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HMWMATT GECTHERMAL PROJECT
PHASE II

ABSTRACT OF PROPQOSAL

The Hawaii Geothermal Project was established to focus the resources of
the State and the University of Hawaii 6n a coordinated research effort
leading to the development of geothermal power on the Big Island of Hawaii.

Phase I of the Project was initiated in the summer of 1973 with a
$252,000 grant from NSF-RANN, supplemented by $100,000 each from the State and
the County of Hawaii. This $452,000 budget was organized into a multidisci-
plinary research effort in the following program areas: (1) Geophysical -
exploratory surveys to define the most favorable areas for geothermal investi-
gations; (2) Engineering - analytical models to assist in interpretation of
geophysical results, and studies on energy recovery from hot brine; and
(3) Socioeconomic - legal and regulatory aspects of ownership and administra-

tion of geothermal resources, and economic planning studies on the impact of
geothermal power.

An additional $340,000 grant was received for operational support for the
Project through calendar year 1974. These funds are being used: (1) to com-~
plete the exploratory surveys and support programs in Phase I; (2) to begin
the establishment of environmental baselines; and (3) to initiate planning for
Phase II -- the research drilling program. '

The $1,986,513 requested in this proposal for Phase II will provide con-
tinuing operational support during calendar year 1975 for the Geophysical,
Engineering, and Environmental-Socioeconomic Programs, as well as Jaunch the
exploratory Research Driliing Program. At each potential geothermal area, it
is the intent to drill a number of shallow holes, a smaller number of
holes to a depth of 2,000 feet or so, and one deep hole to around 6,000 feet.

The Hawaii Geothermal Project has the interest and suppnort of both State
and County governments, the business community, the utilities, and appropriate
public interest groups. The potential is excellent that this significant
research project involving education, private interests, and all Tevels of
government will contribute to the technology base for expioiting geothermal
energy, as well as develop a low-poliuting power source to help Hawaii and the
nation approach energy self-sufficiency.



HAWAII GEOTHERMAL PROJECT
PHASE 11

NATIONAL AND SOCIETAL NEED

A. Introduction

The recent energy crisis precipitated by the embargo on Middle East
oil, although global in scope, also brought into sharp focus the inade-
quacy of cur national energy program. Both the popular and technical press
have provided exhaustive information and speculation on contributing fac-
tors, the social and economic impacts,’and probable duration of the shortage.
Consequently, no effort will be directed in this proposal to document and
analyze these various trends -- although acknowledgement is made of the
fact that a global energy shortage does exist and probably will continue,
in varying degrees, to the end of this century.

"Project Independence" was first enunciated by President Nixon in
November 1973 and medified in January 1974 as follows: "If successful,
Project Independence would by 1980 take us to a point where we are no longer
~ dependent to any significant extent upon potentially insecure foreign sup-
plies of energy."

A national energy self-sufficiency philosophy has particular relevance
to this island State. Hawaii, which geographically consists of an island
chain stretching across 350 miles of the Central Pacific and separated
from the mainland United States by over 2,000 miles of that same ocean, is
totally dependent for energy on seaborn petroleum. Hawaii has no known
fossil fuel reserves; there is no coal coming jnto the State by rail; no
natural gas by pipeline; and no regional electric grid to interconnect its
electrical systems with those of other states or even with its separate

islands. This complete lack of flexibility makeé Hawaii particularly vul-



nerable to dislocations in the global energy market. This is a travesty,
since the State is generously endowed with a variety and abundance of naturai
energy resources: geothermal, solar radiation, ocean temperature differential,
wind, waves, and ocean currents -- all potential non-polluting power sources.
The candidate from among these natural energy sources which shows the
highest promise for early power generation at commercial levels is geothermal
energy. In Hawaii there is a variety of subsurface heat anomalies which may
exist as: (1) molten magma, (2) hot rock, (3) geothermal steam, and (4) hot
water. Any or all of these sources may occur in the proximity of 40°F deep-
ocean water, adding to the flexibility in designing effective energy systems.
The Hawaii Geothermal Project was established to investigate the potential of

these geothermal resources as viable power systems for Hawaii.

B. 'Relation 0f Research To Societal Problems

One positive aspect of the current energy crisis is that it has stimulated
research on alternate energy systems to substitute for existing fossil fuels
and nuclear fission reactors. Both of these fuel sources have serious pollut-
ing effects in addition to waste heat -- fossil fuels with their combustion
by-products and fission reactors with long-lived radioactive wastes. The re-
search results from the Hawaii Geothermal Project will contribute to better
understanding of one of the natural energy resources -- geothermal energy.

There 1is concern that technology will be so successful in responding to
the energy crisis with short-term solutions for increasing the supply and
the utilization of coal, petroleum, and nuclear fission materials, that the
thrust will be blunted for a long-range development of renewable natural
energy sources and fusion reactors, which create only negligible amounts of
radioactive wastes. As new oil fields are identified and exploited, both on

and off shore; as coal lTiquefaction and gasification processes are developed;



and as breeder reactors increase the power generating capacity of uranium,
the impetus for developing new energy systems may be lost. And this would
be most short-sighted, for even if there were unlimited quantities of fossil
fuels and uranium, it would be impossible to meet the ever climbing giobal
energy requirements with these resources alone, without serious environmental
degradation.

Although it is inevitable that there will be a greatly expanded usage
of these polluting energy sources over the next two decades -- and, given
the social and economic alternatives, this expansion seems necessary --
concerted efforts should be directed to assure that technology moves as
rapidly as possible through this fossil fuel and fission era into renewable
natural energy systems and fusion. This is essential both to minimize the
short and long-term degradation of the environment, and to preserve for
future generations the greater potential utility of fossil fuels to the
petro-chemical industry and as protein for an expanding world's population.

One objective of the HGP is to establish a National Geothermal Energy
Laboratory in Hawaii. The concept of this Laboratory encompasses advantageé
over and above the technological and scientific studies related to exploiting
subsurface heat. In an environmental-socioeconomic sense, Hawaii is also a
unique place to experiment and confirm modeling criteria. Here is found a
virtually closed ecosystem with the environment essentially unaffected by
continent-ocean interface problems, or variations caused by other population
centers. Here, some 800,000 people are collected on the five major islands
of an archipelago and separated both from their neighbor jslands and from the
mainland United States by the deep Central Pacific.

More than 80% of this population lives in Honolulu, on the island of
Oahu. Thus, both the problems of a rural sbciety and a highly-developed urban

center are present, but the boundary conditions are sufficiently well defined



to lend a measure of centrol to this study. To complicate matters, but
broaden the study base, the most obvious geothermal resources are located

on the island of Hawaii, separated by some 200 miles of ocean from QOahu.
Thus, a coroilary to the research effort for producing power from Hawaii's
heat resources is a study of the ocean transmission of that power. An addi-
tional motivation to the State is to develop an economically competitive
source of energy, since the absence of fossil fuels, coupled with a widely
dispersed population, causes power rates for single-family dwellings 1in

Hawaii to be among the highest in the nation.

C. Target Groups For Research

The primary society to be affected by this study will be the citizens
of Hawaii. This primary target group includes nearly 800,000 people, living
in essentially a closed ecosystem, somewhat isolated from the mainland states
by over 2,000 miles of ccean. When Captain Cook discovered the Sandwich
Islands, the approximately 300,000 Hawaiians were burning kukui nuts for
Tight. Successive generations of malihinis (strangers) have been frustrated
in developing the power to meet requirements imposed hy their brand of civili-
zation. They found no fossil fuels, and the short and mostly ephemeral streams
offer jittle hydropower potential. In later years, they developed supplemental
power from boilers fired with cane waste, but this provides only limited capa-
city. This has left imported fossil fuel as the primary energy source, since
the available nuclear power plants are apparently too large to impose on the
existing electrical systems, and LPG becomes quite expensive when shipped
long distances in American "bottoms" as required by the Jones Act.

A secondary target group will be the people of the United States, since
this research program should make a contribution to the national self-
sufficiency policy. A third beneficiary will be the developing countries
throughout the worid, with whom Hawaii shares many pewer generation and distri-
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bution problems. Other than the island of Oahu on which the City of
Honolulu is located, there is a relatively low population density and
limited industrialization. On these outer islands massive power stations
with extensive distribution systems are inefficient for meeting widely
dispersed low-density energy requirements, so that small generating units
operating almost exclusively on petroleum provide much of the power. The
technology developed by the HGP for Tocating, generating, and distributing
geothermal energy should have application to those countries throughout the

world with subsurface heat anomalies.

D. Consequences Of Research

The expansion of the science and technology base for the extraction of
power from subsurface heat, resulting from the research projects conducted
by HGP personnel, will represent a major contribution to the national quest
for developing low-pollution energy sources. The variety, the availability,
and the relatively well-controlled characteristics of the subsurface heat
anomalies encountered on the Big Island make this a most appropriate location
in which to investigate and to develop improved methods for the utilization
of different forms of geothermal energy. This is another justification for
locating a National Geothermal Energy Laboratory in Hawaii.

The environmental-socioeconomic aspects of this study, using the State
and the Big Island as models, will also provide insight into these factors
at the national level. However, the most direct and immediate beneficiaries
of this program will be the State and the island of Hawaii. Power rates in
Hawaii are "pegged" to oil costs. The U.S. 0il quota system and the environ-
mental mandate to use low-sulfur fuel have centributed to the relatively high
cost of electricity on Qahu, where most of the population of the State is con-

centrated. The smaller inefficient diesel generating units and the longer



transmission distances on the sparsely populated neighbor islands run the
electricity rates up even higher.

A reliable inexpensive power source would open up a variety of industrial
alternatives to the people of Hawaii. One objective of the Socioeconsiz
Program is to investigate the feasibility of some of these alternatiwss. :zur
as: (1) refining manganese nodules, which abound in the Central Pacific; (2)
developing a pulp industry from sugar cane waste (bagasse); and (3) expanding
agricultural and aquacultural production.

In addition to the probable economic advantage, the development of low-
pollution geothermal energy would enable Hawaii to make progress toward rea-
lizing a State policy decision to promote population dispersion throughout
the islands -- a policy whose implementation would be of national importance
as a pattern to other states. A strong power base on each of the islands
would permit such innovations as the introduction of alternative transportation
systems, including electric automobiles and mass transit systeins, and contri-

bute to the preservation and enhancement of the environment in Hawaii.

E. Interest Of Potential Users

Hawaii has had an impressive record in both the public and the private
sectors for promoting the development of new sources of energy which would
lessen the import costs and environmental impact of conventional energy pro-
ducing systems. Hawaiian Electric Company has financed studies on the feasi-
bility of nuclear power systems, the development of power transmission between
the islands, the application of the electric automobile toward the solution
of air pol]ytion and transportation problems, and the use of deep saline wells
to 1imit ocean discharge of waste heat. On March 1, 1972 Lewis Lengnick, at
that time President of Hawaiian Electric Company, officially announced a policy

in which the company would purchase geothermal fluid, should such become avail-



Copies to: Acting Governor George R. Arivoshi

HAWAIITAN ELECTRIC CDMPANV, iNC.
Box 2750 / Honolulu, Hawaii / 96803 (.

CARL H. WILLIAMS
PRESIDENT

June 18, 1974

Dr. John W. Shupe
Dean of Engineering
University of Hawaii
Honolulu, Hawaii 96822

Dear John:

Through my participation on the Advisory Committee to the Hawaii Geothermal
Project and through Francis Montgomery's (Vice President, Engineering)
attendance at the National Liaison Board meeting in February 1974, we have
had the opportunity to follow the development of this geothermal project since
the initial meeting of scientists held at the Geothermal Symposium in 1972,

We at Hawaiian Electric Company continue to be very interested in this develop-
ment and wish to continue to participate in the project as we have in the past. As
we stated in our letter to you of March 1972, it is not feasible for a power ceompany
to supply venture capital for the search of geothermal {luid in Hawazaii. However,
we continue to be interested in the purchase of geothermal fluid which way be
developed, provided an adeaquate amount of suitable quality can be developed at

an cconomical cost to us. A power company's commitment for such would
facilitate obtaining venture capital from others.

Hawaiian Electric Company is actively investigating alternate sources cf power

at the present time that either reduce pollution, reduce our dependence on fossil
fuel, or reduce costs. It appears to us that geothermal power offers some reliel

in the reduction of pollution, reduction of dependence on fossil fuels, and reduction
in costs, and I would like to go on record as stating that Hawaiian Electric Company,
including its wholly owned subsidiary, Hilo Electric Light Company, will continue

to work with any organization that is searching for geothermal fluid and that we

will enter into a contract to purchase such geothermal fluid if an adequate supply

of suitable quality is developed at an 2conomical cost to us.

The quality, quantity and cost of geothermal fluid are matters too broad to be
covered in a letter of intent of this type, but our engineering and operating
personnel will continue to be available to discuss these in greate:r detail with
you as the project progresses. ’

Very truly yours,

et

Mayor Frank Fasi
Mayor Bruce McCall

David C. McClung, President of the Senate
Tadao Beppya, Speaker o

¥

5ic
{ the House



ahle in cuiricient quality and quantity to make it economically feasible
for power generation. This policy was reiterated recently by Carl Williams,
current President of Hawaiian Electric Company and member of the Hawaii
Advisory Committee to the HGP. (Refer to attached copy of Mr. Williams'
letter.)

In the early 1960's, drillings were made in the Puna Rift area of the
island of Hawaii for the specific purpose of locating sites where geothermal
steam from water intrusion might be used for power generation. The results
were non-conclusive, and the project was abandoned before any deep drilling
was accomplished. This had a negative effect on further geothermal develop-
ments, but in recent years the interest has surfaced again.

Seed money and/or encouragement to look into the feasibility of new
energy systeﬁs has come from a variety of sources: (1) the 1970 State Legis-
lature passed & resolution (no funds) requesting the University of Hawaii to
initiate studies on new sources of energy:; (2) in 1971 the State and County
of Hawaii provided $10,000 to the University for an energy-aguaculture study;
(3) a small grant ($5,000) from the Atomic Energy Commission aided the assess-
ment of the geothermal potential of this island chain; (4) the Hawaiian Electric
Company provided initially $3,000 and later an additional $9,000 to assist
with various phases of the HGP; and (5) the Sandia Corporation contributed
$12,000 to look into some of the properties of mclten magma. More substantive
funding has come from the Hawaii State Legislature: (1) $200,000 in 1972 --
$100,000 of which was administered through the County of Hawaii budget; and
(2) $500,000 approved in the 1974 Capital Improvements Budget for exploratory
geothermal drilling, contingent upon federal matching.

Local interest in the HGP has been high. Encouragement, endorsement,

assistance, and/or interaction has taken place with the following organizaticns:

\\e)



Program.

State Departments and Offices

Department of Planning and Economic Development
.Department of Land and Hatural Resources
Department of the Attorney General

0ffice of Science Policy

Office of Marine Affairs

Office of Environmental Quality Control

State Task Force on Energy Policy

County of Hawaii

The Mayor's Office
Department of Research and Development
Hawaii County Council

Electric Utilities

Hawaiian Electric Company
Hilo Electric Light Company

Business and Industrial Concerns

Bishop Estate

Campbell Estate

C. Brewer and Company, Ltd.
Pacific Resources, Inc.

Water Resources International
Horolulu Chamber of Commerce
Hilo Chamber of Commerce

In addition, representatives from environmental and citizen groups are

included in the Hawaii Advisory Committee, as described under the Management

the National Liaison Board, also discussed in the Management Program, and

through other professional contacts.

Interaction with other geothermal projects is maintained through

The ground work has been laid and a favorable combination of circum-

stances exists for involving education, private interests, and government at
the Tocal, state and federal Tevels in this significant research project for
expanding the technology base on geothermal energy and for developing a Tow-

pollution power source for Hawaii and the nation. During both the 1972 and
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1973 Sessions, Congressman Spark M. Matsunaga of Hawaii introduced bills

" -~ to promote the exploration and development of geothermal resources through
cooperation between the Federal Government and private enterprise." Included
in these bills was provision for the establishment of a Geothermal Research
Institute in Hawaii. HGP objectives are consistent with Mr. Matsunaga's

imaginative proposal.

F. Policy Issues And Decisions

Policy issues related to this proposal involve state and local governmental
practices on land use, mineral rights, and ownership of geothermal resources.
The impact which the HGP has had to date in this area is reflected in part by
- the passage of House Bill 2197-74, A Bill Relating to Reservation and Disposi-
tion of Govertinent Mineral Rights. as discussed in the Environmental-Socioeconomic
Program. 'Additional input will be provided in establishing appropriate state
regulatory practices for the exploitation of geothermal resources.

Engineering and environmental studies to bes conducted by HGP persornnel
will establish environmental baselines and criteria to serve as the foundation
upon which Environmental Impact Statements will be prepared -~ for both the
exploratory and the commercial drilling program.

Economic and planning studies included in this program will investigate
alternatives for orderly growth of new industries and population centers which
may result from the probable introduction of a new and economically competitive
power source for Hawaii. The need for clear policies and laws is evident;
appropriate controls and incentives must be established in order to encourage
the investment of private capital in the development and distribution of power,
while at the same time minimizing the environmental and social degradation
which could result from unregulated "gold rush" speculation and exploitation

of the resource.
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HAWAII GEOTHERMAL PROJECT
PHASE II

QVERVIEW OF PHASES I AND IT OF THE HGP

The Hawaii Geothermal Project (HGP) was organized to focus the re-
sources of the University, the State, and the County of Hawaii on the
identification, generation, and utilization of geothermal energy on the
Big Island of Hawaii. Figure 1 shows the five volcanoes which form this
largest island in the Hawaiian chain. Hawaii is also the youngest‘of the
islands and is still experiencing grow%h from recent activity of the Mauna
Loa and Kilauea volcanoes. Conseguently, the Big Island was selected as
the obvious site for initial geothermal exploration, but subsequent sur-
veys will proceed up the island chain.

The research program as deveioped by the HGP invoives an interdisci-
plinary team of researciers from throughout the University system, which
conduct scientific investigations on both short-range explovratory and
applied technology tasks to assist in the early development of ahy conven-
tional geothermal resource -- steam or hot water -- that may exist on the
Big Istand, as well as long-rance research studies of a more basic nature.
The overall goals and objectives of the HGP, many of which will contribute
to the technology base for the recovery of encrgy from subsurface heat, no
matter where it occurs, include:

1. Improvement of geophysical survey techniques for Tocating under-

ground heat resources.

2. Identification of potential geothermal resources, initially on
the Big Island, but ultimately for tie entire island chain.

3. Experimentation with deep-drilling techniques for subsurface heat.

4, Developmen. of efficient, envivonmentally clean systems for con-
version of underground heat resources to useful energy.

12
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5. Comnletion o1 socioeccnomic and legal studies for conversicn
of underground heat resources to useful energy.

6. Establishment of environmental base lines with which to monitor
subsequent geothermal development.

7. Development of a geothermal production field and prototype
power plant on the Big Island, which will serve as a National
Geothermal Energy Laboratory on technological developments in
power production and reservoir management of earth heat re-
sources.

The HGP came into being when the 1972 Hawaii State Legislature allo-
cated $200,000 for geothermal research -- $100,000 to be administered
through the County of Hawaii budget. This action was taken prior to the
energy crisis and was a progressive step for a state governing body to
take. An initial grant of $252.000 was received from the Research Applied
to National Needs Program of the National Science Foundation in Hay 1973;
the State and County of Hawaii released their $200,000 shortly afterwards;
and Phase I of the HGP got undevway during the summer of 1973,

Research for Phase I was organized into three separate programs, with
the initial $452,000 budget supporting the following zctivity:

Geophysical Program -~ Auqustine S. Furumcto, Director

Photogeologic (Infrared Scanning) Survey
Electromagretic Survey

Electrical Resistivity Survey
Microearthquake and Microseismic Surveys

Engineering Proagram -- Paul C. Yuen, Director

Well Test Analysis
Ghyben-Herzberg Lens Bynamics
Eneragy Extraction from Hot Drine

Environmental-Sacioeconomic Program -~ Robert M. Kamins, Director

Land Use, Regulations and Planning

Economic Analysis

14



The major emphasis of Phase I has been on the Geophysical Program,
since the issue of if and where geothermal resources exist is crucial to
the'Project. However, paraliel engineering studies were initiated to in-
vestigate problems involving reservoir characteristics and plant design,
and legal studies were begun to help clarify regulatory and ownership
rights -- since these points must be resolved before any investment capital
can be identified for geothermal development in Hawaii. Good progress has
been made to date in all three programs and is summarized in subsequent sec-
tions of this proposal. .

It was impossible to complete the geophysical surveys and to analyze
all of the data associated with the field studies during the first year of
the Project. Therefore, a proposal for a continuation grant of $340,000
was made to the Natiohal Science Foundation to provide operating support for
the Phase I research program through calendar year 1974. This proposal was
funded by the Foundation, and currently the HGP is fully mobilized to complete
this phase of the study. The geophysical surveys to date have been primarily
reconnaissance surveys to identify general areas of potential interest. The
“remainder of 1974 will be devoted to refining the preliminary gecphysical re-
sults and, to assist in this endeavor, a new task on Geochemical Surveys has
been added. Parallel studies will continue in the Engineering and Socio-
economic Programs, with preliminary work beginning on establishing environ-
mental baselines to assist in monit-ring subsequent drilling operations.

On the basis of preliminary results from Phase I, in conjunction with
surveys and studies conducted on the Big Island by a variety of <cientific
disciplines over the past several decades, it has become cbvious that an
exploratory research drilling prooram is essential to establish actual identi-
ty of the subsurface conditions predicted by the surveys. The major thrust

of this proposal is to initiate the drilling program as Phase TI of the HGP,
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in order to verify interpretation of the scientific data and to determine
if conventional geothermal resources exist on Hawaii. Research activity
will also continue in each of the three compliementary programs: Geophysi-
cal, Engineering, Environmental-Socioeconomic.

Referring again to Figure 1, tentative plans call for initial drilling
to take place in early 1975 aleng the Eastern Rift of Kilauea, fol]owéd by
the Southwest Rifts of Kilauea and Mauna Loa. At each location the drilling
program will include a number of shallow holes a few hundred feet deep,

a smaller number of holes 2,000 feet or so in depth, and one deep hole that
may extend to 6,000 feet. The drilling program will be under the direction
of Dr. Agatin T. Abbott and the Site Selection and Operations Commitiee,
which he established to assist with key decisions both for preliminary plan-
ning and as éril]ing progresses. Tentative scheduling, operation, and in-
formation to be obtained from the driiling program is discussed in detail

in a subsequent section.

In summary, the overall objective of Phases I and II of the HGP is to
solve the problems and to answer the questions -- geophysical, tecnnological,
legal, environmental, social, economic -- relating to the development of a
conventional geothermal rescurce in Hawaii. If such a resource is identified,
it is the intent to carry this development to the proof of concept stage,
through the construction of a 5- to 10-megawatt prototype geothermal power
plant. This will be done in cooperation with the Tocal electrical utility,
which is expected to finance the basic cost of the plant and include it in
the electric system for the Big Island. The HGP will endeavor to identify
public funding in order to: (1) make the entire operation environmentally
pure, as a demonstration of the non-polluting potential of geothermal energy;

and (2) instrument both the wells and the plant sufficiently so that adeguate
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operational data and reservoir characteristics can be obtained. This in-
strumented prototype power piant and geothermal field will form the nucleus
for a National Geothermal tnergy Laboratory to be used by engineers and

scientists from throughout the world to study reservoir characteristics and

evaluate performance theories.
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HAWAI1 GEOTHERMAL PROJLCT
PHASE I1

MANAGEMENT PROGRAM (1.0)

A. The Management Plan

The Hawaii Geothermal Project involves more than forty researchers
and support staff from throughout the University of Hawaii system. Both
major campuses on Oahu and the Big Island are represented, along with over
a dozen research institutes and academic units. Many of the State and
County agencies and their staffs are d%rect]y involved in the HGP, along
with numerous mainland consultants, research organizations, engineering
and drilling subcontractors. This project has great potential importance,
both for the University and the State, and effective coordination among the

e

wide veriety of technoicgicel, socioeconomic, and political interests at all

educational, private, and governmentsl levels is essential. The management
plan was developed with these diverse interests in mind.

Figure M-1 is an organizational chart for Phase II of the HGP. Princi-
pal Investigator and Project Divector is John W. Shupe, Dean of Enginesring.
Dr. Shupe serves on the State Environmental Council and was recently appointed
by the Governor to establish and chair a Committee con Alternate Erergy Sources
for Hawaii. He will devote quarter-time to coordination of the lGP.

A coe-principal investigator is responsible for the planning and for the

o

direct technical suparvision in each of the four research programs: (A)

Geophysical Program -~ Dr. Augustine S. Furumoto, Professor of Geophysics;
(B) Engineering Program -- Dr. Paul C. Yuen, Professor of Llectrical Engineering;

(C) Environmental-Sociceconunic Program -- Dr. Robert M. Kamins, Professor of
Economics; and (D) Dr. Agatin T. Abbott, Professor and Cheirman of Geolegy and

b

Geophysics. FEach of these program directors will devote half-time to admini-
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stration, coordination, and implementation of his respective research pro-
gram. Although there is a separate budget assigned to each program -- in
order to assist in establishing technical and fiscal authority and account-
ability -- the four co-P.I.'s will meet regularly to help facilitate overall
administration of the project.

The HGP Executive Committee consists of the five principai investigators,
plus two additional members who will assist the Project Director in assuring
the necessary visibility and support throughout the academic community, as
well as by the governmental and private sectors: (1) Dr. John P. Craven,
Dean of Marine Programs at the University and Director of Marine Affairs for
the State of Hawaii; and (2) Dr. George P. Woollard, Director of the Hawaii
Institute of Geopnysics and a member of the Governor's Science and Technology
Advisory Committee. The Executive Committee will: (1) provide technical in-
put in establishing overall goals and objectives; (2) revicw and approve the

research program developed under th

(D

leadership of the principal investiga-
tors; (3) maintain Tiaison essential to project support, hoth on and off
camnpus; and (4) monitor progress of the project. The Project Director assumes
full administrative responsibility for implementation of the HGP, and assist-
ing with this effort is Ms. Carolyn Sharma, Administirative Assistant.

To assure that the HGP has beoth Tocal and national relevance, systematic
evaluation and advice will continue to be provided to the Executive Committee
and the P.I.'s from numerous sources: (A) the NSF Project Manager; (B) the
National Liaison Board; and (C) the Hawaii Advisory Committee. The National
Liaison Board (membership Tist attached) consists of the project leaders of
other RANN-supported geothermal programs, along with a few of the national
leaders in geothermal research and development. This Liaison Board meets

annually in Hawaii to review program progress, to exchange current information
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on geothermal science and technology, and to advise on fut're planring and
implementation for the HGP.

>The Hawaii Advisory Committee (membership list attached) was estabiished
to provide interaction with key individuals from industry, government, and
the scientific community, whose support is essentiail to the introduction of
geothermal power in Hawaii. Serving on this committee are the Directors of
the State Office of Environmental Quality Control and the Department of
Planning and Economic Development:; the president of the major electric
utility company; Director of the County of Hawaii Office of Research and
Development; a cross-section of business and industrial leaders of the
community; and fepresentatives of citizen groups. This committee meets
semi-annually and supplements the Executive Comnittec in providing the neces-

Eals i latn - Ly RS N A i
it campus, to assure public and

>

s visibility Tor the HGP, both on and

and private support for geothermal power in Hawaii.

The composition and function of the Site Selection and Operations
Committee is discussed in the Drilling Program.

The legal fiscal agent for the program will be the Office of Research
'Adminisﬁration of the University of Hawaii. The Foundation hes engeged 1in

many previous contracts through this agency of the University, so a backlog

of experience in adiministering Foundation contracts and grants already exists.

B. Program Planning And Expenditure Schedule

Figure M-II lists the program and expenditure schadule for each recearch
task throughcut both Phases I and II. This one table summarizes the level of
activity during each funding period for all of ,the research tasks, so provides
a general overview of funding and progream activity up to this date, as well
as for Phase II support requested in this proposal.

The three separate sections reflect the research pregrams during each
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funding period: (1) June 71, 1973 through May 31, 1974 -- $452,000, with
$252,000 from NSF and $200,000 from the State and County of Hawaii; (2)

June 1, 1974 through December 31, 1974 -- $340,000 from NSF, of which
$216,000 has been allocated from FY 1974 and the remaining $124,000
committed from FY 1975; and (3) January 1, 1975 through December 31, 1975 --

$1,986,513 requested from NSF in this proposal.

C. HGP Personnel Summary

Executive Committee

Agatin T. Abbott, Professor and Chairman of Geology and Geophysics
Jdohn P. Craven, Dean of Marine Programs

Augustine S. Furumoto, Professor of Gecphysics

Robert M. Kamins, Professor of Economics

John W. Shupe, Dean of Engineering

e P. YHoollara, Director of Hawaii Institute of Gecphysics

[ep]
[
Q
-3
[Ye]
]

Paul C. Yuen, Associate Dean of Engineering

N t y % o -
Gacphysical Program

\/
Robert W. Buddemeier, Associate Professor of Chemistry
Pow-Foong Fan, Associate Professor of Geology
Augustine S. Furumoto, Professor of Geophysics
Robert Harvey, Research Associate
Douglas P. Kiein, Research Associate
Peter M. Kroopnick, Assistant Professor of Oceanography
L. Stephen Lau, Director of Water Resources Research Center
Murli H. Manghnani, Professor of Geophysics
Roger A. Norris, Research Associate
Ramanan Ramanantcandro, Assistant Geophysicist

Engineering Program

Hi Chang Chai, Professor and Chairman of Machanical Engineering
Bill H. Chen, Assistant Professor of Engineering (Hilo Campus)
Fing Cheng, Professor of Mechanical Engineering

James C. S. Chou, Professor of Mechanical Engineering

™
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Deane H. Kihara, Associate Professor of idechanical Engincering
Kah Hie Lau, Assistant Professor of Engineering (Hilo Campus)
L. Stephen Lau, Director of Water Resources Research Center
Patrick K. Takahashi, Assistant Professor of Civil Engineering
Paul C. Yuen, Associate Dean of Engineering

Environmental-Socioeconomic Program

Andrew Berger, Professor of Zoology

Michael J. Chun, Assistant Professor of Public Health

Doak C. Cox, Director, Environmental Center

~P. Anders Daniels, Assistant Professor of Meteorology

Nabil A. El-Ramly, Associate Professor of Business Economics
Ruth Gay, Instructor, Botany

Eugene M. Grabbe, Director, State Center for Science Policy & Technology Assessment
Jerry M. Johnson, Assistant Director of Environmental Center
Robert M. Kaming, Professor of Economics

Jemes E. T. Moncur, Assistant Protessor of Economics

Richard E. Peterson, Associate Professor of Business Economics
Kap-Kyung Seo, Professor of Business Lconomics

Sanford M. Siegel, Professor of Botany

Drilling Program

Agatin T. Abbott, Professor & Chairman of Geology and Geophysics

Gordon A. Macdonald, Senior Professor of Geology

Donald W. Peterson, Geologist & Scientist-in-Charge, Hawaiian Volcano Observatory
Charles J. Zablocki, Physicist, Hawaiian Volcano Observatory

Vitae and bibliographies for these participants are listed at the end

of each of the program descriptions.

