers, underlain by lower resistivity layers (150 - 370 ohm·m)
indicated to be cold freshwater- and cold seawater-saturated basalt, respectively (Mattice,
1981).

Three groundwater sources on the east rift were sampled (Table 7). Measured temperatures
ranged from 18.5 to 20.2°C. The chloride/magnesium ion ratio in one of the wells was within
the normal range, whereas the other two showed marked deviations from expected ratios. One
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Fig. 33. Location of groundwater sources on the Haleakala lower southwest rift (Maui is.). The upper number refers to
the U.S.G.S. identification number and the lower number is the temperature in degrees Celsius measured at each well.

well was also found to have an abnormally high sulfate concentration. All three wells are
located in the same general area and are sampling water from the basal lens; however, the
anomalous wells are reportedly not pumped on a continuous basis. Thus, although the samples
acquired show distinct anomalies, the association with a potential geothermal resource cannot
be confirmed at present.

Geothermal assessment. Geologic data suggest that the Haleakala east rift should have a
significant geothermal potential; however, the limited nature of the data available does not
allow any substantial conclusions to be drawn regarding the probability of a resource being
present in this area.

HAWAII

The island of Hawaii is the youngest and largest of the chain (Fig. 34) and is made up of at
least five volcanic systems (one more may be present beneath the surface flows of Mauna Loa).
Kohala forms the northern tip of the island and is believed to have been formed more than
700,000 year~ ago (Macdonald and Abbott, 1970). Its post-erosional phase of activity-the
Hawi Volcanic Series-occurred from 400,000 years before present to about 80,000 yb.p.
Mauna Kea volcano is substantially younger than Kohala, the bulk of the original shield having
been formed over a period from 500,000 yb.p. to approximately 15,000 yb.p. Mauna Kea is
currently in its post-caldera stage of activity, producing only infrequent, scattered eruptive
events; the most recent eruption is believed to have occurred 4000 years ago (Porter, 1979).
Hualalai volcano is less than 400,000 years old and is currently in its late stage of activity. Its
most recent eruption occurred on the northwest rift in 1801; a seismic swarm that occurred in



Table 6. Water chemistry data for Haleakala Southwesl Rift, Maui island

Sample Temp.
location pH (0C) Na K Ca Mg Cl SO, HCO , SiO , CIIMg Depth Elev. Date

._----- •.._---- ._----_._-
3625-01 22.5 348 41 56 178 1482 405 85 8.3 3.0 2.4 1979
3726-02 23.5 833 51 58 162 1470 452 9.1 4.6 4.0 1979
3726-03 24.5 847 46 61.2 172 1435 450 87 8.3 5.5 4.6 1979
3925-01 7.35 20.4 336 24 38 67.5 612 52 244 21.3 9.1 116.5 107.3 1978
4019-01 10.3 9.8 2.1 4.7 1.8 2.1 4.6 1.2 1890.2 1979
4020-02 11.8 7.7 1.9 7.5 3.6 5.6 10.1 1.6 1478.6 1979
4020-04 11.8 13 3.85 3.7 3.36 2.1 6.6 6.2 1646.3 1979
4021-01 14.0 7 1.7 3.2 3.6 3.7 9.7 1.0 1792.7 1979
4021-02 13.0 15 5.3 5.3 5.03 9.7 9.4 1.9 1451.2 1979

Concentrations are in mg/kg.
Well depths and elevations are given in meters.
See Fig. 33 for well locations.

....'



Tabk 7. Waler chemislry for groundwalers on {he Hakakala Eas{ Rif! Zone, Maui i.,land

Sampk Temp.
local ion pH (0(') Na K

""-,"--y-,,--- -----,,,-

4600-01 19.5 49.0 4.0
4600-02 29.2 66.5 4.7
4600-03 18.5 32.0 1.7

('oncenlrations are in mg/kg.
Well dcpths and elevalions are in melers.

Ca Mg ('I SO, HeO, SiO, C1/Mg Deplh Elcv. Dalc
" ¥._--_._-,-.~_.._-

12.9 16.1 67.9 15.7 4.2 85.4 76.2 1979
2.8 3.9 115.0 12.3 29.5 87.8 81.1 1979
1.2 1.5 30.1 51.5 20.0 98.5 93.3 1979
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Fig. 34. Map of the island of Hawaii showing the major rift zones and calderas of each volcano. Locations of Potential
Geothermal Resource Areas and field surveys are outlined. (Modified from Thomas el 0/., 1979.)

1929 has also been inferred to have resulted from intrusive activity under its northern flank
(Macdonald and Abbott, 1970). Mauna Loa is the largest volcano in the Hawaiian chain and
has been formed over a period of at least 100,000 years. It is currently in its mature caldera
stage of activity and last erupted in 1984. Kilauea is the youngest volcano on the island of
Hawaii and has been in a state of nearly continuous eruption during the recent past.

The preliminary assessment program identified seven locations on Hawaii where available
geophysical, geochemical or geological data indicated that a geothermal resource might be
present (Fig. 34): (I) the northern flank of Kohala volcano, (2) Kawaihae, at the junction
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between the Kohala and Mauna Kea shields, (3) the Hualalai northwest rift zone, (4) the Mauna
Loa lower southwest rift (South Point), (5) the Kilauea lower southwest rift (Ka'u), (6) the
Kilauea East Rift Zone (Puna), and (7) the Mauna Loa lower east rift. Six of these areas were
designated as Potential Geothermal Resource Areas (PGRAs), whereas one, the Kilauea East
Rift Zone, was considered to be a Known Geothermal Resource Area (KGRA) due to the
discovery of a productive geothermal well, HGP-A, on the lower rift. The field survey program
conducted studies in all of the identified resource areas on Hawaii except the Kohala north
flank. This location was considered to have the least geothermal potential and the most difficult
access of all of the areas on the island; thus, field surveys were not considered to be warranted
here during the current program.

In addition to the field surveys conducted under the Western States Cooperative Resources
Assessment Program, a number of researchers from other federal agencies, most notably the
U.S. Geological Survey, have undertaken several geophysical and geological studies on the
island of Hawaii during the last five years. The data generated by these studies have been
extremely useful in evaluating the geothermal resource potential of several areas on the island.
This data will be reviewed in the following discussion of the resource data in order to provide as
complete an evaluation of the geothermal potential in each location as possible.

Kawaihae
Kawaihae is located on the saddle of Mauna Kea and Kohola volcanoes. It is not within a

recently active rift zone and hence does not appear to be a promising prospect for a geothermal
resource. However, the PGRA was identified during the preliminary resource assessment on the
basis of groundwater temperature and water chemistry anomalies.

Geophysical and geochemical studies conducted in this area during the field survey program
confirmed the existence of the identified anomalies and tentatively identified a possible heat
source. Aeromagnetic work performed by Godson et al. (1981) also tends to substantiate the
existence of a resource in this area.

Geophysical surveys. The aeromagnetic data noted above refer to a low-level aeromagnetic
survey that was flown over the entire island of Hawaii at an altitude of approximately 300 m.
The results of the survey over Kawaihae clearly indicate an anomalously magnetized body
between the town of Waimea and Kawaihae Bay to the west. The anomaly appears to be nearly
coincident with the relatively recent (dated at 80,000 years of age by Malinowsky 119771) post
erosional cinder cone Puu Loa.

In addition to the aeromagnetic data, the field survey program in Kawaihae included six
Schlumberger resistivity soundings between Kawaihae and Waimea (Kauahikaua and Mattice,
1981).

The results of these sounding (Fig. 35) detected apparent resistivity differences in the surface
rock depending on whether the soundings were done on Kohala or Mauna Kea lavas (Figs 36,
37), whereas uniform resistivities of 650 - 850 ohm·m were found at depths of approximately
30 m. Basement resistivities for these soundings ranged from 7.9 to 10,000 ohm·m. The former
resistivity was interpreted to correspond to basalt saturated with seawater, whereas the latter,
located to the west of Puu Loa, was tentatively interpreted to indicate the presence of a dense
intrusive body associated with the Puu Loa cinder cone (Kauahikaua and Mattice, 1981).

Geochemical surveys. Soil mercury and radon emanometry traverses and groundwater
temperature and chemistry studies were conducted under the geochemical field program for
Kawaihae.

The soil geochemistry yielded quite complex patterns of mercury concentrations and radon
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Fig. 35. Map of the Kawaihae survey area (Hawaii is.) showing the locations of vertical electrical soundings I - 6. Also
noted are groundwater well locations (solid squares): the upper number is the well code number and the lower number is

the temperature in degrees Celsius. (Modified from Kauahikaua and Mattice, 1981.)
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Fig. 38. Map of soil mercury concentrations found in (he Kawaihae survey area (Hawaii is.). Units are in parts per
billion (ppb). Dots are sample sites. (Redrawn from Cox and Cuff, 1981 c.)
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emanation rates within the survey area (Cox and Cuff, 1981 c). Mercury concentrations (Fig. 38)
showed a general minimum along the Kawaihae-Waimea roads and a broad trend of increasing
mercury concentrations toward both the north and south. There is no correlation apparent
between the mercury patterns and either the resistivity sounding data or the surface geology in
the area. The radon emanometry data (Fig. 39) present a similarly confused pattern; the only
apparent trend is a zone of moderate to high radon emanation extending northwest from Puu
Loa. Thus, the interpretation possible for this data is that if a resource is present in the area, it
is having a negligible impact on the soil mercury or radon emanometry patterns.

Groundwater chemical data are limited due to the small number of wells near Kawaihae;
however, the data that are available strongly substantiate the presence of a thermal resource. A
measured water temperature of 31°C in one well is clearly above normal ambient temperatures,
and the chloride/magnesium ion ratio in the same well is elevated substantially above the
normal range (Table 8). Both of these data provide strong evidence that at least a low-level
thermal anomaly is present in the area. In addition, several other wells in this district show
lower-order temperature and chemical variations suggestive of thermal alteration. It is believed
significant that all of the anomalous groundwater sources identified are hydrologically down
gradient from Puu Loa and that other wells in the vicinity that are not down-gradient from Puu
Loa do not show detectable chemical or temperature influences.

Geothermal assessment. The geophysical and geochemical data available for the Kawaihae
prospect indicate that at least a limited geothermal resource is associated with the Puu Loa
cinder cone on the southwest flank of Kohala volcano. The inferred eruptive mechanism for
post-erosional volcanic events as well as the age of this particular vent suggest that the resource
associated with Puu Loa will probably be of low- to moderate-temperature. The limited
intensity and extent of the geophysical and geochemical anomalies observed tend to further
substantiate this interpretation.

The probability of a low- to moderate-temperature resource existing in the Kawaihae
prospect is believed to be approximately 35 - 45010; the probability of a moderate- to high
temperature resource existing here is placed at 15% or less.

Hualalai
The lavas produced by Hualalai volcano during its current phase of volcanism have been

differentiated alkalic lavas typical of the waning stages of eruptive activity for the Hawaiian
type of volcanism; therefore, Hualalai is considered to be in its mature post-caldera stage of
activity (Macdonald and Abbott, 1970). Until recently, the frequency of eruptive activity on
Hualalai was thought to be quite low-on the order of a few centuries between each outbreak.
However, recent mapping on Hualalai has indicated that for nearly 1000 years prior to 1801
(the date of the most recent surface activity on Hualalai), the eruptive recurrence interval may
have been as short as every 50 years (R. B. Moore, pers. commun., 1984). The 1929 seismic
swarm on the north flank of Hualalai, which has been attributed to an intrusive event
(Macdonald and Abbott, 1970), also suggests that Hualalai should be considered an active
rather than a dormaltt volcano.

Hualalai was tentatively identified as a PGRA on the basis of both its recent volcanic activity
as well as identified groundwater chemistry anomalies on its flanks.

The field assessment program on Hualalai consisted of vertical electrical soundings, time
domain electromagnetic soundings, soil mercury and radon emahometry surveys, and
groundwater temperature and chemistry studies. Additional data used in the assessment of
Hualalai include deep drilling conducted under private funding on the north flank,
aeromagnetic and self-potential studies and recent geological mapping performed by personnel
of the U.S. Geological Survey.
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square centimeter per hour of exposure (x 100), corrected for soil background and contoured geometrically. Dots are

sample sites. (Redrawn from Cox and Cuff, 1981c.)

Geophysical surveys. Aeromagnetic survey data for Hualalai (Godson et al., 1981) clearly
indicate an elongate northwest to southeast trending zone of extremely low total magnetic field
over the summit region of Hualalai that extends into the upper northwest rift zone. It is
extremely unlikely that the summit region is underlain by intrusive material old enough (greater
than 700,000 years of age) to have been emplaced during a period of reversed magnetic field;
therefore, the only alternative explanation possible (presuming the data are accurate) is that this
region is underlain by material with very low magnetic susceptibility. This can be interpreted,
then, to indicate that the summit is either underlain by a residual magma body having a
temperature in excess of the Curie temperature (greater than 600°C) or that there is a zone of
very heavy hydrothermal alteration beneath the Hualalai summit.

Self-potential surveys conducted over the summit and flank of Hualalai (Jackson and Sako,
1982; D. B. Jackson, pers. commun., 1983) indicate an elongate self-potential anomaly
extending across the summit and down the northwest rift to Kaupulehu Crater. The positively
polarized anomaly extends over an area of approximately 6 km2 and has been interpreted to be
the result of one or more buried high-temperature intrusive bodies (Jackson and Sako, 1982).
Attempts to extend the self-potential profiles to lower elevations were not able to detect
additional anomalies or were interfered with by buried pipelines or grounded fences.

A total of seven Schlumberger soundings were performed on Hualalai. These studies were
located principally along the northwest and north rift zones (Fig. 40) (Kauahikaua and Mattice,
1981). Two soundings on the lower northwest rift (VES 1 and YES 7, Fig. 41) penetrated the
high-resistivity surface layers and detected a lower-resistivity basement that was interpreted to
correspond to a cold seawater-saturated basalt section overlain by dry basalt. Two soundings
(VES 2 and YES 4, Fig. 41) on the middle northwest rift, at elevations of 600 - 900 m, did not
penetrate a low-resistivity basement and hence were unable to yield information regarding
thermal conditions on this part of the rift. Three soundings were performed on the upper rift
and at the summit: one was located southwest of Kaupulehu vent (VES 6, Fig. 40) and was
unable to detect even a freshwater-saturated basement to a depth of 900 m; the second
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Table 8. Water chemistry data for groundwater in the Kawaihae Survey Area, Hawaii island 3
l::l
"-

Sample Temp. ~
location pH (0C) Na K Ca Mg CI SO, HCO, Si0.l C1/Mg Depth Eiev. Date ~

----_._------_._- 0
::::

5548-01 7.5 28 334 23.8 30 49 23 93 140 68.44 0.46 258.8 248.2 1978 ~
5745-01 2 26 33 4.2 7.8 10.5 23 21 102 70.58 2.2 376.8 369.8 1978 ~
5745-02 2 26.5 35 4.4 8.3 10.4 28 28 100 70.58 1./ 375.3 366.8 1978 J:.
5948-01 7.3 25 250 16.4 24 42 436 68 95 68.44 10.4 1\4.8 74.4 1978 ~
6048-02 7.6 26 237 15.5 24 40 394 256 94 70.58 9.9 114.6 103.7 1978 ~
6049-01 8.1 25 230 15 24 40 406 74 95 66.3 10.0 66.5 57.3 1978 "i

6147-01 7.1 31 100 12.8 23 8.5 171 9 105 51.33 20.1 318.9 299.4 1978 ::s
<'l)

6148-01 7.8 27 210 16.3 28 36 352 118 82 74.86 9.8 189.0 176.5 1978 :::.....
6148-02 7.4 26.4 204 17.3 30 38 370 63 76.99 9.7 190.8 177.4 1978 ~.

Concentrations are presented in mg/kg. ~
Well depths and elevations are presented in meters. ~
See Fig. 35 for well locations. §:
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Fig. 40. Map of Hualalai volcano (Hawaii is.) showing the locations of recent surface vents and surface geophysical
surveys. (From Kauahikaua and Mallice, 1981.)

sounding was located on the upper north rift (YES 5, Fig. 40) and penetrated to a freshwater
aquifer having a resistivity of 800 ohm·m at a depth of 300 m; the third sounding, performed at
the summit (YES 8, Fig. 40), yielded a basement resistivity too low to resolve, but was inferred
to be less than 100 ohm·m at a depth of 480 m. The latter sounding has been interpreted to
indicate that a perched body of (possibly) warm water is present within the summit complex
(Kauahikaua and Mattice, 1981).

Three time-domain electromagnetic soundings were conducted on the middle northwest rift
at elevations of 280 - 320 m (Fig. 40) (Kauahikaua and Mattice, 1981). These soundings
penetrated to a greater depth than the Schlumberger soundings and two of them were able to
resolve basement resistivities ranging from 9 to 12 ohm·m at depths of 1500 to 1800 m. One
sounding detected a 9 ohm·m layer at 600 m depth that was underlain by a more resistive
basement. These results suggest that thermal fluids may be responsible for the low-resistivity
basement, whereas the high-resistivity basement could correspond to a dense intrusive body.

Geochemical surveys. The Hualalai lower northwest rift and southern flank were sampled for
soil mercury concentration and radon emanation rates (Cox and Cuff, 198Id). The data
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generated by these surveys yielded complex patterns of mercury concentrations and radon
emanation rates that generally did not show coincident anomalies (Figs 42, 43). These results
were interpreted to be due to variations in soil type and to cultural effects rather than thermal
anomalies (Cox and Cuff, 1981d). Surveys were not conducted in the summit area of Hualalai
and hence were not able to substantiate the interpretation of the geophysical results.
. Groundwater geochemical surveys were restricted to sampling and temperature
measurements in coastal springs on the lower northwest rift. The coastal springs all had
chemical compositions virtually identical to dilute seawater and had temperatures in the range
of approximately 20°e.

Although not part of the current effort, two deep (approximately 2000 m) exploratory wells
were drilled on the north flank of Hualalai near Puu Waawaa cinder cone. The geophysical
data used for siting these wells were proprietary and hence unavailable for publication;
however, the temperatures measured at the bottoms of the wells were reported to be below
20°e. Chemical analysis of water samples taken from these wells did not provide useful
geothermal data due to contamination of the well water with drilling muds.

Geothermal assessment. The geophysical data available for Hualalai strongly suggest that a
geothermal resource is present at the summit or on the upper northwest flank of Hualalai; the
lower northwest and north flank are, however, not indicated to be good prospects.
Geochemical data for Hualalai tends to substantiate the latter conclusion but was unable to
provide information on the summit region.

The probability of a low- to moderate-temperature resource existing on the upper northwest
rift or the summit complex of Hualalai is assessed at 35 - 45010; the probability for a moderate
to high-temperature resource is placed at 20 - 30%.

Mauna Loa
Mauna Loa is the second most active volcano on the island of Hawaii and has experienced

numerous eruptions during historic times at the summit and along both the east and southwest
rift zones (Macdonald and Abbott, 1970). The east rift zone can be traced by surface vents or
lava flows down to an elevation of 200 - 300 m above sea level where its surface features have
been covered by younger Kilauea lavas. The upper east rift is still considered to be active,
having last erupted in 1984; however, the lower rift has produced no surface flows during
recorded history. Similarly, the southwest rift zone has experienced numerous rift eruptions,
but only one has been recorded below an altitude of 2500 m: the 1868 event located at an
elevation of approximately 1000 m (Macdonald and Abbott, 1970). %

The lower extensions of both major rift zones of Mauna Loa were identified as PGRAs
during the preliminary assessment. (Although the upper rifts and caldera have been more
active, current drilling technology would not be able to economically exploit a resource at
elevations of more than 2500 m to 3000 m a.s.l.) The lower southwest rift, South Point, was
identified on the basis of reported infrared anomalies (Abbott, 1974) as well as the geologically
recent eruptive activity on the rift. The lower east rift in the Keaau area was reported to have
several groundwater geochemical anomalies and hence was considered a potential resource area
as well.

Mauna Loa southwest rift-South Point
Field surveys in the South Point area were limited to a series of Schlumberger soundings and

a self-potential traverse across the rift zone. The absence of groundwater wells and time and
funding constraints precluded any geochemical field surveys.
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Fig. 41. Map of the upper northwest rift of Hualalai volcano (l'Iawaii is.) showing the location of surface geophysica
surveys. (From Kauahikaua and Mattice, 1981.)

Geophysical surveys. The vertical electrical sounding surveys on the lower rift zone wen
confined to an area east and north of the Kahuku Fault, a major structural feature that i~

aligned with the strike of the lower southwest rift. Attempts were made to extend the sounding~

(Fig. 44) for broader coverage, but an extensive network of buried pipelines and grounded
fences generated strong interferences in all but three soundings.

The three successful soundings, located within an elevation range of 300 - 1500 m a.s.l.,
detected basement resistivities of 600 - 5000 ohm'm (Figs 45, 46) (Kauahikaua and Mattice,
1981). The depth of penetration to the basement was estimated to be 1000 m or less. The high
basement resistivities detected in the upper sounding suggest that penetration to the basal water
table had not been successful because the inferred resistivities are factors of approximately 2 - 5
times those expected for freshwater-saturated basalts. The lower elevation sounding, YES 3,
may have reached the basement although its resistivity of 600 ohm'm is also in the upper range
of freshwater-saturated basalt values.

The higher elevation sounding, YES 4, is noteworthy for the fact that a significant resistivity
discontinuity was observed on crossing the trace of a prehistoric eruptive fissure. Because of
this feature, a self-potential traverse was performed along the same traverse. A pronounced
negatively polarized anomaly was identified and interpreted to be the result of a downward
streaming potential associated with enhanced permeability produced by the eruptive fissure
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Fig. 42. Map of soil mercury concentrations found on the flanks of Hualalai volcano, Hawaii island. Light solid lines
are major roads and the solid circles are sampling points. Mercury concentrations are presented in units of parts per

billion (ppb). (Redrawn from Cox and Cuff, 1981d.)

(Kauahikaua and Mattice, 1981). A thermal effect was discounted as a source since most
thermal features in Hawaii have been found to have positively polarized self-potential
anomalies.

Geothermal assessment. The results of the preliminary geophysical surveys performed in the
South Point area did not identify any significant indications of a geothermal resource
associated with the southwest rift. However, the limited extent of the surveys and the
interpretational difficulties encountered with the few data that were acquired warrant further
studies in this area before even a tentative assessment of its geothermal potential is attempted.
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Fig. 43. Map of radon emanometry results for the flanks of Hualalai volcano (Hawaii is.). Data are presented in units
of tracks per square centimeter per hour of exposure (x 100), corrected for soil background, and contoured
geometrically. Solid circles are radon monitoring stations and light solid lines are roadways. (Redrawn from Cox and

Cuff,198Id.)

Mauna Loa northwest rift-Keaau
Field assessment studies on the lower Mauna Loa northeast rift zone consisted of four

vertical electrical soundings and four time-domain electromagnetic surveys; aeromagnetic
surveys over this PGRA performed by other researchers (Godson et al., 1981) have also
provided valuable data for assessing the resource potential. Groundwater chemistry and
temperature surveys and reconnaissance soil mercury and radon emanometry sampling made
up the geochemical field program.
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Fig. 46. Interpreted resistivity section for YES 4 conducted at South Point, Hawaii island. (From Kauahikaua and
Mattice, 1981.)

Geophysical surveys. The vertical electrical sounding surveys encountered few difficulties
and were able to resolve basement resistivities in all locations. The resistivity sections derived
indicated a 3000 - 20,000 ohm'm surface layer underlain by a 500 - 900 ohm'm cold freshwater
saturated layer and a basement layer of less than 100 ohm'm (Kauahikaua and Mattice, 1981).
The depth of penetration of these soundings was estimated to be about 800 m to 900 m b.s.l.
and thus the basement resistivities probably correspond to basalts containing cold fresh to
saline water. The time-domain soundings similarly indicated moderate to low basement
resistivities ranging from 13 to 30 ohm'm to depths of I - 3 km. The electrical data all suggest
that the seawater-saturated basalts in this area are at or near ambient temperatures.

Aeromagnetic data (Godson et al., 1981) for the lower northeast rift of Mauna Loa tend to
substantiate this conclusion as well. The lower extension of the rift zone does not exhibit any
significant magnetic features that would correspond to a thermal source within the inferred
trace of the rift zone.

Geochemical surveys. A reexamination of all groundwater sources in the Keaau area was
undertaken in an effort to confirm the chemical and temperature anomalies that formed the
primary basis on which the Keaau area was identified during the preliminary assessment survey.
The data generated by this survey (Table 9) determined that all of the anomalous data present in
the earlier data base were spurious and that the groundwater chemistry and temperatures in this
area were entirely normal.

Soil mercury and radon emanometry sampling conducted in the Keaau prospect were
similarly unable to define any anomalies that could reasonably be interpreted to be due to
subsurface thermal effects.

Geothermal assessment. The geochemical and geophysical data acquired on the lower
northeast rift of Mauna Loa indicate that it is extremely unlikely that a geothermal resource is
present in the Keaau vicinity.
The probability of even a low-temperature resource at accessible depths existing in this area is
believed to be less than 5070.



Table 9. Chemistry data for groundwater sources on the Mauna Loa Lower East Rift Zone, Hawaii island

Sample Temp.
location pH (0C) Na K Ca Mg CI SO, HCO l Sial Cl/Mg Depth Elev. Date
--_._---
3702-01 7.0 19.7 7.2 2.1 6.9 3.3 5.08 5.5 38 38.49 1.5 61.9 67.1 1978
3802-02 7.4 19.16 6.8 1.8 4.8 2.5 3.63 10.0 86 38.49 1.5 137.2 65.5 1978
3802-03 7.8 19.44 6.3 1.8 4.8 2.5 2.49 10.0 36 27.80 1.0 115.5 65.2 1978
3802-04 7.4 19.7 6.3 1.8 4.8 2.5 3.27 10.0 38 36.36 1.3 113.1 65.2 1978
3802-05 7.4 19.7 7.1 2.1 6.1 3.2 3.86 10.0 38 38.49 1.2 114.3 65.2 1978
3900-01 7.1 18.5 41.0 3.5 8.1 7.8 66.60 10.0 44 38.49 8.5 41.8 28.0 1978
3900-02 6.8 19.5 54.0 4.0 8.8 9.7 88.40 10.0 44 38.49 9.11 44.8 29.0 1978

Concentrations are presented in mg/kg.
Well depths and elevations are presented in meters.
See Fig. 47 for well locations.
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Fig. 47. Map of groundwater sources on the Mauna Loa lower east rift zone (Hawaii is.). The upper number refers to
the USGS identification number and the lower number is the temperature in degrees Celsius measured at each well.

Kilauea
Kilauea is the youngest and most active volcano in Hawaii; its eruption frequency has been

on the order of everyone to three years during recorded history. It is presently in the midst of
an extended period of activity that has been underway since January 1983 and that has
produced more than 136 million m 3 of lava during its first 12 months of activity (M. O. Garcia,
pers. commun., 1983).