D. Management Program - Phase TI

During Phase 1 of the Hawaii Geothermal Project the Manageme..t Program
has provided: (1) coordination of activities among the research programs;
(2) administrative services to assist with implementation of the research;

and (3) promotional efforts at the University, State, and Federal levels to



~

help assure adequate visibility and suppert ior the HGP.

The following organizations <a1i of which were discussed earlier)
were established: (1) the HGP Executive Committee; (2) the Hawaii Advisory
Committee; and (3) the National Liaison Board. Operational guidelines and
membership lists were deveioped for these advisory groups, and to date three
effective meetings have been held with the Advisory Group, and a most in-
formative evaluation session with the National Liaison Board.

The Tevel of interest in geothermal energy in Hawaii continues to run
high. It has received added impetus from the recent energy crisis -- and
the resulting Tines at the gas pumps. This interest is reflected in con-
tinuing State SQpport for geothermal R & D, the most recent of which is the
$500,000 allocation for exploratory geothermal drilling.

For Phase 11 the Management Program will continue with the samz responsi-
bilities, while endeavoring to reintorce existing interest and support fur the
HGP and identify new sources for potential inferaction. A Joint meeting of
the National and Hawaii advisory groups is scheduled Tor November 1974, with
subsequent meetings at the usual intervals throughout 1975,

Close liaison is maintained with all four congressional delegates, who
are kept well informed on progress of the HGP. Excelient support, informa-
tion, and advice is provided by our congressional delesgates on any shifts
in organizational structure and funding philtosophy of federal agencies.

During Phase I, $63,600 was acsigned to the Management Program to pro-
vide support services, fund the expenses of the Hawaii Advisory Committee
and the National Liaison Board, and provide a contingency fund to meet any
emergencies that might arise in the research programs. MNow that the Project
is well established and the program expenses reasonably well defined, it is

not necessary to rctain a major contingency fund., Therefore, the budget for
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Phase II has been reduced to $392,400. Incliuded in the budget renewal 1is
provision for one meeting of the National Liaison Board in Honolulu, and

two meétings of the Hawaii Advisory Committee.
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Hawaii Geothermal Project - Geophysical Program

Principal Investigator: Augustine S. Furumoto

A Proposal for Continuing Geophysical Exploration
in Search for Geothermal Sources on the Island of Hawaii

I. INTRODUCTION

The following is a proposal to the National Science Foundation, Research
Applied to National Needs, to continue geophysical and other surface explora-
tion studies in connection with the investigation of geothermal sources on the
island of Hawaii. The work proposed is in continuation of that started this
past year under NSF grant GI-38319 for the Hawaii Geothermal Project. Specifi-
cally, the funding is requested to: (a) complete and augment the exploratory
phase of study required before undertaking the research drilling phase; and
(b) to carry out interpretative downhole geophysical measurements once the
drilling phase is underway. While drilling is in progress, investigators wﬁ11
monitor the areas of particular concern. After drilling has been completed
in a hole they will attempt to correlate the drilling data with the surface
survey data and to interpret the two in terms of subsurface geothermal conditions
and enclosing structure.

As mentioned elsewhere in this proposal, the areas of interest for the pro-
ject are the East and Southwest Rift Zones of Kilauea Volcano and the Southwest
Rift Zones of Mauna Loa. For the geophysics program, the East Rift Zone of
Kilauea is of prime interest. The East Rift is the testing ground, the research
laboratory to find out what geophysical parameters mean in terms of geothermal
energy. Surveys in other areas will be 1n%erpreted in terms of the results from

the East Rift.
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The East Rift Zone is located in the geographical area known as the Puna
District. In fact the Puna District is almost coextensive with the flanks of
the East Rift Zone. Hence in our proposal, Puna District will mean for practi-
cal purposes the flanks of the East Rift Zone. _

The present proposal is organized on the basis of the following sections:

Section I - A summary of geological and geophysical study in the Puna

area

Section IIT -~ Results of geophysical surveys carried out the previous year

under the Hawaii Geothermal Project

Section IV - Proposed types of studies for the coming year

Section V - Description of geophysical tasks: personnel; method; time

table; and an jtemized budget ‘

The Hawaii Geothermal Project is of more than parochial interest and has
many far reaching applications to the geothermal study of other areas. This is
c]eaf from a consideration of plate tectonics theory. According to this theory,
material from the deeper pérts of the mantle upwells along oceanic rift zone
crustal spreading center. The ocean floor and lithosphere thus move along in
agiant conveyor belt type motion and then plunges back into the mantle at points
of crustal convergence marked by island arcs and continental margins marked by
oceanic trenches, which are called subduction zones. Most of the volcanoes of
the world occur along subduction zones. To exp]aiﬁ the ‘Hawaiian volcanic archi-
pelago which occur in the middle of the Pacific ocean, where there is no subduction
_ zone, but where mantle material nevertheless has broken through the lithosphere
and the ocean floor, other mechanisms must be postulated.” One is that it repre-
sents the consequence of the Pacific crustal plate migrating across a "hot spot"
in the mantle. Under this concept there i§>only one center of volcanism (that

now beneath the island of Hawaii), and the archipelago extending up to Midway
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Island and possibly the Emperor Seamount Chain extending up to the Aleutians
mark the trail of crustal migration. Another concept is that the archipelago
represents the path of a crustal rift with éctive volcanism on its ieading nose
where the rift, as it grows like a crack migrating across a plate glass window,
intersects cross cutting transform faulf fractures. Either concept would satisfy
the increase in age of the archipelago in progressing along it from the isiand
of Hawaii where there is present volcanism. The last though would have a point
in common with spreading centers in that volcanism would occur where there is
an opening in the crust and reduction in confining pressure; Volcanism ceases
when the opening is sealed off by the extruded material plugging the opening
and building up sufficient pressure beneath the volcanic pile to stop the flow
of lava. This is true of old spreading centers, as well, wheﬁ the regional
stress pattern causes a spreading center to "jump" as in the case of the East
Pacific Rise which is a young feature and was preceded by what is now a “fossil"
spreading center located in the middle of the Nazca Plate off Peru. The eneche-
lon pairs of separated major voicanic centers on most of the Hawaiian islands
is a strong argument for their having formed at fracture intersections with one
fracture system being a migrating one. Another argument is that the high heat
flow is confined to the volcanic pile and has no regional extent as might be
expected with a "hot spot" having a deep seated source, and another the marked
similarity between Hawaiian lavas and those found in association with the crustal
plate spreading centers. |

The Hawaiian volcanoes could thus bear more than a superficial resemblance
to the East Pacific Rise spreading center, and studying ngaiian volcanoes could
have a direct bearing on the study of East Pacific Rise and also on areas as the
Salton Sea geotherma1 area, which‘over]ies the landward extension of the East
Pacific Rise beneath the North American continent. As Hawaijar volcanoes are

exposed at ground surface, they can be readily studied and experiments performed
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which would be difficult, if not impossible, elsewhere. The’experience gained
on the Geothermal Project will thus be applicable to the study of other potential
geothermal areas as those on spreading centers as well as island arc subduction

zones and other areas of volcanism.

II. BACKGROUND INFORMATION ON KILAUEA EAST RIFT OF THE PUNA DISTRICT

Kilauea Volcano on the island of Hawaii has two rift zones, the East Rift
and the Southwest Rift. The East Rift saw flank eruptions in 1955 and 1960; the
Southwest Rift was active in 1971. The East Rift; together with the summit cal-
dera area, has been intensely studied by members of the U.S. Geological Survey.
Lately staff members of the Hawaii Institute of Geophysics; University of
Hawaii, have ‘carried out surveys along the East Rift;

The East Rift Zone starts of f from Kilauea Caldera in a southeasterly direc-
tion, and then about 8 or 9 km from Kilauea Crater, the rift zone makes a nearly
right angle bend, and heads in a east north east direction to enter into the sea
at Cape Kumukahi. Along the rift zone are pit craters, cinder cones, open cracks
in the ground and some steaming vents. That part of the rift zone close to
Ki]auea Caldera is within the Hawaii National Park and this area will not be the
subject of investigation of the present proposal. But a 30 km stretch of the
rift zone is outside the park boundaries and tuts across what is geographically
called the Puna District. Our proposed survey will cover the greater part of
the Puna District.

It is impossible to giVe in this report a good review of past studies in the
Puna Area because of the voluminous amount of information. A summation will be
presented here and then the present state of the problem will be given.

Geology. The geology of Puna area has been done as part of the study of
KiTauea Volcano (Stearns and Macdonald, 1946; Macdonald and Abbott, 1970). It is

thought that a platform formed by Mauna Loa lava flows underlies Puna area, and
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on this platform lie the lava flows and ash deposits from Kilauea. Puna area
also has a number of fauits paralTe] to the East Rift Zone.

“Geodetic Suryvey. Comparison of geodetic survey data since 1914 to the

present showed that the entire south flank of Kilauea Volcano, of which Puna
District is a part, has been displaced seaward for 4;5 meters (Fiske and Kinoshita,
1969). If the seaward slump proceeds at a constant rate, this means a creep of
about 8 cm per year. It seems that the sTump is more spasmodic in nature.

Gravity Survey. Gravity survey by Kinoshita (1965) showed that the east

rift in general had a Bouguer anomaly of about 10-20 mgals above the regional.
A survey with closer spacing by Hawaii Institute of Geophysics indicate that the
high of the anomaly lies to the north of the rift rather than over it.

Deformation study. From careful surveys in elevation changes, Decker (1974)

concluded that the east rift is dipping southward at an angle of 45°.  This theory

of a dipping rift zone will be checked by our proposed study.

Passive Seismic Observations. Earthquakes in the Puna area occur south of
the rift zone, only a few to the north of it. Koyanagi, Swanson and Endo (1972)
proposed that the earthquakes are due to the slumping of the south flank. There
" are times when earthquakes are concentrated in a very small area. These are
probably due to magmatic action.

Ward and Gregerson (1973) used a tripartite array of sides 1 to 2 km long
to determine hypocenters south of Kilauea Volcano. They concluded that events
within 5 to 10 km from the array c>n be determined accurately. They also found
that S waves were poorly recorded. Some focal mechanism solutions were also
obtained.

Ground noise surveys have also been carried out. Keller's (1974 ) results
claim that 4hertz ground vibrations are high over areas where electrical surveys
showed low resistivity. However surveys carried out by Hawaii Institute of Geo-
physics do not show such variPtiohs, but that the 4 hertznoise dies away from

the shoreline.
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Active Seismic Survey. Hill (1969) proposed a crustal structure for the Puna

area from seismic refraction data. As he did not have cjose in shots in his survey,
hé assumed that the first layer had a P-wave velocity of.1.8 km/sec and a thickness
of 0.7 km. The second layer had a velocity of 3.1 km/sec and extended from a depth
of 0.7 km to 2.3 km. The layer below that had a velocity of 5.3 km/sec.

Magnetic surveys. Magnetic surveys were carried out over Puna several

years ago (Malahoff and Woollard, 1968). The results show that there is little
magnetic expression over Puna, due to the high temperature of the rift zone.

Electrical Surveys. Keller (1973) carried out a dipole-roving dipole type

4

electrical resistivity survey over the area. The most probable interpretation
was a model of two layers overlying a half space of infinite resistivity. The
first layer had a thickness of 700 m with resistivity of about 20 ohm-m., the
second layer extended from 700 m depth to a depth of about 2.2 km with a resisti-
vity of about 5 ohm-m.

Recent survey by Klein (1974) showed that the near surface rock without water
has a resistivity of about 6000 ohm-m and at the water table the resistivity can
be as low as 1 ohm-m.

Self potential surveys by Zablocki (1974) made apparent two anomalies on the
rift zone, each providing a voltage gradient of several hundred millivolts per
100 meters. The anomalies are positive poles.

Thermal Surveys. There were many wells drilled in the area in search for

agricultural water. Temperature meacurements made in these wells indicate that
higher temperatures occur near the rift zone. Heat flow measurements have not
been made.

Geochemical Surveys. Water samples from mahy of these well have been analyzed

for oxygen isotope content. (McMurtry and Fan, 1974). The interpretation of the
results is that the groundwater in the region has one through a thermal region at

least ZOOOC.
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Ongoing surveys. During the months of May to August 1974, several types of

surveys will be carried out in the Puna area through NSF Grant GI 38319. Among
them are: electrical resistivity surveys, self potential surveys, ground noise

surveys, microearthquake surveys, heat flow measurements and geochemical surveys.

Evaluation and Present Status of Knowledge of Puna Area

The number of surveys carried out in Pupa area is impressive and the infor-
mation we have of the area is large. we'should consider the area according to
depth, how much we know about Puna to a depth of 2 km and how much knowledge we
have of things deeper.

~Our information about Puna to a depth of 2 km 1s_extensivel Fromvelectrica1
surveys and seismic refraction surveys, we can conclude that the rocks are very
porous to a depth of 2.3 km. Electrically the bulk resistivity of rocksis about
5 ohm-m and the P-wave velocity is 3.1 km/sec. Again from both types of data the
porosity of rock seem to be changing at a depth of 700 m. Geochemical study tends
to indicate that the source of hot water is the rift zone and that by rapid flow
through the permeable rock the hot water is flowing down slope to the sea.

Below 2.3 km our kﬁow1edge is less extensive. Seismic velocity is 5.3 km/sec
at that depth which indicates very Tow porosity and permeability. Electrical
resistivity is so high that a model of infinite resistivity is appropriate. We
do nothave enough information from microearthquake data té discugs the situation
at depth greater than 2.3 km, but after the planned microearthquake survey of
~ August 1974, we should have more data. | .

The hypothesis of the rift zone dipping at +15° as proposed by Decker must be
checked. GraQity survey did not giQe any clue as to the validity or invalidity
of that hypothesis.

Stumping of the southflank cauyses faults to be formed. Some are known by sur-
face traces. But, as in other parts of Hawaii, a good many of the faults are probably
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undetected because they have ben covered over by lava flows or thick vegetation.

The best way to Tocate such hidden faults are by seismic reflection techniques.
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III. Results of Geophysical Exploration During the period
May 1, 1973 to Present (June 1, 1974), A Progress Report

Upon receipt of Grant GI-38319 from the National Science Foundation and
matching grants from the State and County of Hawaii, the geophysical exploration
program was initiated. Since the Institute of Geophysics did not have some of
the equipment necessary for the proposed work, certain aspects of the proposal
such as the Infrared study and the preliminary electrical investigation were
contracted out to groups able to start work immediately, since a delay of at
least six months could be expected in getting delivery on equipment. At about

the same time, George Keller of the Colorado School of Mines, was drilling an
‘exploratory hole in the National Park area of Kilauea Volcano. The information
from that -drilling project as it progressed provided much useful information

of value to the geophysical progrém.

Because of limitations of funding, only the following types of surveys
were p]gnned to be carried out during the first year:

1. Aerial infrared survey covering geologically favorable areas

2. Electrical resistivity surveys of the Puna rift area using the

| dipole method

3. Electromagnetic surveys of selected areas

4. Microseismic and microearthquake surveys

The aerial photo surveys were the responsibility of Agatin Abbott. The
work was contracted to Towill Corporation. Results were available by September
1973.

The dipole electrical resistivity survey for reconnaissance purposes was

in by August 1973.
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The electromagnetic surveys were under the supervision of Douglas Klein.
As all of the equipment had to be built, thé field work started late and is
sti]i underway at the time of writing of this proposal.

The microea%thquake surveys, under fhe supervision of A.S. Furumoto, got
off to a late sfart because of over eight months delay in getting delivery on
equipment. Because of this, the schedule outlined in the original proposal was
impossible to maintain. The original proposal planned for surveillance of
microearthquakes first, then ground noise surveys. But as instruments for the
microearthquake system were not delivered by the manufacturers until February
1974, the ground noisg survey was done first, without the benefit of data
from the expected microearthquake survey. |

Although every economy was made in carrying out the initial phase of sur-
face investigation, including skimping on per diem and borrowing equipment, in
January 1974 it became clear that all the proposed cannot be completed with the
remaining funds. A decision was therefore made to postpone a major portion of
‘the seismic surveys and redistribute the funds so that the other surveys could
be brought to fruition with maximized results. As for the seismic surveys, a
reconnaissance ground survey was carried out and the instrument system for micro-
earthquake surveillance was carefully calibrated and field tested on Oahu.

In the following section, short descriptions of -the accomplishments of
each task are given. For more details, the reader must aWait the publication

of progress reports.
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1. Photogeologic Survey

Investigator: A. T. Abbott

Imagery from Infrared Scanning of the East and Southwest Rift
Zones of Kilauea and the Lower Portion of the Southwest Rift
Zone of Mauna Loa, Island of Hawaii

INTRODUCTION

From July 31 through August 4, 1973 night time flights for obtaining
infrared imagery along the east and southwest rift zones of Kilauea and the
southwest rift zone of Mauna Loa were undertaken on the island of Hawaii.

Flights were also made on Hualalai and Kohala volcanoes, but because of incon-
clusive results are not included in this report. Ground control stations had

been established during daylight hours several days prior to starting the flight
program. Students stationed at the ground central points guided the aircraft

on predetermined flight paths by the use of directional lights which were visible
to the plane's navigator. Results of the infrared scanning program are considered
to be very successful. Events leading up to the final imagery on 8 x 10 color
prints will be discussed below.

The sum of $23,900 was designated by the NSF to be expended on aerial
photogeologic work on the Hawaii Geothermal Project. Infrared scanning was the
only aerial technique employed in this phase.

A firm specializing in infrared surveys, Daedalus Enterprises of Ann Arbor,
Michigan was selected as best equipped and expgyienced in Hawaiian conditions to
accomplish the infrared imagery survey. Towill Engineering Corporation of |
Honolulu provided the aircraft, pilot and navigator and submitted a report with

maps and black and white aerial photographic mosaics. These firms earlier the
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same year had flown paths for Dr. George Keller of the Colorado School of Mines,

who was engaged in locating a deep drill hole near the summit of Kilauea.

FLIGHT PATHS AND DESCRIPTIONS

(1) East éift Zone of Kilauea

Two Tong parallel flight paths were flown along the East rift zone from
points outside the boundary of Hawaii Volcanoes National Park to Cape Kumukahi.
Shorter paths crossing the two long parallel Tines were flown at the intersection
of the rift zone with the main highway between Pahoa and Kalapana. Approximately
35 line miles of usable record was obtained. From this the following strips
were selected for reproduction in infrared false color imagery:

Three miles of flight paths high on the rift zone at an average ground
elevation of 2100 feet provide excellent examples of rift lineation and tempera-
tures aureoles. The DIGICOLOR prints shbwed a temperature range of 14°¢C to 20°c.
Numerous sites along the rift showed spots of white color indicating the temper-

ature exceeded the highest range on that temperature set. This is not surprising
| in view of the fact thaf wisps of steam are issuing from some of the vents
probably as a result of meteoric water coming in contact with residual heat of
lavas from the 1966 eruption in this area. Downslope from the steam vents, a
fairly extensive area shows a slightly higher surface temperature than its
surroundings, by an average of 1%¢.

The area for the second set of DIGICOLOR prints in fhe Kilauea east rift
zone was selected from a flight path of approximately two miles in length across
the area of intersection of the rift zone and the Pahoa-KaJapana highway at a
ground elevation of approximately 3000 feet. The temperature range of this path
is 16°C - 25°C or 1.5°C per co]or.._Again numerous sites showing white along

the rift zone indicate local hot spots and an aureole of decreasing temperatures
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are distributed outward from the rift. Fine examples of surface temperature
zones are demonstrated in this imagery.

(2) Southwest Rift Zone of Kilauea

A flight path 12 miles long was followed from the point of intersection
of the western boundary of Hawaiian Volcanoces National Park and the main highway
between Kilauea summit to Pahala to a point on the sea coast approximately 4
miles east of Punaluu.

The altitude maintained was about 3000 feet above ground level: Throughout
" most of the strip a thermal anomaly was.evident along the Great Crack. The temp-
erature range on the flight path was 18%C - 22°C. Of unusual interest on this
path is a thermé] anomaly in a target-like pattern near the southern end of the
Great Crack approximately 1 1/4 miles from the coast line at an elevation of 300
feet above sea level. The target-Tike pattern is 1200 feet wide, 1600 feet ]ong;
The roughly circular pattern of thermal anomaly Ties 600 feet northwest of a
splinter extension of the Great Crack. The highest temperature within the tar-

- get area reaches the red color or 22°C in two small spots, and within the Great
Crack extension, small local spots reach white, or off scale.

The anomaly appears to be associated with the lower slopes along the south
side of Puu Kolekole, a pfehistoric cinder cone, and with the extension of the
Great Crack.

This surface thermal anomaly as registered by infrared scanning imagery
should receive careful attention as é potential area for further geophysical
investigation and possibly research drilling.

(3) The Southwest Rift Zone of Mauna Loa

A flight path with the total length of apﬁroximate]y 22 miles followed
the southwest rift of Mauna Loa from an elevation of approximately 7000 feet above

sea level to the tip of South Point. Only the Towest five mile section of
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this path to the tip of South Point showed any significant thermal anomalies.
This portion has been reproduced in DIGICOLOR and prints developed.

The temperature range on one subset is 16°C - 22°C. Thermal anomalies appear
along the cliff face of the Kahuku fault as clusters along the base of the cliff
and as linear features possibly indicating bedding planes in the Tava flows.
Numerous spots along the cliff register red and a few Tocal areas show white,
or off scale.

The cause of these anomalies is not known at the present time.. The Kahuku
© fault scarp, which reaches 400 feet in height in this area, faces west. Consider-
ation must be given to the possibility that the anomalies result from residual
late afternoon solar heat. The imagery was taken at 0030 hours in order to reduce
the effect of residual heat. The physical distribution of the warmer areas does
not appear to show a pattern that might be caused by residual heating, none the
less this factor must be kept in mind.

Another, more intriguing possibility 1ies in the concept that heat may be
rising from depth along the plane of the Kahuku fault and issuing at the base of
the cliff and along bedding planes of the lava flows. The Kahuku fault is o
'ﬁajor structural feature of Mauna Loa shield volcano. It extends ten miles in-
land from the coast and has been followed out to sea for a distance of over 15
miles. Depth recordings made on boafd the R/V VALDIVIA in 1973 while steaming
past the extension of the fault 4 miles off shore registered a vertical dis-
placement along the fault plane of 1900 meters.

Further geophysical and geological work should be concentrated in the
section of the lower portions of the Kahuku fault. This may have promise as
an area in which to locate an array of research drill holes.

Also of interest along the South Point shoreline as registered by the in-
frared imagery is the temperature distribution in.the sea water. Directly offshore

a large patch of water shows as a white area indicating that its temperature is
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greater than 22°C. It is not recognizea at this time whether this is a bay of
warm surface water brougnht in by ocean currents or wind or whether the warming

is caused by some other process.
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2. Electrical Resistivity Surveys

Investigator: G. V. Keller
Report by: A. S. Furumoto

The electrical resistivity surveys by George Keller were done in June
and July 1973 and a report entitled "An Electrical Resistivity Survey of the
Puna and Kau Districts, Hawaii County, Hawaii" was submitted by him. The
. method he used is known as the dipole mapping method. In short, using existing
well casings as dipole sources, he caused a large amount of current to flow
into the ground, then with a pair of probes the area round the dipele source
was surveyed to measure variations in voltage and current. With that, resist-
ivity of the ground between the dipole source and probes is determined. The
survey in effect gives an integrated picture of resistivity with respect to
depth. Hence the method is a good reconnaissance tool.

The results of the survey came up with two promising areas indicating
sﬁbsurface Tow resistivity. Both of these areas 1ie along the Northeast Rift
“zone of Kilauea. In Figure 1 the circled area roughly outlines the Tow
resistivity anomaly.

Keller also attempted a depth vs. resistivity interpretation from his data.
The profile resulted in a two layer model; the first layer extending from surface
to an average depth of 700 m with resistivity about 20 ohm-m; the second layer
extending from 700 m to 2300 m depth with resistivity about 5 ohm-m; and below
that a half space of very high resistivity. Keller attributed the Tow resistivity

in the second layer to high temperature.
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3. Electromagnetic Survey
Investigator: D. P. Klein

1. The electromagnetic survey group of the Hawaii Geothermal Project can
report the following accomplishments:

a. Completion of a Toop-loop magnetic induction survey in the
northeast Puna area.

b. Development of a deep-sounding wire-loop magnetic induction
system.

G Réconnaissance of four areas on Hawaii Island (excluding Puna)
which haye promising geothermal aspects.

d. Emplacement of 12 electrode pairs for future deep geoelectric
sounding on Hawaii Island.

2. The two-loop induction survey in the Puna area was a follow up to the
dipole-dipole galvanic survey of G.V. Keller and associates. The results of
Ke]]er's survey which warranted further exploration was the possible existence
.of shallow geothermal regions in the areas outlined by the dashed 1ines in Fig.
1. High temperature well waters in these areas add support to such a possibility.
The two-Toop soundings, whose locations are indicated in Fig. 1, were established
with the object of Tocating the extent of the regions of high conductivity, thus
potentially hot water, in the upper 100 meters of the crust. The results were
negative in this regard. Local conductivity anomalies at stations 18-1, 19-1,
20-1 and station 6-1, and 3-1, 3-2 could be due to heating effects along the
East Rift zone or due to increased porosity asgéciated with Rift fissures. |
However, the existence of shallow high temperature areas of Targe horizontal
extent are not in evidence. It is recommended that detailed "deep" geoelectric

surveys be carried out in the anomalous areas mentioned zbove. under the hypothesis
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that these regions are shallow indicators'of a wider spread geothermal regions
at depth.

3. In view of the need for deeper penetrating equipment a concentrated
effort went into the construction of a power source for a time-domain wire-loop
induction method. This power source will provide approximately a 20 amp current-
step square wave at 1000 VDC. The system.is essentially complete except for
field tests. The system is solid state and built to withstand rugged field con-
ditions. The expected depth of penetration of this system is about two kilometers.

4, In anticipation of future operations, four areas on Hawaii were examined
in detail for survey sites. These areas, indicated on Fig. 2 (Task 2.2, Geo-
electric, of thé proposal) were chosen with regard to the rift zone location, age
of'most recent volcanic activity, available drill hole temperature data and the
results from the infrared scanning study.

5. Since the effective use of the wire-loop induction technique requires
low resistance electrical earth-grounds, 12 electrode pairs were emplaced for
the future surveys. Seven of these were emplaced by Sandia Corporation using
a technique of air-dropping specially designed inert-missiles. The reason for
.early emplacement of electrodues is that the contact resistance can be expected
to decrease with age due to natural processes causing closer compaction of
earth about the electrodes. Although more electrodes will probably be required,
at least future surveys can begin with the several good source field sites now

established.
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4. Microearthquake and Microseismic surveys
Investigator: A. S. Furumoto

Although it was planned to carry out microearthquake surveys during the
first year, it was decided to postpone these surveys until the second year. The
main reason for this decision was the delay in getting delivery on equipment and
that funds were being used up at a higher rate thananticipated in running the
other surveys. In the final analysis it was judged better to obtain excellent
results from three types of surveys than obtaining marginal data from four types
of surveys.

However, the equipment for the microearthquake surveillance program
purchased is How assembled and undergoing tests. The seismic surveillance system
consists of a central recording station and six satellite stations. At a satellite
station seismic signals picked up by geophones are amplified, frequency modulated,
and then telemetered by radio to the central recording station. Data is recorded
on tape at the central station.

For the microseismic or ground noise survey, a simple system was devised.

The instrument package consists of two geophones, an amplifier bank, and a TEAC
R-70 cassette tape recorder which can record in FM mode or in direct analog form.
The package is small enough to be housed in the backseat of a compact car.

With the above instrument package, the eastern section of Puna district was
surveyed on a preliminary basis for ground noise. Two days of recording were
made on eight reels of cassettes. For data processing, many techniques were
tried; such as digitizing the records followed by power spectrum analysis by
computer; use of machine frequency analysis. These were unsatisfactory as samp-

ling or frequency resolution was poor. The best results were obtained by sending
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the taped sign21s through narrow band filters and obtaining rectified, averaged
power levels. By this technique it was found that the 8 hz ground noise centered
arouna the electrical resistivity anomalies found by Keller. Whether this is
also diagnostic of geothermal sources is yet to be determined.

Ground noise surveys are presently being carried out over the Puna area and

the southwest rifts of Kilauea and Mauna loa.
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5. Other Surveys. 1973-1974
Report by: A. S. Furumoto

In addition to the fore mentioned surveys, several other types of surveys
were undertgken.

Although gravity surveys over the Puna area were carried out abouf a decade
ago, the grid was rather course. So, in May 1974 a closely spaced traverse was
" made across the Puna Rift. Time was available for only one traverse as the work
was done in between electrical surveys. Even with the single traverse, a signi-
ficant bit of iﬁformation was found. The high positive point of Bouguer anomaly
is not over the rift zone but to the north of it. This does not lend support
to Decker's postulate that the rift zone is dipping to the south. However this
does not contradict Decker as the mass in the rift zone is not much denser than
the surrounding rock.

Magnetic surveys by traverses on the ground surface were also done. There
was little variation in the magnetic field, an indication that the rift zone
-ﬁateria1 is very hot, above the Curie Point.

Independent of this project, Zablocki of Hawaii Volcano Observatory carried
out a self-potential electrical survey in the Puna area. Two anomalies of several
hundred millivolts per 100 m were found, coinciding with Keller's Tow resistivity
anomalies. These are encouraging signs. At the present time, technicians and
students on this project are assisting Zablocki fo complete the self-potential
survey of Puna area. Data from this cooperative will be available to the project.

The water in the presently existing wells in Puna area were sampled and
were analyzed for oxygen isotope content at the Taboratories of University of

California at Riverside. The analysis at Riverside were done by a graduate
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student from this project who traveled to Riverside. The conclusion of the
analysis is that the water had a past history of being heated to 200°C or more.
Thishtask was carried out under the direction of Dr. P. F. Fan.