Kilauea has two principal rift zones: the East Rift Zone and the southwest rift zone. Both are
considered to have geothermal potential. The East Rift Zone is considered to qualify as a
Known Geothermal Resource Area due to the presence of high-temperature wells on the lower
rift. The presence of warm coastal springs and steaming ground on the southwest rift indicate
substantial geothermal potential on this flank as well.

Kilauea southwest rift-Ka'u:
The southwest rift zone has been the site of five eruptive episodes in recorded history; the

most recent events occurred in 1971 and 1974 near the summit of Kilauea and a more recent
intrusive (non-eruptive event) occurred in 1981 (N. Banks, pers. commun., 1983).

Surface manifestations of a geothermal resource on the southwest rift include a coastal spring
below the middle rift area at Waiwelawela that has been reported to have a temperature of
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approximately 32°C (Casadevall and Hazlett, 1983) and areas of steaming ground on the upper
and middle rift areas.

The majority of the southwest rift is located within the boundaries of Hawaii Volcanoes
National Park and are therefore off limits to geothermal development of any kind. For this
reason, only a very limited effort was made to assess the geothermal resource potential of the
Kilauea southwest rift zone.

The assessment effort consisted of a reexamination of existing Schlumberger sounding
(Hussong and Cox, 1967; Adams et al., 1970) and time-domain electromagnetic (Klein and
Kauahikaua, 1975) data for the rift area (Kauahikaua and Mattice, 1981); in addition, a
preliminary interpretation of recent aeromagnetic data (Godson et al., 1981) has been
attempted.

The electrical resistivity data acquired on the southwest rift delineated two distinct basement
resistivity structures northwest of the rift zone: a high-resistivity basement at approximately
60 m a.s.l. and located north of a prehistoric fissure, and a low-resistivity deep basement (20 m
a.s.l.) to the south and east of this fissure (Figs 48, 49). These data suggest that a high-level
body of cold freshwater is impounded to the north of the fissure (which is acting as a hydrologic
barrier) and a deeper, warm fresh to saline aquifer lies to the southwest (Kauahikaua and
Mattice, 1981). Aeromagnetic data (Godson et al., 1981) for the southwest rift appears to
substantiate the presence of a thermal resource; there is a marked bipolar magnetic anomaly
paralleling the rift zone from the summit to the lower rift near the coast suggesting either that
intense hydrothermal alteration has occurred or that subsurface temperatures exceed the Curie
temperature.

Geothermal assessment. Although relatively little recent information has been gathered for
the Kilauea southwest rift zone, it is clear from the available data that there is a very strong
probability that a geothermal resource is associated with at least the upper and middle portions
of the rift zone. The probability of a low- to moderate-temperature resource existing on the
Kilauea southwest rift is estimated to be 100%. The probability of a moderate- to high
temperature resource existing in the upper rift area is placed at 70 to 80010, whereas the
probability of a high-temperature resource existing in the lower rift area may be somewhat
lower.

Kilauea East Rift Zone-Puna
The East Rift Zone of Kilauea volcano has experienced many episodes of eruptive and

intrusive activity throughout recorded history. The results of geological mapping studies on the
eastern flank of Kilauea (Holcomb, 1980) have suggested that fewer than 10% of the lava flows
exposed on the surface are more than 1000 years of age. A substantial fraction of the flows
blanketing the eastern slope originated on the East Rift Zone. In the recent past, eruptive
outbreaks have occurred in 1955 and 1960 on the lower rift, 1955 and 1977 on the middle rift,
and 1961,1962,1963,1965,1968-74 and 1983-84 on the upper rift zones.

The preliminary assessment program identified the Kilauea East Rift Zone as a KGRA on the
basis of geological, geochemical and geophysical data acquired during the testing of the
successful geothermal experimental well HGP-A (1960 m). During the period of time between
the completion of the preliminary assessment study and the present, five privately financed
geothermal wells have been drilled in the lower East Rift and several more are currently in the
planning or permitting stages. All of the exploratory wells completed in the East Rift to the
present date have reportedly detected high bottom-hole temperatures (greater than 200°C)
although some have not encountered permeabilities high enough to produce commercial
quantities of steam.
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In spite of the fact that the East Rift Zone is considered to be a KGRA, the field assessment
program performed several studies around the rift in an effort to further characterize the
resource as well as provide reference data in a proven resource area in order to validate some of
the survey techniques employed in other parts of the state. The data generated during the
current studies, in addition to that acquired by the Hawaii Geothermal Project and by other
researchers, have clearly established that a high-temperature thermal resource is present
throughout the Kilauea East Rift Zone. A review of the geological, geophysical and
geochemical data acquired for the East Rift will be presented as part of the statewide assessment
program.

Geological studies. The geologic structure of the East Rift Zone has been studied extensively
both in terms of geothermal potential and in terms of eruption mechanisms along the rift.
Geologic mapping on the East Rift Zone (ERZ) conducted by Peterson (1967), J. Moore (197 I),
and Wright and Fiske (1971) detailed historic lava flows originating in the ERZ and developed
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structural models of the rift based on the locations and progressions of recorded eruptive
cycles. These studies have more recently been expanded by Holcomb (1980, 1981) and R. Moore
(1982, 1983) who have presented more detailed mapping of all surface flows (historic and
prehistoric), fissures and faulting on the eastern flank of the Kilauea shield.

The model developed from these studies is of a rift zone composed of a series of parallel to
subparallel, steeply dipping dikes which have, through time, migrated southward as the rift
system has formed (Swanson et a/., 1976). The individual dikes have been formed from
repeated intrusions of magma which have been released by the central magma chamber beneath
the summit caldera into the eastern flank of the volcano .. The dikes are generally thin
(approximately 2 - 3 m thick) tabular bodies that individually can extend for distances of
several kilometers or more along the strike of the rift zone; the vertical extent of the dikes are
believed to exceed 1 km. The southward migration of the rift zone has been attributed to the
presence of the immobile Mauna Loa shield to the north of Kilauea's eastern flank, whereas the
southern flank is a steep submarine slope extending to the sea floor (Fiske and Jackson, 1972;
Swanson et a/., 1976). The instability of the southern flank is evidenced by more frequent
earthquake activity on the southern edge of the rift (Koyanagi et a/., 1981) as well as the
presence of numerous fault scarps having vertical reliefs of several hundred m (Fig. 50).

Work recently completed by Holcomb (1981) suggests that the older northern portion of the
rift zone may now be hidden by more recent surface flows; hence the width of the rift zone may
be substantially broader than is evidenced by surface manifestations. Recent interpretations of
gravity and magnetic data (Furumoto, 1978a) have also inferred a much broader-up to
30 km-rift zone than has been inferred from geologic features.
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Fig. 50. Map of the summit and eastern flank of Kilauea volcano (Hawaii is.) showing the major fault systems.

Inferences regarding the thermal region within the rift zone are based on several lines of
evidence. The frequency with which intrusive and eruptive events occur along the East Rift
Zone would, on a purely circumstantial basis, suggest that heat recharge to the rift zone is high
enough to produce subsurface temperatures well above surface ambient temperatures within the
entire rift. However, studies of the petrology of the rift zone lavas (Wright and Fiske, 1971;
Moore, 1982, 1983) indicate that substantial volumes of magma are stored within the rift zone
for periods of time that are long enough to allow substantial magma differentiation by
crystallization and mineral settling. Moore (1983) has interpreted the petrologic data from rift
zone lavas to indicate that several discrete subsidiary magma chambers exist along the rift zone
which are capable of storing molten magma for periods of decades to centuries and
subsequently erupting substantial volumes of differentiated lava.

Geophysical surveys. Geophysical research and exploration surveys that have been conducted
on the Kilauea East Rift Zone during the last 15 years include aerial infrared scanning, gravity,
airborne magnetic, vertical electrical sounding, time-domain electromagnetic, ground noise,
mise-a-Ia-masse and seismic reflection/refraction studies.

Analyses of the structure of the rift zone using gravity, magnetic and seismic data have
yielded a somewhat different picture than that proposed on geological grounds. Seismic
refraction surveys conducted by Broyles and Furumoto (1978) and Suyenaga et al. (1978)
developed a cross-sectional model of the rift zone near the present site of HGP-A that proposed
a 12-17 km wide dike complex lying at a depth of 2 to 3 km (Fig. 51). This model was later
expanded through the examination of detailed and regional gravity data (Krivoy and Eaton,
1961) and regional aeromagnetic data (Malahoff and Woollard, 1966) to a three-dimensional
map of the rift zone (Furumoto, J978b). This model projected a dike complex (presumably at
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high temperatures) which has a width of approximately 20 km near the summit of Kilauea that
narrows to approximately 12 km at the lower quarter of the subaerial portion of the rift
(Fig. 52).

Microseismic and ground noise studies were performed along the East Rift Zone in an effort
to identify areas in which earthquake activity might suggest rock fracturing as a result of cold
water coming into contact with heated reservoir rocks (Furumoto, 1978a). One of the
microseismic surveys utilized an array of seven seismometers to monitor earthquake activity in
the vicinity of the then proposed site of the HGP-A well (Fig. 53) (Suyenaga and Furumoto,
1978). The second microearthquake study utilized only two seismometers located near the
junction of the Pahoa-Kalapana and Opihikao Roads (Fig. 54) (Mattice and Furumoto, 1978).
The former study detected 42 events on the lower East Rift Zone; epicenter calculations showed
a broad distribution within and adjacent to the rift with a majority of the events located west of
HGP-A (Fig. 53). A projection of the hypocenters along a plane through HGP-A (Fig. 55)
identified a broad cluster of earthquakes that were believed to be associated with the reservoir
tapped by the well. The two seismometer microearthquake study similarly identified a cluster of
earthquakes in the vicinity of the array (Fig. 54), but since only two seismometers were
deployed, the depth and locations of these events could not be uniquely determined. The
frequency of microearthquakes in this region was estimated to be on the order of 8.5 events per
day suggesting that the activity in this region may correspond to a subsurface geothermal
system. Seismic data accumulated by the Hawaii Volcano Observatory's seismometer array
along the rift zone (Koyanagi et al., 1981) indicates, however, that the entire rift is extremely
active along its entire length (Fig. 56); hence the presence of microearthquake activity in the
vicinity of HGP-A and the Opihikao anomaly (Mattice and Furumoto, 1978) may be more the
result of placement of the arrays rather than the presence or absence of seismicity or a resource.

A study by Norris and Furumoto (1978) came to a similar conclusion regarding ground noise
on the lower rift zone. Noise measurements made at frequencies ranging from 1 to 30 Hz were
not able to identify a spatial correlation between ground noise levels observed and
hydrothermal activity on the rift.

More recent aeromagnetic data (Godson et al., 1981) generally substantiate the presence of a
nearly continuous rift zone from the Kilauea summit down to sea level; the apparent width of
the magnetic anomaly does not appear to match that projected by Furumoto (1978a) or Broyles
et al. (1979); however, to date, no detailed analysis of the more recent data has been completed
(R. B. Moore, pers. commun., 1984). Another feature of note in the recent aeromagnetic data is
an apparent discontinuity in the magnetic field on the lower East Rift west of HGP-A. This
feature is nearly coincident with an offset in the rift that has been inferred from surface features
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on the rift. This coincidence would suggest that the offset is not a superficial characteristic and
that it probably penetrates to substantial depths.

Electrical resistivity studies performed on the Kilauea East Rift Zone have employed a variety
of techniques. Bipole mapping was conducted by Keller et al. (1977a) as part of the Hawaii
Geothermal Project (HGP) geoscience program and was able to provide data on the regional
resistivity structure of the summit and eastern flank of Kilauea. The model developed indicated
several different types of resistivity sections depending on the location of the sounding on
Kilauea. North of the rift zone, moderately resistive layers (200 - 800 ohm'm) corresponding to
freshwater-saturated basalts were underlain by lower resistivities (20 - 30 ohm'm) that were
interpreted to be a seawater-saturated basalt basement. The basement resistivities were not
resolved well enough using this technique to determine whether or not the seawater-saturated
layers were above ambient temperatures. Surface resistivities within the summit caldera were
found to be generally higher (1000 - 2000 ohm'm) to depths of 2 - 3 km; basement resistivities
beneath the caldera were generally much lower (5 - 30 ohm'm), indicating either salir,1;; 'fluids
or, more probably, higher subsurface temperatures. The resistivity structure within and to the
south of the East Rift was indicated to have surface resistivities comparable to those north of
the rift, but lower basement resistivities (4 - 5 ohm'm) at considerably shallow depths (0.5 km)
(Keller et al., 1977b).

A series of time-domain electromagnetic (TDEM) soundings were also performed in the
lower East Rift Zone as part of the HGP exploration program (Klein and Kauahikaua, 1975;
Kauahikaua and Klein, 1977); this work was recently expanded to include additional TDEM
and vertical electrical soundings, and the entire data set was reinterpreted (Kauahikaua, 1981 b;
Kauahikaua and Mattice, 1981). The resistivity model presented by Kauahikaua (1981b)
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suggests that moderate to high basement resistivities, corresponding to cold freshwater
saturated basalts, are present north of the rift zone and west of the intersection of highway 13
with the rift (Fig. 57). Much lower basement resistivities (2 - IO ohm·m) are found both within
the rift to the east of the HGP-A well, and south of the rift to the east of its intersection with
highway 13. The lower basement resistivities are attributed to the presence of thermal fluids
associated with the rift zone; the low resistivities south of the rift may, however, also be the
result of the higher concentrations of low- to moderate-temperature saline groundwaters that
have been found in this area (Kroopnick et al., 1978).

A third type of more site-specific electrical data was gathered on the lower rift using a mise-a
la-masse survey. This technique employs a deeply penetrating conductive electrode, in this case
the HGP-A well casing, and measures surface potentials surrounding the current source. This
study found a high-resistivity structure surrounding the well that declined to lower resistivity at
a distance of 1 km to the north and south (Fig. 58). This structure was interpreted to represent a
dike-impounded body of fresh-water within the rift that extended to depths of approximately
1 km. The impounding features were interpreted to be high-temperature, low-resistivity dike
complexes associated with recent eruptive vents to the north and south of HGP-A.