As additional funds were promised by the National Science Foundation to
continue the pr;gram until the end of calendar year 1974, a full schedule of
surveys has been planned for the summer months. The Schedule runs as follows:

June

Self potential electrical survey

Electrical resistivity survey

Seismic ground noise survey

Geochemical survey, oxygen isotope and deuterium
July

Electrical resistivity surveys

Laboratory study of convection4in porous media, theoretical study and

modelling

Literature survey.
August

Microearthquake surveillance

Thermal survey of wells

Electrical resistivity surveys



6. Resulting Publications

The present time is too early for results of the field surveys to see the
light of publication. The infrared scanning survey is the only one of the
field work that is in publishable form. However, literature survey and compi-
lation of published articles on the Koolau Volcano on the island of Oahu, Hawaii
and on the Rabaul Volcano on the island of New Britain, Papua New Guinea, were
done and papers on them were presented at the U.S.-Japan Cooperative Science
Seminar held in Hilo, Hawaii during the week of February 4-8, 1974. The papers
will be published in the Proceedings of the seminar. The authors and titles

of publications resulting from the project or supported by the project are:

A, T. Abﬁott - Imagery from Infrared Scanning of the East and Southwest
Rifts of Kilauea and the Lower Portion of the Southwest Rift of Mauna
Loa, Island of Hawaii. Proceedings of the U.S.-Japan Science Seminar
on Utilization of Volcano Energy, February 1974. Sandia Laboratories,

1974, (in press).

A. S. Furumoto - Geophysical Exploration on the Structure of Volcanoes:

Two Case Histories, Ibid. (In Press)

A. S. Furumoto and W. A. Wiebenga - Possible Use of the Rabaul Volcanic

Complex as a Source of Energy. Ibid. (In Press)
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IV. PROPOSED WORK FOR 1975

The geophysical program of the geothermal project with funding through
NSF GI-38319 is carrying out field surveys in high gear at the present writing
of this proposal. As the field surveys will have been comp]éted by September
1974, the present proposal will put emphasis on analysis and interpretation of
the field data.

The types of field surveys and study that would be completed are more in
number than what had been mentioned in the initial proposals. As data unfolded,
different types of surveys were conceived and carried out to check the newly
developing picture. The types of surveys being carried out are given below.
Each survey involves different kinds of instrument and equipment and different
ways of analysis. For example, the several surveys that involve electrical
techniques are different from one another and eéch yields a distinct type of
information..

The surveys and studies that were completed or are going on now are the
following:

1. Infrared scanning'aerial photography

2. Electrical resistivity reconnaissance by dipole-roving dipole method

Loop to Toop electromagnetic method

S w

Depth profiling for electrical resistivity by Schlumberger method
5. Self-potential electrical survey

6. Magnetic surveys on ground surface

7. Gravity survey

8. Seismic ground noise survey

9. Microearthquake epicenter Tocation

10. Geochemical survey, oxygen isotope

11. Geochemical survey, deuterium

12. Thermal survey of wells
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13. Convective motion in porous media, analytical and computer study
14. Convective motion in porous media, physical model study
15. Literature survey on geochemistry of Kilauea

The tasks responsible for these surveys with the names of investigators

are the following:

Task 2.0 General Services and Coordination
A. S. Furumoto
Task 2.1 Photogeology
A. T. Abbott
Survey (1)
Task 2.2 Electrical Methods
D. P. Klein
Surveys (3), (4), (5),
Task 2.3 Modelling and Computation
R. Norris and A. S. Furumoto
Surveys (6), (7) and office studies (13) and (14)
Task 2.4 Temperature studies of wells
J. Halunen and D. Epp
Survey (12)
Task 2.5 Seismic Studies
W. Suyenaga and A. S. Furumoto
Surveys (8) and (9)
Task 2.6 Geochemistry
P. F. Fan
Surveys (10). (11) and (15)

Survey (2), electrical resistivity survey by dipole-dipole method, was

subcontracted to G. Keller of Colorado School of Mines.

Of these, surveys (1), (2) and (3) are completed and final data are in;
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surveys (6) and (7) are partially completed; surveys (5), (8) and (10) are being
done in the field; surveys (4) and (9) are in the instrument testing stage;
surveys (11) and (12) are being planned. The in-office studies (13), (14) and
.(15) are also presently being carried out.

After the field work during the months of June, July and August 1974, it
is imperative that the data be analyzed, interpreted and digested. Even after
the field data are in, the best way for processing the data has yet to be sought
by trial and error. This takes time. For example, for the two days of field
data in seismic ground noise survey, three months were used in finding the op-
timum system to process rapidly 15 hours of data tape. Various methods, such
as digitizing analog records and then performing frequency analysis, were dis-
carded as giving poor sampling. Several types of automatic machine analysis for
spectrum were.unsatisfactory. The method finally foﬁnd to be satisfactory was to
determine  rectified power 1eve1 at different frequencies by passing the record-
ings through narrow band pass filters. This example from seismic study shows that
time spent in data processing in the office is usually an order of magnitude
longer than the time spent in the field.

Also, along with field data, laboratory studies, theoretical studies,
éomputer simulation, physical models must be tried to get the grasp of what is
going on. For optimum results field men should cooperate closely with the model
studies, in fact, it is best that they participate in it.

Some field programs are being proposed for this year, as drilling data may
turn up added information which must be checked against geophysical surveys. Also,
the southwest rift of Mauna Loa, which is presently being surveyed, should be
examined carefully. A verbal report by A. T. Abbott says that the research
vessel VALDIVIA measured the scarp of the rift at a point 4 miles at sea to have
a 1900 m drop. Hence we are proposing a thorough geophysical survey of the sea-
ward extension of that rift and other rifts with the University's research KANA
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To round oqt the geophysical and geochemical information onthe Puna Area
" two new tasks have been added to the geophysical program:

Task 2.7 Hydrology

Investigators: R.W. Buddemeier, P.M. Kroopnick, and L.S. Lau
Task 2.8 Physical Properties of Rocks
Investigator: M.H. Manghnani

Task 2.7 will attempt to unravel the hydrology of the Puna area relying
mostly on geochemical data. This information is truly needed to understand
the hydrothermal system which we are attempting to use for geothermal development.

Task 2.8 will undertake to measure the thermal conductivity of rocks as
well as other physical properties of rocks from the Puna area. This is relevant
to the program as initial calculations using reasonable temperature distributioné
and known values of permeability hint that theré could be no convective motion
of ground water in Puna Area away from the rift zones. OQutside of rift zones
the criterion of stability is not exceeded. If there is hot water below a
depth of 700 m as Keller's reconnaissance survey tends to indicate (cf. previous
chapter) then that water Was most probably heated by conduction rather than by
convective motion.

The geophysical program proposed will be a coordinated program of 8 tasks
with 17 different surveys and studies. As the drilling gets underway, all
involved will be on hand to assist with their specific area of knowledge and

insight.
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V. INDIVIDUAL TASKS: PROPQSALS AND BUDGETS

Task 2.0 _
General Operations Support and Coordination

The main pdrpose of this task has been to provide general services to the
other geophysical tasks. The technician has the responsiblity of aéSemb]ing
and testing instruments and Tater on maintaining them. The administrative assist-
ant in the category of secretary-clerical handles the typing of manuscripts, the
purchase orders, and accounting of the financial status of every task. The staff
on this task have heavy duties and responsiblities.

As several field surveys are going on simultaneously during so called vaca-
tion times, the Togistics must be coordinated. Field men from different surveys
assist one another and the coordination is possible through a central clearing

agency. The task does the work of such an agency.
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Task 2.2

Geoelectric Surveys

Douglas P. Klein
INTRODUCTION

As a second proposed extension to NSF Grant GI-38319 the gecelectric task
must be considered with two facts in mind. (A) The field results from the main
survey are not in as this is written. (B) The evaluation of results of the main
survey is not expected until at least September 1974.

The continuation of major geoelectric survey operations is contingent on
the results obtained in the period from June 1 through December 31, 1974. Thus -
without anticipating those results, this task proposes only to complete a full
final analysis of work accomplished to December 31, 1974; with allowance for
30 days field operations to obtain additional detailed data in those areas, if
any, where initial data show anomalies of particular interest or where problems

of interpretation arise because the initial data are too sparse.

JUSTIFICATION FOR ADDITIONAL DATA ANALYSIS
. Analysis of geoelectric data up to December 31, 1974 will necessarily be
of rudimentary nature due to the pressures involved in rapid selection of the

most favorable targets for exploratory drilling. The extent of sophistication A

(1)

in depth-conductivity sections will be limited to two-layer interpretations

(2), (3)

for electromagnetic work and three-layer interpretations for galvanic

work. These are based on standard and Timited two and three Jayer models. The

(See footnotes at the end of this task description.)
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electromagnetic interpretation in particular will be biased by the assumption
of an idealized dipole source and receiver. It may not be difficult to make

(1)

allowance for this, but in fact, the available interpretation schemes are
realized with this restriction.

We propose to approach possible improvements in the quantitative interpre-
tation of data in this order: (A) Development of non-restrictive frequency

domain and, time-domain solutions for loop-Toop and loop-line electromagnetic

(4) (5)

soundings over horizontal layers, possibly along the line of Ryu' ’, and Morrison

and Koefoed(e). (B) Multilayer (greater than three) modeling of the data obtained
in Hawaii. (C) Development of direct inversion schemes for multilayer cases,
possibly along the line of Glenn et 213(7) with the hope of obtaining quantita-
tive resolution limits of the data with regard to layered structures. (D) Study
of the influences of lateral inhomogeneities in earth strata on the interpretation
of geoelectric data. This is probably the least well understcod problem of geo-
electric surveys, and except for extremely simplified models very few authors

have attempted a quantitative development of this problem. One example is Yee(8)‘
A goal in this regard might be to work toward a numerical solution of an oscilla-
ting dipole field above a non-uniform conducting sheet. This is worked out for

(9)

a plane-wave soﬁrce but not for a dipole field. Such a model could have
applicability in the case of Hawaii where gradients in conductivity in the under-
lying salt water layer might be approximated by a thin sheet.

It should be pointed out that surface surveys will provide a wealth of
field geoelectric data, and drilling program will provide a similar wealth of
direct geological data from drill holes. This then will be an ideal opportunity
to apply theoretical analysis to real data and compare the results to known

conditions. From the standpoint of future exploration applications it seems

vitally important to interpret the data to the fullest possible extent.
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JUSTIFICATION FOR ADDITIONAL FIELD WORK -

In addition to obtaining moré detail where possible over anomalies
(if found) and over areas of questionable interpretation (if any) it seems
important to obtain additional data in conjunction with the drilling program.
As the initial surveys are reconnaissance in nature with the stated purpose
of outlining the most favorable areas of dri]]ing; additional surveys would
serve the purpose of obtaining better resolution in the depth conductivity

profile in the selected drill site areas. This would be important when direct

~ geological drill data becomes available for comparison to geophysical data

because it would establish the validity or non-validity of the geophysical
techniques emp]byed. This result would have direct significance to future
geothermal exploration.

Another consideration is that if success is met in finding geothermal
resources on the island of Hawaii it would be reasonable to begin reconnaissance
of possible resources on other jslands. In this case a decision would be re-
quired on the priority of shifting from further detailed work on Hawaii island
to new surveys elsewhere. While the present proposed budget does not include
' éufficient funds to complete these surveys, preliminary work could be started
simultaneously with a request for additional funds which could be evaluated

on the basis of positive results.
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(1)

(2)

(4)

(5)

(7)

(8)
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Task 2.3

Theoretical and Numerical
Modelling,
Cohputationa] Geophysics,
Magnetic and Gravity Surveys

A.S. Furumoto and R.A. Norris

The purpose of this task is to bring together all the geophysical data
gathered in order to develop consistent models of the hydrothermal systems we are
investigating. At this point in time the hydrothermal systems for the east rift
of Kilauea and southwest rift of Mauna Loa seem to be two different things.

The task will first attack the hydrothermal system of the east rift of Kilauea.
As data come in month by month, a clearer picture is évo]ving.

The question of convective fluid motion in a porous medium should be studied.
Although there are numerical solutions to the problem, analytical studies of con-
vective motion in porous media are not numerous. Numerical models may suffice but
analytical models give deeper understanding. At the present time analytical studies
of convective motion is being pursued.

Also, computational studies of the convective motion will be done. The
boundary conditions of the problem will have to be changed with incoming data. The
problem is very challenging.

Physical model studies using small tanks of watér will also be tried. A tank
is being built as of the present. Various kinds of material will be used as the
porous medium: glass beads, sand, chips of plastic etc.

One parameter we have to know is the bulk permeability of the rock in Puna
area. To do this we shall use the tidal effects felt in welis in the Puna area.
From the velocity of the tidal effects throuqh the rocks and the decay of tidal
effects, the permeability of the rocks can be calculated. For measuring tides,

tidal gauges are needed.
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The task will also help with the computation problems of other tasks. The
epicenter location program HYPO 71 to be used by Task 2.5 is being modified for
the university computer.

The personnel in this task will also assist in field programs. R. Norris
has been with the Hawaii Institute of Geophysics for over a decade and has carried
out independent research.

The task will alsc complete the gravity and magnetic survey program with a
dense network of observations. The magnetic data will require much fedious

correction of data and, hence, will require a student helper.
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Task 2.4

Temnerature Survey

D. Epp and J. Halunen

This summer we will measure the variation of temperature with depth in exist-
ing wells on the island of Hawaii. Based on the results of this survey we will
choose one or two wells in the Puna area and one or two weils in the South Point
area for repeated temperature measurements. At this time we expect to measure the
temperature variations with depth at least 20 times in each hole over a cne year
period. This temperature data will provide information on (1) rates of groundwater
movement, (2) thermal conductivity of the rock adjacent to the upper 10-15 m of
each hole, and (3) possibly past movements of magma in the area of each hole.

A11 of this information is critical to evaluation of ahy geothermal power source.

Groundwater movement through the area around a well will upset the normal
temperature gradient due to the earth's heat (see for example, Birch, 1947).
Stallman (1963), Bradehoeff and Papadopulus (1965), Domenico and Palciauskas (1973),
and others have shown that this deviation from the norm can be used to calculate
the velocity of groundwater movement. Because of the high permeability of the
islands and the Tow thermal ccnductivity of rock, groundwater movement is probably
the dominant process that moves heat from the areas within the island that contain
hot magma. If the hydrological system in the islands is largely an open system as
proposed by Mink (1964), the heat from hot magma sources will be carried to the
ocean by the moving groundwater. On the other hand, if closed systems exist with-
in the island, the hot magma source will cause convection of the groundwatér within
the system. The proposed temperature surveys should allow us to determine which
of these two systems exists in the Puna and South Point areas, and in addition, the
velocity of groundwater movement within the system.

Similar temperature surveys will be an important part of the program to be con-

ducted in conjunction with the deep expioratory holes to be drilled in 1976 and
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1977. 1t is essential also that we determine whether thg grqundwatgr system at
depth is open or closed. A proposal to fund periodic temperature surveys in these
deep holes will be submitted next year;
_ Fluctuations in surface temperature with time also upsets the upper few meters
of the normal temperature gradient in the earth: By measuring these temperature
fluctuations and the rate at which the resulting temperature wave is propagated down-
ward, the thermal conductivity of the upper 10-15 m of rock surrounding the well can
be calculated. We will time the 20 temperature variation measurements so that we
can determine the da11y; monthly and yearly temperature fluctuations. The resulting
thermal conductivity values will then be compared to the conductivity values deter-
mined in the Taboratory.

The two to four wells we choose for repeated temperature measurement will be
those which have the highest temperatures. These wells will undoubtedly be close
to hot rock.—- perhaps a relatively recent intrusion body. Repeated temperature
measurements will allow us to determine if there is any change in this heat source,
such as for example, an injection of new magma. Because of the Tow thermal con-
ductivity of rock, such a change in heat source would not, under normal circumstances,
be detected in one year, unless the heat source was very close to the well. However,
because of the high permeability and movement of groundwater in the island, the
temperature wave resulting from a new injection of magma will be transmitted to the

well site much more rapidly.
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Task 2.5

Seismic Studies

Investigators: A.S. Furumoto and W. Suyenaga

The seismic studies will consist of the following:
1. Seismicity study of microearthquakes including the use of
borehole seismometers
2. Marine seismic refraction and reflection surveys over the seaward
extension of rift zones
3. Processing and analysis of seismic data obtained during June-

September 1974.

1. Microearthquakes will be continued to be monitored in the Puna area
during the calendar year. Seasonal variation of earthquakes has been observed
in other seismic areas, and perhaps Puna area may also show such varijation.
However if microearthquakes are associated with geothermal sources, there should
be a level of seismicity irrespective of seasons.

To increase the capability of detection, seismometers will be placed in
holes left open by’the drilling program. For this purpose, new geophones are
requested in the budget. At first we propose to lower geophones only, but if
this is unsatisfactory, We will have to fabricate a down hole package to include
seismic amplifiers and batteries.

2. The southwest rift zone of Mauna Loa has a 300 m vertical scarp on land
but 4 miles at sea the research vessel VALDIVIA found a 1900 m vertical scarp as
the seaward extension of the same rift. Infrared scanning surveys showed that

this particular rift has thermal anomalies. Hence a thorough survey of the rift
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is necessary to understand tectonics. The survey will be done by the University
of Hawaii research vessel KANA KEOKI. The vessel is equipped to do routinely
magnetic surveys, gravity surveys, seismic reflection profiling, single ship
seismic refraction by sonobuoys, bathythermograph measurements. Al1 of these
will be done over the rift.

Since the ship will be in the region, the extensions of the rift zones
of Kilauea will also be surveyed.

Funds for ship time of the KANA KEOKI is sought by a separate NSF grant for
ship operations. Sixteen days of ship time are needed for this survey.

3. During June to August 1974, a large amount of data on seismic noise
survey and micrdearthquake monitoring will be gathered. In the geophysics
- overview, the seismic noise survey was given as an example of how many times,
longer data processing takes than field work. Hence, the main part of this
task wi]T'be data processing and interpretation.

For the microearthquake monitoring, a computer program to locate epi-
centers is being prepared. The program is a slight modification of HYPO71 which

was developed by staff members of the U.S. Geological Survey.

76



Task 2.6
Geochemical Surveys

Pow-Foong Fan

Studies of the stable isotopes of oxygen and hydrogen in groundwater have been
found to be useful in the discovery and evaluation of geothermal systems. In addi-
tion, studies of sodium, potassium and calcium concentrations in the groundwater
"have recently been shown to be another useful geochemical tool in investigating
geothermal systems (Coplen, 1973; Fournier and Truesde11; 1973).

Oxygen and deuterium isotope studies of 10 wells and 2 warm-water springs
have been made in the Puna Rift System of Kilauea Vo]cano; island of Hawaii.
Temperature and chemical measurements have é]so been analyzed in an effort to
determine the thermal histbry of the groundwater. Results show a positive corre-

L and temperature, especially where the Puna waters are compared

18

lation between 60
with other Hawaiian waters. The 0 = enrichment can be interpreted as water-rock
exchange at geothermal temperatures C>1500C) or contamination of fresh waters by
éeéwater advection since the Puna waters showings the greatest enrichment also
have high salinity. Both processes probably occur there and either can result
from thermal anomalies at depth.

We propose (1) to make a detailed Titerature study of the geochemistry of the
Hawaiian Islands, especially the geocnemistry of Kilauea Volcano; (2) to make
chemical and isotopic studies of the groundwater; and (3) to determine mineralo-
gical and chemical compositional change that may have resulted frem hydrothermal
alteration processes. ’

We plan to sample water from wells, springs, local precipitation, and geo-
chemical fluids in the Puna, Great Crack and South Point of the island of Hawaii.
Special effects will concentrate on study of water and rock samnles from the pro-

posed 8 shallow holes from Puna target areas. We hope our data will assist the
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site selection of the deep hulecs that will eventualiy be drilled on the island of
Hawaii.

The alteration products, hematite, amorphous iron, opal and kaoline were
formed by reactions of gases and wall-rock at Sulphur Bank, near the Volcano
House on the north rim of Kilauea Caldera. Similar deposits are present in areas
along the southeastern boundary cliff of Kilauea Caldera and the Southwest Rift
Zone of Mauna Loa near Sulphur Cone. Hydrothermal alteration products that are
characterized by chlorite-quartz assemblages are found in the Iao Valley of
West Maui and Keolu Hills of windward Oahu. Zeolites and calcite are present
4,000 feet at depth of Keller's well at Kilauea. The mineral assemblages of
hydrothermal alteration vary from place to place. More detailed mineralogical
and chemical studies are needed to understand the influences of the gas—]iquid—so]fd
interface reaction between hydrothermzl f]uid; groundwater; and wall-rock. Opal,
quartz, calcite, kaoline and other minerals resulted from hydrothermal alteration
would be deposited in the pores of the rocks and possibly form an impermeable
dome around the self-sealing steam reservoir. The identification and understanding
of different types of Hawaiian hydrothermal alteration products would be useful

background information prior to the drilling project.
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Task 2.7

Hydrb1ogy

R.W. Buddemeier, P. M. Kroopnick
and L.S. Lau

Hydrologic knowledge is essential to the exploration for, evaluation and
exploitation of geothermal power resources. A combination of physical, chemical
and isotope hydrologic techniques are required to describe the rates and pathways
of groundwater and seawater supply to heat sources; the size and characteristics
of geothermal fluid reservoirs, the rates and pathways of escape of geothermally
altered or juvenile waters, and the effects on non-geothermal water resources of

dri]]ing, energy production, etc,

14 " 13 3

Hydrologic studies including chemical, " 'C C/TZC and “H analyses have been

successfully used to characterize the dynamics of groundwater systems in non-

1 2. In addition, the use of 180/160 and 2H/1H ratios

geothermal areas of Hawaii
in combination with these other techniques strengthens regional hydrology investi-
gationsB, permits identification and has demonstrated potential for exp1oration5
and for assessment of reserves and alterations in producing geothermal energy
systems6}

Because of the broad and multifaceted applicability of hydrologic and related
isotope geochemical data, this task is envisioned as continuing in various forms
throughout the remainder of the project. In year 02, the major goals are: (1)
assembly, integration with the geochemical reconnaissance data and interpretation
of all available hydrologic data on the regions of potential geothermal interest;
and (2) measurement of the temperature, chemical composition, and hydrogen and

oxygen isotope content of rainwater, well water and natural groundwater in the

regions of interest. The analytical program will be initiated promptly at the

(See footnotes at the end of this task description.)
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beginning of the project year (all necessary facilities are on hand and operation-
al in HIG and WRRC), and will be designed to assist in cﬁaracterizing regional
hydrologic regimes, to refine the identification of geothermal waters and their
sources and pathways, to establish baseline data necessary for the interpreta-
tion of pump tests and production data in subsequent phases of the project, and
to assist in test well siting decision.

Investigations will concentrate on the Puna district; but not to the
exclusion of basic characterization of all other areas which appear to offer

significant potential for geothermal energy.
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2)

3)

4)

5)

6)
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Task 2.8

Physical Properties of Rocks
M. H. Manghnani

In geophysical exploration for potential geothermal energy, seismic
velocity (Vp or VS) is one of the most direct and useful parameters. Seismic
velocity in a rock depends upon density, porosity, composition (or, mean atomic
weight), pressure and temperature at depth. The effects of temperature on ve-
lTocity 1in vesicular basalts at modest pressures (1-5 kbar) are not known;
Ahence, a realistic interpretation of subsurface temperature distribution; a use-
ful indicator of.successfu1 exploitation of geothermal energy, cannot be made
from the observed seismic data.

Recently, it has been shown that both Vp and VS in rock and rock-forming
minerals having the same mean atomic weight, are linearly related to thermal

conductivity]’z’B.

Such a relation, if established for the Hawaiian basaltic
rocks, would be most useful for interpreting, from seismic ve]ocities; sub-
surface thermal conductivity and hence the temperatures beneath the potential
areas. A knowledge of thermal conductivity of basalts as function of density,
porosity, fluid content, and temperature is also needed for the interpretation
of heat flow measurements.

That the velocity is also in some manner related to the electrical resist-
ivity of rocks was recently noted.4 Besides this, there is a real need to know
the effect of porosity, fluid content (amount and kind of fluid), temperature;

and modest pressure on the electrical resistivity of basaltic rocks in order to

interpret the field electrical resistivity measurements.

(See footnotes at the end of this task description.)
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We propose here a twofold program: ‘

T. To undertake Taboratory studies for investigating the relationships
among geophysical parameters, such as velocity (Vp and Vs)’ thermal con-
ductivity, and electrical resistivity of basaltic rocks; having various
density, porosity and fluid contentv under the pressure and temperature
environments compatible with depth to a few kilometers of interest (i.e.

to 300°C and 5 kbar). The resuTts will enable us to understand the effects
of porosity on the physical propertjes, and the relationships among various

physical parameters of basaltic rocks.

2. To use these relationships in the interpretation of ohserved geophysical

data for locating the dense subsurface rock and the "optimum" heat source.

The subject basaltic rocks will be collected from the volcanic areas of geo-
thermal importance. The pulse transmission method of Vp and VS measurements5 will
be used. For studying the electrical resistivity of basaltic rocks under various
temperature and pressure environments the technique described by Brace et al.
(1965)6 will be followed. For the thermal conductivity measurements, the line-
soﬁrce transient method7’8, will be used. Most of the necessary equipment for
carrying out the proposed laboratory measurements is available. However, some

electronic equipment is needed for making the thermal conductivity and electrical

resistivity measurements of rock specimens.
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CURRENT RESEARCH SUPPORT FOR PRINCIPAL INVESTIGATOR

The following is a listing of the extramurally-funded projects for
Augustine Furumoto, Principal Investigator of the Geophysical Program.

1. Oceanographic Investigations
Office of Naval Research, Project NR-083~603

2. An Engineering Feasibility Study of an Ionospheric Technique

to lmprove Tsunami Warning Systems
National Science Foundation, Grant GI-34973
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HAWAII GEOTHERMAL.PROJECT

ENGINEERING PROGRAM

INTRODUCTION

The principal objectives of the Engineering Program are (1) applied research
in problem areas related to the extraction of energy from geothermal resources,
and (2) planning and design of environmentally-acceptable geothermal power
plants. Research during the past period has been in the areas of (1) studies
.comp1ementary to and in support of the Geophysics Program, and (2) studies of
the economical and technological feasibility of different methods of converting
heat energy in a geothermal reservoir to electrical energy. Results of the
research effort have been reported in three quarterly progress reports published
to date, and the following technical memorandum and reports:

1. Modelling of Hawaiian Geothermal Resources, Technical Report
No. 1, Jdanuary, 1974,

2., Warm water Wells on the Island of Hawaii, Technical Memorandum
No. 1, January, 1974.

3. Steady State Free Convection in an Unconfined Geothermal
Reservoir, Technical Report No. 2, March 15, 1974, by P. Cheng
and K. H. Lau, accepted for publication in the Journal of
Geophysical Research. T

4. Geothermal Reservoir Engineering: State-of-the-Art, Technical
Report No. 3, March 15, 1974, by P. Takahashi, B. Chen, and
K. Mashima.

5. Regenerative Vapor Cycle with Isobutane as Working Fluid, Technical
Report No. 4, June 10, 1974, by J. Chou, R. Ahluwalia, and E. Woo.

6. NumerjcaT Solutions of Isothermal Pumping and Re-injection,
Technical Report No. 5, July 1, 1974, by P. Cheng and C. Wong.

7. Effects of Vertical Heat Sources on Free Convection in a
Rectangular Geothermal Reservoir, Technical Report No. 6,
July 15, 1974, by K. H. Lau and P. Cheng (in preparation).

A more detailed description of the applied research being proposed for the

Engineering Program follows.
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PHASE I PROGRESS REPORT
TASK 3.1 GEOTHERMAL RESERVOIR ENGINEERING

The gecthermal reservoir engineering research team is composed of three
sub-task groups: computer modelling, physical modelling, and geothermal well
testing and analysis. The three sub-tasks have the goal of predicting the
performance of producing geothermal fields. The computer modelling group will
use a mathematical model approach, the physical modelling group will scale model
a geothermal system, and the testing and analysis group will evaluate existing
geothermal and petroleum gas hardware and software techniques with the aim of
synthesizing optimal measurement and prediction alternatives.

The organizational plan and personnel respohsib1e for various sub-tasks

are depicted in Fig. 3.1-1.
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1. HNumerical Modelling of Geothermal Reservoirs

Investigators: P. Cheng, K. H. Lau, & L. S. Lau

The primary objectives of the numerical modelling are to predict the
performance of geothermal wells under different conditions and to study the
environmental impact of the geothermal system, especially the stability of
the Ghyben-Herzberg lens when perturbed by the extraction of a fluid from a
well below the lens. The results of these studies will aid in the selection
of a viable well-site. Specific topics to be investigated are:

1. temperature distribution, heat transfer and fluid flow characteris-

tics of geothermal systems on the island of Hawaii,

2. éapacity of a geothermal well,

3. expected Tife span of a geothermal well under different operating
and resource conditions,

4. minimum depth required for a geothermal well so that fresh water
will not cone downwards to the well bottom as water is pumped out,
and

5. effect of fluid recharge on the performance of a geothermal well.

The aforementioned problems have not been reported in the literature.

A realistic simulation of Hawaii geothermal reservoirs must take into
consideration the anisotropic property of rock formation; the irregular
geometry of boundaries; the dynamics of the Ghyben-Herzberg lens: and the
effects of pumping, re-injection, and freshwater recharging. Mathematically,
the problem is very complicated since it involves the solution of a set of
highly non-Tinear partial differential equations with non-linear boundary
conditions at the water table where its position is unknown. The strategy

adopted by the numerical simulation group has been to study simplified
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situations during the initial. phase 0% the work. These simplified modgels,
which consider different effects one at a time, will aid in a qualitative
understanding of the physical processes involved. Furthermore, since the
numerical solutions for a more realistic model will probably involve
iteration, the results of the simplified models can be used as input data
for the first iteration to guarantee convergence of the iteration process.
After maturity and expertise have been developed, more realistic models
will be considered. The research work will then culminate in the development
of a general computer code capable of predicting the performance of a
specific geothermal reservoir.

During the first twelve months work has been accomplished in the
following three areas:

1. Steady Free Convection in an Unconfined Rectanqgular Geothermal

Reservoir

A parametric study has been completed which investigates the
effects of geothermal heating from below on the movement of seawater,
the upwelling of water table, and the pressure and temperature distri-
bution in a rectangular two-dimensional geothermal reservoir. A
manuscript entitled, "Steady Free Convection in an Unconfined
Geothermal Reservoir" by Cheng and Lau, has been accepted for

publication in the Journal of Geophysical Research. The following

is a brief discussion on the formulation and the numerical results
of the problem. (See Technical Report No. 2 for details of the
analysis).

The Hawaii geothermal reservoir (Fig. 3.1-1A) is idealized
as a two-dimensional porous medium bhounded on the bottom by a

horizontal impermeable wall and on the vertical sides by the ocean
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(Fig. 3.1-1B). The shape of the water table is not known a priori
and must be determined from the solution. To simplify the mathema-
tical formulation of the problem, the following assumptions are
made:

A. The flow field is steady and two~dimensional.

B. The temperature of the fluid is everywhere below boiling
for the pressure at that depth.

C. The Boussinesq approximation is employed; i.e., density
is assumed to be constant except in the buoyancy ferce
term.

D. There 1is no accretion at the water table; namely, no rainfall.

E. Fluid properties such as thermal conductivity, specific
heat, kinematic viscosity, and permeability are assumed
to be constant.
F. Ocean is at rest; i.e., the effects of tides are neglected.
With these approximations, the governing equations in terms

of dimensionless variables are

2 2
o-P o P o8
—s t —= = € =y, (1)
5xe  ayé o
and
0, 8% ,p (2230, 230, 1 120 | 2q, ()
2 2 3X X 3Y oY ) ’
X oY
where
p-p T-T
= a o = S — = 7 X
- » B =5 ~ s N = s XE“, (3)
psgh Tc Ts h h
y i p_Kagh
Y = . L= Fs €F B(TC -T), and D ===

with p, T, p, and ¢ denoting the pressure, temperature, density,
viscosity; o and K denoting the thermal diffusivity and permeability
of the medium; g and n denoting the gravitational acceleraticn and
the height of the water table; T, denoting the maximum temperature
of the impermeable surface, and the subscript "s" denoting the
condition in the ocean; ¢ and [ are dimensionless parameters.
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The boundary conditions along the ocean are given by
PO, Y)=1-Y,

(4a)
P(L,Y)=1-Y%, (4b)
e (L, Y) =0, (5a)
e (0, Y) = 0. (5b)

Along the impermeable surface, the boundary conditions are
3P
5Y (X, 0) = -1 + €0, (x), - (6a)
o (X, 0) =9 (X)» - (6b)
TL(X) - TC

" where GL (X) 5,-72:jj*r~—i with TL(X) prescribed, (6¢)
S

Along the free surface, the boundary conditions are

on 8P v = 5 - ] ‘
Y OEY (X, n) - [’B‘T (X, %) +1-¢ GaJ = Oy (7a)
P (X, m) =0, | (7b)
0 (X) ﬂ) = @a, (7C)
T, =T
where O, = 7 with T denoting the atmospheric temperature,

and Y = n(X) is the shape of the water table, which is not known a

priori, and must be determined from the solution. Since the value

of ¢ in Eqs. (1-7) is small, the mathematical problem can be simpli-

fied based on perturbation method. For this purpose. we now assume

that dependent variables be expanded in a power series of e. Thus we

have
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P (X, ¥) = g &P (X, Y), (8a)
o (X, Y) = 2o €' (X, V), | (8b)
=y - ¥ om

n(X) =1 pep € (), (8¢)

where Pm(X, ¥, @m(X, Y) and nm(X) are perturbation functions to
be determined. Substituting Egs. (8) into Egs. (1-7), making a
Taylor's series expansion on boundary conditions (7), and
collecting terms of Tike power in e, we have a set of Tinear sub-
problems.

The governing equations for the zero-order and the first-order
problems are respectively the Laplaée equation and Poisson equation
with nonhomogeneous boundary conditions. In principle they can be
solved in closed form by the classical method of separation of
variables. However. the numerical evaluation of the resultant
expressions 1n.terms of many double and triple Fourier series wili
be of dubious value because of its slow convergent rate. For this
reason we resort to the numerical solution of these Tlinear problems
by the finite difference method.

The paﬁameters for the present problem are L the aspect ratio,
D the discharge number, aﬁd e the perturbation parameter. Grid
values of pressure, temperature, and stream function are computed
for L=4, ¢=0.1 with D=50, and 500 for the following three temperature

distributions of the impermeable surface:

[y
(1) ¢ =exp L‘(‘ 02’0‘

2
)-J ,

with a maximum temperature at X=2,0,
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X - 0.5.2 |
(2) 0, = exp {—(—~%izf—-) J .

with a maximum temperature at X=0.5,

. i ' 2
(3) 0 = exp [-(X—&—?—‘—‘i) } ;

with a maximum temperature at X=0.5.
Comparison of the numerical results for Cases 1 and 2 will show
the effect of the location of heat source whereas the comparison
of results for Case 2 (a broad heat source) and Case 3 (a narrow
heat source) will show the effect of the size of the heat source.

Fig. 3.1-2 shows the contour of the first order perturbation
of stream function, wT, for Case 1,. As is shown in the figure, the
fluid particles begin to rise as they approach the point of maximum
surface temperature. This is because the density of the fluid
becomes smaller as its temperature rises. As the fluid particles
rise to a colder region they begin to Tose heat and will begin
their descending paths when the density becomes the same as that
of the surrounding fluid. Fig. 3.1-2 shows the pressure contours
for Case 1 with € = 0.1 and for all values of D. The fact that the
pressure contours are almost horizontal indicates that the pressure -
in an unconfined geothermal reservoir can be approximated by
hydrostatic pressure. The effect of discharge number on temperature
contours for Case 1 is shown in Fig., 3.1-4. D = 50 corresponds to
the case where heat transfer by conduction is‘predominant whereas
D = 500 corresponds to the case where convection heat transfer

cannot be neglected. The effect of discharge number on vertical
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temperature profiles is shown in Fig. 3,1-5. For Tocations
directly above the point of maximum surface temperature (i.e., at
X = 2), temperature is higher for higher value of D. Similar
behavior exists in the upper portion of the aquifer. Hcwever, in
the Tower portion cf the aquifer, temperature decreases as the
value of D is increased. This is due to the inflow of colder
seawater in the lower portion of the aquifer and the outflow of
warmer seawater in the upper portion of the aquifer.

Figs. 3.1-6A and 3.1-6B show the effect of location and the
size of heat source on nys the first order perturbation function
for the shape of water table. To the first-order approximation
the upwelling of water table is given by'en], and is independent
of D. The amount of upwelling depends on the vertical temperature
gradient of the porous medium and the temperature distribution of
the impermeable surface. The size and the location of the heat
source have a strong influence on the amount of upwelling of water
table. The maximum value of N is approximately 0.08 at X = 2 for
Case 1 (Fig. 3.1-6A). For a heat source near the ocean (Fig. 3.1-6B),
it is interesting to note that the location of maximum water table
height is not necessarily located directly above the point of
maximum temperature of the impermeable surface. In fact, the
position of maximum value of ny moves inland as the size of the
heat source is increased.

It is estimated that the value of D for Hawaii geothermal
reservoirs will probably be much higher than D = 500. Consequently,
the numerical results do not really correspond to a realistic

situation. However, since temperature distribution increases as
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as D increases, the numerical results do give a qualitative, and
yet conservative estimation. Thus, it can be concluded that (1)
for a geothermal reservoir 1 mile deep with a heat source at 800°F
and half mile in diameter, hot brine at 400°F can be found at half
a mile below sea level if the dr{lling site is at the top of the
heat source, (2) while the size of the heat source has an important
effect on the temperature distribution in the reservoir, the loca-
tion of the heat source has a small effect on the temperature
distribution, (3) as a result of geothermal heating, cold seawater
moves inland from the lower portion of the reservoir and warm
water flows into the ocean from the upper portion of the reservoir,
(4) heat transfer by convection is important in geothermal
reservoirs. Thus the prediction of temperature distribution based
on heat conduction will be in serious error, (5) the convection

of heat is more efficient vertically than horizontally. This

implies that the drilling site must be within the maximum temperature

zone of the hot rock, (6) pressure in unconfined geothermal
reservoirs can be estimated based on hydrostatic pressure, and (7)
the upwelling of the water table is in the order of 100 feet for

a reservoir of 1 mile in depth. The upwelling of water table as

a result of geothermal heating is predicted analytically for the
first time.

The perturbation method is used in the present analysis. The
major advantages of the application of the method to the present
problem are (1) the problem becomes linear and the difficulty in
the non-convergence of iteration associated with the numerical

solution of non-Tinear finite difference equations does not exist,

125



(2) the unknown position of the water table is explicitly
determined from the first-order problem, thus the usual practice
of the iteration of position of water table is avoided, and (3)

a clearer physical picture emerged with regard to the driving
forces and the role played by various parameters in heat transfer
and fluid flow characteristics in a geothermal reservoir.

The Effects of Vertical Heat Sources on the Upwelling of Water

Table

The perturbation approach discussed earlier was extended to
investigate the effect of vertical heat sources on the upwelling
of water table. The purpose of the analysis is to-assess in a
qualitative manner whether the upwelling of water table of 2000
feet above sea level reported by Keller [private communication]
is due to vertical heat sources.

Suppose a dike exists in the reservoir as shown in Fig. 3.1-7A
with the idealized situation shown in Fig. 3.1-7B, The governing
equations are given by Eqs. (1-2). 1In addition to boundary

conditions given by Eqs. (4-7), the boundary conditions on the

dike are

G(XS],Y) =6 > Y < ¥g (9a)

oP -

9P _ '

W(XSZ,Y) =0 , Y <Y (9d)
aP _

EY(X’YS) -1+ ebg » XS] < X g_XSZ (9e)
8(X,Ys) = 8 > Xg <X < Xg (9f)
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where GS is the prescribed d%mension]ess temperature of the dike.

As a result of the perturbation technique described earlier, a set
of Tinear equations is obtained. The resultant equations can then
be solved numerically based on the finite difference method. Compu-

tations were carried out for the following two cases:

A. Vertical heating only

e = 1 0<Y<0.5,

B. Horizontal and vertical heating

2.2
exp[-(é—g)], 0<X<1.9, 2.2<X<4

8 (X)

B. = 1 0<Y<0.5 1.9<X<2.1

S ’ ' - -

Results of these computations along With previous results for
horizontal heating are compared in Figs. 3.1-8, 3.1-9, 3.1-10.
Fig. 3.1-8 shows the contours of stream functions for Cases A, B,
and C where C referred to the previous results obtained in
Technical Report No. 2. It is shown that the stream functions of
the three cases exhibit similar behavior. The comparison of
temperature contours for the three cases with D = 500 and ¢ = 0.1
are plotted in Fig. 3.1-9 where it is shown that hot water at
shallow debth is possible whenever there is a hot vertical heat
source. The effects of vertical and horizontal heating on the
upwelling of water table are shown in Fig. 3.1-10 where it is
shown that the amount of upwelling increases for a vertical source.
However, the upwelling of 2000 feé¢t seems tc be unlikely. A
manuscript covering this work is now under preparation, and will

be submitted for pubiication in a journal.
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3.

Heat Transfer and Fluid Flow Characteristics in an Axisymmetric

Geothermal Reservoir

To have a qualitative understanding of the three-dimensional
effects of seepage from the ocean on the temperature distribution
in geothermal reservoirs, a study has been undertaken for the
idealized case of an axisymmetric configuration. The formulation
of the problem is similar to Egs. (1-8) except that they are
written in cylindrical coordinates. Numerical computations for
L =4, D=1500, and € = 0.1 were carried out. The comparison of
temperature contours and vertical temperature profiles between an
axisymmetric reservoir and a rectangular one is shown in Fig. 3.1-11
and 3.1-12 where solid lines are for axisymmetric reservoirs and
dotted lines are for rectangular ones. It is shown in these
figures that temperature in a rectangular reservoir is considerably
higher than that in an axisymmetric reservoir due to the three-
dimensional seepage effect. Consequently, the upwelling of water
table due to geothermal heating is smaller for axisymmetric
reservoirs than that of rectangular reservoirs as is shown in
Fig., 3.1-13,

In addition to the three problem areas discussed above, work
has been initiated on the problems of pumping and reinjection in
rectangular reservoirs, and on the finite element formulation of

free convection in geothermal reservoirs with irregular boundaries.
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2. MWell Test/Analysis & Physical Modelling

Investigators: B. Chen, L. S. Lau, & P. Takahashi

The research sub-tasks on well test/analysis and physical modelling
have defined three areas of focus: hardware evaluation, software evaluation
and development, and physical medelling. The following accomplishments can
be reported:

1. characterization of the nature of geothermal reservoirs and completion
of a survey on geothermal reservoir engineering, including an inter-
national questionnaire on the state-of-the-art in geothermal
engineering,

2. survey on the availability and relative cost of hardware for
geothermal fluid and environment measurement,

3. training program initiated to acquaint task members with the
principles of well testing, analysis and performance prediction,
with special emphasis placed on hands-on experience,

4, preliminary design of a physical model,

5. coordination with geophysical drilling program established to 1nsure
that all necessary analytical parameters are measured.

The following work is in progress:
1. continuance of training program,
2. frequent interchange with geophysics,

3. survey on availability of software for well analysis and performance
prediction,

4. detailed analysis into the techniques of well testing,
5. development of a physical model.
A discussicn of the work in Phase I is given in Technical Report No. 3,
Geothermal Reservoir Engineering: State-of-the-Art. The following is a
brief summary of this report; additional details can be found in the report

itself.
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1. The Nature of a Geothermal Reservoir

The “stéte-of—the-art" in geothermal reservoir engineering is in the
most part formative. Three groups in particular, though, have contributed
well: New Zealand [1 - 27]*, the U. S. Geological Survey’[29 - 407, and
Stanford University [41 - 47]. Also available are some individual
investigations, as for example, Test Well Mesa [28] and Whiting's reservoir
engineering study of Wairakei [48].

The primary reason why the Titerature is relatively sparse is that
private companies treat geothermal well testing, the data, and methods of
analysis as proprietary. Certain legal restrictions furthermore tend to
preserve this form of classification.

Speculations on the nature of geothermal reservoirs can be found in
the literature. Geothermal reservoirs can be characterized in several ways:

A. Depletable (self-sealed) or regenerative (recharged),

B. Physical state,

1) vapor - steam,
2) liquid - hot-water, normally two-phased at wellhead,
3) solid - hot rock,
4) Tliquid magma,
C. Physical condition,
1) temperature/pressure,
2) size/depth,
3) production,

D. Degree of dissolved solid content.

In California, vapor dominated wells are considered to be depletable.
A tax allowance is allowed under this classification. A decision has not yet
been made on other types of wells. There is some reason to believe that

all wells are at least partially regenerative because of the meteoric

* References are listed on pp.154 to 157.
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(rainwater) origin of geothermal fluids [4¢]. Furthermore, repoits of

measurable pressure drops in steam-dominated geothermal fields seen after

.rainfall lead one to suspect that perhaps fluid recharge could be significant.

A]thouéh vapor-dominated geothermal wells are generally contaminated
with CO2 (primarily) and HZS’ there is little dissolved solid content. On
the other hand, some of the hot water well samples in the Imperial Valley
have shown as much as 30% dissolved soclids by weight.

There seems to be no clear cut answer to a universai definition of a
geothermal reservoir. A geothermal reservoir needs:

A. A heat source, magma or geopressure,

B. To be confined in an aquifer, although non-permeable hot rocks

can be transformed into an aquifer through hydrofracturing/thermal

cracking and the addition of water,

C. Caprock--to hold the hot fluid in place.

Speculations of how a geothermal raeservoir might look have been advanced
by White and Muffler [49, 50], U.S.; Facca [51], Italy; Elder [52], New
Zealand; and Hayashida [53], Japan.

Although it has been reported that hot water reserveirs are twenty
times more prevalent than vapor-dominated ones [56], technical difficulties
in the former have resulted in considerably more production from the latter.
Table 3.1-1 shows that five vapor, eleven hot water, and two binary cycle ‘
plants are either operating or close to completion [57]. Hot rock concepts
are undergoing investigation by researchers from Battelle (for Montana)
and the Los Alamos Scientific Laboratory (for New Mexico) [58]. Finally,

a fourth concept, direct utilization of magma, was originally advanced
by Georée Kennedy and David Griggs in 1960 [59]. A recent conference on
volcano energy (Hilo, Hawaii) supported the reasonability of this latter

scheme. Some preliminary work, mostly in the proposal stage, is being
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TABLE 3.1-1 GEOTHERMAL PLARTS

DRY . STEAM PLANTS B MW CAPACITY INITTAL OPERATIONS
Italy

Lardarello 365 1904

Monte Amiata 25 1967
U.S.A. .

Geysers, California 411 1960
Japan

Matsukawa 20 1966

Hachimantai ‘ 10 1975
FLASHED STEAM PLANTS - MW CAPACITY IMITIAL OPERATIONS
New Zealand .

Wairakei 192 1958

Kavterau 10 1969
Japan

Otake 13 1967

Hatchobaru 50 late 1970's
Mexico '

Pathe ' 3.5 1958

Cerro Prieto 75 1973
Icé]and

Namafjall 3 1969

Hengrill 13-32 late 1970's
Philippines

Tiwi 10 1969
USSR

Pauzhetsk 6 1967
E1 Salvador

Ahuachapan Field 30 1975
BINKARY CYCLE PLAMTS oo M CAPACITY INITIAL OPERATIONS
USSR . .

Paratunka 1 1967
U.S.A.

Imperial Valley, California 10-50 1975-1980




advanced by researchers from Sandia (New Mexico), Lawrence Livermore
Laboratory, and the University of Hawaii.

When calculating the usable energy in a geothermal feservoir, one
should be aware that only 1% of the total energy is converted to electrical
energy from a hot-water reservoir using present proven technology, and from
2% to 5% of a vapor-dominated reservoir can be converted to electricity [49]..
It should nevertheless be realized that on an absolute energy scale, a
Tiquid dominated reservoir, per cubic foot of reservoir, contains more
energy than a vapor dominated one. Secondly, the thermal conductivity of
rock precludes conduction as a mechanism for regenerating a geothermal well.
For example, H. Ramey has reported that the net heat recharge rate in the
Big Geysers is only 0.6% [60]. However, the’possibi1ity of extraordinary
fluid convection through porous media as driven by circulating magma should
not be discounted-~thermal cracking of the cooled magma can result in high
permeability.

The general nature of a geothermal reservoir seems to be fairly well
understood. There is some contention on the self-sealed/regenerative issue.
However, the "state-of-the-art" in a qualitative sense is sufficiently
developed--quantitatively, though, the challenges are only now beginning
to surface.

2. International Questionnaire on the State-of-the-art in Geothermal

Reservoir Engineering

An international survey was initiated to determine the "state of
the art" in geothermal reservoir engineering. HNot only was valuable
information obtained from the survey, but it is hoped that the effokt will
spark development of geothermal reservoir engineering in a spirit of

intra/international cocperation.
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Over twenty replies were reccived from companies, institutions, and
government agencies in various countries which have geothermal energy
pkoduction. While some of the responses were received through oral communica-
tion, the majority of them were in the form of personal correspondence.

Many of the individuals chose to answer the questions by citing published
technical Titerature. The significant responses are tabulated in matrix

form in Table 3.1-2.

3. Preliminary Investigation into Geothermal Measurement Hardware and

Technique ,

A)  Measurement and Method of Analysis

The purpose of well testing and analysis is to collect enough information
to reveal the nature of the reservoir and to determine the pertinent
physical parameters which control the behavior of fluids in the
reservoir. Some of the questions that need to be asked are:

1) What are the temperature and pressure ranges of the fluid
in question?

2) What is the nature of the fluid; i.e., vapor, liquid or a
mixture of both? '

3) What is the chemical composition of the fluid?

4) What production rate can be maintained and what is the
expected life of the reservoir?

After the drill site has been selected, a reservoir analysis and
formation evaluation program should be outlined as follows:
1) Bore Hole Tests
(a) Geographical Logging
(b) Driller's Log )
(¢) Drilling Fluid and Cutting Analysis
(d) Coring and Core Analysis
(e) Drill-stem Tests

(f} Geochemistry Analysis
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TABLE 3.1-2 RESPONSES TO INTERNATIONAL QUESTIONNAIRE
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2) Well Completion Methods

3) Well Tests
a, Temperature Survey
b) Pressure Survey

c) Pressure Drawdown Test

e) Flowrate and Enthalpy Measurements

f) Geochemistry Analysis

(a)
(b)
(c)
(d) Pressure Buildup Test
(e)
(f)
(g) Hell Interference Test

g

4) Reservoir Analysis and Formation Evaluation Interpretation

The petroleum industry has developed most of the above testing
instruments and procedures. However. one cannct biindly use
their methods to interpret the results of the tests to geothermal
fields. A geothermal reservoir in general has a higher tempera-
ture than a petroleum reservoir. Furthermore, most of the
petroleum reservoir analysis is based on isothermal ceonditicns
which do not hold in a geothermal field. Whiting [61] and

Ramey [60] have successfully demonstrated that the regular
volumetric balance method in petroleum engineering does not
apply to geothermal reservoir but rather a material and energy
balance method is needed.

In the general sense, software encompasses both cowputer programs
and the standard type curve analysis. It appears that the methods of
well analysis used in the petroleum and gas industries cannot be
naively epplied to geothermal systems.

The general analytical solutions for transient flow in petroleum
reservoirs have been obtained for three'different types of boundary

conditions:
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infinite reservoir, line source well,

o~
[25)
~—

o

(b) bounded circular reserveir,
(c)

The actual solutions have been presented many times in the petrolieum

constant pressure outer boundary.

literature; e.g., Matthews & Russel, Pressure Buildup and Flow Tests

in Hells.

The basic assumptions in obtaining these solutions can be summarized
as follows:

(a) Temperature is constant throughout the reservoir,

(b) Fluids have small and constant compressibilities.

The solutions are generally presented by plotting pressure versus
temperature on log-log type paper.

Horner [62], in his 1851 classic paper, developed a way to graph
the pressure buildup test data versus time on semi-log paper. From
this, one can calculate permeability, skin effect, flow efficiency,
and static average pressure. However, a great deal of difficulty hes
been encountered when one tries to apply the theory to a specific
problem. Horner's method requires cone to estima*e on the semi-log
graph paper a straight line (i.e., the quasi-steady state condition).
This can be extremely difficult since the onset of the straight line
can be seconds, minutes, hours, days, or even weeks. One can never be
sure that the straight line chosen is the right one.

Fortunately, this deficiency can be remedied by plotting the data
against a log-log type curve. Ramey [63] has demonstreted that this
method permits one to determine easily whether one's data are truly
on the semi-lo0g straight line.

The above analysis works very welil for oi1 and gas wells subjected

to the two assumptions stated befor~  One has to he careful when one
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applies these methods to a geothermal reservoir situation or incorrect
results will be obtained.

First, depending upon the reservoir condition and production rate,
a geotherma] reservoir may or may not be isothermal. If non-isothermal
conditions prevail, then the above analysis needs modification in order
to be useful.

Secondly, there is a good possibility that the fluid flow in the
reservoir may be two-phased. One has to develop the appropriate curve
to take this effect into account.

Finally, in general one cannot completely shut in a geothermal

well; therefore, a muitirate flow test technique has to be used.

Well test analysis, though, can perhaps best be summarized by
quoting Alex Muraszew, writing on "Geothermal Resources and the
Environment," in the 1972 GEOTHERMAL WORLD DIRECTOMY [64],

"....with the present state-of-the-art, neither the capacity
of the reservoir nor its longevity can be accurately
predicted...."

Fortunately, as undeveloped as this field is, definite progress is
being shown. The Stanford Group has made admirable progress. A
parallel laboratory study extending the work of Miller [65] and Cady [66]
is being pursued at Stanford. The U.S.G.S. is devoting effort towardsv
computer model studies with M. Nathanson, of the Menlo Park unit,
beginning to publish. The University of Hawaii g¢roup is adding to
this body of knowledge. The geo/hydrology group.at California-Berkeley,
has produced excellent computer models in this area.

| In summary, the types of ongoing software analytical work include:

1) Prediction of performance and resources available from
temparature and pressure data.
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2) PReservoir simulation.

3) Well log analysis.

Hardware

Well tests are performed in two phases. In the first phass, tests
are performed during open hole drilling operations. They consist
of fluid temperature measurement, fluid sampling, core analysis,
and formation logging. After completion, the producing well must
undergo a second phase of tests to determine the thermodynamic
condition of the fluid and the adequacy of the reservoir producing
zone. Measurements are taken both at the wellhead and downhole.
The two well-test phases are:

1) Open hole tests

KWhile the drilling operation is in progress the drilling
fluid is continucusly monitored for signs of increasing
temperature gradient. The drill cuttings are also observed
for indications of pessible zones of fluid production. If
temperatures begin to rise sharply with a corresponding
increase in rock porosity, the drilling is stopped to perform
a formation Tog. Simply described, in formation logging, a
probe is lowered into a well at the end of a multiconductor
cable and the physical parameters are measured and recorded as
functions of depth to obtain well logs.

The three common forms of formation logs are electrical,
sonic, and radicactive.

2) Producing well tests

After completion, the producing well must undergo a second

phase of tests. The downhole tests consist of measuring fluid
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parameters such as temperature, pressure, anc flow rate.
See Figure 3.1-14. Although there are many ways of performing
the tests, the two common methods are wireline operations and
combination tool logging.

In wireline operations a measuring probe is Towered into
a well at the end of a stainless steel cable. The surface
equipment consists of depth measuring devices, weight indicators,
line-speed indicators, and a motorized take up reel. The probe
is made of a steei tubing with the recording and measuring
instruments located internally. The recorder is attached to
the end of the interchangeable measuring instruments as shown
in Figure 3.1-14. The deflection of the stylus makes a mark on
a black recording chart. After the probe is extracted from
the well, the marks on the chart are read with a chart reader.
Conversions to the desired parameter are made with a calibration
table for each type of fiuid measuring device.

Like most other logging instruments, the combination
tool is lowered into a well at the end ot a multiconductor
cable. The fluid parameters are measured and, in turn,
recorded automatically on the surface recorder equipment.
The combination tool is ideally suited for a production well
since the producticn flow profile has a relatively high rate
as compared to a well in its exploratory stage.

Khile numerous types of tests may be performed in a

sroduction well, both the buildup and pressure drawdewn tests
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FIG. 3.1-14 SCHEMATIC CIAGRAM OF WIRELINE INSTRUMENTS
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are of prime interest. The pressure behavior of a well is
readily measurable and is a very useful property. Both types
of tests are valuable tools for obtaining information about
reservoir properties.

The theery of pressure buildup assumes a well is closed
in, and that after it is closed in, no production enters the
wellbore. Information such as the transmissivity (the product
of the average permeability and the thickness of the reservoir),
skin effects and flow efficiency can be estimated to aid the
prediction of future production rate and production Tife of
the reservoir. A pressure drawdown test consists of a series
of pressure measurements made.during a period of flow at a
constant rate. An extended drawdown test shculd be run to
estimate rescrvoir volume,

Correspondence has been initiated with varicus well test
service companies and institutions. With the exceptions of
Schiumberger and Kuster Company, most of the firms have had
Tittle experionce in testing geothermal wells. The proprietary
nature of the results has somewhat constrained information
gathering. However, replies have indicated that Schlumberger .
and Kuster have the expertise to perform the task. Specifically,
the legging methods are well developed by Schlumbercaer, and the
Kuster Company has various types of wireline instruments for
geothermal fluid measurement. With th1§ fact in mind a

pretiminary commitment can be made to select the type of

2y

hardware for the two testing phases.
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Since the initial testing phase consicts of formation and
packer tool logging, the services w1f1 probably be contracted
out to a firm such as Schlumberger Well Service Company. The
log interpreting computer program named SARABAND was developed
by this firm, and it has been used successfully at Cerro Prieto
and at Imperial Valley. The program interprets the log data
and determines automatically the desired downhole parameters,
and its use should be very helpful for the Hawaif Geothermal
Project. ’

In the second testing phase the Kuster instruments wili
probably be used for the purpose of reservoir analysis.

The cost of the instruments is about one tenth of the combina-
tion Togging tool, and their reliability and sensitivity

(0.4 psig Tor pressure and 0.3°F for temperature) ave ideal
for newly expliored geothermal wells.

Preliminary analysis intn the phiysical modelling of a

eothermal reservoir

The physical model is a necessary balance to the ongeing
software investigations. The physical model will not only
serve as a convenient check on the computer model, but will
simulate conditions not easily attempted by software.

The objectives of the initial physical model studies will be
to bring together known information about related laboratory
studies, analyze the ~‘ccm~0f the~art, design che hardware

system required for simulation, initiate fabrication, and

conduct preliminary parametric 2sts.



Very little physical modelling work hac heen viported
in the literature. The sjgniffcant studies related to
geothermal reservoirs include those of G. Cady [66], H. Henry
and F. Kahout [67], and the remotely related work of J. Bear
[68]. However, none of the reported investigations approached
the problem on a total systems basis while considering the
high temperatures expected.

In movement of fluid through a geothermal reservoir,
the driving force 1is primarily the buoyant force. This force
is created by heat within the geothermal system which
decreases the fiuid density.

The dimensionless number. determined to be of prime

interest to the study is the Rayleigh Number (N,_ ). The

Ra
Rayieigh Number is the product of the Grashof (NGr) and
Prandtl (NPr) Numbers, where

N, = buoyant force ... oo .o oL (1)
Gr  viscous force

N = Momentum diffusivity ... .o ... .. (2)
Pr  thermel diTfusivity

< N - QSQBK(T o TS)h

NRa = NGP P o e o s s e« o (3)
pa

where pe = density of fluid, . (4)
g = gravitational constant, (5)

g = coefficient of thermal expansion, (6)

K = permeability of porous medium, (7)
(T-TS) = temperature driving force, (8)

h = depth éf permeable bed, (9)

w = viscosity of fluid, (10)

a = thermal diffusivity of fluid (11)



The Titerature is sparse on the range of Rayleigh
Numbers meaningful to actual geothermal systems. In general
the study will investigate the range of NRa between 30 and
1000. This will be accoemplished by altering the permeability
of the solid medium and the temperature of the system. The
permeability can be altered by changing the mesh size of the
sand or glass bead bed. The temperature change will in turn
determine the values of the coefficient of thermal expansion
(B), thermal diffusivity (a), viscosity (u), and density (o)

of the fluid.
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TASK 3.6 OPTIMAL GEOTHERMAL PLANT DESIGN

Investigators: H. C. Chai, J. Chou & D. Kihara

1. Heat Baiances

la is dictaled by economic justification

The design of & povier ple
in a competitive society. Economic designs can be achieved only by
careful analysis of all the possible solutieons for a given situation.
Such analysis is usuaily started from heat balances of various plant
schemes to establish the respective heat rates and equipment sizes.