An extensive network of self-potential surveys have been performed over the summit and
flanks of Kilauea as part of the HGP exploration surveys and in separate studies of the source
mechanism for the potential anomalies observed (Zablocki, 1976, 1977). The geothermal
exploration surveys were performed primarily on the lower East Rift Zone and identified four
separate self-potential anomalies (Fig. 59) (Zablocki, 1977). The source mechanism for the
anomalies observed was inferred to be the result of electrokinetic phenomena; thermal
groundwater escaping from a geothermal system may be capable of generating electrical
potentials by differential adsorption of negative or positive ions onto rock surfaces (potential
differences of 1.5 volts over distances of I km have been observed over known thermal features
at the Kilauea summit [Zablocki, 19761). The self-potential anomalies observed in lower Puna
are more noteworthy by the fact that they were one of the primary bases used for identifying a
drilling location for the HGP-A geothermal well.

Numerous other self-potential surveys have been performed on the upper East Rift and in the
summit area of Kilauea (Zablocki, 1976; D. B. Jackson, pers. commun., 1983). Distinct self
potential anomalies have been frequently found in association with fumaroles or intrusives that
were known to be at high temperatures; however, the majority of these studies were performed
within the boundaries of the Hawaii Volcanoes National Park and hence are of little value in
identifying commercially valuable geothermal resources.

Geochemical surveys. Geochemical studies on the Kilauea East Rift Zone have included
extensive soil mercury and radon emanometry networks and repeated surveys of groundwater
chemistry and temperatures. Due to problems with accessibility and the absence of groundwater
sources on the middle East Rift Zone, the majority of the geochemical effort was restricted to
the lower rift and the summit caldera. The sampling network for soil mercury concentrations
undertaken by Cox (1981) identified a complicated pattern of mercury concentrations
throughout the lower Puna area (Fig. 60). The highest soil mercury concentrations found were
generally located within the rift zone, but an analysis of the data showed that soil type and soil
pH also had a marked impact on mercury concentration. Making corrections for these effects
improved the correspondence between the surface geological expression of the rift zone and the
mercury concentrations observed; interpretation of the "fine structure" of the mercury
concentrations in terms of the detailed structure of the rift zone did not, however, appear to be
feasible.

Radon emanometry data for the same locality (Fig. 61) (Cox, 1980) similarly presented a
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complicated pattern of radon outgassing along the lower rift zone. Even though complexities
are present within the rift zone, there appears to be a closer correspondence between known rift
zone structures and higher than background radon outgassing rates. This pattern of variable
outgassing rates has been interpreted to reflect the presence of a geothermally driven ground gas
convection system within the highly fractured and permeable, unsaturated rocks of the lower
East Rift Zone (Cox, 1980).

Soil radon and emanometry studies performed around the Kilauea summit (Cox, 1983) also
detected very complicated variations in the mercury concentration and outgassing rates. The
most notable feature of these surveys was that the levels of mercury and the radon emanation
rates were substantially higher in the summit region than those found on the lower rift system;
the maximum values found at the summit were factors of 15 and 2 times higher than the
maximum values found for mercury and radon, respectively, on the lower rift.

Studies of groundwater and coastal spring sources that have identified thermal fluids on the
lower East Rift Zone date back to the early part of this century (Guppy, 1906). More recent
investigations of temperature and groundwater chemistry were performed for the HGP
geoscience program (Macdonald, 1977; McMurtry et al., 1977; Epp and Halunen, 1979). Epp
and Halunen (1979) identified several warm water wells, one having a temperature in excess of
90°C, and coastal springs in lower Puna; temperature profiles obtained by this study indicated
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Fig. 58. Interpreted subsurface resistivity contours inferred from mise-a-Ia-masse surveys conducted at the HGP-A
well. The star in the center of the drawing is the location of the HGP-A well and the hatched lines are surface cracks.

(From Kauahikaua et al., 1980.)

that in some locations a lens of thermal fluid was present, floating on top of a cooler
groundwater layer below. These observations suggest that significant quantities of thermal
fluids are being discharged from natural vents along the rift zone and that these fluids are being
carried along the surface of the basal lens to be discharged to the ocean at coastal thermal
springs.

Analyses of the groundwater chemistry in lower Puna performed under the HGP effort
(Druecker and Fan, 1976; McMurtry et al., 1977; Kroopnick et al., 1978) identified a positive
correlation between silica concentration and groundwater temperatures. These studies also
pointed out that significant quantities of seawater were being mixed with shallow basal waters
in the area south of the rift zone; this mixing could suggest that the normal Ghyben-Herzberg
lens is not present due to convective circulation of heated seawater into overlying freshwater
aquifers. Kroopnick et al. (1978) and Cox and Thomas (1979) also noted alteration in the
chloride/magnesium ion concentration ratios in the thermal groundwaters of lower Puna
(Table 10). The latter study proposed this ratio as a qualitative indicator of thermal alteration
of saline or brackish water; a quantitative relationship between silica and chloride/magnesium
ion ratios was not, however, found.

Exploratory drilling. Two separate phases of geothermal exploratory drilling have occurred
on the lower East Rift. The first was essentially a wildcat venture with relatively little surface
exploratory data having been gathered, whereas the second was initiated after somewhat more
geoscience information had been acquired under the Hawaii Geothermal Project.

The first exploratory wells were drilled on the East Rift in 1961 and 1962. Four wells
(2686-01,2686-02,2982-01 and 3081-02) were completed to depths ranging from approximately
54 m to 210 m; none was drilled to more than a few meters below sea level. The temperatures
encountered in these wells ranged from approximately 40°C to 100°C; hence none was
considered to be commercially viable for electricity production. All four of the wells were
subsequently abandoned.
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In 1975, a second phase of exploratory drilling was initiated by the drilling of the HGP-A
well. This well was drilled upon the completion of a set of geophysical and geochemical surveys
which had yielded results suggesting that subsurface thermal anomalies were present in the rift
zone. Although the precise target chosen for the HGP-A well was a matter of some controversy
at the time, subsequent events have shown that the success of the HGP-A drilling site (2883-01,
Fig. 62) was more the result of luck than of detailed geophysical analysis. Initially, the target
chosen was in the center of a self-potential anomaly, referred to as "Anomaly A" by Furumoto
(1977) (Fig. 63), near the lower edge of the rift zone. Due to the unavailability of land at this
location, the proposed drilling site was moved northeast, to the closest available property, on
the shoulder of the identified anomaly. The well was drilled to a depth of approximately 1960 m
below ground surface and encountered a maximum bottom hole temperature of 358°C. The
production capacity, although initially low, has proven to be approximately 50,000 kg/h. The
well produces a mixed-phase fluid comprised of 43070 steam and 57% liquid at a wellhead
pressure of 1200 kPa abs. The reservoir fluid encountered had a moderate salinity and a
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fig. 60. Soil mercury concentrations found on the lower East Rift Zone of Kilauea (Hawaii is.). Concentrations are
presented in parts per billion (ppb) and are contoured geometrically. Dots represent sampling sites. (Redrawn from

Cox, 1981.)

fig. 61. Map of radon emanometry results for the lower East Rift Zone of Kilauea (Hawaii is.). Results are given as
tracks per square centimeter per hour of exposure (x 100), corrected for soil background and contoured geometrically.

Dots represent monitoring stations. (From Cox, 1980.)

noncondensible gas concentration indicating that the primary source of recharge to the
reservoir is from a meteoric source.

Since production testing at HGP-A has proved that a hot water geothermal resource is indeed
associated with the Kilauea East Rift Zone, geothermal exploration companies have completed
four additional deep wells within the rift area (2685-0 I, 2883-02, 2883-03 and 2883-04, Fig. 62).
The majority of the data generated by these wells is proprietary; however, it has been reported
that all of the wells have encountered high (greater than 200°C) subsurface temperatures.
Production rates from these wells have not been uniform, however; two apparently achieved
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Table 10. Water chemistry data for thermal wells located in Puna Area, Hawaii island

Sample Temp.
location pH (0C) Na K Ca Mg CI SO, HCO, SiO, CIIMg Depth Elev. Date

2487-01 7.3 24 64 5.0 12.4 3.8 105.6 22 42 41 27.6 244.5 229.3 11/82
2685-01 >200 Proprietary > 1500 274 b
2686-01 54 54 290 C

~
2686-02 102 169.5 295 l::l
2783-01 6.9 55 3333 218 293 295 5380 681 262 59 18.2 97.3 83.5 7/83 IS:
2881-01 7.3 38 1188 68 84 102 2042 69 !32 24 20 42.7 40.2 7/82 ~2883-01 358 5058 654 250 0.153 7473 23 60 850 49,100 1966.5 195 2/83
2883-02 >200 Proprietary > 1500 205 ~
2883-03 >200 Proprietary > 1500 245 c
2883-04 >200 Proprietary >1500 160 ~

2982-01 6.8 93 2757 300 283 137 5257 335 30 970 38 210.4 171.6 11/82 ~
2986-01 7.4 21 16.7 9.3 4.5 31 4.9 l3 51 39 1.6 230.2 216.8 11/82
3081-01 7.2 35 269 20.1 38.5 22.4 390 65 70 17.4 102.7 87.5 11/82

Concentrations are in mg/kg.
Well depths and elevations are given in meters.
See Fig. 62 for well locations.
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Table II. Estimated probabilities for geothermal resources

509

50 - 60070 ,;;; 10070
<5070 <5070
<5070 <5%

10 - 20070 <5070
30 - 40070 15-25070

I I

N N
35 - 45070 ,;;; 15070

35 - 45070 20 - 30070
,;;; 15070 <5070

I I
<5070 <5070

100070 70- 80070
100070 50 - 60070
100070 100070

Location

Kauai
Post-erosional volcanic series vents

Oahu
Lualualei Valley
Kaneohe-Waimanalo

(Mokapu Peninsula)
Haleiwa
Laie
Pearl Harbor

Molokai
West Molokai

Maui
Olowalu-Ukumehame
Lahaina-Kaanapali
Honokowai
Haleakala Northwest Rift (Pauwela)
Haleakala Southwest Rift
Haleakala East Rift

Hawaii
Kohala
Kawaihae
Hualalai

Summit
Lower Northwest Rift

Mauna Loa
Lower Southwest Rift (South Point)
Lower Northeast Rift (Keaau)

Kilauea
Upper Southwest Rift
Lower Southwest Rift
East Rift Zone

Probability for low
to moderate temp.

resource

N

10 - 20070
,;;; 10070

«5070)
N
N
N

Probability for moderate
to high temp.

resource

N

<5070
<5070

«5070)
N
N
N

I = insufficient data available to determine resource probability.
N = not studied during current field survey program.
Note that some of the survey areas has been subdivided (e.g. Hualalai) when the resource probabilities have been

found to vary markedly within a given prospect.

economically viable production rates whereas two others have not. It is noteworthy that of the
latter two wells, one is located very nearly on the center of the self-potential anomaly
("Anomaly A", Fig. 63) initially chosen as the site for HGP-A; the other is located in close
proximity to a second favored site, "Anomaly B" (Fig. 63), identified by Furumoto (1977).

The results of the successful exploratory drilling program on the Kilauea East Rift Zone have
proven that a commercially viable geothermal resource is associated with the rift system. The
unsuccessful wells that have been drilled have also shown that the confirmation of a resource
capable of producing significant volumes of steam cannot be accomplished using currently
available surface geophysical or geochemical techniques; subsurface permeability in a given
location can apparently only be determined by drilling and testing a deep exploratory well.

Geothermal assessment. The geological, geophysical and geochemical data currently
available for the Kilauea East Rift Zone indicate that a geothermal resource is present along the
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entire subaerial length of the rift area. Deep exploratory drilling on the lower rift has also
proven that commercially valuable quantities of steam can be produced from the geothermal
system associated with the rift zone.

The probability of a high-temperature geothermal resource being associated with the Kilauea
East Rift Zone is, therefore, 100070.
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Abstract-The State of Hawaii started a geothermal exploration program, focused in the Kilauea East
Rift Zone of the Island, in the late I960s. The urgent demand for alternate energy created by the global
petroleum disruptions of the 1970s encouraged Federal energy agencies to join the Hawaii team to drill,
on the first attempt, a successful deep well, and construct a 3 MW wellhead generator. The costs were
high, especially for the generator, but this timely demonstration of a viable geothermal resource has
encouraged private developers.

The 3218 km Hawaiian Island chain developed in a southeasterly direction with the Island of
Hawaii, at the southeast end of the archipelago, is the youngest and most volcanically active
island. Because of its volcanic origin, no indigenous fossil fuel reserves exist in the chain. The
dislocations that occurred in the global oil market in the 1970s were particularly critical for
Hawaii which, even today, is dependent on imported petroleum for over 90% of its energy.
Over $1 billion leaves the State annually for petroleum. If Hawaii could develop more of its
abundant natural energy resources, considerably more money could stay at home working for
its people.

Hawaii had begun to take a serious look at its alternate energy options in the late 1960s and
early 1970s. Four shallow geothermal exploratory wells had been drilled in the Puna region of
the Kilauea East Rift Zone in the 1960s. This exploration indicated that, if any geothermal
reservoirs existed, they were at considerably greater depths and could be exploited only at great
cost. In 1971, the University of Hawaii's Center for Engineering Research completed a report
of new energy sources that had been requested by the Legislature. There was general consensus
that geothermal offered the most promising, near term baseload indigenous alternate energy
resource.