Heat balances have been made to evaluate the effects of superhesting

jeothermal steam by auxiliary fuel énd using deep ocean water as cooling

The presence of moisiure in steam could reduce the turbine erfficiency

and cause the ervosion of turbine biading. By superhneatin

ecthermal steam, it is poussible to have dry exhaust steem. It was foung
bponass & tay a5 g & L j = g R Y s b
that ihe heat rates of auxiiiary fuel for superhecting cre comperable

to the heet rates of modern centra?l power plants.
For a geotharinal plant near the sea, the cost of using sea weter

as cooling water in a condanser is like

i
£
<
1]
-5
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‘o
i

recycling the cooling water throuch a cooliing tower. The

oz By ri “5 w F e gl e & TS U S quiRe - T o LB g o & g
te o sca weater 1s aboutbt 85°F at the surface ard 40°F at a

depth of 1,600 & Since the enthalpy drop per unit temperature at
the low-pressure end of a steam turbine is much Targer than that at the
high-pressure end, the ga2in in power cutput by using deap-ocean water for
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Problems of pumping hot brine from a weil have also been conz
It appears there is no commercial equipnent available for forcing the
hot brine cut from a very deep well, although some pump manufacturers
showed an-unusucl degree of interest in the development of subiersible
pumns to handle hot brines.

4. Regenerative Einary Cyvcle

The word binary is used becauss two fiuvids are invoived in the
povier production process, the geothermal fluid and the working fluid,
There is an increasing interest in the utilization of heat from ho
brine at 250°F o 450°F by using & fluid, such as Freon or isobutane,
as the working fluid to operate in a closed Rankine cycie. To improve
the bkasic cycle,

- AR T SRR A 2
reccnorative nsat

the enzray between the superheqtcd oxhaust from turbine and the «¢
to be returnnd to th
isobutane cycie can significantly reduce the heatl rejection from the plant
and may Towsr the cozt of rower produced. Furthercore, the dischargs
temperature of brine in a regenerative cycie is much higher than that in
a basic cycle; thus the waste heat can be used for producing fresh

water with a multinte-~affect evaperator as illustrated in the flow

1 shows that neariy ons halt of the het

WA o TR mpsmes.d B oad o Baoaadte oo s B S B 7 B e
brins can he convorted inie fresh wuter. For gocihermal roservoirs
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PHASE IT PROGRAM PLAN

The research proposed for the Engineering‘Program is primarily &
contindation of work already in proaress and summarized in the previous section.
While these studies‘wi?Y be applied to the ﬁawaii ceothermal reserveirs, the
emphasis will continue to be on work of general applicabiiity so that results

can be utilized in other geothermal areas. Following are descriptions of the

proposed research for each Engineering task, including task timetables.
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Along the free surface Y=vm, the houndary conditions are

%;~%§~— !_%$~+] _CT(ea'es)_ec:} - e = 0, (12a)

P(X,n) =0 , (12b)

o(Xom) = ¢, » (12c)

C(Xsn) =0, (12d)

where & ¥‘K§§§' with N denoting the amount of accretion at the water |

table. Since €15 €co and ¢_ are small, the problems can be simplified

n
on the basis of the perturbation method with €5 €.» and €, as the
perturbation parameters. The resultant zero-order and first-order
problems will also be Tinear and can be solved numerically using
the finite difference method.

Cc. Transient Responses in a Hot-Brine Reservoir with Pumping and

Re~iniection

During the latter part of Phase II, work will be initiated on
the study ot transient responses in rectangular and axisymmetric
geothermal reserveirs as a result of pumping and re-injection, This
study will yield useful information on the effects of various
parameters on the 1ife span of geothermal reservoirs. As far as we
are aware, no articles have been published to date on the study of
unsteady temperature and pressure distributions in geothermal
reservoirs as a result of pumping and re-injection.

d. The Effects of Anisotropic Properties of Rock Formation and

Irregular Geometry

One of the major efforts during Phase II of the grant will be
the writing of a general computer code for the simulation of Hawaii

geothermal reservoirs, taking into consideration the anisotropic
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propérties of rock formation, the irregular geometry of the boundaries,
and the presence of dikes. Inputs from geologists and geophysicists

in the Hawaii Geothermal Project will be used to construct a more
realistic model. The finite 2lement method with Galerkin procedures
will be employed to approximate the set of non-linear partizl differen-
tial equations by a set of non-linear algebraic equations that can be
solved numerically by iteration. To guarantee the convergence of the
iteration process, numerical results from earlier work based on
idealized models will be used as the input data for the first iteration.
The computer program will be refined in steps to take into consideration
pumping and re-injection, freshwater recharging, unsteady and three-
dimensional effects. Detailed calculations will be made for the
specific site under consideration in the Puna area.

e. Boiling Heat Transfer and Two-Phose Flow in Geothermal Reservoirs

In anticipation that some degree of boiling heat transfer will be
present in Hawaii geothermal reservoirs, especially near the produc-
tion well where pressure is low, a study on boiling heat transfer in
a porous medium will be initiated during Phase II. The experience
gained during Phase I dealing with hot brine reservoirs will be
helpful in attacking problems with two-phase miscible fluids. The
results of this study will aid the we11'test~group to estimate the

capacity of the reservoir,

The petroleum industry uses type curve analysis to predict well
performance., These curves are obtained through the solution of a set

of partial differential equations,involving pressure vs. time with
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different boundary conditionsl By matching individual well test
data with these type curves, one can obtain information such as
permeability thickness, well damage, and reservoir life. The
solution of the two-phase flow condition will establish a brand new
type curve which can be utilized for prediction purposes. A
detailed discussion of this analysis is given in the section

concerning software development on well testing and analysis.



2. Physical Modelling of Geothermal Reservoirs

Investigators: B. Chen & P. Takahashi

A Titerature survey has disclosed thuat there has been very 1ittle
physical modelling in the field of geothermics. H. R. Henry and F. A.
Kahout [73]* have been conducting related investigations for waste disposal
purposes but in their studies the heat source has not exceeded 43°C. The
Hawaii model will operate at much higher temperatures. The Stanford
University Geothermal Group is also involved with physical modelling
[64, 65], although their modelling has been restricted at this time to
the acpive "chimney" portion of the reservoir,

The Hewaii geothermal model will be constructed for the island of
Hawaii on a total systeins basis; that is, a study designed initially for
the actual situation--the entire reservoir bounded on the bottom by an
impermeable layer, on the sides by the sea, and on the top by the
producing gecthermal field and the Ghyben-Herzberg lTens--beginning at
first with the geothermal reservoir and progressing eventually to the
Simulation of a fully operating geothermal field. The two initial regions
to be investigated will be the Ghyben-Herzberg lens and an element of
the porous medium.

Some of the variables requiring consideration in a physical
geotherral model are:

a. permeability~~not of the microscopic rock, but of the macroscopic

system; that is, fractures will most probably dominate over
vesicular or layer porosity in determining permeability,

b. temperature,

*
Referernces are listed on pp. 154 to 157.
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c. pressure,

d. fiuid composition,

e. fluid flow rate,

f. porosity--to obtain volume fraction.

The size of the physical model and the exact features to be modeiled
require careful study. If the island of Hawaii is reshaped into a square,
each side will be approximately 64 miles in length. (A circular reshape
would result in a diameter of 72 miles.) The impermeable bottom layer is
generally thought to be at a depth of one and a half miles below sea level.
(Note that the ocean floor in the vicinity of the Howaiian Islands is
considerably below this layer.) The permeable medium under consideration
is thus 64 miles by 64 miles by i.5 miles. A physical model on a
64:64:1.5 scale will be of dubious value, as it is the depth dimension
that is of greatest interest. It is therefore far more suitable to
physically model a portion of the Big Island, rather than the whole
island itself, although all areas impacting on the reservoir must be
included.

The maximum element selected for the initial study will extend from
the Tower impermeable Tayer up to, but not including, the Ghyben-Herzberg
lens. The horizontal dimension should be greater than the vertical. As
the Tocation of the well will probably be a ﬁoint several miles inland,

a 2:1 ratio appears reascnable with 2:2:1 for a three dimensional model.
Figure 3.1-18 is a schematic model of the planned experimental set-up.
One face (&) interfaces with the sea. If desired, the heat source can
be moved or the size and configuration altered to obtain streamline
conditions at the left boundary (B}': As the initial analytical model is

two-dimensional, with one boundary condition being set by symmetry
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relations, the physical model 1s being designed accordingly. However,
flexibility will be designed into the tank so that conversion can easily
be made to a three-dimansional model by increasing the size of the tank
in the z-directicn.

The minimum 2Tement will be a layer of aquifer, with the depth
dimerision perhaps only several tens of feet. The analysis for this
section should be similar to the maximum element.

The preliminary design of the maximum physical model is for 2
3-mile wide (from sea to inland boundary) by 1.5 miles decp two-
dimensional element., Tentatively, the actual size of the physical model
wili be 3 meters with the dummy third dimension being 0.5 meters, The’

neicht of the tank will be 3 meiers to allow fer later consideration of

{

different ratics and elaments.

The Tocaticn, configuraiion and temperature of the heat scurce nust
alsc be specitied. There is agreement that magina is generated at the top
of the mantle, 20 to 60 miles below the surface of the earth [54].

There will therefore be very large reservoirs of magma at this depth
range. There is also agreemsnt that magma reservoirs exist at shallow
depths from 1 to 12 miles below the surface of volcanic regions. The
shape and size of these shallow reservoirs have been estimated by gravity
and magnetic methods to be ellipscidal or verticaily-flattened spharoidal

ng the lenger axis [55]. It is

(@}

and in the order of 1 to 3 miles al
expected that one of these magma chambers will provide the large
geothermal heat scurce.

To provide for comparison with the analytical model ihe heat source

will initiaily be placed at the botitom of the physical model; size,
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conriguraticn end actual effective temperature of the heat source will

be determined later. For design purposes it wi]ﬁ be necessary to allow
for flexibility; adeguate range (100 to 1200°C), size (from "point”
source to plane source), and movability in thvee directions. The scaling
of temperature also needs to be considered carefuliy.

The exact parameters to be measured and the measuring techniques to
be used must be specified. Earlier works in related fields have uscd
probes in a two or three dimensional matrix pattern. Temperaturs,
pressure, flow rate, and fluid 6bmposition can be measured using appro-
priate probes interfacing multi-channel recorders or indicators. The
more sophisticated infrared, magnetic, nuclear, electronic (resistance
or capacitance), and acoustic {sonic or ultrasenic) techniques will be
evaluated for possible use in the Hawaii geothermal model,

Questicns relatad to the porous and fiuid media which chouid be
used, whether porcosity should match that of the natural rock in the

area, and how fissures and/or fractures can be manipulated to obtain the

D

desired vermeability remain unanswerad at this time, An important
problem is the overwhelmingly large scale-down factor involved (160¢:1),
Dimensional analysis has been used to help determine some of the more
necessary scale factors.

In mevement of fluid through a geothermal reservoir, the driving
force is primarily thz buoyant force. This force is created by heat
within the geothermal system which decreases the fluid density. The

dimensionless number determined to be of prime interest to the study

is the Reyieich Munber (NRﬂ)' The Rayleigh MNumber is
[£3
gpl(T- )
pI(T l h .
N B s e i ( RFA
Ra (§te



(See Equations 4 to 11 for nomenclature).
The Jiterature is sparse on the range of Ra y!o1cr Numbers meaningful
to actual geothermal systems. In generel the study will investigate tiie

range of N,  between 30 and 1000. This will be accomplished by altering

Ra
the permeability of the solid medium and the temperature of the system.
The permeability can be altered by changing the mesh size of the sand or
glass bead bed. The temperature change will in turn determine the values
of the coefficient of thermal expansion (B), thermal diffusivity (a),
viscosity (u), and density (p) of the fluid.

A1l -parameters except g and h depend upon either tewperature or
medium used. Permeability is a function of the solid medium. If there
is no chemical reaction, it is not a function of the fluids involved.

-

The thermal expansion coefficient (8), thermal diffusivity («), end

—+

kinematic viscosity (p) are all functions of the fluid and temperature.

1

3

The ideal situation is to have a porous medium whese pervmeability
is such that the fluid w111 ncet have to be heated above the boiling
point to give the desired Rayleignh Number, If it is not possible to
find such a porous material-liquid combination, then the system must be
pressurized so that the temperature in the liguid can be elevated.

The problem in building a model is to find known materials whose
properties are such that their values, when substituted into the
Rayleigh Humber equation, will give the desired range. Calculations
can be madc by substituting values for w, B, and p of known liquids at
various temperatures. Using expectea Reyleigh Numbers, a permeability,
K, can be calculated. The substitutions are mede into the following

eciuation

~
el
(o)

L




Me the temperature increases, o increases, u decreases, and 8

(g2l

decreases. The results show that as temperature increases, the permea-

bility vaiue is decreased. It can be concluded that the temperature
effect on viscosity is the most significant factor in determining the
perimeability. Further evidence is that, as temperature changes, the
values of « and 8 do not change as much relative to the change in
viscosity. In order to minimize pressurized conditions, a Tiquid with
the lowest possible viscosity and the highest possible boiling point
should be used. Water seems ideally suited to these conditions.

Yet another question is whether the vessel should be pressurized or
unpressurized. Pressurized hardware systems are several timss more
expensive than unpressurized ones. Certainly, if pressures approaching

ing, which makes

—
o]
(@]
(D
jo
w
k.
(=R

ten atimospheres are reguired, a totally glass-

chs

U‘\

ervation of streamlines practical, must be abandoned.

The very first test runs

-

4111 be on an unpressurized basis. The
Rayleigh Rumber for which boiling first occurs in seawater-sand (30-40
mesh) media is 484, As a Rayleigh Number of 4r or 40 is the point at
which convection initiates, a study from 30 to 484 under unpressurized
conditions is meaningful. As the sand bed grain size is reduced,
permeability decreases, and Tower Rayleigh Number conditions can be
simulated.

However, thzre is one overriding reason why the physical model
should be made adaptable to pressurized conditions. If a section at
depth is modelled, hydrostatic conditions must be simulated. It is
therefore recommended that Tor versatility the model be pressurized.

Other specifications are:



Porous media 30-40 mesh sand,
Liguid media Seawater.
The pressurized vessel will also allow for simulation of porcus layers
Tocated at great depths.
The plan of attack will involve the follewing:
a. a proper range of Rayleigh Numbers for the Hawaii geothermal
system will be verified,
b. model spacifications will be determined to give the Rayleigh
Number ranqge,
1) type of porous media {permeability),

)
) type of fluid,

[a%]

.

temperature range,

(&S]
~

4) need for pressurization.
c. building a model,

1) determining the proper scales,

qe various parameters.
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d. testing a mecel,

e. simulation studies,

f. modification of model,

g. interfacing with Ghvben-Herzberg physical model.

The present plan is for simulation of steady-state conditons whare
an infrcred technique is used o map tempercture profiles and a yet
undetermined measurenent scheme is used to cbtain streamline patterns
There is a possibility that at Teast a partizl glass face will be designed

into the vessel to enzble obsevvation of streamlines.

186



Investigatoe

There are several phases to this poertion of the investigation. A
Togical breakdown is following the "1ife" of a well.
a. There must be initial and continuing coordination with the
geophysical arilling program to ascertain that the important paramsters
are measured while the hole is being drilled. These measurements are
mainly geophysical lcgsy as Tor example, those that depend on
resistivity, sound, and radiocactivity. (Details are provided in an
earlier section},
b. After the well is completed, downhole measuraments must be taken.
s are provided in an ear

~ e canvan of
c. A generaetr program ot

-
(]
2
woni
oF
[£¥]
o
[

ing must be planned to determine
the ultimate producing capacity and optimal producing rete of the
geothermal Tield., One excimple is to cocrdinate a series of inter-
ference tests Lo detect connectivity.

d. After the well tests are made, the data must be analyzed so
that well performance and resource evailability can be predicted.
e. A set of type curves to analyze non-isothermal fiow conditions
must be developed.

f. A set of iype curves to analyze twe-phase flow conditions must

be developed.



August 15, 1973

December 31, 1973

May 31, 1974 .

May 31, 1975

December 371, 1975

1ina of Geothermal Re
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system

Form

}“Ef’i;anqu’lar pOTrous Yw\(w-;On

Finite

Difference solution of

the convect

problem for a rectanguiar recion

Formulation of

Completion of the
in an unconfined ¢
Completicn of
of verticel
the water tabie

orohl
ooths

the 1rvwivi,at on of
heat source on the upwe

the coning problem

1 of free cenvect
ﬁ)i v@se*vcir
the et
eliing

ulation of the convection problem Tor a

ion

Completion of the survey of Titerature on the

numerical
in an aauifer under

Completion of the numerical solution of ste
ined

state punining and
qaothe«/w
Formulation of
free convection in
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a geothermal r
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othermal heating on Ghyben-Herzbe
Completion of the numwerical solutiens for heat
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Compietion of the finite element solution of free
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action in a confi

solution of pumping and re-injection
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Well Test/Anniysis & Physical Modelling

A. Timeiable

May 19, 1973 1. Research on gas petroleum well test/
analysis

June-Jduly-August, 1973 1. Research on the nature of a geothermal
reservoir and geothermal well testing

July-August, 1973 1. Initiation of a international survey on the
state of Geothermal Reservoir Engineering

August 31, 1973 1. Further research on reserveoir and well test/
' analysis
2. Preliminary analysis of international survey

December 31, 1973 1. Research on the ¢ a geothermal
reservois 3
2. Prelimina vstem physical model
3. rFurther ro ch reservoirs and
vell testing {with Geoph 5)
4. Investigation to UELOINTHP whether a tvpical
rlawaii ceothermal reservoir is an open or a

closed system

—
.

Assessment of well test hardware

2. Completion of analysis on international
survey

Preliminary design of physical geothermal
reservoir nodel

4. Further research on geothermal reservoirs
and well testing (with Geophysics)

May, 1974

(8%

December, 1974 1. Selecticn of hardware for well testing
2. Assessment of software for well testing
3. Compietion of initial phase of the fabrication
of the physicael model

May, 1975 1. Purchase of hardware and selection of software
for well t@'%iﬂg lwith Geoplsics)
2. Initiation of lrboratory parametric checks on
physical medel
3. Assessment of mothods for measurement and
analveis of two-phase flow
Preliminary design o Ghyben-herzberg lLens
nhysical model and cons ideration of interfacing

S




s
O
~IJ
o1

December,

May, 1976

Decemper, 1976

Initiation of laboratory simulation studies
Construction of Ghybern-~Herzberg physical
nodel

Purchase equipment to interface the different
physical models

Aralysis of laboratory simulation runs and
correlation with computer model
Interfacing of physical models into a general
model of a geothermal field
Development of methods for two-phase flow
measurement and analysis
Measurement of temperature, pressure and
flow rate--both downhole and at wellhead
Preliminary analysis of dats

i
Final analysis of geothermal well data
Prediction of geothermal field performance
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Personnel: P. C, Yuen & L. H. Sato

[P

ring Program censists of two research tasks: (1) Task 3.1

The Engine
which 1s concerned with probiems below the earth's surface, and (2) Tazk 3.6

which is concerned with problems above the surface. Task 3.0 Engineering

Coordination and Support will provide support services for the research

personnel of the two tasks and coordinate the work between the tasks and among

the programs in the Hawaii Geothermal Project.
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project personnel to discuss thelir work, and to plan Tuture work. The Princin
Investigator will alsc meet regularly with his counterparts in the Geophysical
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Program, the Envirvonmantal and Socioczconomic Program, and tha Drilling Program

as well as with members of the to coovrdinate the work of the
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The following is a listing of the extramurally-funded projects for
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Preliminary Proposal Exploratory Research Drilling
Island of Hawaii

Agatin T. Abbott
Abstract

The search for a geothermal energy source on the island of Hawaii
under the current NSF program began in March 1973. Between that date and
the present a‘large amount of data has been gathered particularly along
the East Rift Zone of Kilauea (Puna Rift) in the fields of geophysics,
éngineering, and legal-socio-economics. The project has reached a stage
where these various lines of study must converge to provide information for
the exploratory drilling. The drill is the only tool that will conclusively
indicate whether a potential source of geotherma] energy lies beneath the
surface. The drill holes will serve as an exploratory tool and are not
~intended to serve as production wells unless of course a geothermal source
might by chance be tapped.

Three areas are selected as being most favorable for exploratory drilling.
These are the East Rift of Kilauea, the Southwest Rift of Kilauea, and the
Southwest Rift of Mauna Loa.

Within each of these areas it is proposed to drill 8 shallow water well
type of holes of an average depth of 500 feet, 4 holes to 2,000 feet and one
hole to 6,000 feet or more. This accounts fqr approximately 17,000 feet of
drilling per area or approximately 54,000 feet of total drilling in the pfo—
ject. It is estimated that this complete dri111ng program requires a period
of at least two years and eight months. The Site Selection and Operations

Committee reserves the right to make the f*r-1 decisioi on “vill hole

248



location, depth, and diameter. The committee is also charged with the
responsibility of deciding on the types of down hole measurements to be
made, by whom and how often. The general operational plan for the drilling
rests with the committee in consultation with the company designated as
the Drilling Program Manager.

This proposal is submitted in a preliminary form because at this date
no drilling contract have been let. There will undoubtedly be revision of cost
figures by the engineering company when the dri]Iing contractual arrangements

are completed.
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Preliminary Proposal for Research Deep Hole Exploratery Drilling

Agatin T. Abbott

INTRODUCTION

As the various avenues of research and exploration which have been des-
cribed earlier in this report are being completed or are in various stages
of completion, it becomes clear that the next logical step in the search for
geothermal energy on the island of Hawaii is to test beneath the surface
by drilling.

At this time three areas on the island of Hawaii have been selected as
being the most promising. These are the East 'Rift of Kilauea (Puna Rift),
the Southwest Rift of Kilauea, and the Southwest Rift of Mauna Loa. Accord-
ing to the present plan exploratory drilling will be undertaken in those

areas in the order in which they are mentioned above.

PREVIOUS WORK

The drilling program is based on the results of a number of other lines
of investigation and research that have been carried out during earlier stages
of the Hawaii Geothermal Project. Reference is made to tasks under Phase I
Geophysics, Tasks 2.1 Photogeologic; 2.2, 2.4 E]eétromagnetic; 2.3 Electrical
Resistivity; 2.5 Microseismic. Reference is also made under Phase I Exten-
sion Geophysics, Tasks 2.1 Preparation for Exploratory Drilling, 2.2 Geo-
electric, 2.3 Gravity and Magnetic, 2.4 Thermal, 2.5 Microseismic, 2.6
Geochemical. Under Engineering Task 3.1 Reservoir Engineering, and under
Environmental-Socioeconomic, Tasks 4.3, 43 5 Legal and Planning. Most of
the preparatory effort has been concentrated in the Puna area. The other

two areas are being studied this summer,
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A Targe amount of information is contained in earlier works on the geology
and groundwater hydrology of portions of the island of Hawaii, that was not
done for the express purpose of gaining geothermal information. These refer-

ences are provided at the end of this chapter.

PERSONNEL
Because the exploratory and research drilling program of the Hawaii
Geothermal Project is very large, both in terms of financial involvement and
also in terms of the fields of interest that it encompasses, the personnel
to manage this phase is as follows:
Co-principal Investigator and Director of Exploratory Drilling -
Agatin T. Abbott, Geology and Management
University of Hawaii
Site Selection and Operations Committee
Agatin T. Abbott - Geology, Univ. of Hawaii
Pow-Foong Fan - Geochemistry, Univ. of Hawaii
Augustine S. Furumoto - Geophysics, Univ. of Hawaii
Gordon A. Macdonald - Geology, Univ. of Hawaii
Donald Peterson - Geology, U.S. Geol. Survey

Charles Zablocki - Geophysics, U.S. Geol. Survey

The role of the Site Selection and Operations Committee is a decision
making one regarding all phases of the drilling program and integration of
the drilling program with other phases of the HGP such as Geophysics, Engineer-
ing, and Legal and Socio-economics. There must be a close association between
the several fields of interest in this project, if the maximum benefit is to
be achieved from the holes drilled.

In order to have as large an input as possible from knowledgeable persons

who are in one way or another concerned with geothermal energy, a largc body
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of advisors has been invited to coritribute ideas and suggestions as the pro-
ject continues. There will undoubtedly be additionaf names added as time
goes along, but at the present time the following persons comprise the Advisory
Group:

David Anderson - State of California Resources

Kenneth Brunot - National Science Foundation (formerly Phillips Petro. Co.)

Dan Davis - U.S.G.S.

Robert Kamins - University of Hawaii

Douglas Klein - University of Héwaii

George Keller - Colorado School of Mines

George Kennedy - University of California, L. A.

Kost Pankiwskyj - University of Hawaii |

Henry Ramey - Stanford University

Robert Rex - Republic Geothermal Company

Fred Smales - Hawaiian Cement Company

Harold Stearns U.S.G.S., retired

Robert Tilling - U.S.G.S.

John Unger - U.S.G.S.
Donald White - U.S.G.S.
George Woollard - Hawaii Institute of Geophysics

Paul Yuen - University of Hawaii

DRILLING MANAGEMENT

It is the opinion of the Site Selection,and Operations Committee that
the most effective and in the long run the least costly system of managing
the drilling operations is to employ a professional engineering firm and dele-
gate to it the responsibility of handling contrécts, sub-contracts, bids,
drilling procedures, down hole measurements, safety regulations, leases, clean-
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up specifications and a host of related arrangements that can much better be
managéd by a professional firm than by the personnel of the Hawaii Geothermal
Project.

The decisions on such matters as location of the holes, number of holes,
types of scientific measurements to be made, coring procedures depth or termina-
tion of a hole and similar matters relating to the gathering of scientific and
technical data and the assessment of their results will rest with the Site
- Selection and Operations Committee.

It will be the responsibility of the Site Selection and Operations Committee
to choose the engineering firm that will assume the job of Program Management

for the drilling.

PLAN FOR EXPLORATORY RESEARCH DRILLING

1. East Rift of Kilauea

At the present time of planning the drilling program encompasses three types
of holes: (1) shallow holes (average depth - 500 feet) for water samples and
temperature measurements. (2) intermediate depth holes (2000 feet) for temper-
ature measurements, rock alternation, water chemistry. (3) deep hole (6,000
feet or more) to try to reach a potential geothermal source and for deep hole
data.

The rationale on the drilling of exp]oratory.ho1es to 6,000 feet or

deeper is that if there exists volcanic heat at those depths the hydrostatic
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pressure of the oVer]ying ocean water at depths of 6,000 feet or more water
temperatures could reach over 400°F in the peripheré] areas of a volcanic

heat source. Under a hydrostatic head of 6,000 feet there would bz no surface
manifestation of the submerged hot water zone. It is this type of environ-
ment that the deep drilling is attempting to discover.

The East Rift of Kilauea is perhaps the best known of the three areas under
consideration. It contains a number of drilled wells, and is the scene of
considerable activity by real estate sub-dividers. It has been studied
intensely over the years by scientists of many disciplines.

Measurement of water temperatures and water chemistry has been completed
in most of the accessible wells in the Puna District (See report by Dr. Pow-
Foong Fan).. The geophysical data is included in earlier reports for the
HGP. Self potential survey is presently underway (see report by Dr. Charles
Zablocki).

No specific sites for drill holes areshown in this proposal because the
field daté are still incomplete. When as much data as possible within a rea-
sonable length of time have been assembled (probably the end of the summer),
the Site Selection Committee will designate sites for the proposed drill holes.
The shallow hole 1ocatfbns.wi11 be decided first, and then depending on the
information gathered from them plus all other information the intermediate
depth holes will be spotted. Depending then on the results obtained in the
intermediate holes, the decision regarding the location of the principal hole
to a depth of 6,000 feet or more will be made.

2. Southwest Rift of Kilauea

The Southwest Rift of Kilauea is not really so well known from the stand-
point of geology, geophysics, or groundwater hydrology as the East Rift. It
is an uninhabited lower portion of the Kali desert and contains few roads and

one or two trails.
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The principal indication of thermé] anomalies at this time are those
of the infrared scanning surveys. Geophysical surveys will be conducted in
the area during the summer. IR jmagery is in part reacting to surface texture.
The same sequence of drilling is planned for this area as for the Puna
district, i.e. shallow holes first, followed by intermediate depth holes,

and then a deep probe to 6,000 feet or more.

3. Southwest Rift of Mauna Loa

Plans for drilling in the lower bortion southwest rift of Mauna Loa are
still tentative. Infrared scanning results indicate a possible temperature
rise along certain sections of the Kahuku fault scarp. The infrared results
may be influenced by cliff steepness or texture of broken rock along the
base of the pali. A body of warmer ocean water is also indicated offshore.

On the other hand the Kahuku fault is a major structural feature and
probably extends to great depths as well as extending for over 25 miles on
the surface and under the ocean. Even though the infrared may be reporting
_effects other than temperature the Southwest Rift still appears to hold a
certain amount of promise as a major structural feature, that could
influence heat flow from depth.

No geophysical results are available at this time for the South Point

area. Geophysical surveys are planned during the summer of 1974.

254



NG

GUATED

k2 . DEDARTAMENT OF THE INTERIOR
N . GEOLOGICAL SURVEY e e
N_";:;_J g ,‘?lﬁ“"‘"'l{, L AL RANCHE ] oo - L
& i i Puu Kauwils ! 3 i -
: & / \ _— !
o L 3 e, )
'; Y. \'-n\ /“ f '\l\ ’ S e “\\ )} .
-, s Y NG
g oy . N A KAMAOA B AN
° Y . S - : N\
L euu Mearnee IIOMEhTI-ADSS N\
RS A L St ani . )
o ! i “} RN { l'/ / 3 ﬁ‘/ . ' \ et
2102000m K | | -~ 1 X H { N . ; o ¢
Ty e vl g0 [ 8¢ " ]
g b, N o }
<! AN g v ¢ B N TS I
>0 b \i . ! / 3 ET G -
S N 45 —,
s g S . [x ;. /! ROCK WAL - )a‘wm”“‘ lv X ;P >
) - - ¢ : - ' l E:
o 2 ; ! Kahaukes . \ /él \'1 s ) 3 ﬂ‘J
o Zz R / PR o w77 é‘” g 0K ]
- - 5 P : 3 )
, ; ~ -
‘% Lowl o A\A»"\"?ﬁ” A 5o G »}
N ‘;\./g\ﬂj\ :‘7 i : N /Q,‘M‘\_»’\/L eer L) " eWater Tank { °
N B - P :
o 3 s W
‘ FXS o~
t ~ ‘\/\1
T ¥ &
\T & 5
g w
| U
{ e
-
\< { z
] - 2
L/ 4 -
L
l ]
\ b .
~ Vi Mo ¥ . . e
LEs at P e
fN < . <
C\; e : . N L )
W ; < . .
i 5 o g e
i 1 : 1
— e [ it Pnhoklnfmnl
v ) - e
i f:" : ] y ‘
. - = ngar™?
A oy
‘\ﬂ P
! - 5
57'30"1 B e
A7
v-*'/ ; u r
N\ / N
AN 155 .
— S ’\\ .
£ LR 3
KA A
N RN
Puu Lohena - R
L S /

PuY How

._ Puuo Haupy
= \

/
Mokuhonu TN, |
10 Heau 0 Molijele
Pohakuwaskauhl .
1\ X PACIFIC WISSILE
S “ L] RANGE FACILITY &
N . s )
B R NANRSEEEY
X 50 % e o o e Mg
\‘.‘ ”\;_‘/’-, -A\j‘} 3 A :Lq/\,\
4 \ TN Muhom
i Papakolea ( Bay
N 3 .
A PR g e \ -
I T 1 e - T =~ pohakul
.f;‘l 7 ~A Gr\éf_‘_,a\’j O - ohakulo
Pohakea’ i & L Paareme . puu Utsula >
\ K e Kipuka ypg s Fub Ulsy P
V ” &\/ Kunlsu £ - // R
j Nl e N S L
! LY Kipuka ' \‘:k”“\’ /}
‘ . Kamao \ o~
’: 4 ;. L Water 55 o L 0 ;x.-nu
Kaalo, % : ek 0 '-)'Bc i i
' <F . v .
RE— LA e Approximate
e ‘ ’ Boundary of Area
r’)‘lHluk.uhq'(l Kananda ,L"' Hanalua Consi dered for EX") l or-
oL . atory Research Drilling i
N " it the Vicinity of South Point,
o ; i .
'y Vb Falahems " Island of Hawaii
COMT A b B “gton : !
PN
' Pun A 0 1
Ka Lae




General

Macdonald, G.A. and Abbott, A. T., Volcanoes in the Sea, University Press
of Hawaii, 441 pages, 1970. |

Stearns, H.T., Geology of the State of Hawaii, Pacific Books, Palo Alto,
California, 1966.

Stearns, H.T., and Macdonald, G.A., Geology and Ground Water Resources of
the Island of Hawaii, Hawaii Division of Hydrography, Bull. 9, 363 pp..

and colored geologic map, 1946.

Specific
Macdonald, G.A., Geological Prospects for Development fo Geothermal Energy in
Hawaii. Pacific Science, v. 27, no. 3, pp. 209-219, 1973.

259



Geology and Ground-water Hydrology

by Gordon A. Macdonald

INTRODUCTION

The island of Hawaii is formed by five major volcanoes. Kohala, at
the north end, and Mauna Kea, next to the south, have not been active in
historic time, and the last eruptions took place several thousand years
ago. On the west side of the island, Hualalai erupted last in the years
1800-1801. Since the advent of European and American visitors to Hawaii
and the beginning of written records, Mauna Loa and Kilauea have been among
the world's most active volcanoes. Mauna Loa erupted Tast in 1950. Kilauea
has erupted Fepeated]y since 1952, and has been in eruption almost contin-
uously since 1969.

Both Kilauea and Mauna Loa are indented by summit calderas, whose
floors are as much as 180 meters below the rims. The calderas were formerly
somewhat deeper, but have been partly filled by lava flows. As exposed in
the dissected calderas of older volcanoes on other Hawaiian islands, the
lavas filling the caldera tend to be considerably denser, more massive, and
less permeable than those on the flanks of the volcano outside the caldera.
In some of them, such as the Koolau caldera on Oahu and the East Molokai
caldera, further reduction in permeabi]ity has resulted from alteration of
the rocks by gases rising through them, with transformation of pyroxene to
chlorite and epidote, and deposition of secondary quartz, calcite, and zeolites
in vesicles and other openings. Similar changes can be presumed to have occurred,
at least to some extent, beneath the caldera depressions of Kilauea and

Mauna Loa.
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Extending outward from the calderas are rift zones--zones of innumerable
open or filled fissures that have served as pathways for the rise of the
magma that produced most of the eruptions. (A few eruptions’take place away
from the rift zones.) Kilauea and Mauna Loa each have two major rift zones.
At the surface the rift zones are marked not only by fissures, but also by
many spatter cones and ramparts and cinder cones built at the site of
eruptions, and by a few pit craters. Parts of the rift zones are bordered
by faults, between which the intervening area has sunk to form a shallow
graben. Similar rift zones exposed by erosion on older Hawaiian volcanoes
contain thousands of dikes, formed by consolidation of the magma in the
fissures. Individual dikes may reach as much as 15 m in thickness, but most
of them are less than 5 feet. Transects of thé dissected rift zones
typically giVe counts of several hundred dikes per kilometer, and more than
350 per kilometer per mile of width of rift zone is not uncommon. The
attitude of the dikes varies considerably, but most of them strike more or
less parallel to the rift zone and dip in other direction at angles greater
than 70°.

Between the dikes there remain many slices of basalt lava flows. The
inter-dike lava-flow masses consist of both pahoehoe and aa flows, generally
thin bedded, and identical to those on the flanks of the volcano away from
the rift zones. For the most part they are moderately to highly permeable.
The openings primarily responsible for the permeability are joints, inter-
flow spaces, openings between the fragments in aa clinker layers, and lava
tubes. Vesicles are too poorly interconnected to contribute importantly
to the permeability. Alteration and secondary mineralization like that
described in the caldera-filling rocks is essentially absent in the dissected
rift zones, extending at the most only a few hundred feet beyond the caldera

boundahy.
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Information on the geology and hydrology pertinent to the possible
occurrence and entrapment of geotherma1 resources is given in the following
sections for each of the areas thought to be most promising for geothermal

exploration.

East Rift Zone of Kilauea

The east rift zone extends southeastward from Kilauea Caldera for
about six kilometers, then bends abruptly east-northeastward and extends
through Cape Kumukahi, the eastern po}nt of thé island. Beyond the cape
it forms a broad east-northeast-trending ridge on the ocean floor for
another 65 kilometers (Malahoff and McCoy, 1967). Northwest of the bend
the rift zone is marked by a row of pit cratersl(the Chain of Craters),
and a few spatter-and-cinder cones. East-northeast of the bend more than
60 spatter and cinder cones mark the sites of pre-historic, but geologi-
cally recent, eruptions along the rift zone. Just before the‘beginning
of written history eruptions took place on the eastern part of the rift
" zone in about 1750 and 1790. Historic eruptions along it have occurred
in 1840, 1922, 1923, 1955, 1960, 1961, 1962, 1963, 1965, 1968, and 1969 to
the present.

The area known as East Puna consists of the part of Kilauea Volcano
east of about 1550 west Tatitude. It is a broad gently sloping ridge built
by lava flows from the east rift zone, and the rift zone extends along its
crest. It is situated more or less mid-way between Kilauea caldera and
the termination of the rift-zone ridge at the ocean floor. Within it, be-
tween the 500-meter contour and sea level, eruptions have occurred in about
1750 and 1790, and in 1840, 1955, and 1960. In 1924, very numerous earth-

quakes and volcanic tremor accompanied the disappearance of the Tava lake
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in Kilauea ca]dera and the sinking of the floor of a graben along the

rift zone close to sea level in East Puna; although no molten lava appeared
at the surface above sea level it is virtually certain that a large volume
of magma moved eastward through the rift zone. The surface expression of
the rift zone is about three kilometers wide.

East of Cape Kumukahi the submarine cones along the rift zone appear
very fresh in photographs. A submarine eruption occurred a few kilometers
offshore in 1884,

Lava flows from vents along the rift zone have poured down slope,
building a broad structural arch that plunges east-northeastward at an
angle of 1 to 2°. North of the rift zone the lava beds dip 2 or 3% north-
eastward. South of it the dips are 2 to 42 sdutheéstward. Locally on the
south side of the ridge, dips of more than 6° probably are the result of lava
flows mantling a southeast-facing fault scarp (Stearns and Macdonald, 1946,
plate 1). The lava flows are of both pahoehoe and aa types. No specific
determinations of permeability are available, but similar lavas yield water
freely to wells, and over-all permeability is unquestionably high. Large
amounts of ground water move through the area, producing many brackish
basal springs along the shoreline.

Beneath sea level divers have observed what appear to be pillow lavas,
and similar lavas are shown in deeper water by phétographs (Moore and Fiske,
1969).

Warm (33° C) brackish water issues in the beach at Pohoiki, 7.6 km south-
southwest of Cape Kumukahi. Previous to 1960 warm (29O'C) brackish basal
water was present in a crack on the rift zone 2.4 km west of the cape, and
similar water at 32° C was present in another crack 1 km to the northwest.

The cracks lay close to the borders of the graben that sank in 1924. Both
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were buried by'1ava in 1960. A well 6 km west of Cape Kumukahi contained
brackish water at 34° C. A well 4 km S80°W of Pohoiki contains brackish
water at 53° C. Many steaming vents are present along the rift zone west
of 300 meters altitude, but east of that altitude only minor wisps of steam
issue, especially in Pawai Crater, a small pit crater 10 km southwest of
Cape Kumukahi. At Pahoa, and 8 km to the south along the Pahoa-Kalapana
road, wells produce cold basal water of good quality.

The warm-water wells are distinctly more saline than would be expected
(Macdonald, 1973) on the basis of normal Hawaiian basal ground water condi-
tions in other areas of similarly high rainfall and rocks of approximately
the same permeability. The well nearly west of Pohoiki had, on completion,

a chloride content of 6,500 mg per liter (appﬁoximéte1y 6,000 p.p.m.), and
the well 6 km west of Cape Kumukahi had a chloride content of 320 p.p.m.

Thus there are distinct anomalies in ground water conditions in East Puna,
and the most probable cause in heating of the sea water saturating the under-
lying rocks, probably by hot intrusive masses along the rift zone, decreasing
the density of the water to the point where it can no longer support the
normal Ghyben-Herzberg lens of fresh water.

Although all of the exposed rocks are moderately to highly permeable,
it is possible that less permeable material may exist at depth. Along part
of the contact where Kilauea overlaps the slope of Mauna Loa, 35 km west of
Cape Kumukahi, Kilauea lavas overlap several feet of relatively impermeable
weathered volcanic ash (Stearns and Macdonald, 1946, piate 1). This ash
layer lies on the crest of é very broad constructional arch built along an
ancient east-trending rift zone of Mauna Loa. Magnetic measurements (Malahoff
and Woollard, 1966) suggest that this o]d'fift zone of Mauna Loa continues

eastward beneath the cover of Kilauea lavas and merges witn the east rift zone
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of Kilauea approximately at Cape Kumukahi. If so, the ash layer may
continue beneath Kilauea lavas to or beyond Cape Kumukahi at scme depth
below sea level. If it is present, it might conceivably form a tight cap
over permeable lavas beneath in such a structural arrangement as to trap
or concentrate steam or hot water.

Another possibility for the formation of a zone of less permeable
material is related to the presumed history of the submarine growth of the
volcano., It is believed that in deep water the eruptions were non-explosive,
because of the restraining hydrostatic pressure of the overlying water;
but as the volcano grew into shallow water the explosive liberation of mag-
matic gas became possibie, and contact of the erupting magma with water
probably caused numerous moderately violent steam explosions 1ike those
during the recent eruptions of Surtsey Volcano in Iceland and Capelinhos
in the Azores. These would form large amounts of glassy ash that would
rapidly become palagonitized. If the ash stayed in place it may constitute
an extensive, poorly permeable layer or layers intercalated in the lava
flows, possibly forming a relatively tight canrock. Still another possi-
Vbility is that hyaloclastite, formed in association with pillow lavas and
altered to palagonite, may form relatively tight layers in the lava sequence.

Sinking of the island may have carried any of these impermeable Tayers
to considerable depths below the level at which they formed. Thus there
is a possibility of stratigraphic and structural traps for several hundreds

of meters below sea 1eve1..
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Southwest Rift Zone of Kilauea

The second principal rift zone of Kilauea Volcano extends from the cal-
dera southwestward to the coast, and beyond. Little is known about it below
sea level. Above sea level it is dotted with about 30 spatter and cinder
cones at the vents of prehistoric eruptions. During historic time eruptions
occurred along it in 1823, 1868, 1919-1920, and 1971. Vents of the latter
eruption, along the upper (northeast) part of the rift zone, are still
steaming. )

The rift zone is as much as 4 km wide, and near the caldera is bordered
by inward-facing fault scarps. Farther southwest the graben structure is
less clear, though locally the rift zone is bordered on the northwest by
southeast-facing fault scarps. The rift zone 1fes parallel to, and about
2 to 5 km southeast of, the Kaoiki fault zone, along which the lower slope
of Mauna Loa has moved relatively downward in relation to the upper part
of the mountain.
| The constructional ridge along the southwest rirtt zone is asymmetrical.
" Northwestward the Kilauea lavas abut against the slope of Mauna Loa, usually
within 2 km of the rift zone. Dips between the rift zone and the Mauna Loa
contact are generally about 2 to 3° southwestward, nearly parallel to the
rift zone. Southeast of the rift zone dips range from 4 to 6° southeastward.
The lava flows are pahoehoe and aa, similar to those of East Puna. The rift
zone is marked by innumerable open cracks. One of these, the Great Crack,
is uninterrupted for almost 25 km along the Tower part of the rift zone, and
served as the near-surface conduit for the 1823 lava flow.

Warm water has long been known in a crack in Waiwelawela ("Hot Water")
Point, at the coasl 4 km southeast of the Great Crack. It is brackish,

but neither its salinity nor its temperature have been measured. Anomalous
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ground water conditions exist in the area west of the Great Crack, around
Pahala and between there and the ocean.  Fresh grouna water, apparently part
of the basal zone of saturation, stands about 70 meters above sea level in
the Pahala well. Whether this high level of ground water is in any way re-
lated to the southwest rift zone of Kilauea is unknown. It could result

from obstruction of seaward movement of the ground water by faults of the
Kaoiki system and/or numerous relatively impermeable dikes in the rift zone,
possibly combined with unexposed poorly permeable tephra and/or hyaloc1astite
below present sea level. The Pahala %sh, which is largely palagonitized,
reaches thicknesses of as much as 17 meters near Pahala, and is presumably

down-dropped along the Kaoiki féu]t system and buried by Tlater lavas

farther seaward.

Southwest Rift Zone of Mauna Loa

Cne of the two principal rift zones of Mauna Loa extends southwestward
‘from the summit caldera to an altitude of about 2,300 meters, then broadens
" and turns southward to Ka Lae (South Point). Above 2,300 meters altitude
the rift zone is approximately 3 km wide, and is studded with many spatter-
and-cinder cones, spatter ramparts, and open fissures. Just south of the
caldera are three pit craters. Below 2,300 meters the rift zone broadens
to about 6 km, but at about 1,100 meters the western part of the zone dies
out and the eastern part continues southward. This southward extension is
only about 2 km wide. Along its western edge, the north-trending Kahuku
fault has formed a westward-facing scarp 180 <neters high near the coast,
gradually decreasing in height inland and disappearing near the highway at
600 meters altitudc. Between 760 and 975 meters altitude, the Pali o ka ko

is ‘probably a buried west-facing scarp en echelon with, and siightly east
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of, the Kahuku fault. The rift-zone ridge and the Kahuku Tault scarp can
be traced southward on the ocean floor for about 35 km behond South Point.

A pit crater lies near the eastern edge of the rift zone at 1,370 m al-
titude, and three other small ones Tie close to the top of the Kahuku
fault scarp between 530 and 565 m altitude. These pit craters are partly
buried by Pahala Ash, showing that the rift zone has been active at least
since the Tatter part of the eruption of the Kahuku Volcanic Series (Stearns
and Macdonald, 1946).

Most of the lavas along the southwest rift zone of Mauna Loa belong
to the Kau Volcanic Series (Stearns and Macdonald, 1946). They are tholeiitic
basalts of both pahoehoe and aa type, similar to those of Kilauea. East of
the rift zone and along the top of the Kahuku fault scarp the Kau lavas rest
on Pahaia Ash, which in this region ranges from about 2 to 8 m in thickness.
The ash is largely palagonitized. [eneath the ash, in Kahuku scarp 180 m
of thin-bedded tholeiitic pahoehoe and aa lava flows of the Kahuku Volcanic
Series are exposed. No ash beds are intercalated with the lavas below the
Pahala Ash.

Since 1832, seven eruptions have taken place along the southwest rift
zone. Most were from vents above 2,300 meters altitude, but in 1868 an
eruption took place from fissures near the eastern edge of the rift zone be-
tween 600 and 1,100 meters altitude. Lava from the fissures flowed into the
ocean west of the Kahuku fault scarp, the more easterly of the two major flows
lying directly against thé base of the scarp. One of the two largest erup-
tions of Mauna Loa in history took place in 1950, pouring out more than
460,000,000 cubic meters of Tava from vents between 2,400 and 3,800 meters

altitude on the southwest vrift zone (Finch and Macdonald, 1953).
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No historic movement is known to have occurred oﬁ the Kahuku fault.
During a strong (intensity X mM) earthquake in 1868, movement occurred on
the Waiohinu fault, 8 km east of the Kahuku fault. It is inferred that
other movement occurred at the same time beneath the ocean, because a big
local tsunami was generated, but no movement was observed on the Kahuku

fault above sea Tevel.

*hkkkdkkkhkkk

The geophysical background is reviewed in Section II of the

geophysics program in this proposal.

269



References

Finch, R. H., and Macdonald, G. A., 1953, Hawaiian volcanoes during 1950:
U.S. Geological Survey, Bull. 996-B, p. 27-89.

Macdonald, G. A., 1973, Geological prospects for the development of
geothermal energy in Hawaii: Pacific Science, v. 27, p. 209-219.

Malahoff, A., and McCoy, F., 1967, The geclogic structure of the Puna
submarine ridge, Hawaii: Jour. Geophysical Research, v. 72, p. 541-548.

Malahoff, A., and Woollard, G. P., 1966, Magnetic surveys over the
Hawaiian Islands and their geologic implications: Pacific Science,
v. 20, p. 265-311.

Moore, J.G., and Fiske, R.S., 1969, Volcanic substructure inferred from
dredge samples and ocean-bottom photographs, Hawaii: Geological
Soc. America Bull., v. 80, p. 1191-1202.

Stearns, H. T., and Macdonald, G. A., 1946, Geology and ground-water

resources of the Island of Hawaii: Hawaii Division of Hydrography,
Bull. 9, 363 pp.

270



SELF POTENTIAL STUDY

Charles J. Zablocki

Studies made by the U.S. Geological Survey in many areas of Kilauea
in recent years have indicated that self potential measurements appear to
be the single most useful method for identifying anomalous thermal areas.
Anomalies have also been found in areas which have no obvious sufrace mani-
festations. Their locations, however, are in areas which reasonaB]y could
contain Tlocalized heat sources. '

In brief, the large potentials observed at the surface are thought to
be related to the flow of hydrothermal fluids in a convection system
(electrofiltration phenomenon). Although most of these studies have been
made near and at the summit of Kilauea, some measurements made in a few
areas of the lower east rift zone (Puna district) have revealed some interest-
ing findings (Figure 1). Not only were large potentials observed over the
still-steaming vents of the 1955 eruption ( 3 miles south of Pahoa ), but .
.the asymmetry of the resulting contoured data suggest a north dip to the
related intrustion (Figure 2). Measurements made about 4 1/2 miles farther
east along the rift zone delineated an anomaly in an area that has no surface
indications of near-surface heat source (Figure 3). Only weak anomalies
were observed over some of the 1955 eruptive fissures nearby. Curiously,
the Targe anomaly is located in the area where the 1955 rift eruption was
offset and coincides with the general epicentral area of recurrent shallow
earthquake swarms in recent years.

Because of these results, a cooperative study is presently underway with
the U.S. Geological Survey to make a detailed survey of the lower east rift
zone of Kilauea in an effort to help locate the sites for the exploratory
drilling program.
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Imagery from Infrared Scanning of the East
and Scuthwest Rift Zones of Kilauea and the Lower Portion

of the Southwest Rift Zone of Mauna Leca, Island of Hawaii

Agatin T. Abbott

INTRODUCTION

From July 31 through August 4, 1973 night time flights for obtaining
infrared imagery along the east and southwest rift zones of Kilauea and the south-
west rift zone of Mauna Loa were undertaken on the island of Hawaii. Flights were
alsc made on Hualalai and Kohala volcanoes but because of inconclusive results are
not included in this report. Ground control stations had been established during
daylight hoturs several days prior to starting thé flight program. Students stationed
at the ground central points guided the aircraft on predetermined flight paths by
the use of directional lights which were visible to the plane's navigator. Results
of the infrared scanning program are considered to be very successful. Events
leading up to the final imagehy on 8 x 10 color prints will be discussed below.

The sum of $23,900 was designated by the NSF to be expended on aerial photo-
geologic work on the Hawaii Geothermal Project. Infrared scanning was the only
aerial technique employed in this phase.

A firm specializing in infrared surveys, Dadaelus Enterprises of Ann Arbor,
Michigan was selected as best equipped and experienced in Hawaiian conditions to ac-
complish the infrared imagery survey. Towill Engineering Corporation of Honolulu
provided the aircraft, pilot and navigator and submitted a report with maps and black
and white aerial photographic mosaics. These firms ear]iér the same year had
flown paths for Dr. George Keller of the Colorado School of Mines, who was engaged

in Tocating a deep drill hole near the summit of Kilauea.
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FLIGHT PATHS AND DESCRIPTICNS

1. East Rift Zone of Kilauea

Two Tong parallel flight paths were flown along the East rift zone from
points outside the boundary of Hawaii Volcanoes National Park to Cape Kumakahi.
Shorter paths crossing the two long parallel Tines were flown at the intersection
of the rift zone with the main highway between Pahoa and Kalapana. Approximately
35 line miles of usable records was obtained. From this the following strips were
selected for reproduction in infrared faise color imagery.

Three miles of flight paths high on the rift zone at an average ground eleva-
tion of 2100 feet provide excellent examples of rift lineation and temperature

aureoles. The DIGICOLOR prints showed a temperature range of 14°%¢ to 20°C.
lNumerous siteg along the rift showed spots of white color indicating the temperature
exceeded the highest range on that temperature set. This is not surprising in

view of the fact that wisps of steam are issuing from some of the vents probably

as a result of meteoric water coming in contact with residual heat of lavas from
the 1966 eruptions in this area. Downslope from the steam vents, a fairly exten-
sive area shows a slightly higher surface temperature than its surroundings, by an
average of 1°C.

The area for the second set of DIGICOLOR prints in the Kilauea east rift zone
was selected from a flight path of approximately two miles in length across the area
of intersection of the rift zone and the Pahoa-Kalapana highway at a ground elevation
of approximately 1000 feet. The temperature range of this path is 16°¢-25°¢C or
1.5% per color. Again numerous sites showing white along the rift zone indicate
hot spots and an aureole of decreasing temperatures are distributed outward from
the rift. Fine examples of surface temperature zones are demonstrated in this

imagery.
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2. Southwest Rift Zone of Kilauea

A flight path 12 miles long was followed from the point of intersection of
the western boundary of Hawaiian Volcances National Park and the main highway between
Kitlauea summit to Pahala to a point on the sea coast approximately 4 miles east
of Punaluu.

The altitude maintained was about 3000 feet above ground level. Throughout
most of the strip a thermal anomaly was evident along the Great Crack. The temper-
ature range on the flight path was 18°C-22°C.  Of unusual interest on this path is
a thermal anomaly in a target-like pattern near the southern end of the Great Crack
approximately 1 % mile from the coastline at an elevation of 300 feet above sea
level. The target-like pattern is 1200 feet wide 1600 feet long. The roughly
circular pattern of thermal anomaly lies 600 feet northwest of a splinter extension
of the Great Crack. The highest temperature within the target area reaches the
red color of 22°C in two small spots, and within the Great Crack extension, szl
local spots reach white, or off scale.

The anomaly appears to be associated with the Tower slopes along the south
side of Puu Kolekole, a prehistoric cinder cone, and with the extension of the
Great Crack.

| This surface theimal anomaly as registered by infrared scanning imagery should
receive careful attention as a potential area for further geophysical investigation
and possible research drilling.

3. The Southwest Rift Zone of Mauna Loa

A flight path with the total length of approximately 22 miles followed the
southwest rift of Mauan Loa from an elevation of approximately 7000 feet above sea
Tevel to the tip of South Point. Only the Towest five mile section of this path to
the tip of South Point showed any significant thermal anomalies. This portion

has been reproduced in DIGICOLOR and prints developed.
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The temperaiure range on one sub-set is 16°c-22°C.  Thermal anomalies appear
along the cliff face of the Kahuku fault as clusters along the base of the cliff and
as linear features possibly indicating bedding planes in the lava flows. Numerous
spots along the cliff register red and a few local areas show white, or off scale.

The cause of these anomalies is not known at the present time. The Kahuku
fault scarp, which reaches 400 feet in height in this area, faces west. Consider-
~ation must be given to the possibility that the anomalies result from residual
late afternoon solar heat. The imagery was taken at 0030 hours in order to reduce
the effect of residual heat. The physical distribution of the warmer areas does
not appear to show a pattern that might be cuased by residual heating, none the
less this factor must be kept in mind.

Another, more intriguing possibility 1ies in the concept that heat may be
rising from'dep%h along the plane of the Kahuku fault and issuing at the base of
the cliff and along bedding planes of the lava flows. The Kahuku fault is a
major structural feature of Mauna Loa shield volcano. It extends ten miles inland
from the coast and has been fcllowed out to sea for a distance of over 15 miles.
Depth recordings made on board the R/V Valdivia in 1973 while steaming past the
extension of the fault 4 miles off shore registered a vertical displacement along
the fault plane of 1900 meters.

Further geophysical and geological work should be concentrated in the section
of the lower portions of the Kahuku fault. This may have promise as an area in
which to Tocate an array of research drill holes.

Also of interest along the South Point shoreline as registered by the infrared
imagery is the temperature distribution in the sea water. Directly offshore a large
patch of water shows as a white area indicating that its temperature is greater
than 22°C. It is not recognized at this time whether this is a bay of warm surface
water brought in by ocean currents or wind or whether the warming is caused by

some other process.
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CURRENT RESEARCH SUPPORT FOR PRINCIPAL INVESTIGATOR

The following is a listing of the extramurally-funded projects for
Agatin T. Abbott, Principal Investigator of the Drilling Program.

1. Survey of Natural Areas of Pacific Island Territories
U.S. Department of the Interior, National Park Service

2. Survey in the Hawaiian Islands
U.S. Department of the Interior, National Park Service
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HAWAIT GEOTHERMAL PROJECT
PHASE 11

RELATED PROGRAMS AND ACTIVITIES

A. Related Programs At The University of Hawaii

Currently there is a great deal of research interest at the University
of Hawaii on projects which have direct relevance to the HGP. The Hawaii
Institute of Geophysics has competence in geophysical exploration, a good
knowledge of the geophysical features of the Big Island and the State of
Hawaii in general, and experience with test drillings. The Water Resources
Research Center has been conducting research on the ground water hydrology
of the Islands and is familiar with the rainfall, water distribution, and
flow patterns of the islands.

The Environmental Center at the University is concerned with the preser-
vation and protection of the environment in Hawaii. Its cooperation and input
complement the efforts of the HGP. The Sea Grant Program of the University
also has energy-related interests, while the College of Engineering has staff
competence and interest in power systems, direct energy conversion, and
transmission of electrical energy.

A new program enacted by the 1974 State Legislature establishes a Natural
Energy Institute at the University (copy of House Bill 2376-74 attached). The
purpose of this Institute is to provide focus, direction, and support for re-

search on natural energy systems -- including geothermal resources.

B. Related Programs In Other Organizations

A research program of considerable interest to the HGP has been the in-
vestigation of the hydrothermal systems at Kilauea Volcano on the Island of
Hawaii by Dr. G. V. Keller of the Colorado School of lines. The program,

which has also been funded by NSF, has used Kilauea Volcano to study the
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A BILL FOR AN ACT
ESTARBLISHING THIL HAWAII MATURAL EMNERGY INSTITUTE AND HMAKING AN
APPROPRINTION FOR PLANNING THE STRUCTURE AND OPERATION
THFRRFOF . '

BE IT ENACTED BY THE LEGISLATURE OF THE STATE OF HAWAIIL:
SECTION 1. The current energy crisis is éaused by a
global energy shortage which will worsen through the remainder

of this decade and may continue to.the end éf this century.
The State of Hawaii, with its total dependence for encrgy on
imported,fogsil fuel, is particulariy vulﬁerable to dislocations
in the global energy market. This is an anomalous situation,
as there are few places in the world so generously endowed
with naturél energy: geothermal, solaf radiation, ocean
temperature differential, wind, waves, and currents——a;l
potential non-polluting power sources. The purpose of this
Act is»to establish the Hawaii Natural Energy Ins£itute that
will coordinate and undertake the development of non-polluting
natural energy sources for Hawaii; and, to make an
appropriation for planning the structure and subsequent
operation of the Institute. Although the ultimate structure

of the Institute will not be determined until after a year

AG 209225 $-5(74)
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of planning and development, its immediate establishment as
provided herein will provide the needed visibility, focus
and encouragement for energy related activities directed

toward converting Hawaii's natural resources into viable

energy systems. These alternative energy systems will:

(1) Diminish Hawaii's total dependence on imported

fossil fuels,

(2) Meet the State's increasing energf demands with

little or no environmental degradation, and

(3) Contribute to the technology bése for finding

solﬁtions to the national and global energy
shortgage. .

SECTION 2. The Pawaii Natural Energy Institute is
hereby established as a research unit at the University of
Hawaii-Manoa. The President of the University of Hawaii
will appoint from appropriate University staff an Energy
Planning Committee and designate its chairman. This
Committee will serve as a steering committee and the Chairman
shall be the Acting Director of the Institute durirg the initial
year both for carrying out the operations and functions
of the Institute and for planning the ultimate organizational
structure. Nationally recognized energy planners may be

consulted on specific goals and general organizational

AG 209676 295 S-5(74)
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- structure of the Inergy Institute. The President will also

appoint a broadly based Policy Advisory Committee to provide
interaction bectween interested segments of the community

and the Fnergy Planning Committee. A report containing
recommendations for the structure and subsequent operation

of the Fnergy Institute will be prepared by the Energy
Planning Committee for presentation to the Legislature

twenty (20) days before the beginning of the 1975 Session.

| SECTION 3. There is appropriated out of the general
revenues. of the State the sum of fifty-five thousand dollars,
or so much thereof as may be necessary, to be expended by the
University of Hawaii for planning the structure and subsequent
operation of the Hawaii Natural Cnergy Institute, and for

the hiring of necessary staff and consultants during the

next fiscal year.