In 1972, the same Center for Engineering Research submitted an ambitious $2.7 million
research proposal, called Project Pele, to the National Science Foundation (NSF). The
multidisciplinary proposal included: a geophysical program consisting of surface studies, a
series of shallow wells and one deep well; an engineering program of reservoir engineering and
conceptual power plant design; and an environmental/socioeconomic program. The Hawaii
State Legislature and the County government of the Island of Hawaii each granted the project
$100,000 contingent upon its receiving NSF matching funds. However, the project was not
immediately funded by NSF.

Instead, in mid 1972, NSF awarded a smaller geothermal research grant of about $400,000 to
George Keller, a Professor of Geophysics at the Colorado School of Mines, for a 1067 m
exploratory well in the Hawaii Volcano National Park near the Kilauea Caldera.

By late 1972, the proposal to NSF had been restructured because it was decided that the
project would have a better chance of being funded jf it included R&D that led directly to the
conversion of geothermal energy into electricity. Renamed the Hawaii Geothermal Project

'Paper presented at the 1985 International Symposium on Geothermal Energy, Hawaii, organized by the Geothermal
Resources Council (GRCl, Davis, California. Reprinted by courtesy of GRC.
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(HGP), it requested $5 million over a two-year period to: perform short-range exploratory and
applied technology research leading to drill sites; drilling one deep hole that would hopefully
tap a reservoir; and well testing and design of a 10 MW prototype geothermal plant. In 1973
and 1974, NSF provided $469,000 which, with $100,000 from the State and from the County,
permitted a constructive start into the initial phases of the HGP, particularly relating to
geophysical surveys.

In early 1974, the National Liaison Board (NLB) recommended that HGP proceed rapidly
with an experimental drilling program at either Pahoa or Opihikao in the Kilauea Lower East
Rift Zone. The NLB was composed of geologists, geophysics and engineers from the V.S.
mainland. Experts on geothermal power development, they monitored and advised HGP on its
progress and direction. Key agencies such as the NSF and the V.S. Geological Survey were
represented on the NLB.

Another HGP advisory group, the Hawaii Advisory Committee (HAC), encouraged the
organization of a drilling program. The HAC was composed of leaders from Hawaii's business,
political and community sectors that were influential in formulating Hawaii's energy policy.
Their support was critical for the successful development of geothermal energy. Within a few
months the Hawaii State Legislature had appropriated $500,000 contingent upon Federal
matching funds for a single-deep well.

A $2 million proposal including $1.2 million for a drilling program was submitted to NSF in
July 1974.

The V.S. Energy Research and Development Administration (ERDA), predecessor to the
V.S. Department of Energy, was briefed on the proposal in February 1975. In late April 1975,
ERDA informed John Shupe, the Executive Director of HGP, that the project would receive
over $1 million for the period May 1975 -April 1976. With the $500,000 from the State and
$45,000 from the Hawaiian Electric Company, the project amounted to a total of over $1.6
million.

Although there was no unanimous agreement, the site selection committee selected the Pahoa
area for drilling based on the geological evidence.

The drilling consultant was the New Zealand firm of Kingston, Reynolds, Thomas and
Allardice (KRTA). Only one drilling bid was received, from Water Resources International, the
Hawaii-based company that had previously drilled Hawaii's only deep geothermal well. The
actual drilling commenced 10 December 1975 and was completed on 27 April 1976 at the target
depth of 1951 m. Since the drilling mud at 1829 m was about 63°C, and heating up as time
passed, it was certain that the well was hot. Various tests through 9 May 1977 indicated that the
well output had stabilized and extrapolations indicated that the well could generate 3 MW of
electricity over a 30-year period. Tests revealed that the downhole temperature approached
350°C, one of the highest temperatures ever recorded in a geothermal well.

As with most research projects, the drilling and well testing programs ran into delays and
problems that increased costs. ERDA was called upon several times during the project for
additional financial assistance. ERDA and its successor, the V.S. Department of Energy,
provided a total of slightly more than $2 million during the exploratory drilling and well testing
phases. The State of Hawaii provided another $66,000 to its initial $600,000. Water Resources
International donated $60,000 of its time to finish the well to 1951 m. The total cost of the
project from 1973 to 1978 amounted to $3,387,000.

Although the cost was high, it funded numerous activities ranging from geophysical surveys
to socioeconomic assessments. The project was intended to provide basic research and
development that would lead to the commercialization of the geothermal resources in Hawaii.
It was not intended to be an exploration for geothermal resources or to be an eventual profit
making venture. The project did discover a productive geothermal well and a potentially large
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geothermal reservoir. Estimates of the reservoir generating capacity ranged up to 500 MW of
electricity for a century. The wel1 was designated HGP-A (Hawaii Geothermal
Project-Abbott). Professor Agatin T. Abbott was the initial drilling program coordinator. It
was through his tenacity that the Pahoa area was selected over the Opihikao site in early 1975.
He died before the drilling actually started.

As the attention of key HGP personnel turned to the potential of a demonstration
geothermal power plant at HGP-A, it was recognized that ERDA's financial participation was
essential. ERDA was understandably reluctant, having already made concentrated support to
Hawaii's geothermal program.

In 1977, a consortium called the HGP-A Development Group (HGP-A/DG) and consisting
of the State of Hawaii's Department of Planning and Economic Development, the University
of Hawaii's College of Engineering, and the County of Hawaii, was formed for the purpose of
planning and implementing a coordinated program of geothermal research and development,
with its first objective being the design, construction and operation of a small demonstration
plant powered by the HGP-A well. Because of legal constraints, neither the Hawaii Electric
Light Company (HELCO) on the Island of Hawaii nor its parent organization, the Hawaiian
Electric Company (HECO) of Honolulu, became ful1 partners of the HGP-A/DG. The
formal1y stated purposes of the project were:

(a) to prove the technical feasibility of baseload power production with a smal1 geothermal
electric generator system;

(b) to col1ect data to be used in the comparison of smal1 electric generating systems using other
conversion technology;

(c) to obtain data on the economics of using a small geothermal electric generator system;

(d) to obtain data on the existing geothermal well to further the development of geothermal
resources.

Preliminary negotiations between the HGP-A/DG and the U.S. Department of Energy were
completed on 9 June 1978, with the signing of a four-year, over $6 million contract to instal1
and operate a 3 MW wellhead generator. The State of Hawaii provided an initial $400,000, the
County of Hawaii $100,000 and HECO $25,000. The consultant in this project, Rogers
Engineering, Inc. of San Francisco, assisted by Hirai and Associates of Hilo, Hawaii,
performed the engineering design and construction management. The "front end" equipment,
including the wellhead valves, liquid/vapor separator, and the steam bypass to the rock muffler
was built during late 1979; the site work, involving grading, equipment foundations, and the
turbine generator building were constructed in 1980; the final phase of work including the
instal1ation of al1 the electrical, mechanical and instrumentation equipment, piping and wiring,
was essentially completed in May 1981. The well was opened on 12 June 1981 and initial power
was generated on 18 July 1981. We understood that Hawaii became the second State in the
United States (California was first) to have an operating geothermal plant. These events did not
take place without significant difficulties including the failure of the turbine. The U.S. DOE by
this time had provided $2.1 mil1ion more than its original commitment, the State of Hawaii $1.2
million more, and the private sector $30,000 more. The total cost exceeded $10 million. An
additional million dollar advance was provided by HELCO to cover shakedown costs and to
make the plant ful1y operationable. It was clearly understood that the HGP-A/DG would pay
off the debt with net income from the plant operation.

In late August 1981, the wel1 was shut-in for about three months while the turbine was
reworked. In December 1981 the plant was brought back on line. However, another delay of
three months developed when rebalancing of the generator was required by the manufacturer
because of deficiencies noted in other generators of this type at other locations. In March 1982,
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HELCO put the plant on commercial operation producing 2.4 MW net, and assumed
responsibility for the day to day operation and maintenance of the plant.

The cost of the completed project exceeded original. estimates by about 25070. High
construction cost was the biggest contributing factor to the overrun but equipment ran 15%
over estimate as did the unit cost for engineering services.

Between March 1982 and March 1985 the State of Hawaii provided additional funds towards
the plant: $300,000 in March 1982 for modifications and improvements; $80,000 in July 1982 to
install a hood and stack system for the muffler; $150,000 in 1983 to modify the brine system
and perform an overhaul including replacement of the turbine bearings; and $400,000 in two
instalments in 1984 to expedite liquidation of the debt acquired by the Development Group to
HELCO for plant start-up costs. That ori!5inal debt of about $1 million in May 1982 increased
to $1.2 million in September 1982. It never did fall appreciably below $1 million until December
1983. Monthly interest was pegged to prevc;iling interest rates, which exceeded 15% in early
1982.

About the same time that the State applied appropriated funds toward the debt, the monthly
revenues in excess of plant operating costs became consistently favorable. On 1 February 1985
the debt was down to $234,000 with a good potential of being liquidated by the end of the year.

Table 1 shows some of the key plant operating cost, revenue and production data for 1983
and 1984.

Table I. HGP-A Operating data

1984 1983
$000 010 $000 010

Operating labor and overhead 194 21 184 18

Maintenance (excl. overhauls 118 13 115 II
and abatement)

Abatement chemicals 299 32 298 30

Other abatement 100 10 32 3

Environmental monitoring 125 13 131 13

Security 40 4 46 5

Overhauls 45 5 139 14

Miscellaneous 17 2 56 6-
Total 938 100010 1001 100010

Debt servicing 44 74

Net MWh produced 20,661 19,328

Revenues ($000) 1260 1041

In early 1984, the Development Group recognized that the original goals for establishing a
wellhead generator plant at HGP-A had been realized. An inquiry revealed several local private
companies were interested in pursuing negotiations leading toward transfer of the plant to the
private sector. However, there were some serious constraints. There were a number of strict
licensing and permitting requirements that had been waived, deferred or reduced because the
plant was a government-owned demonstration facility. As a privately-owned "commercial"
facility the regulatory requirements would necessarily have to be enforced.

In mid-1984, State funds that were identified for economic development on the Island of
Hawaii were made available to design and construct a "Puna Geothermal Research Facility" at
HGP-A for research, development, and demonstration especially in direct (non-electric)
geothermal applications. Completion of the research facility scheduled in 1985 suggests that
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government-ownership of the HGP-A generator plant would better ensure a platform for
continuing RD&D.

1985 marks a real crossroads for the HGP-A Development Group. Goals are being re
evaluated. Strategies are being defined. Major improvements and deferred maintenance are
needed if the plant is to be operated a "few more years". It would be highly desirable to
continue to demonstrate for potential geothermal developers that geothermal energy in Hawaii
is viable.

CONCLUSIONS

The volcanic origin of Hawaii has forced the State to import fossil fuel for its energy needs.
Fortunately, the State government, academia and private sector started to take a serious look at
the potential for indigenous geothermal energy immediately before global petroleum
disruptions of the 1970s. The receptivity of the Federal Government to seek alternate energy
resources in the 1970s brought in a very welcome partner to Hawaii's team.

It cost about $3.4 million for exploratory surveys, drilling of a deep well, and well testing and
analysis. Another $10 million was spent to build a 3 MW (gross) demonstration wellhead
generator plant and another $1 million to make it work right.

It appears that the HGP-A Development Group now has the option of continuing to operate
the plant at no additional cost to the government, transfer it with or without renumeration to
the private sector, or close it down. The first-named option appears to be the likely choice.

Was the venture worth the financial cost? As regards exploration, drilling and testing
between 1973 and 1978, the answer is yes. $3.4 million proved there was a viable geothermal
resource capable of producing up to 500 MW-centuries of electricity in the Kapoho Reservoir.
Was the $10 to $11 million expended for the demonstration 3 MW wellhead generator plant a
good investment? The plant did and does graphically demonstrate to potential developers and
sceptical residents that the geothermal resource in Hawaii can produce electricity. The plant has
been adapted so that in the words of a spokesman for the near subdivision, "it has become a
good neighbor". The government and private sector have learned more about the specific
nature of the geothermal fluids and their appropriate disposal.

Table 2. HGP-A capital costs ($000)

Federal State
--_._---

Exploration 588 100

Drill and initial test 1472 500

Well test and analysis 417 66

Install generator 8314 1621

Post start up 930

Total 10,791 3217

Per cent 75.4 22.5

County

100

100

0.7

Private Total
~J

39 827

105 2077

483

55 9990

930

199 14,307

1.4 100
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Abstract-Hawaii's dependence on imported fuel oil for over 90010 of its energy needs can be minimized
by exploitation of the State's abundant indigenous energy resources. Geothermal power offers the best
prospect for providing a significant baseload alternative to oil-fired electrical energy. However, the
largest resource is on the Island of Hawaii, which is separated by a substantial distance and extreme ocean
depths from the State's load center on Oahu. No high voltage direct current electrical transmission cable
has ever been installed under these conditions. This paper presents an overview of geothermal
development in Hawaii and some details of the ongoing Hawaii deep water cable feasibility program to
provide the necessary energy bridge.

INTRODUCTION

A major goal of the State of Hawaii is to wean itself from its dependence on imported
petroleum, which accounts for over 90% of its energy needs. Over $1.3 billion, almost 10010 of
the gross state product, leaves the state for petroleum purchases. Electrical energy self
sufficiency is attainable. Geothermal offers the earliest, major baseload potential for reducing
Hawaii's dependence on petroleum. The Island of Hawaii conservatively has a 1000 MW
geothermal resource, far in excess of that island's projected long-term demand. However, this
is not located near Oahu (the center of demand), hence requiring that the State consider an
inter-island electrical connection.

In 1981, the Hawaii Deep Water Cable Program was initiated by Hawaii to address the
technical and non-technical issues which must be resolved before an inter-island transmission
system can be constructed. The U.S. Department of Energy entered the program in 1982.