SECTION 4. This Act shall take effect July 1, 1974.

INTRODUCED BY: %ﬂ &OJ

A

FEB6 1974
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hydrothermal aspects of a geothermal systeii. Dr. Keller's geophysical studies
of the summit area and the results of the 4137-foot drill hole have provided
1mpbrtant scientific information to the HGP in interpretation of geophysical
data and in planning for the drilling program.

Another project with which the HGP has established close interaction is
the Stanford Geothermal Project, also funded by NSF, with Drs. Paul Kruger
and Henry Ramey as Co-P.I.'s. Dr, Ramey has been an active consultant to the
Engineering Program from the initial phase of the HGP and continues to pro-
vide assistance and communication with geothermal-related programs on the
Mainland. This includes the Geysers and Imperial Valley, which have been
visited extensively by our staff.

Members of the National Liaison Board, discussed in the Management Pro-
gram, provide an exchange of information with tHe Marysville Project; Republic
Geothermal, Inc; Battelle Northwest; Rogers Engineering; the Geothermal Officer
for the State of California; and the U.S. Geological Survey. Good communica-
tion has also been established with AEC Laboratories at Los Alamos, Berkeley,
and Livermore, as well as with the Sandia Corporation at Albuquerque.

Some exchange has taken place with scientists and engineers involved with
geothermal projects in Italy, New Zealand, and Japan. Because of Hawaii's
geographic location as the hub of the Pacific, HGP staff have frequent oppor-
tunity to discuss geothermal projects with scientists enroute to destinations
both East and West.

The concept of a National Geothermal Energy Laboratory for Hawaii will
permit researchers from other states and countries to utilize the Laboratory
to further their own investigations., This will facilitate the dissemination
of research results and the interaction of researchers from different organi-

zations working on .imilar projects.
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C. Dissemination Of Research Results

As discussed in the previous section, the most effective exchange of
information with potential beneficiaries of the research at the local level is
through the 16-member Hawaii Advisory Committee, and at the national Tevel
with the nine-man Liaison Board.

To date the actual results of the HGP research programs have been rather
sparse, but staff have already submitted papers for publication through the
normal channels of the scientific and technical press, and will aggressively
pursue this vehicle as research results unfold. In addition, geothermal
energy is sufficiently timely and novel to have popular appeal, so there has
been extensive'coverage in the regular news media.

Most of the reports on the HGP to date have been general descriptions
of the project and an overview of goals and objectives. Such reports have
been presented to a variety of meetings in this country, as well as at the
joint U.S.-Italy Geothermal Conference at Pisa in December 1973. A discus-
sion of the infrared scanning program was presented to the U.S.-Japan Confer-
ence on Utilization of Volcano Energy, held in Hawaii in February 1974.

Dr. Furumoto was co-chairman of this conference.

Locally the project has been brought to the attention of both potential
beneficiaries of the research, as well as the general public, through over
thirty talks and illustrated lectures to professional organizations, civic,
and citizen groups. The Center fo. Engineering Research at the University
sponsors a series of seminars, with assistance from NSF, on Environmental
Conferences on the Public Understanding of Science for Hawaii. This ECOPUSH
Series included a major conference on “Future.Techn01ogies for Hawaiif,
which provided an excellent forum for presenting a progress report on the

development of geothermal energy in Hawaii.
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D. Application To Other Federal Agencies

The proposal has not been submitted to any other Federal agencies for
total or partial support. Preliminary discussions have been held, however,
with the Atomic Energy Commission on possible funding of Tlater phases of
this project in the development of a prototype geothermal power plant.

To the initial State and County of Hawaii funding of $200,000 for geo-
thermal research, the 1974 Legislature earmarked an additional $500,000 for
exploratory geothermal drilling, contingent upon Federal matching. Although
efforts will be made to identify total research drilling support from Federal
sources, if these funds are inadequate to compiete the drilling program, a
request will be made to the Governor to release a portion or all of this

$500,000 for exploratory drilling.
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BUDGET SUMMARIES

Direct support to the Hawaii Geothermal Project through December 31, 1974

~is as follows:

National Science Foundation - RANN $252,000 (FY 73)
216,000 (FY 74)
124,000 (FY 75 committed)

State of Hawaii CIP Budget 106,000 (FY 72)
500,000 (FY 74 appropriated)

County of Hawaii CIP Budget 100,000 (FY 72)
Sandia Laboratories - AEC 12,000
Hawaiian Electric Company 9,000
0ffice of Marine Affairs -

State of Hawaii 5,000
Private Contributions 13,000

$1,331,000

In addition to the above funding, the University of Hawaii provides significant
support to the Project in faculty and staff salaries, support services, equip-
ment, and facility usage.

For support of Phase II of the Project, $1,986,513 is requested. Table
B-1 gives a summary of the funding being requested from the Foundation for
Phase II of the Project, broken down by program and task. Following this
table are individual NSF Form 569 budget sheets for each task. The task
budget sheets are arranged by programs with a total program budget sheet

preceeding the individual task budget sheets.
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HAWAIT GEOTHERMAL PROJECT
PHASE 11
BUDGET SUMMARY BY PROGRAM AND TASK

MANAGEMENT
1.0 Coordination and Support $ 39,401
GEOPHYSICAL PROGRAM
2.0 Coordination and Support $ 43,454
2.2 Geoelectric Surveys 58,709
2.3 Modelling, Magnetic & Gravity Surveys 33,625
2.4 Temperature Survey 43,124
2.5 Seismic Studies 57,000
2.6 Geochemical Surveys 36,718
2.7 Hydrology 35,107
2.8 Physical Properties of Rocks 49,191
356,928
ENGINEERING PROGRAM
3.0 Coordination and Support 41,774
3 | Geothermal Reservoir Engineering 122,892
3.6 Optional Geothermal Plant Design 87,781
‘ 252,447
ENVIRONMENTAL-SOCIQECONOMIC PROGRAM
4.0 Coordination and Support 24,824
4.1 Environmental Aspects 42,313
4.2 Legal and Regulatory Aspects 6,800
4.3 Land-Use and Planning Aspects 11,415
4.4 Economics 46,411
131,763
EXPLORATORY RESEARCH DRILLING PROGRAM
5.0 Coordination and Support 1,205,974

TOTAL PHASE II BUDGET $1,986,513

TABLE B-I
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Management
Task ].O
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t.\\,li Fi
!I I f*]" ‘:Yf‘y‘r'(‘yr}"v‘j

L By

ton, D.C. 3 S

HLZSTITUTION AND ADDRESS THNSY PRHOGRHAM

|

|
University of Hawaii HAWATII GEOTHERMAL
Honolulu, Hawaii 96822

PROJECT John W. Shupe

PRINCIPAL IHVERY KGI..TE\‘(L,

TOTAL SALAR

=)
I

CTAFF CE LHT° ir

FROFOSAL MUMBER [RECOMMLNDED DUHATION GRART NO. THECOMMENDED GRANT AtAQUET
| :
tSF Funded Man hMontiheg - : 2
A. SALARIES AND WAGES (to the nearest tenth) HEE GAANT
1. Seninr Personnel ol Acad, Summ. | BEUDGET
a. ] __(Co} Principal Investigator(s) 1.0 {s 3.301 *
b.______ Faculty Associates ]
Sub-Tatal
2. Other Personnel (Non-Faculty) ]
a._______ Research Asscciates—Postdoctoral B
b, HNon-Faculty Professionals R
< Graduate StHUeNTS L ... .. i e it e e
d;l_Pre-Baccalaumatc STULBNTS L L Lttt i et e e et __2_9026 e
e,_]w____ Secretarial —Clerical .. ovvve it it e e 9,938
. Teehnical, SHOD, 200 OUher L. . ot ittt e e e e

. TOTAL SALARIES, W ACLS, /‘ND SAAFF bEcJEFITq (A + 3)

. PERMANENT EQUIPMENT

S EXNPENDABLE EQUIPMENT AND SUPPLIES

2. Foreign  travel for Tlocal & nat'l advisory committees)

- PUBLICATIOR OSTS

C

D

E

F. TRAVEL 1. Domestic (Including Canzaz) ( inCluding inter-island travel and
G

H

4. COMPUTER COSTS If CHARGED AS DIRECT COST

Communications 800
Consultants 2,000

J. TOTAL DIRECT COSTS (C through 1)

K. INDIRECT COSTS

L. TOTAL COSTS (J plus K)

2. AIAOUNT OF THIS AWARD (ROUNDED)

-

REMARKS: Use extra cheet if necessary

* Includes anticipated 10% salary increase.
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GEOPHYSICAL PROGRAM
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University of Hawaii
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PROJECT A. S. Furumoto

PROPOSAL WUMGER [RECOMMENDED DURATION GRANT NO. HECOMMLENDED GRANT AROUHT
!
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NSF Fundod 4 Kienths
A. SALARIES AND WAGES fb: Thes mpavand fasahl NSE GRANT
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a. 2 ____Research Associates—Postdostoral LZAL,.O_; . 25.044
b. ___Non-Faculty Professionals
—— b — - -
clj . Braduate SIOTeNES: 50w p e s wr 3@ s 6 8 008§ 008§ @ 3 059§ SnE ¥ 9 W AR08 @0 S B 80 8 B g EEe 8 e i d 60 43‘)
d._]3 Pre-Baccalaureate StUAOntS wouvs sy sw o oimis ddom s e s m s L EE s 80 E Faas aw e e iE e e
e.__ ] Secrotarial—~Clerical (oo . oucimemsineimsvas sia s e sie s s s B8 4 o6 §T8 5 a0 8 v S E e 8w 6 60 4 e
f. 10 Technical, Shop; and Qthercn civs v sosmave s m e was R s 9 s Gv s BS80S aB s Nusmes
) T OT!’A&L VS,’U,I ATUES ARND \‘JQGK R
. STAFE RPENEFITS IF CHARGED AS DIRLCT COST
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) 2. Foreign
|G PUBLICATION COSTS
H. COMPUTER COSTS IF CHARGED AS D!RECT COST
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J. TOTAL DIRECT COSTS (C through I)
K. INDIRECT COSTS
- - .
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SUPPORT & COORDINATION
Task 2.0

{ e IONAL SCIFNCE | OUNDATION

Vashington, D.C. 20350

RESEARCH GRANT

RUGGET WORKSUTENY

TUSTITUTION AND ADDRESS

University of Hawaii
Honolulu, Hawaii 96822

HSF PROGRAM

HAWAII GEOTHERMAL
PROJECT

PRINCIPAL INVELTIGATOR (4)

A. S. Furumoto

FTROPOSAL NUMBER {RECOMMENODOED
|

|

DURATION!GRANT NO.

T RECOMMERNDED GRANT AMOUNT

$

A. SALARIES AND WAGES

NSF Fundod Man Honths

{to the pearest tenth) MSF GRANT

1. Seninr Personne! Cal. | Aced. Sumn:—— suBGEr
a.__]___(Col Principal Investigator(s) 1 s 2 . 186 *
b._______ Feculty Associates )

Sub-Total 2 g 186
2. Other Personnel (Non-Faculty)
a. Research Associates—Postdoctoral
bh.___ ___ Non-Faculty Professionals .
€. Graduate StUAeNIS L .. ittt ittt e ettt et e e
d,*_]_ Pre-Baccalaureate Students 400 HY‘S- : @ $2x75/h}". ......................... *_li]vo__(l___d
c.._]__ Secrgtarial—Cierical ........................................................... 9 2 960
f,_l_ Technical, Shop, and Cther. ..o oL oo L. W5 g e § 5 . TS YRR EEE B H E AN AR B T 8 ] 09800
| TOTAL SALARIES AND WAGES 24,046
B B. STAFF }grggf]E s CHI«MF‘@E['J AS DIRECY COST 4)]82

C. TOTAL SALARIES, WAGES, AND STAFF BENEFITS (A + B)

D. PCRMANENT EQUIPMENT

E. CXPENDABLE EQUIPMENT AND SUPPLIES 600
F. TRAVEL 1. Domestic (Including Canada) Field Trips - Airfare 1,215
2. Foreign Per Diem (30 man days)

. PUGLICATION COSTS 950

H. COWPUTER COSTS IF CHARGED AS DIRECT COST

I. OTHER DIRFCT cOSTS  Trailer Mount 600 §\
Vehicle Rental 600 AN
Communications 300

J. TOTAL DIRECT COSTS (C through 1)

K. INDIRECT COSTS

L. TOTAL COSTS (J plus K)

M. AMOUNT OF THIS AWARD (ROUNDED)

REMARKS: Use extra sheet if necessary

*Includes anticipated 10% salary increase.
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GEOELECTRIC SURVEYS

NZTIONAL SCHNCT T OUNDATION SR G
Washington, DO, 20550 ARG Gidl
WO T

INSTITUTION AND ADDRESS RS PROGHAM

HAWAIT GEOTHERMAL
PROJECT

University of Hawaii
Honolulu, Hawaii 96822

PIINCIPAL IRVESIIGATC I {v)

A. S. Furumoto

FROFPOSAL NUMELR i’ﬂECOMf»ﬂENUED DURATION]| GRANT NO,

¢

RECOMIMEINDED GIRANT ARGUNT

TOTAL SALARIES AND WAGES

i s
A. SALARIES AND WAGES Jffur;é’",?éf/:?r"x:;‘;:}hg _§ BFGIANY
1. Seniotr Personnel Cal. Acnd. | Summ, EUDCEY
a._____{Co) Principal Investigator{s) - S
b.__,L__ Faculty Associates 11 11 ,88_0_ %
Sub-Total f 11 ,880 ®
2. Other Personne! (Non-Facultyv)
a.__ ____ Research Associates—Postdoctoral
bo Nnn~Fz;cul(y Professionals L - -
c._Z____ Bradiots SIS ..« s iin i i AR A IR AR B s HE S R i SR A S SRR I ah BE S s
d _»E‘__ Pre-Baccalaurcate Students (50 wks. .ea...0..10. .hrfwk.@ $2-25/h}’. ) ......
e, Secretarisl—Clerical .. ... .. e e
f._2 _ Yechnicst, Shop, and Other Fi01d. Assts.. . (30.days. .ea..@.525/day.)... ..

C. TOTAL SALARIES, WAGES, AND STAFF BENEFITS (A + B)

D. PERMANENT EQUIPLMENT

2. Foreign

land conference; 30 man days per diem for 3

E. EXPENDABLE EQUIPMENT AND SUPPLIES 2.000
F. TRAVEL 1. Domestic (including Canada) 8 inter-island trips - 480; 1 main- | 3,680

| __G. PUZLICATION COSTS

| H. COMPUTER COSTS IF CHARGED AS DIRECT COST 7 hrs @ $198/hr.

I. OTHER DIRECT cosTS Communications - 200; M/R Equipment
Rental (Driiling) - 2,000; Interisland Freight - 400
Fuel - 2,700; Gas - 460; Diesel - 180.

; Vehicle &

- 1,000;

J. TOTAL DIRECT COSTS (C through 1)

K INDIRECTCOSTS Campus (46% of $25,232)
Off Campus (32.49% of $2,158)

L. TOTAL COSTS (4 plus K)

58,709

. AMOUNT GF THIS AWARD (ROUNDED)

REMARKS: Use extra sheet if necessary

*Includes anticipated 10% salary increase.
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THEOQRETICAL & HUMERICAL
MODELLING, COMPUTATIORAL GEOQPHYSICS,
MAGNETIC & GRAVITY SURVEYS

NATIONAT SCUNCE FOUNDATION

Weshington, D.C. 20559

(MSTITUTION ARD ADRLSS TG PTG AT PHIHCIPAL IRV LLTIG AT Q5]
University of Hawaii HAWAII GEOTHERMAL A. S. Furumoto
Honolulu, Hawaii 96822 PROJECT '

I PROPOSAL MUMOLR [RECOMMENDLD DURATION CRANT RO, TRECOMMENDED GRANT AMCURT

i 4
NSF Funded Man Manths 5
A. SALARIES AND WAGES 10 the Sesrot tHath) NGF GRANT
T E GLT
1. Senior Personnel | _Cal Acad. | Summ. LCHE
a. _{Co) Principal Invesiigator(s) ] 8
b. __ Faculty Associates R
Sub-Total
2. Other Personnel {(Non-Faculty)
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h. Non-Faculty Professionsls I
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TOTAL SA4L /\HH:S AR WAGES
8. STAFF BENEFITS IF CHARGED AS DIRECT COST
C. TOTAL SALARIES, W/\(‘Eq AND STAFF RBENEFITS (A + B)
D. PERMANENT EQUIPNENT 3 Tide gauges - 450; Transformers, plastic
boxes, heaters, pumps, scales - 600.
E. EXPENDAEGLE EQUIPRENT AND SUPPLIES (Recording naper. model study supplies 1,500

F. TRAVEL 1. Domustic {Including Canada) 1) Inte\"1$]al')d t]"]pS & ] ma-”ﬂand
2. Foreipn  TUGG Meeting, Grenoble, France - 1975
| G. PUBLICATION COSTS
H. COMPUTER COSTS IF CHARGED AS DIRECT COST
|. OTHER DIRECT CGSTS

Vehicle Rental 900
Communications 300

J. TOTAL DIRECT COSTS (C through 1}
K. INDIRECT COSTS

L. TOTAL COSTS (J plus K}

M. .ﬂMOUNT OF THIS AWAHD (ROU’\!D"D)

REMARKS: Use extra sheet if necessary
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TEMPERATURE SURVEY

Task 2.4
NATIONAL SCIFNCE T GUNDATION TESTARCH G I
Washington, D.C. 26550 ESEARCH GRANT

IR Al A mha
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INSTITUTION AND ADDRESS HEF PROGIRAKM

University of Hawaii HAWAIT GEOTHERMAL
Honolulu, Hawaii 96822 PROJECT

A. S. Furumoto

FRINCIPAL INVEGTIGATOI (&)

PROPOSAL NUMBER RECOMMENDED DURATION|GRANT NO,

%

RECOMMENDED GRANT AMOURNT

A.

NSF Funded Kan fionths

NSF GRANT

SALARIES AND WAGES {to the nearest tenth)
1. Senior Pecrsonnel Cal. Acnd. Summ.—u BUDGET
a.______I{Co) Principal Investigator(s)
b.____ Faculty Associates A
Sub-Total ;
2. Other Personnel (Non-Faculty)
a‘_]NA“ Research Associatas—Postdoctoral ] 2 -l 2 % ] 44
. Non-Faculty Professionals o |
c.__2__ Graduate Students 1. @ .3 mo..,.. 1.0 .8 mo.. SO 6,419
d. Pre-Baccalaureate Students ... i i e e e
e. Sacretarial=<Clerical c:cuiv s vvimsmurammsme i momu s Frswesde OB TEF M AW NETE T T e
{._ Technical, Shap, ant Other . o o it i et e e e e e i
e Ok DRLIS (U AU S 18,563

B, STAFF BEWEFITS IF CHARGED AS DIRE 5
C. TOTAL SALATIES, WAGES, AND STAFF BEREFITS (A + B)
D. PEBMANENT EQUIPMENT  STip Rings - 500; Tape Recorder & Digital Inter
face - 2,800; Wire Counter - 100.
E. EXFENDABLE EQUIPMENT AND SUPPLIES
F, TRAVEL 1. Domostic {Including Canadal 16 interis]and tY‘ipS - 885, g2 days
2, Foreign pey diem - 2,760; 62 days_car rental - 1250

6. FUBLICATION COSTS
H. COMPUTER COSTS IF CHARGED AS DIRECT COST 2 hrs @ $298/hr
]. OTHER DIRECT COSTS
J. TOTAL DIRECT COSTS (C through )
K. INDIRECT COSTS ,

On Campus (46% of 16,729)

Off Campus (32.49% of 1,834)
L. TOTAL COSTS {J plus K}
M. AMOUNT GF THIS AWARD (ROUNDED) o - T

REMARKS: Use extra sheet if necessary
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SUFPERSEDLS ALL PREVIQUS EDITIONS




SEISMIC STUDIES
Task 2.5

NATIONAL SCIFNCE FOUNDATION Fras “t¥ (T
o D, 20850 N RESEARCH €

Yashington, D,C. 20550 e e . £
BUDGET WOTLS]

lHE»TITU“flON AND /\DU’FR 5% MGF l'léOGRAM
University of Hawaii HAWAIT GEOTHERMAL

Honolulu, Hawaii 96822 PROJECT

FRINCIFAL TNV CETIGATOE (5)

“A. S. Furumoto

FROPOSAL NUMUER 'HCC()IAI\AENDLD DURATION GRANT NO.
!

!

TRECOMMENDED GICANT AMGUNT

s

A. SALARIES AND WAGES

1. Senior Personnel

NSF Funded Wian Months e -
{ta the nesrest tenth) RS GRANT

— IDGEY
Cal. Acad. Summ. EUDAED

a8, __ {Co) Principal Investigator(s)

i

b. _ Faculty Associates

Sub-Total

2. Other Personnel (Non-Faculty)

a. Research Assoctates—Postdoctoral

h. _ Naon-Faculty Professionals

s 2 Graduate SLuUONTS .o o cov s v v s os i mie b $on v s 96 & 590 8 400 & & 8 #1906 &

d.»3 Pre-Baccalaureate Students | ., ]200 hY‘S . @ $2 75, hr.

e. o oereranial- Clenioal so s mo s rnns sv % 5 550 5 09 0B 20 Y A0 § 805 A a B

f 7

TOTAL SALARICE AR WAGES

B. STAFF BENEFITS IF CHARGED AS DIRECT COST

TOTAL SALARIES, WAGES, AND STAFF DENEFITS (A + B)

2]

D, PERMANENT EQUIPMENT 4 Geophones 1,200
4 Seismic Amplifiers 1,600

£, EXPERDABLE CQUINMENT AND SUPPLIES

F. TRAVEL 1. Domestic {including Canada) 12 1nterisland trips

2. Foreign

- 1 mainland 5,190

G. PUBLICATION COSTS
. C_(:’_.jIFU'liLR COSTS IF CHARGED AS DIRECT COST

. OTHER DIRECT COSTS  (Communications
‘Equipment Maintenance
Vehicle Rental (60 Days @ $30)

400
2,000
1,800

J. TOTAL DIRECT COSTS (C through 1}

K. INDIRECT COSTS  0ny Campus (46% of 18,904
Off Campus (32.49% of 4,480)

L. TOTAL COSTS (J pius K)

" #4. AMOUNT OF THIS AWARD (ROUNDED)

REMARKS: Use extra sheet if necessary
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SUPERSEDES ALL PREVIGUS EDIVIDND




GEOCHEMICAL SURVEY

NINL LT

wton, DL 2055G

NATIONAL SCHENCE FGUNDATION

IHSTITUTION AND ADDIGLSS HSF PROGITAM FRINGIPAL TRV C o7 AT G40

University of Hawaii , .
Honolulu, Hawaii 96822 HAUA;?{ﬁEg}'HERHAL A. S. Furumoto

PROFOSAL NUNMBER [RECOMMENDED DURATION| GRANT NO, RECOMMENDED GRANT AIAOUNT -
i s

HNSF Funded tlan Months S
A. SALARIES AND WAGES {to the nearcst tenth) NSF GRART

) S SUDGET

1. Senior Personnal | Cal Acad. | Summ. BUDGE
a. ____{Co) Principal lavestigator(s) S

b._l__ Faculty Associates ,r' 0 l ,ZZL x
Sub-Total ] ,727 &

2. Other Personne! {Non-Faculty)

a Research Assaciates—Postdoctoral

b, Non-Faculty Professionals

c. 2 Graduate SUAENTS ... ssurssimiimsansvmavmanms e siaasssmsvssadsedensaaissseils 11 S 544

d-,_i.. Pre-Baccalaureate Students ... ... L o L e, e e _____33_570(‘)“4_“
e, Secfetarial —Clerital L. e e .
f. - Technical, Shop, and Olnr . L0 i i e i e e e e e 1
TOTAL EALARIES AND VIAGES 16771

B. STAFF BEWNEFITS IF CHARGED AS DIRECT COST 637
C. TOTAL SALARIES, WAGES, AND STAFF BENEFITS (A + B) T

17,458

D, PERMANENT EQUIFMENT

E. EXPENDADLE CQUIPMINY AND CUPPLIES

F. TRAVEL 1. Domestic {Including Canadal

2. Foreipgn

|__G. PUBLICATION COSTS
{1. COMPUTER COSTS IF CHARGED AS DIRECT COST
I. OTHER DIRECT CGSTS

J. TOTAL DIRECT COSTS (C through 1)
K. INDIRECT COSTS

L. TOTAL COSTS (J plus KJ

36,718

M. AMOUNT OF THIS AWARD (ROUNDED) "

REMARKS: Use extra sheet if necessary

*Includes anticipated 10% salary increase.
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HYDROLOGY
Task 2.7

NATIONWAL SCIHENCE 10 NDOATION VEICTD A YT Y AR
Washington, D.C. 20550 VESEARCH GRANI
BUDGET WO EHIET

IRSTITUTION AND ADDHRESS MSF PROGH AN i FRINMCIPAL TRV ESTIG AT OR (b

University of Hawaii c
Honolulu, Hawaii 96822 HAWAgéoggg$HERMAL _ A. S. Furumoto

FROPOSAL NUMBER [RECGMMENDOLD DURATIOH[GRANT NO. RECOMMERDELD GIRANT AROUILT
| s
A. SALARIES AND WAGES ) el o NSF GRANT
1. Senior Personnel Cal. Acad. Summ‘,-* BUDGET
8. 2 _ {Co) Principal Investigator(s) 2 s 1.672 *
b. Faculty Associates B
Guh-Total 1 L672 *
2. Other Personne! {(Non-Faculty!
a.________Research Assoviates—-Postdoctoral N B
b, Non-Faculty Professionals . e
c.___2___ Gradudte STUUERtE .. .. i i i imiems s madme i @anesshes e s i 0t i @a v @asHes PR 11 ° 120
d.__z___ Pre-Baccalaurcate Students ... . i, veew o fow w w0 P - _E;Q_QQ_NW_
e, Sscratarial=Clerical .. 0. v it e e o .. ......................... e
| _ Tezbnical, Thon, and DIRer . Lo e e
TOTAL SALARIES ARD V/AGES 14,797
B. STAFF BENEFITS IF Cl-!ARGED AS DIHECT cog 66] ]

C. TOTAL SALARIES, WAGES, AND STAFF BENEFITS (A + B)

D. PERMARENT [ OUIPKTHT

A
NN

17600

E. EXPENDABLE EQUIPMENT AND SUPPLIES 3,500
F. TRAVEL 1. Domestic (Including Canada) 4,000
2. Fareign ) B
; "ION COSTS R 400
.

3 COSTS IF CHARGED AS DIRECT COST ($225/hy . X 2 hrs.) 450

1. OTHER DIRECT CGSTS —— 3,000
Sample Analysis 500

J. TOTAL DIRECT CQOSTS (C through i)
K. INDIRECT COSTS

(On Campus: 46% - 14,792)

L. TOTAL COSTS {4 plus K}

1. AROUNT OF THIS AWARD (ROUNDED)

REMARKS: Use extra sheet tf necessary

*Includes anticipated 10% salary .increase.
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PHYSICAL PROPERTIES OF ROCKS

Task 2.8
NATIOWAL SCHNCE FOUNDATION RESTAS V{ TY ues AT
Weshington, 1.0, 20550 ESUARCH ~ 5 A
: BUDGDT WODRIOMEEY
THETITUTIONR AND ADGIILSS ST PROG K AN FRIRCIFPAL THVLSTIGARTGU(E]
University of Hawaii HAWAIT GEOTHERMAL
Honolulu, Hawaii 96822 PROJECT ~A. S. Furumoto
PROFOSAL NUMBER iﬁccomr.mnox—:o DURATION| GRANT NO, RECOMMENDED GRAMNT AMOUINRT
s <
NSF Funded tan Konths 5 =
A. SALARIES AND WAGES Lo tho werest tunthi HSF GRANT
; PUDGLT
1. Senior Personnel | Cal. Aced. | Summ.
a._______[Co) Principal Investigator(s) ~ 3
b. 2 Faculty Associates .50 1 .0 8,60@_ *
(4 B
Sub-Total 8 ,600 ks
2. Other Personnel (Non-Faculty) o
a._____ Research Associates—Postdoctoral ]
b, Non-Faculty Professionals o _ ~ B
Col  Gradduate StUOeNTS L L. e e e e e 5 > 98_87
d. ZHPre-Baccaiaureate SLudents v wwrmasme s s me g w oy o Ui ¢ 10w 0 S A R BRSO B E e ¥ A £ -Ls OOQ___
e Socretarinl=AleriBal v woui v s v s wng v s g 9 S # e % e e 8 e g e & m S8 w8 g A b e e 6 a1 6 W Rt s e I -
f. . Techmicnl, SH0P, and Guhtr . L i e i e e e e e
TOTAL SA L»—Hnr_ /f\DL /‘\GES ]5‘580‘
B. STAFF BENEFITS tF CH/)RC:ED AS DIRECT COST " ‘7’;3

C. TOTAL G&L/‘ RIES, WAGES, AND STAFF BENEFITS (A + B)

D. PERMARENT LOUINMENT  Thermal Conductivity Apparatus & Furnace (to
be fabricated) - 7,500; Cap. Bridge - 1,850; CONTINUED BELOW **

E. EXPEMNDABLE E OUI:’.J&-*M AND SUPPLIES

F. TRAVEL 1. Domestic (Inciuding Canada) (Inte}"‘ig]and ’iﬂc]uded)
2. Foreign

G I‘Ur)LILATiON COSTS
H. COMPUTER COSTS IF CHARGED AS DIRECT COST

I. OTHER DIRECT C‘OSTS

J. TOTAL DIRECT COSTS (C through 1}
K. INDIRECT COSTS

L. TOTAL COSTS (U plus K}

K. AN‘OUNT Of' THIS /\WARD (RﬁUh!l"-ED)

s g R % s o s S r.,,,_.,,,ﬁ,, ———

REMARKS: Use extra sheet if necessary
**CONTINUED FROM ABOVE: Digital Voltmeter - 1.,400; Decade Resistor Box - 500;
“Recorder - 1,500; Digital Thermometer - 1,900; Frequency Counter - 700;
Oscillator - 1,100.