GEOTHERMAL DEVELOPMENT IN HAWAII

The 3218 km (2000 mile) Hawaiian Archipelago is of volcanic origin and continues to expand
in a southeasterly direction. The Island of Hawaii at the southeast end of the chain is the
youngest and most volcanically active island. The Kilauea Lower East Rift on the Island of
Hawaii has been estimated to contain at least 7500 MW-years of electrical energy.

Serious geothermal exploration began in 1976 with the drilling of Hawaii Geothermal
Project-Abbott (HGP-A), the hottest well in the United States, having a bottom hole
temperature of 358°C (676°F) at a depth of 1951 m (5400 feet). This well is capable of
producing over 45,000 kg/h of steam (55%) and water (45010). A 3 MW geothermal wellhead
generating plant was constructed at this site through the cooperative efforts of the U.S.
Department of Energy, the State of Hawaii's Department of Planning and Economic
Development, the County of Hawaii and the University of Hawaii. Built at a cost of about $10
million ($3000/kW), the plant began producing electricity in early 1982. Thus Hawaii became
the second state in the United States to have a geothermal generating plant. That plant is
continuing to demonstrate successfully the technical and economic viability of the geothermal
resource in the Kilauea East Rift.

Three private geothermal resource development organizations subsequently responded to the

'Paper presented at the 1985 International Symposium on Geothermal Energy, Hawaii, organized by the Geothermal
Resources Council (GRC), Davis, California. Reprinted by courtesy of GRC.
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Hawaii Electric Light Company (HELCO), the Big Isl'1d's utility, Request-for-Proposals
(RFP) for a 25 - 50 MW geothermal electric power development project. Two of the
respondents have drilled a total of seven deep exploratory wells to confirm the resource in the
Kilauea Lower Rift. The third organization has been constrained in their plans to acquire the
permits, leases and other approvals necessary to undertake a major geothermal project on land
zoned for conservation district purposes. That third organization has also undertaken initial
exploratory work in Hakeakala's Southwest Rift in response to an RFP issued by Maui Electric
Company for supporting geothermal electrical energy smaller in quantity than that issued by
HELCO.

Present forecasts indicate that the Island of Hawaii cannot accept more than 40 - 50 MW of
additional power over the next 30 - 40 years. The largest load center for the Island of Hawaii's
geothermal resource is the Island of Oahu, which consumed over 5 billion kWh of electricity in
1983.

Hawaii needs a means of transporting large quantities of energy to Oahu from the rich
geothermal fields of the Big Island. While more advanced energy bridges involving the on-site
production and shipment of gaseous and liquid hydrogen, liquid methanol and ammonia or
fuel cells are possible, electrical transmission systems have generally been accepted as the most
feasible in the short term.

STATE-FUNDED PORTION OF THE HAWAII DEEP WATER CABLE PROGRAM

The Hawaii Deep Water Cable (HDWC) Program is a research and development program
directed towards extending knowledge in high voltage, direct current (HYDC) submarine cable
design, manufacture, deployment, retrieval and repair. State support began in 1981 with a
contract award to Hawaiian Electric Company (HECO) assisted by Parsons Hawaii for the
Phase I, Preliminary Definition Study. Work efforts include: (a) preliminary route survey
analysis; (b) preliminary prototype cable design criteria development; (c) preliminary cable ship
inventory; (d) preliminary study for integration of individual island grid systems into a unified
HYDC system; and (e) a public information program including a narrated slide program
describing the HDWC Program.

Phase II-A of the State portion of the program was completed in 1984 by HECO, assisted by
Parsons Hawaii, Power Technology, Inc., the Hawaii Natural Energy Institute and the Hawaii
Institute of Geophysics. This phase included a preview of the environmental issues and permit
requirements for both the present HDWC Program at-sea test plan and the potential
commercial cable system. The analysis concluded that direct environmental impacts of the
demonstration program will be limited to short-term ship operations and temporary disruption
of very small areas of marine benthic habitats. The U.S. DOE also evaluated potential impacts
of the demonstration program in light of its responsibility under NEPA, and concluded that
there will be no significant environmental impacts and that a NEPA EIS is not required.

In contrast, implementation of a commercial inter-island cable system could have
environmental impacts in a multitude of areas and it does appear that both a federal and a state
Environmental Impact Statement (EIS) will be required before the commercial cable could be
installed.

Phase II-A continued the electrical grid system integration studies, and the investigation of
corrosion, abrasion and cathodic protection characteristics for metals which may be used as
cable conductors, sheath or armor material. The grid system integration studies presented
advanced conceptual plans to link Hawaii and Oahu with an HYDC cable system. These studies
also provided conceptual system designs and capital costs for the HYDC submarine cable and
HYAC terrestrial lines, and operational scenarios and costs. Preliminarily, it appears that a
rectifier (AC to DC) site near the geothermal wellfield in the southeast portion of the Island of
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Hawaii will be superior to one near or at the assumed submarine cable take-off point in the
northwest portion of the hland of Hawaii on technical, economic and environmental grounds.

The grid integration study estimated capital costs to vary between $226 and $409 million for a
direct route between Hawaii and Maui, between $226 and $413 million for a route via Maui,
and between $189 and $336 for a route via Maui and Molokai. Preliminarily, this study
concluded that with or without a neutral cable the three-250 MW cable scheme is preferred over
schemes such as four-125 MW. The study also indicated that the transmission of geothermal
energy over a deep water cable system from Hawaii to Oahu is economically feasible when the
price of fuel oil reaches $28 per barrel.

Phase Il-B of the State program will be completed about September 1985. It includes
additional route survey analyses, materials corrosion testing, electrical grid system
investigations, at-sea route surveys, environmental analysis, and a public information program
as well as program management and tecl~nical support. The same tasks will be refined in a
subsequent Phase Il-C which will start in the later half of 1985 and be completed in late 1986 or
early 1987.

The State of Hawaii is in the second phase of legal, institutional and financial studies relating
to a commercial cable system. The first phase revealed that there are no apparent legal or
regulatory barriers to the system. The institutional framework for a cable system could include
a public entity such as a governmental agency or corporation, or a private entity such as a
private corporation, a joint venture comprised of two or more private corporations or even a
combination of private and public corporation, or a limited partnership. It could be owned
publicly if, for example, the system were developed wholly by the State. It could be owned
entirely by a private corporation or joint venture; or it could be owned by a combination of a
public agency or corporation and one or more private corporations.

A cable system could be operated by an entity, whether a single corporation or joint venture,
that is unrelated to the entity that owns the system. It can be reasonably assumed that the
current phase of the institutional investigations will reveal that operation by a utility is
probable, regardless of the entity that owns the system. The alternative financing approaches
include: self-supported non-recourse or "true" project financing; credit-supported or recourse
financing; or, and perhaps the most appropriate for a cable system, a combined or hybrid
financing.

FEDERALLY-FUNDED PORTION OF THE HDWC

The federally funded part of the program was started in September 1982 with a contract
between U.S. DOE and HECO, and was originally scheduled for completion in July 1985.
Extensions to the schedule are currently in process.

The overall objective of the program (combined state and federal) is to determine the
technical feasibility of deploying and operating a submarine power transmission cable between
Kohala on the Island of Hawaii and the Makapuu area of Oahu over a service life of at least 30
years. The federally funded portion of the program is structured to provide technical
information of benefit not only for the Hawaii application, but for other national and
international applications and for the utility and cable industry in general.

To date, principal program accomplishments include:

(a) Completion of power cable preliminary design.
(b) Completion of conceptual studies for cable-laying machinery and integrated control

system.
(c) Completion of candidate-vessel survey.
(d) Completion of preliminary study of vessel motions and interactions with cable-laying

operations in the Alenuihaha Channel.
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(e) Completion of near-shore bottom surveys in the Alenuihaha Channel.
(f) Completion of development of the test plan for a structural-analysis computer-code

validation effort (using a remnant piece of cable from the DOE OTEC Program).
(g) Completion of preliminary development of a cable-laying computer program for a

constant-slope bottom based on Zajac's two dimensional formulation.
The cable preliminary design has led to the selection of a candidate test cable which is

described in Fig. I. The cable has an overall diameter of 119.5 mm and weighs 36.4 kg/m in air
and 25.8 kg/m in water.
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wire left hand lay
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wire right hand lay

(
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Binding

Bedding
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Fig. I. Typical Scof cable cross-section.

Conceptual studies have identified the principal elements of equipment required for cable
laying. These include a linear tensioner of greater capacity than exists on any cable-laying vessel
(approximately 80 metric tons), a turntable of 10 m in diameter, an overboarding sheave
12.3 m in diameter, and a surge-slack control device.

A survey of existing vessels has determined that no existing cable-laying vessel (and
equipment) fully meets the requirements for installation of the HOWC program cable.

Preliminary studies of vessel motions indicate an expected dynamic amplification factor of
35070 for the cable-laying tension. This estimate is based on the expected environmental
conditions in the Alenuihaha Channel, and a 400-foot barge laying vessel.

The preferred cable route from the Island of Hawaii to the Island of Oahu is shown in Fig. 2.

CONCLUSION

It is unlikely that more than 50 MW of geothermal electrical power will be developed on the
Island of Hawaii this century unless there is a means to transport it to Oahu. The fabrication,
installation and operation of a high voltage direct current submarine cable between the two
islands appears to be technically and environmentally feasible. Confirming investigations and
tests are planned this decade. Although there is strong consensus that cable-transmitted
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geothermal energy cannot compete economically in Hawaii with oil-fired generating plants
given current worldwide petroleum prices, it is fully anticipated that eventual oil price increases
will support the application of this alternate energy technology.
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INTRODUCTION

The Hawaii Deep Water Electrical Transmission Cable Demonstration Program (HDWC
Program) was initiated in October 1981 by the State and Federal Governments as a research,
development and demonstration program. Its purpose is to explore the technical,
environmental and financial dimensions of a deep water electric energy transmission cable
system which would deliver electric energy from the abundant renewable alternate energy
resources (especially the geothermal resources in the Puna area) on Hawaii to Oahu, where the
State's largest electric demand exists. If such a cable system is developed, it could result in
reducing the amounts of high-cost imported fuel oil presently used to produce electric energy
and power.

While the HDWC Program has to date focused on the scier'tific, technological and
engineering aspects of a deep water cable, there has been a continuing recognition of the need
for a preliminary analysis of the legal, institutional and financing aspects of a cable system. The
installation and operation of a cable system would occur within a legal and regulatory frame
work requiring, among other things, obtaining all required Federal, State and County permits
and approvals. Moreover, an appropriate organizational structure must be created to undertake
the initial development activities and subsequent installation and operation of a cable system.
Finally, the cost of a cable system is currently projected to be some $334 - 400 million (1982
dollars).

This preliminary study reviews and analyzes the international, national, state and local laws,
rules and regulations which would apply 'to a cable system; analyzes the laws, rules and
regulations which affect the capital accumulation, ownership and operation of a cable system;
and reviews the financial considerations, approaches and specific sources of capital which
would affect the financing of a cable system.

However, the development of a commercial cable system cannot be examined in isolation,
particularly because the costs involved and the possible financing approaches to fund those
costs depend upon ensuring that a cable system will be able adequately to assure the generation
of sufficient revenues to satisfy the requirements of the financing and provide a reasonably
reliable supply of electric energy to Oahu.

Since the purpose of a commercial cable system would be to transmit electric energy
generated from the renewable alternate energy resources (especially the geothermal resources in
Puna) on Hawaii to Oahu, it would not be financially feasible to raise the required financing for
a cable system and then actually to install the cable without the coordinated development of the

'Paper presented at the 1985 International Symposium on Geothermal Energy, Hawaii, organized by the Geothermal
Resources Council (GRC), Davis, California. Reprinted by courtesy of GRC.

527



528 Gerald A. Sumida and Alan L. Hills

renewable alternate energy-generated electric production facilities to provide energy to be
transmitted upon completion of construction and shakedown testing of the installed cable.

This study will assume that the development of the renewable alternate energy resources
(particularly the geothermal resources) and power plants will coincide with the development
and commencement of operation of a cable system such that electric energy will be available for
transmission through the cable, at the cable's full capacity, once it has been installed and is
ready for operation. To the extent that this assumption is not fulfilled, there may be important
implications and additional complexities for the financeability of a cable system.

DESCRIPTION OF A DEEP WATER ELECTRIC ENERGY TRANSMISSION CABLE
SYSTEM'S FACILITIES AND PGTENTIAL CABLE ROUTES

The cable design that is currently being evaluated centers on a possible 250 kVDC submarine
power cable that could be installed in and across the Alenuihaha Channel between Hawaii and
Maui and the Kaiwi Channel between Molokai and Oahu. This cable would be capable of
transmitting some 500 MW of electric energy. It would be installed and must be capable of
operating in depths of some 7000 feet (2100 m) in the Alenuihaha Channel, which is far deeper
than any previously installed submarine power cable. Its total length would be more than 170
miles (270 km) (depending upon which alternative route is selected), which is much longer than
any existing submarine power cable.

A cable system's facilities would consist, in the general order or sequence, of the
interconnection facilities to transmit the renewable alternate energy-generated electric energy
from the power plants to the cable system, a land-based facility on Hawaii to convert
alternating current ("AC") to direct current ("DC") for cable transmission, the cable itself, a
land-based facility on Oahu to convert DC to AC, and the interconnection facilities to transmit
the electric energy from the cable to Hawaiian Electric Company, Inco's ("HECO") grid
system.

HECO has preliminarily delineated nine potential cable routes from the island of Hawaii to
Oahu. Eight of these bypass Maui, Molokai and Lanai, while one would traverse Maui and
Molokai. While these alternative cable routes have been preliminary identified, further route
evaluation and related scientific and engineering work must be completed before this list can be
narrowed to the one or two most probable choices.

LEGAL REGIMES APPLICABLE TO A DEEP WATER ELECTRIC ENERGY
TRANSMISSION CABLE SYSTEM

Introduction
The potential alternative cable routes would generally pass entirely undersea between Hawaii

and Oahu or partially overland by crossing portions of the islands of Maui and/or Molokai.
Hence, depending on the route actually selected, the construction of a potential cable system
may be subject to various international, Federal, State and County laws and regulations.

International law
All of the potential cable routes would traverse the channels between Hawaii and Maui as

well as between Molokai and Oahu. These two channels would extend beyond the territorial sea
surrounding Hawaii and Oahu, and those portions of a cable outside of the territorial sea
boundaries would be subject to international law. The extent to which international law would
apply to a cable, however, is in question because of the United States' current position against
signing the recently concluded United Nations Convention on the Law of the Sea ("LOS
Convention") .
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Hawaii's territorial sea under international law
In 1959 the Congress enacted the Admission Act, which admitted Hawaii into the Union.

Prior to this, the Congress had enacted the Submerged Lands Act of 1953 ("SLA"), which
vests title to and ownership of the lands beneath navigable waters within the boundaries of the
respective states, extending from the ordinary low-water line along the coast seaward to a limit
of three geographical miles.

The SLA was made applicable to Hawaii upon its admission as a state. Therefore, it is clear
that each of the main Hawaiian islands has its own territorial sea extending from the ordinary
low-water line on the coast seaward to a limit of three geographical miles. This was reaffirmed
in Civil Aeronautics Board v. Island Airlines, Inc. (1964) as well as by the U.S. Department of
State.

While The 1958 Convention on the Territorial Sea and the Contiguous Zone ("Territorial Sea
Convention") defined the territorial sea and determined how it was to be measured, it did not
define its breadth. But the 1982 United Nations Convention on the Law of the Sea incorporated
a 12-mile limit for the territorial sea.

The United States has refused to sign the LOS Convention, and thus, at least for the
foreseeable future, it will probably continue to adhere to a three-mile limit for its territorial sea.

Areas beyond the territorial sea under international law
The LOS Convention provides for the extended jurisdiction of coastal states over the

territorial sea, the contiguous zone and the exclusive economic zone and also includes rights and
duties of states on the high seas. While the United States has not signed the LOS Convention, it
is a party to the Territorial Sea Convention, the 1958 Convention on the High Seas ("High Seas
Convention") and the 1958 Convention on the Continental Shelf ("Continental Shelf
Convention") and has established its own exclusive economic zone.

The contiguous zone
The Territorial Sea Convention established a contiguous zone which may not extend beyond

12 nautical miles from the baseline from which the territorial sea is measured. The Territorial
Sea Convention does not mention submarine cables.

The LOS Convention also provides a contiguous zone, which may not extend beyond 24
nautical miles from the same baseline. Thcre is similarly no mention of submarine cables.

The exclusive economic zone
The LOS Convention establishes an "exclusive economic zone" in which a coastal state has

certain stated sovereign rights. The exclusive economic zone shall not extend beyond 200
nautical miles from the baselines from which the breadth of the territorial sea is measured. The
LOS Convention provides that all states shall have the right to lay and operate submarine cables
in the exclusive economic zone.

On 10 March 1983, President Reagan proclaimed an exclusive economic zone for the United
States, which extends 200 nautical miles from the baselines from which the territorial sea is
measured.

The continental shelf
In 1953 Congress enacted the Outer Continental Shelf Lands Act of 1953 ("OCSLA"), which

affirmed Federal jurisdiction and control over the subsoil and seabed of all submerged lands
beyond the three-mile limit defined in the SLA. Like the SLA, the OCSLA was made applicable
to Hawaii upon its admission as a state. It should be noted that both the Continental Shelf
Convention and the LOS Convention extend coastal state jurisdiction over the continental
shelves of islands.
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The Continental Shelf Convention specifically provides for the right to lay or maintain
submarine cables and pipelines on the continental shelf. The LOS Convention also provides the
same right.

The high seas
The High Seas Convention provides that all states shall be entitled to lay submarine cables

and pipelines on the bed of the high seas and sets forth certain additional protections relating to
such cables or pipelines.

The LOS Convention contains the same right and similar additional protections for
submarine cables that are contained in the Continental Shelf Convention.

Status of the LOS Convention and the 1958 Geneva Conventions on the Law of the Sea
On 10 December 1982, the LOS Convention was opened for signature, and shall enter into

force 12 months after the sixtieth State ratifies or accedes to it. The United States did not sign the
LOS Convention. Until the LOS Convention enters into force, the 1958 Geneva Conventions
on the Law of the Sea remain in full force and effect. However, the LOS Convention is clearly
intended to supersede and prevail over the 1958 Geneva Conventions.

Laws regarding submarine cables
Submarine cables, which initially were telegraph cables, first received international

protection in the International Convention for the Protection of Submarine Cables, concluded
on 14 March 1884. The United States is a signatory to this Convention and in 1888 Congress
enacted the Submarine Cable Act to implement the provisions of this Convention in United
States law.

While the Submarine Cable Act by its terms applies only to communications cables as
opposed to power cables, it appears that, under both the Continental Shelf and High Seas
Conventions, the right to lay submarine cables on the seabed of the high seas would apply to
submarine communications as well as high-voltage power cables.

Conclusions
The alternative routes for a deep water cable would pass, once the cable enters the sea from

the island of Hawaii's coast, over the bed of the island's territorial sea for a distance of three
nautical miles from the island's low-water mark, over the bed of the high seas, and over the bed
of the territorial sea of the island with facilities connected to the cable. Immediately beyond the
outer limits of the island's territorial sea but within the zone of the high seas, the cable will pass
over the island's continental shelf for a distance probably delineated when the depth reaches
200 m (655.6 feet). Under the 1958 High Seas and Continental Shelf Conventions, the State of
Hawaii (as part of the United States) will have the right to lay and operate and maintain a deep
water cable. This right is reaffirmed under President Reagan's Proclamation establishing a
200-mile exclusive economic zone for the United States.

If the provisions of the LOS Convention regarding the territorial sea, the exclusive economic
zone, the continental shelf and the high seas become applicable to the United States, then these
same rights with respect to the laying and operation and maintenance of a deep water cable will
apply.

Hence, while it is important to recognize the international legal character of the ocean and
the seabed over which a deep water cable would pass (in part for the protection accorded by
international law), the practical impact of these international rules on a cable will in all
likelihood be minimal.
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A note on archipelagic status
Hawaii has historically asserted archipelagic claims when it was a kingdom as well as more

recently. But in Civil Aeronautics Board v. Island Airlines, Inc. (1964), those claims were
carefully examined and rejected, and Hawaii's jurisdiction was held to be limited to the
traditional 3 miles around each island.

The LOS Convention also negates any archipelagic status for Hawaii under its provisions. It
defines an "archipelagic State" as "a State constituted wholly by one or more archipelagos and
may include other islands," and states that only archipelagic states are permitted to draw
"straight archipelagic baselines". Since the United States is not an archipelagic state and since
only states and not political units of states can qualify as archipelagic states, the Hawaiian
archipelago has no archipelagic status under the LOS Convention.

Federal laws
Those portions of a cable route traversing the coastal areas of the islands of Hawaii and

Oahu (and possibly Maui and/or Molokai) would fall within Federal jurisdiction for certain
purposes. Moreover, certain Federal laws are administered and enforced through State laws,
and there will hence be an overlap of Federal and State laws in such instances. A similar overlap
also occurs with certain State and County laws.

The Federal laws that would apply to a cable route include: the Submerged Lands Act of
1953; the Outer Continental Shelf Lands Act of 1953; the Coastal Zone Management Act of
1972; the Rivers and Harbors Appropriation Act of 1899; the Federal Water Pollution Control
Act; the Marine Protection, Research and Sanctuaries Act of 1972; the National Environmental
Policy Act of 1969; and potentially the Federal Power Act.

In addition, there is the proposed Hawaii Humpback Whale National Marine Sanctuary,
whose boundary would encompass all of the waters enclosed within the l00-fathom (183 m)
isobath encircling, among others, the islands of Oahu, Molokai, Lanai, Maui, Kahoolawe and
Hawaii. While this proposed sanctuary should have little impact upon the operation of a cable
system, it could possibly affect any cable-laying as well as cable repair activities occurring
during the humpback whale season.

State laws
The State laws that will or may apply to a cable route include the Hawaii Coastal Zone

Management Act; certain restrictions on developments near or in the shores and shore-waters;
various shoreline setback requirements; Conservation District use requirements; several
conservation requirements regarding the Natural Area Reserve System, the protection and
conservation of indigenous and/or endangered species, and marine life conservations areas;
State Land Use requirements; water pollution controls; State environmental impact statement
requirements; the Energy Corridors Act; the historic preservation laws; and the public utilities
law.

County laws
Various laws of the County of Hawaii and the City and County of Honolulu will apply to a

cable route and system. The laws of the County of Maui (which includes Molokai and Lanai)
may also apply, depending upon the cable route selected. These laws include, among others,
those relating to zoning requirements; flood control requirements, subdivision requirements;
building code requirements; and grading, grubbing and stockpiling requirements.

Fast-track permitting system
Since a cable system will be subject to international, Federal, State and County laws and
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regulations, and given the scope and magnitude of such a project, it is very clear that a
coordinated, streamlined and expeditious "fast-track" procedure should be created through
which the several phases of such a project may be reviewed and all requisite permits obtained.

Several states which have undertaken large-scale complex projects have recognized the need
for a fast-track review and permitting system and have adopted various approaches that should
be considered to facilitate the development of a cable system. These include the State of
Colorado's Joint Review Process, the Utah Intermountain Power Project, and the State of
California's Office of Permit Assistance. Other approaches and techniques should also be
reviewed to fashion the optimum fast-track project review and permitting process for a cable
system.

ALTERNATIVE INSTITUTIONAL ARRANGEMENTS FOR A DEEP WATER ELECTRIC
ENERGY TRANSMISSION CABLE SYSTEM

General public utility regulatory requirements
The basic purpose of a commercial cable system would be to transmit renewable alternate

energy-generated electric energy from Hawaii to Oahu. There are, therefore, several regulatory
requirements applicable to electric energy transmission that will affect all of the alternative
institutional arrangements for a cable system.

Federal law
The Federal Energy Regulatory Act ("FERA") and the Federal Power Act ("FPA") both

govern the transmission of electric energy in "interstate commerce"as defined in the FPA. It
would appear that this "interstate commerce" jurisdictional requirement would not be met
even though a cable would traverse international waters. Nonetheless, the application of FERA
or FPA in this factual context has not been addressed by either the Federal Energy Regulation
Commission nor the courts.

State law
Hawaii's public utilities law governs, among other things, the transmission of electric energy

and provides that any person engaged in this business shall be deemed to be a "public utility"
and hence subject to regulation under that law by the Hawaii Utilities Commission ("PUC").
In its present form, that law would apply to a cable system regardless of the institutional
arrangement that is selected.

Alternative institutional arrangements
There are numerous institutional arrangements that are potentially possible for the

development, ownership and operation of a cable system. Each would;nowever, include three
common elements. First, a specific entity would be required to provide the institutional
framework for a cable system. Such an entity could be a public entity, such as a governmental
agency or corporation, or a private entity, such as a private corporation, a joint venture
comprised of two or more private corporations or even a combination of private and public
corporations, or a limited partnership. Second, the ownership of a cable system could vary. It
could be owned publicly if, for example, the system were developed wholly by the State; it could
be owned entirely by a private corporation or joint venture if the system were developed
without any State funding or participation; or it could be owned by a combination of a public
agency or corporation and one or more private corporations. Finally, a cable system could be
operated, under appropriate contractual arrangements, by an entity, whether a single
corporation or joint venture, that is unrelated to the entity that owns the system.
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Hence, the potential institutional arrangements that could be suggested are quite varied,
depending upon how the entity structure, ownership and operation of a cable system are
envisaged

For purposes ot this study, however, only the following ten alternative institutional
arrangements will be considered since they represent the most potentially practicable and
realistic alternatives:
(a) private non-utility structure, ownership and operation,
(b) private non-utility structure and ownership, with utility operation,
(c) utility structure, ownership and operation,
(d) public authority structure, ownership and operation,
(e) public/private joint venture structure and ownership and operation,
(f) public/private joint venture structure and ownership, with utility operation,
(g) public/private/utility joint venture structure, ownership and operation,
(h) public authority structure with public/private ownership and operation, and
(i) public authority structure, public/private ownership, with utility operation.

COMPARATIVE EVALUATION OF ALTERNATIVE INSTITUTIONAL
ARRANGEMENTS

Introduction
Each of these ten institutional arrangements has certain advantages and disadvantages,

depending upon which of the different aspects of the development, ownership, financing and
operation of a cable system are being considered. These may be identified more clearly by
briefly reviewing the following: the establishment and internal operations of the entity selected;
the legal and regulatory regimes governing the entity; and the permits and procedural process of
obtaining such permits required in the course of developing and operating a cable system.

The establishment and operation of the project entity
Private or public entity. If an existing private entity were used, no special action would be

required for its establishment. If a new private entity were to be established, its formation could
be accomplished with relative ease, requiring only compliance with the applicable State laws.

In contrast, the establishment of any of the public entities would be more involved and
difficult. It would require special enabling legislation and would be subject to certain State
constitutional constraints.

The operation of any of the private entities would be free from State constitutional
constraints and relatively free from statutory constraints, although it would be subject to PUC
jurisdiction unless a special exemption is provided.

The operation of a public entity would be governed by applicable State constitutional and
statutory provisions governing public entities unless specific exemptions are provided.

Utility or non-utility entity. The use of a utility entity would entail regulation by the PUc.
Without a specific statutory exemption, the PUC would regulate all aspects of the utility's
operations.

Public OJ~ private entity, with utility operation. The same considerations applicable to utility
entities would apply where the operation of the cable system is undertaken by a utility under
separate contractual arrangements, at least to the extent that the operation of a cable system
would itself be subject to PUC regulation.



534 Gerald A. Sumida and Alan L. Hills

Public/private joint venture entities. Each of the several public/private joint venture entities
would be an innovative and relatively unique structure. The formation of any of these would be
subject to existing State constitutional and statutory constraints.

Furthermore, the power of the State to acquire a direct ownership interest in a combined
private/public entity may raise substantial State constitutional questions, especially if the State
were to incur, potentially or actually, any liabilities as a result of its involvement in such an
entity.

The applicable legal and regulatory controls
Private or public entity. The extent of the legal and regulatory controls imposed upon the

structure and operations of a private entity would be generally less than those imposed on a
public entity. However, the public entity would be subject to an extensive array of laws
specifically relating to public entities, unless exemptions can be provided in the enabling
legisla tion.

Utility or non-utility entity. The extent of the legal and regulatory controls imposed upon the
entity's structure and operations would be greater for a utility entity than for a non-utility
entity, unless a special exemption is enacted.

Public or private entity, with utility operation. The entity would be subject to existing State
and Federal laws and regulations depending upon whether it is a public or private entity, and
the utility operation would be subject to other regulations unique to utilities.

Public/private joint venture entities. Although the public element of the joint venture entity
would probably be subject to laws and regulations applicable to public entities, the combined
public/private joint venture entity could, depending upon the extent of public participation
therein, be treated for most purposes as a private entity.

Permits and the permitting process.
Private or public entity. A private entity would ordinarily have no special capability to obtain

all required permits on an expedited basis, unless a special fast-track permitting process were
established and made applicable to such an entity.

The State and County permitting processes may be somewhat less burdensome for a public
entity.

Utility or non-utility entity. The permitting process would be slightly less complicated for a
utility entity than a non-utility entity because of special exemptions or treatment afforded
utilities.

Public or private entity, with utility operation. The permitting considerations applicable to
each of these entities would be the same as for other utility entities.

Public/private joint venture entities. The effect on the permitting process of the public
constituent in the joint venture entity is unclear. However, the joint venture entity may
generally be regarded as a private entity and therefore not eligible for any expedited or other
favorable treatment.
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ALTERNATIVE FINANCING APPROACHES AND SOURCES OF CAPITAL FOR A
DEEP WATER ELECTRIC ENERGY TRANSMISSION CABLE SYSTEM

Basic security arrangements for financing approaches
There are three general approaches that can be utilized in developing financing programs for

facilities such as a cable system.
First, there is the self-supported nonrecourse or "true" project financing. In this approach,

the source of revenues for the repayment of the debt and/or equity investors is limited solely to
the cash flows derived from ownership and operation of the project and is secured solely by a
mortgage lien on the facilities being financed.

Second, there is the credit-supported or recourse financing. Here, there is a direct legal
obligation for the project sponsors (or ether parties with an interest in or deriving a benefit
from a project) to step in and ensure that both full and timely payments are made to debt
and/or equity investors.

Third, there is the combined or hybrid financing. This approach, which is perhaps the most
appropriate for a cable system, combines the use of credit support arrangements which are
limited to certain of the basic risks inherent in a cable project, with assumption by investors of
other highly remote or less severe project-operating or economic risks. These basis risks
include: (i) market demand and price assurances for the renewable alternate energy-generated
power transmitted by a cable system, (ii) the risks associated with assuring adequate renewable
alternate energy resources (e.g. geothermal resource reserves) to generate the anticipated
amounts of electric energy, (iii) cable system technology risks and long-run reliability, (iv) risks
of cable system construction and cost, (v) cable system operating risks, and (vi) various legal
and regulatory concerns relating to the construction and operations of a cable system.

The basic principles of a "true" project-financing, credit-supported financing or the
combined project-financing approaches can be readily summarized.~ But the successful
marketing to investors of such a financing depends upon the recognition of the unique
characteristics and limitations inherent in a cable project and the development of a financing
plan in which all the potential participants in the project (including, for example, the State of
Hawaii, the County of Hawaii, the City and County of Honolulu, HECO, the alternate energy
developers, the cable manufacturer and potential private debt and/or equity investors) provide
sufficient credit support and assume certain specifically identified and allocated risks for the
financing.

Financing approaches for existing cable systems
The development of a general financing approach for a cable system will necessarily depend

upon the unique circumstances and participants in the project. Moreover, the financing
approaches used for existing submarine electric cable systems do not offer an approach which
could readily incorporate the specific combination of credit-supported and non-resource
project-financing features that would be required for a cable system.

The financing approaches used for construction of the major existing submarine electric
energy transmission systems have relied solely upon the general creditworthiness of one
principal sponsor, which in most instances is the primary electric distribution utility in the
country, province or state in which the cable system has been or is being built.

The development and implementation of a combined or hybrid project-financing approach
for a cable system must therefore rely strictly upon the unique circumstances involved and the
relative degrees of financial involvement that its potential participants are willing and able to
support in development of a $334 - 400 million cable system.
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Sources of capital for project construction
There are several principal sources of capital that could be used to provide construction

financing for a cable system. These include: State general obligation bonds; tax-exempt special
purpose industrial development revenue bonds; State and County revenue bonds; private lease
financing; private limited partnership equity; and corporate equity joint venture arrangements.
The actual financing plan devised for a cable system could include several of these funding
sources in specified combinations.

INITIAL ASSESSMENT OF FINANCING APPROACHES FOR A DEEP WATER
ELECTRIC ENERGY TRANSMISSION CABLE SYSTEM

Of the three basic financing approaches for a cable system discussed earlier, the most
appropriate approach appears to be some combination of direct credit support from the entities
participating in a cable project and partial risk assumption by investors on a "true" project
financing basis. The development of detailed alternative legal, institutional and financing
scenarios, using preliminary cost estimates for an electric energy transmission system, would
enable the several most realistic alternative financing approaches to be compared.

As a result, the most appropriate combined or hybrid financing plan for a cable system could
then be determined, based upon the ability and willingness of the participating public and
private entities to assume certain degrees of involvement. This process of development and
analysis of alternative legal, institutional and financing scenarios will require significant
amounts of time and effort, given the highly complex interrelationships and unique aspects of a
cable system.

As one influence upon this process of financing plan development and critical policy analysis,
several potential constraints on the possible legal, institutional and financing choices must be
taken into consideration. These potential constraints include: (i) proposed Federal tax
legislation restricting the use of tax-exempt industrial development financing and the tax
benefits associated with joint public and private leasing arrangements; (ii) difficulties posed by
the involvement in some fashion of a regulated public utility, such as HECO; and, (iii) what
role should the PUC take in the regulation of electric energy rates and other charges associated
with a cable system.

The precise manner in which these potential difficulties will affect the financing plan for a
cable system is one area that will require significant further analysis and refinement.

CONCLUSIONS AND AREAS FOR FURTHER INVESTIGATION

Before the detailed plan to develop a cable system can be developed, it will be necessary to
make certain fundamental policy decisions regarding, among other things, the overall
institutional approach and arrangement for a cable system; the type of entity or entities to be
established for both the development phase as well as the construction and operational phases
of the project as may be applicable, the related financing approach to be used and sources of
capital; the regulatory arrangement that will govern the cable system's construction and
operations as well as the rates to be charged for the electric energy transmitted by it; the
appropriate review, approval and permitting process to be established; and the manner in which
the development of both a cable system and the island of Hawaii's renewable alternate energy
(especially geothermal) resources is to be optimally coordinated. Each of these matters for
decesion is in itself very complex. All are inextricably intertwined. These and other relevant
factors-particularly those relating to a cable system's technological and engineering
aspects-must therefore be examined comprehensively in order to ensure that the course of
action that is finally selected is soundly based, thoroughly examined, clearly realistic and fully
supportable.
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The following recommendations help to clarify the decisions that must be made and lay the
foundation for the selection of a course of action and the formulation of specific plans to
implement that course of action.

(1) There should be developed two or three comprehensive scenarios, each to be self
contained and internally consistent, on how a cable system could be developed, constructed,
financed, operated and regulated. Each scenario would integrate a selected institutional
arrangement and entity, a selected financing approach and a selected regulatory regime.

The purpose of these scenarios would be specifically to enable the principal decision-makers
to explore the most realistic alternative ways in which a cable system could be developed,
constructed, financed, owned, operated and regulated and ultimately to select the preferred
alternative. This process would also delineate the specific Federal, State or County legislation
and/or administrative action that would be required.

(2) Because of the intimate interrelation between the development of the island of Hawaii's
renewable alternate energy (especially geothermal) resources and a cable system, there should
be developed a clearly defined plan of action to coordinate the development schedules of these
two projects. This plan should also incorporate the most critical and burdensome permitting
aspects that will affect the development of each project individually but also in tandem. This
coordinated plan would provide both the State and Counties as well as the renewable alternate
energy and cable system developers with a master plan of action to guide further development
efforts.

(3) A comprehensive analysis should be conducted to determine how the renewal alternate
energy-produced electric energy should be priced to HECO at the interconnection point
between a cable system and HECO's distribution system on Oahu. This analysis should
encompass how the power generation and transmission (i.e. wheeling) costs should be
determined; what rate of return on investment is appropriate for the risks borne by the
owners/operators of a cable system and/or of the renewable alternate energy power production
facilities; and how should these costs be allocated among such power producers, the cable
system owners/operators and HECO's retail customers on Oahu. It should also take into
consideration the unique aspects and magnitude of the cable system in relation to the State's
present electric utility systems and the possible impacts of these decisions on the ratepayers and
economy of Hawaii. This analysis must be coordinated with the development of the legal,
institutional and financing scenarios for a cable system that were mentioned above.

(4) There should be developed a comprehensive analysis of and procedure for a fast-track
process to expedite on a coordinated basis the review, approval and permitting process. It
should also explore the extent to which this process could be implemented by Federal, State and
County and administrative action and legislation. Finally, it should include the preparation of
proposed implementing administrative policies and regulations as well as legislation.

(5) A comprehensive analysis should be made of required Federal, State and County
legislation that mayor will be required to establish the institutional arrangement that is finally
selected for the development and construction phases of a cable system as well as to facilitate
the permitting for and the financing and operation of the system, to create the ownership entity
that is part of the institutional arrangement that is finally selected and to alleviate some of the
regulatory burdens or uncertainties that would otherwise be imposed upon the institutional
arrangement and entity selected.
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4590370

EPITHERMAL NEUTRON DIE
AWAY LOGGING

William R Mills, Linus Allen assigned to Mobil
Oil Corporation

A borehole logging tool includes a pulsed source
offast neutrons and a neutron sensitive counter.
A neutron filter encases the counter and has a
thickness to permit the longest possible delay
time following each burst of fast neutrons before
epithermal neutrons from the irradiated forma
tion are detected by the neutron counter while at
the same time minimizing thermal neutron ef
fects.

4592519

HOSE ROLLER

Roy A Peacock

A hose roller device used to roll up collapsed
hose, such as fire hose. The hose roller device in
cludes a two pronged fork on which the collap
sed hose is placed and rolled up into a uniform
roll that can be easily removed from the two
prongs for storage or transportation in the rolled
condition. The two pronged fork is attached to
one end of an axle that is rotatably held in a
transverse bearing hole through an upright
member. A crank handle is connected to the
other end of the axle to roll up the hose. The
member is held upright by a support system that
fixes the vertical position. The support system
allows the member to rotate about this
longitudinal vertical centerline. The member ex
tends above the two pronged fork and includes a
fitting to which a tiller is connected. The tiller
may be placed into either of two positions to ac
commodate a right or left handed person. The
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tiller is used steer hose roller device. The hose rol
ler is designed to be mounted permanently in the
ground or in concrete or removably mounted on
a vehicle such as a fire apparatus.

4594169

DRILLING FLUID ADDITIVES

Yoshizi Saito, Masaru Nakamura, Toyoshi Iida,
Tsugunori Honda, Gunma, Japan assigned to
Japan Metals and Chemicals Co Ltd

Drilling fluid additives are prepared by com
plexing humic acids and/or lignins, with three
compounds of zirconium, nickel and iron. The
metal composition of the additives is 1.3 to 2.5%
of zirconium, 0.8 to 1.5~~ of nickel and 0.8 to
1.5% of iron, and is totally 3.0 to 5.5%. Thus, the
drilling fluid additives, containing no chromium,
can be used in wide temperature range for the
drilling of oil, geothermal or gas wells with less
gelation even by various contamination and
cause no serious environmental pollution.

4602820

RECOVERING METAL VALUES
FROM GEOTHERMAL BRINE

Robert Hard

A process is provided for recovering valuable
metals from geothermal brine comprising in
troducing donor metallic particles into a
geothermal zone which is dominated with hot
pressurized geothermal brine which contains a
metal value selected from the group consisting of
gold value, silver value, copper value, lead value,
tin value and mixtures thereof. The donor meta
llic particle contains a donor metal selected from
the group consisting of iron, zinc, aluminum and
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mixtures thereof. The process further comprises
forming a deposit on the donor metallic particles
by replacing at least a part of the donor particle
with the metal values, producing a stream of the
hot-pressurized geothermal brine containing the

donor metallic particles which, in turn, contain
the deposit of metal values, and separating the
donor metallic particles from the thusly pro
duced stream of hot-pressurized geothermal
brine.
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