*Includes anticipated 10% salary increase.
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: ~ N
b !
Lo \J
: ENGINEERING PROGRAM
BUDGET SUIMMARY
NATIONAL SCIFNCE FOUNDATION re Lo

RESEARCH GRANT

BUDGET WORKSHEET

Y/ashington, D.C. 20550

INGYITUTION AND ACDHESS HSF PROGRAM PRINCIPAL INVESTIGATOH(S)

HAWATI GEOTHERMAL Paul C. Yuen

PROJECT

University of Hawaii
Honolulu, Hawaii 96822

PROPOSAL NUMBER RECOMMENDED DURATION, GRANT NO, RECOMMENDED GRANT AMOURNT

3
A. SALARIES AND WAGES Pl NSF GRANT
1. Senior Personnel Cal. Aced. Summh.—_—‘ FUDGEY
a.___]_ (Co) Frincipal Investigator(s) 1.0 ls 2 ’860* .
b.__ 8 Faculty Associates ) 13.6 114.5 57.,404%
Sub-Total £0.,2647
2. Other Personnel (Non-Faculty)
. Research Associates—Postdoctoral
h. Non-Faculty Professionals
c.__ 8 Graduate Students ............... et e etecerer e e .. 36,288
d. £ Pre-Baccalaureate Students ......... i B § Bk Bid § ok RS I B0 Bl B dld 4 & Ba 8 W5 rw e i i il § WS 85500
’ e 1 Secrstsrial=Clenal oo i iiiiiinrnonns R
£.___1__ Technicsl, Shop, and Other 5 O
! TOTAL SALARIES AND WAGES 119.004
8. STAFF BENEFIT“ IF "}i EQED HS~4<vtf‘fCT COST 899()1
C. TGTAL SALARIES, YIAGES, AND STAFF BENEFITS (A + B) 157:'&(»&

D. PEAMANENT EQUIPMENT NN SRR
AN N R RERNORN

14,500
E. EXPENDABLE EQUIPMENT AND SUPPLIES 6,700
F. TRAVEL 1. Domastic {including Canada) 11,160
2. Foreign 10,000
G. PUBLICATION COSTS 3,700
H. COMPUTER COSTS {F CHARGED AS DIRECT COST
I. OTHER DIRECT COSTS .
Consultant Fees  $16,000
Communications 1,800
4. TOTAL DIRECT COSTS (C through 1)
K. INDIRECT COSTS .
46% of Salaries and wages .
L. TOTAL COSTS (J plus K} 252,447
M. AMOUNT OF THIS AWARD (ROUNDED)

REMARKS: Use extra sheet if necessary

*Includes anticipated 10% salary increase
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]
I

ENGINEERING PROGRAM
' Task 3.0

()

NATIONAL SCIENCE FOUNDATION
Washington, D.C. 20550

RESEARCH GRANT
BUDGET WORKSHEET

INSTITUTION AND ADDRESS

University of Hawaii
Honolulu, Hawaii 96822

NSF PROGHAM

HAWAII GEOTHERMAL
PROJECT

FRINCIPAL INVESTIGATOR(S]

Paul C. Yuen

PROPOSAL NUMBER

RECOMMENDED DURATION|GRANT NOG.

RECOMMENDED GRANT AMOUNT

b 3
A. SALARIES AND WAGES e e NSF GRANT
1. Scnior‘Personnel Cal. Aced. Summj,——q RO GEx
a.__1 __(Co) Principal Investigator(s) 1.0 (8 2.860%
b. Faculty Associates 't
Sub-Total 2,860%*
‘2. Other Personnel {Non-Faculty)
a. Research Associates—Postdoctoral
b._______ Non-Faculty Professionals
c._ Graduate Students ... ... ..ttt issaarsooncnanns G W 60 W5 B WA A % a R A S e e cons
d.__ 2  Pre-Baccalaureate Students , e weee R § N S SYEES AT 6 (5 8 45N 838 § woe e ZJ_Q'vr}
e | Socrotanial -Clorital « o cv s vis v s w5s wie ¢ w50 06 o 508 9im) 9500 w00 9o & TR S iv e €05 §5 8 WS W § e Wy 5w 6w wiele 8 ,T“:)
£, Technical, Shop, and Other. ... ieisinansesvernosnss & B2W 8 W W § S R Y § S WY
TOTAL SALARIES AND WAGES 13.812
8. STAFF BENEFITS iF CHARGED AS DIRECT COST 1,408

o]

. TOTAL SALARIES, WAGES, AND STAFF BENEFITS (A + B)

15,220

D. PERMANENT EQUIPMENT

E. EXPENDABLE EQUIPNMENT AND SUPPLIES 700

F. TRAVEL 1. Domsstic {Inctuding Canada) 1 ,900
2. Foreign

G. PUBLICATION COSTS 1,000

H. COMPUTER COSTS IF CHARGED AS DIRECT COST

f. OTHER DIRECT COSTS
Con:u]?anté. John Mink
—CLommunications:

Rogers Engineering $14,000

2,000
600

4. TOTAL DIRECT COSTS (C through 1)

K. INDIRECT COSTS

46% of Salaries and Wages

L. TOTAL COSTS (J plus K}

M. AMOUNT OF THIS AWARD (ROUNDED)

REMARKS: Use extra sheet if necessary
*Includes anticipated 10% sal

ary increase

S¥ FORM 569. JULY 1971
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JE )

) ENGINEERING PROGRAM
Task 3.1

NATIONAL SCIENCE FOUNDATION > v o N
Washington D.C. 20550 | DATION RESEARCH GRANT
BUDGET WORKSHEET

INSTITUTION AND ADDRESS NSF PROGRAM FRINCIPAL INVESTIGATOR(3)
University of Hawaid HAWAII GEOTHERMAL
Honolulu, Hawaii 96822 PROJECT - Paul C. Yuen
PROPOSAL NUMBER RECOMMENDED DURATION] GRANT NO. RECOMMENDED GRANT AMOUNT
; 2 $
NSF Funded Kan Months .
A. SALARIES AND WAGES : (10 the nearest tenth NSF GRANT
1. Senior Personnet Cal. Acad. | Summ. SUDGET
e, (Co) Principal Investigator(s) S
b.___ 5 Faculty Associates K 11.31 8.5 37, 53s*
Suk-Total 37:‘555*
'2. Other Personnel {Non-Faculty)
2. Research Associates—Postdoctoral
h. Non-Faculty Professionals )
c. 5 Graduate Students ........u..u... viae e 8 eie win 80 e eiE wie & we 8% e A Sieig ws ie eiw w e vu b eid ik 22,._;80
d. Pre-Baccalaureate Students ....... 6 e W e e SR e ) S B e R I B 6 9T 8 N BRI # 4;500
€. Socretarisl—Clerical . ... ... o i, FEE N R R A RE M B RIS R e e
f. Technics), Shop,and Uther . ... . it eens Wil B W R E A AR S W R B B E B8 0 R 4 60§ R e R

TOTAL SALARIES AND WAGES

B. STAFF REMEFITS IF CHARGED AS DIRECT COS
C. TOTAL SALARIES, WAGES, AND STAFF BENEFITS (A + B)

D. PERNMANENT EQUIPMENT

E. EXPENDABLE EQUIPMENT AND SUPPLIES

F. TRAVEL 1. Domastic {Including Canada)
2. Foreign
G. PUBLICATION COSTS
H. COMPUTER COSTS IF CHARGED AS DIRECT COST
{. OTHER DIRECT COSTS

Communications

J. TOTAL DIRECT COSTS (C through |}
K. INDIRECT COSTS

46% of Salaries and wages

L. TOTAL COSTS (J plus K) ' 122,892
.

M. AMOUNT OF THIS AWARD (ROUNDED) <

- REMARKS: Use extra sheet «f necessary

*Includes anticipated 10% salary increase
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| C‘. .' ’ )
- 1 4
oA i U

ENGINEERING PROGRAM
Task 3.6

NATIONAL SCITNCE TOUNDATION BE—
Washington Dic. 3ussp = DATION RESEARCH GRANT
BUDGET WORKSHEET

INSTITUTIC;N AND ADDRESS NSF PROGRAM PRINGIPAL INVESTIGATOR(S]
University of Hawaii HAWAII GEOTHERMAL
Honolulu, Hawaii 96822 PROJECT Paul C. Yuen
FROPOSAL NUMBER RECOMMENDED DURATION| GRANT NO. RECOMMENDED GRANT AMOUNT
s
A. SALARIES AND WAGES : Ik amapd May Menshe NSF GRANT
1. Secnior Personnel Cal. Acad. | Summ. EUDGET
8. (Co) Principal Investigator(s) $
b.___:i___ Fsculty Associates ‘ 2.2 6.0 19,869*
Suh-Total 10 .869%*
2. Other Personnel {Non-Faculty)
a. Research Associates—Postdoctoral
. Non-Faculty Professionals )
c. 3 Graduate Students . ...... i iiiirerorsasansaanns ivesae s erestientaesreaaas 13 s 608-
d. 2 Pre-Baccalaureate Students . . ... ... it cncnncnns U N —— . 2;000
e Secretarigl=Clerical ..... ... . i iiitiinenanens T I S
f.__1__Technical, Shep,and Other. .. ... .. iiviannneanans arw wi e aTe 8% 8 Wi €5H w @ 8 ea die & 8w e 8 . 5,0@0
TOTAL SALARIES AND WAGES 40,477
8. STAFF BENEFITS iF CHARGED AS O!IRECT COST 1 ,985

. TOTAL SALARIES, WAGES, AND STAFF BENEFITS (A + B)

o

3 ™y

. PEBMANENT EQUIPME R T
D. PERMANENT EQUIPMENT R R R e

500

E. EXPENDABLE EQUIPMENT AND SUPPLIES gj680
F. TRAVEL 1. Doraestic {Including Canada) : 3,800
2. Foreign 4,000

G. PUBLICATIONﬂCOSTS 1 1000
H. COMPUTER COSTS {F CHARGED AS DIRECT COST 3“?000

{. OTHER D!RECT COSTS

Communications

J. TOTAL DIRECT COSTS (C through 1)
K. INDIRECT COSTS

46% of Salaries and Wages

L. TOTAL COSTS (4 plus K}

M. AMOUNT OF THIS AWARD (ROUNDED) <

REMARKS: Usas extra sheet if necessary

*Includes anticipated 10% salary increase
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‘

ENVIRONMENTAL-SOCIOECONOMIC PROGRAM

BUDGET SUNIMARY
- - ~a. 1
CNATIONAL SCIENCE | CUNDATION RESEARCIH GRANT
Vestington, D.C. 20550 uk : SR
ﬂﬂD”;?\”“V:gz 5% -

LHSTITUTION AND ADDRISS HSF PRIOGRAM

University of Hawaii
Honolulu, Hawaii

PROJECT

HAWATI GEOTHERMAL

Robert M.

FPRINCIFAL INVELTIGATOR (L]

Kamins

PROPOSAL NUMBER ‘HECONINSENDED DURATIONIGRANT NO,

RECOMMENDED GRANT AMOURNT

i s
A. SALARIES AND WAGES o the nearese Wit hesiF Gty

1. Senior Personnel Cal. | Acac. Summ—.-q BURGEY
8. 2 (Co) Principat Investigator(s) 6 2 $ 25,000 % |
b.__4_ Faculty Associates 1 8 18 3 926_ *

Suh-Total 4319?6 *

2. Other Personnel {(Non-Faculty)
a.__ Research Associates—FPostdoctoral
h.___  Non-Faculty Professionals N
c._ &  Graduate Students (3 .P.al".t:'T.'imE) .................................. SATETT 10,536
d,v_-l_ Pre-Bacczlaureate StUCeNtS L ..o L. ittt it et _ 2 QQO
&__J__ Socretarial =CHOriCal ... .. . oo d v v s e e s e e e e s e e st e e s e s e s el e eie 8 G 6 s 000
£, Tt;ch’.\icai, SO, ant OINeT . e e i e e

TOTAL sAL /\RH

It VI)\I}'\G!S
B8, ~.xt*;{ l’rNFH‘(- 1F Ct”‘!”hrﬁ n-L)lL,,’“l COST

C. TOTAL SALARIES, VWAGES, AND STAFF CENEFITS (A + B)

D. PERWMANENT EQUIPIMENT

£, EXPE{NDABLE EQUIPIMENT AND SUPPLIES

F. TRAVEL 1. Domastic {Including Canada)

2. Fmoign

G, PURLICATION COSTS

H, COMPUTER COSTS IF CHARGED AS DIRECT COST

{. OTHER DIRECT CCSTS

Consultants

J. TOTAL DIRECT COSTS (C through ()

K. INDIRECT COSYS

L. TOTAL COSTS (J plus K}

131,763

M. AROUNT GF THIS AWARD (ROUNDED)

REMARKS: Use extra sheet if necessary

*Includes anticipated 10% salary increase.
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(54 LJONAL SCIENCE TOUNDATION

PROGRAM ADIMINISTRATION AND SUPPORT

Task 4.0

Washington, D.C. 20550

RESEARCII GRATD
BUDGIT WOITIISHET

INSTITUTIONR AND ADDRESS HNSF PROGRAM
University of Hawaii

Honolulu, Hawaii 96822 PROJECT

HAWAII GEOTHERMAL

PRINCIPAL IRV LEYVIGATOH(Z)]

Robert M. Kamins

PROPOSAL NUMBER (RECOMMENOED DURATION|[GRANT NO.

RECOMMENDED GHRANT AMOUNT

]

A. SALADIES AND WAGES

1. Seninr Personnel

MNSF Funded Man Months

{to the nearest tenth) HSF GRANT

Cal. Aced. | Summ. BUDBLY

B. STAFF CENEFITS IF CHARGED AS DIKECT COST

a.J____(Co) Principal Investigator(s) 3 1 & jz,f)( 10 *
b.______ Feaculty Associates
Suh-Totai P ] 2 LSOO *
2, Other Personnet {Non-Faculty) R
a.____ _ Research Associates—Postdoctoral
h.______ Non-Faculty Prefessionals -
Co Graduate STUdENTS ... v s euiivvesemsnsrsosvisoionssonsnedanasosnnshssonssossssns
d.. Pre-Baccalatureate STEUBOE .. uu o s vowi aon e vi aiw v oo s mie a o0 & 0w w01 v st v i = 501 & 000 0 w0 o otis alacie = .
€. Sacretarial=Clerical . ... i vninviviiniinioasveans. b 5 WG e el S TS @ /0 8 (8 s ® T03 8 ik @ e
f.________Technical, Shop, and Other . L. .. . ittt it e i s S
___TOTALS 12500 ;

TOTAL SALARIES, WAGES, AND STAFF BENEFIVTS (A +B)

o

=

. PERMANENT EQUIPMENT

E. EXPENDABLE EQUIPMENT AND SUPPLIES

r. TRAVEL 1. Domestic (Including Canada)
2. Foreign
‘G. PUBLICATION COSTS 100

sl

. COMPUTER COSTS IF CHARGED AS DIRECT COST

OTHER DIRECT CQSTS

=~

TOTAL DIRECT COSTS (C through |}

~

. INDIRECT COSTS

L. TOTAL COSTS (J plus K)

M. AMOUNT OF TH‘S'AW.A.RD (ROUNDED)

-~

REMARKS: Use extra sheet if necessary

* Includes anticipated 10% salary increase.
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ENVIRONMENTAL

KATIONAL SCHENCE FOUNDATION
Washington, DO, 20550

INLTITUTION AND ADIDFESS HOF PROGH AL

University of Hawaii HAWAII GEOTHERMAL

FRINCIPAL IRVESTIGATOR(E)

TOTAL SALARIES AND WAGES

Honolulu, Hawaii 96822 PROJECT Robert M. Kamins
PROPOSAL NUMBER [FECOMMENDELD DURATION[GRANT 1HO. TRECOMMENDLD GRAMNT AROURNT
| s
A. SALARIES AND WAGES Sl iy o NSF GRANT
1. Senior Peisonnel i;yll Acad. | Summ. ELDGET
a.______{Co) Principat Investigator(s) $
b. 1 Faculty Associates . 1 4 10 ,339 _‘_'_k__
Sub-Total
2. Other Personne! {Non-Faculty) N
a. Research Associates—Postdoctoral
k. Non-Faculty Professionals
¢._ 3 Graduate Stuctents .. (Pa r.th.ime.) .................................... T 6,000
d. Pre-Baccalaureate Students ... ... i o ettt e e \ o
e CSacretarial=Clerical .. ... oo i i e ......................... .
f e ROERIICEL, SHOB, BHE O o5 i b 0 s b B s WA S R S AT W SR R S el Bl 0 F SR S R

B. STAFF BENEFITS IF CHARGED AS DIRECT COST

C. TOTAL SALARIES, WAGES, AND STAFF GENEFITS (A + B)

D. PERMANENT EQUIPMENT 3 Sequential Samplers 2940; Reagent Kits 720

,,,,, 3 Hi-Vol. Samplers 1080; Electric Fld. Srce 420 5.160
| E. EXPENDABLE EQUIPMENT AND SUPHLIES 300
F. TRAVEL 1. Domestic (Including Canada)l 3 ,_604:)

2. Foreign

G PUBLIGATION COSTS

H. COMPUTER COSTS IF CHARGED ~S DIRECT COST

I. OTHER DIRECT CGSTS

Consultants on Environmental Impact Studies

J. TOTAL DIRECT COSTS (C through 1}

K. INDIRECT COSTS

L. TOTAL COSTS {J plus K}

M. ALSOUNT OF THIS AWARD (ROUNGED)

@ |

REMARKS: Use extra sheet if necessary

* Includes anticipated 10% salary increase.

NSF FORM 569, JULY ‘?’}! 3]8

SUPERSEDES ALL PREVICUS% CEDIVIONKS



LEGAL AND REGULATORY

NATIONAD SCUPSUL FOUNDATION
Wa%hingiqn, D.C. 20350

University of Hawaii
Honolulu, Hawaii 96822

INSTITUTION AND ADURLSS HGF FROGIAM

HAWATI GEOTHERMAL

PROJECT

, PIVRCIPAL 1RV LHT1G AT O (<)

Robert M. Kamins

|

PROPOSAL NRUMBER “(E.'COMMLNUED DURATION] GRANT NO.
1

RECOMMERNDED GRANY AFACUNT

b3

TOTAL SALARICS AND WAGES

HOF GRANT

PUDGETY

<]

KNSF Funded Han Montns
A. SALARIES AND WAGES {to the nearest (enth) -

1. Senior Personnel | __Cal Aced. | Summ.
8. (Co) Principa! tavestigator(s)
b._ __ _ Faculty Associates 1

Guh-Total

2. Other Personnel {Non-Faculty}
a._______Research Associates—Postdoctoral
b. Non-Faculty Professionals o
B oo rBClate STHABHTE oo n s n i pe i B A D NE A AR R R R B AR F G AR R e R R ;
d._ Pre-Baccalaureate Students . ... ... ... B e,
e Secretanial—Clerical L e e e s
$oo o TEChRIEE!, SHOD, S0 GG oot 65 o5 e o 5 imne s 55 8 s 500 550555 5 mom 8 008 5 6 e 56 9 1m cor w0 2t o 5904 w8

B. STAFF BENLFITS IF CHARGED AS DIRECT COST

0

. TOTAL SALARIES, WAGES, AND STAFF BEREFITS (A + B)

D PERMARENT EGQUIFMENT

. TRAVEL 1. Domastic {Including Canada)

2. Fareign

-

LG FUBLICATION COSTS

H. COMPUTER COSTS IF CHARGED AS DIRECT COST

{. OTHER DIRECT COSTS
Consultants

J. TOTAL DIRECT CGSTS (C through 1)

K. INDIRECT COSTS

L. TOTAL COSTS (J plus K}

M. AMOUNT OF THIS AWARD (ROUNDED)

REMARILS: Use extra shicet if necessary

NSF FORM 569, JULY 1971 3]9

SUPERSEDES ALL PREVIOUL ED1TIORS




LAND-USE AND PLANNING
Task 4.3

NA”()NH] SCIFNCE TOUNDATION
21

Washington, D.C.
T\ Y(\/‘rl

3285500

RESEARCH GRANT

r Y ”: ¥7
WORESHENT

INSTITUTION AND ADDRESS !
£ i

University of Hawaii
Honolulu, Hawaii 96822

THSF PROGHAM

PROJECT

HAWAII GEOTHLRMAL

Robert M.

PRINCIPAL lHVl‘ZSTlGi‘uTON(‘J)

Kamins

PROPOSAL NUMAER

!HECOMMLNDED DURATION GRANT NO.

$
L

RECOMMENDED GRAHNY AMOUNRY

A. SALARIES AND WAGES

NSF Funded Man tfonths
{to the nearest tenthl

NSF GRANT

1. Senior Personnel | Cal Acad. | Summ. kil
a._______{Col Principal nvestigator(s) £
b.______ Faculty Associates _
Sub-Total
2. Other Personnel (Non-Faculty)
a.______Research Associates—Postdoctoral
b, Non-Faculty Professiona!s
c.___l__ Graduate Students ..., oo iiinneii e YTl LI AR MY G g T 4 . 536
d.___ Pre-Baccalaureate Students ... ... P PR S
€. Secretarial—Clerical ... ... it i e R S R G D R R R RS H 56
£ . Teclnicsl, Shop, and Qb ccoiws. snassismasvissrsmsadswinmininoraaameaios vves
e e T O, SALARES RO SALES: ——ﬂwwatgggﬁ‘»v—
6. STAFF BENEFITS IF CHARGED AE DIRECY ("\aT 297
C. TOTAL SALARIES, WAGES, AND STAFF BENEFITS (A + B) x\4,82'8' N
S S

D, PERMANENT EQUIPIMIENT

RN

E. EXPE{}_D_AB!_E EQUIPKICNT AND CUPFPLIES

F. TRAVEL 1.
2. Foreign

Domestic {Including Canada)

__G. PUBLICATION COSTS

H., COMPUYTER COSTS IF CHARGLD AS DIRECT COST

{. OTHER DIRECT COSTS
CONSULTANTS

J. TOTAL DIRECT COSTS (C through I}

K. INDIRECT COSTS

L. TOTAL COSTS (J plus K}

M. APAOUNT OF THIS AWARD (ROUNDED)

REMARKS: Use extra sheet if necessary

320
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ECONOMICS
Task 4.4

HAWATI GEOTHERMAL

University of -Hawaii PROJECT

Honolulu, Hawaii 96822

NATIONAL SCIFNCE FOUNDATION A"
Vashington, D.C. 20350 RESEARCH GRAN l
BUDGET WORNSHERT
INSTITUTION AND ADDRESS NSF PROGRAM PRINCIPAL INVK;TIG/ATDH—(U)

Robert M. Kamins

PROPOSAL NUMBER \RECOMMENDED DURATION[GRANT NO,

RECOMMENDED GRANT AMGUNRY

%

A. SALARIES AND WAGES

NSF Funded Man Months

{to the noarest tenth) NSF GRANT

1. Senior Personnel

—i " -
Cal. Ac’z?y;ﬁ Summ. BUDGET

a. | {Co} Principal Investigator(s)

3 1 $_12,500 %

b. 3 __ Faculty Associates

4 8,587 *

S:th-Total

21,087 =

_TJOTAL SALARIES AND WAGES

4
2. Other Personnel {Non-Faculty)

a._______Research Assoziates—Postdoctoral B
b. Non-Faculty Professionals

€ Graduate STUeNTS ... i i it e

d.y_l__ Pre-Baccalaureate Students ... . i oo ii e s
e._] .. Secretarlal=Clorical ..o mimn s g e m s wmea e P

{ __Tachnical, Shop, and Othor . ..o it et i i s

B. \)IAI FBLRNOFIYS §F CHABRGED AS DIRECT COST

C. TOTAL SALARIES, WAGES, AND STAFF BENEFITS (A + B)

D. PERMANENT EQUIPMENT

E. EXPENDABLE EQUIPIMENT AND SUPPLIES

E, TRAVEL 1. Domostic (Including Canada)
2, Foreign

|G, PUBLICATION COSTS

| H. COMPUTER COSTS iF CHARGED AS DIRECT COST

I. OTHER DIRECT COSTS

J. TOTAL DIRECT COSTYS (C through 1)

K. INDIiRECT COSTS

AR
13,380

L. TOTAL COSTS (4 plus K}

46,411

M. AMOUNT OF THIS AWARD (ROUNDED)

REMARKS: Use extra sheet if necessary

* Includes anticipated 10% salary increase.

NSF FORM 569, JULY 1971 » 32]
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Exploratory Researcn Drilling Program

Task 5.0 - 1975

RATIONAL 3¢ LNCE TOUNDATION DYCT A T i AT
i e =AY SR DY H i AR
Washington, D.C. 20550 RESEARLIT uiad

e g g

DUDGET WORRKSETEET

7 4

; 1Y

INSTITUTION AND ADDRIZSS HSF PHOG R AL PIINCIPAL IHVLSTIGATCE(3)
. —
AGATIN T. ABBOTT
FRAOPOSAL NUMBER RECOMMENDED DURATION| GRANT RO. RECOMMENDED GRANT AMOUNRT

s

TOTAL SALARIES AND VIAGES

A. SALARIES AND WAGES o e crnt ] N3F CRANT
1. Senior Personnel Cal. Aced. | Summ. HIpEEE
&, __]_(Co} Principal Investigaior(s) 1«0 {8 72 ,800 *
b._______ Faculty Associates
Suh-Total ,
2. C:iher Fersonnel (Non-Faculty)
a.___ ___BResearch Asscciates--Postdectorel
. ___L _ Nen-Faculty Professionals 9 a 30{)0
c.__Z___ CrEdUBte SIUABHTE .., v i s T8 fmmnm s Gd G B5 SR 8 95 AT 6 08 RS B d mek § R H 4 W 8 & 85 58 W8 7 5 200
d, Pre:Baccalaureaty STUABATS . civpow v sms wsmoavingmgaie s e iss s = 55 o s 959 8 w1a ave caneenas __Al;_i@_@*__
e. Z Sectetartal=Clorital «.u « w « v s o s w10 iy 5 505 4 o o0 w10 § 278 wrei s el @ iy S5k e o @ BUS W § E0E s o eTe 4 whe wrig i2 )OOO
f. ~___I ___Technical, Shop,and Other. . .. ..o it it i i iincnnnn. . et e et 5 -,OQO

B, STAFF BENEFITS IF CHARCED AS DR

C. TOTAL SALARIZS, WAGESE, AND STAFF SZNEF

D. PERMANENT EQUIPMENT

For handling and storage of drill cores & other materials from dri

E. EXPeNNDABLE EQUIPMENT AND SUPPLIES

. et e———

F. TRAVEL 1. Domastic {Including Canada) (inter'island 'iT]CqIUCE?,d) Car & jeep ran
2. Foreign gas & o0il included; also per diem

.G, PUSLICATION COSTS

H. COMPUTER COSTS IF CHARGED AS DIRECT COST

1. OTHER DIRECT CGSTS: Communications $1,000;

construction included (ses ramarks)

Drilling Prog. Manaczrs (10% of costs=1,000,000% $100,00U0 road

J. TOTAL DIRECT CCSTS (C througi 1)

K. INDIRECT COSTS

On Campus (45% of $27,800) 12,788
ff Campus (32.49% of 8,700) 2,826

6,790

L. TOTAL COSTS {J plus Ki

1,205,974

M. AMOUNT OF THIS AWARD (ROUNDED)

~
b

REMARKS: Usz exira sheet if necessary

Rental of field office - $400/mo $4,800
Drilling, Logging, Material $900,000"
Comnunications $1,000 .

Prog. Managers fee 100,000

Road Construction 100,000

$1,105.800 total

(* Includes 10% anticipated salary increase.)

NSF FORM 369, JULY 1971 . 322
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Hawaii Geothermal Project
Exploratory Research Drilling
(For Three-Year Period)
Total Cost - $4,054,000

Decllars in Thousands

Breakdown CY75 CY76 Y77
Drilling, logging, coring, etc. 900 1,500 750
Road Construction 100 100 25
Consul. Engineering Co. fee f 106 160 78
Personnel 41.4 50 46.5
Office rental 4.8 10.8 3.2
Travel & Per diem 31 31.5 26
Equipment & Supplies 7 8 4
Publication & Computer 4 4 7
Communication 1 1 1

Sub~Total 1,189.2 1,865.3 940.7
Indirect Costs 16.8 24.0 223
TOTAL 1,206,0 1,889.3 963.0

The above ficures represent drilling costs for the three years

of the Exploratory Research Drilling Program.

This proposal, however,

describes the program for Calendar Year 1975 and, hence, requests
only the CY 75 funding of $1,206,000 for the Drilling Program.
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vee

Shallow Holes

8 holes each
area; 500" ave.
deoth; b-month
completion each
area.

Interm. Holes

Lk holes each
area; 2000'

depth; 6-month

completion each
area,

De=ep Holes

1 hole each

area; 6000' min.

depth; S5-month
completion each
area.

ave,

PRELIMINARY TIME-COST ESTIMATE AND SCHEDULE FOR EXPLORATORY DRILLING

Time-cost estimate subject to revision.
Funds exchangeable within drilling program.

Prepared by Agatin T. Abvott.

$ 2,550,000
600,000

225 00

~~ drilling, materials
-- mobilization
~-- road construction

$ 3,375,000

Eawaii Geothermnl Project
1975 1576 1977
1/1 3/1 7/1 8/1 12/31 2/1 6/1-
— 1} ' : Tobel depbh = b LLO Total Hours
12,000 feet .
8 PUNA GREAT SOUTH =58 € 3,000 drilling hours
ENGIIi. CRACK POINT € $100/hr.
PREP. $300,000 includes all
LAND costs except mopiliz.,
AGREE-
MENTS Total depth =
/{;;>/ 24,000 feet
;;///;/// 8/1 3/} f/l 10/* fl/l 5<1 12,960 Totsl Hours
/// #4 LI i T 1 .
//// gt /<;C;ii: PUNA GREAT CRACK SOUTH POINT 7’§O§l§g%iii“g houre
. ENGIN. $1,050.000 includes
7/ PREP. A i - .
y A all costs except
/, w7 mooiliz.
EEVER
ACRERIGENES Total depth =
223;/ 18,000 feet plus
1 8/1 9/1 /1 3/1 8/1
’ / 3{ "y L/ c :/ / 10,800 Total Hours
]
y ;//*///7 3 LI | o 1
/2 PUNA GREAT CRACK SouTH POINT 6,000 drilling hours
4 /ENGIN, PRFP., 7 cﬁ$goo/hr.
////'//// LAND AGREE -;;34 $1,§§o.oog includis
~ Vi a costs excep
//j4 /// S S S A mobiliz.
§ 900,000 $ 1,500,000 $ 750,000
+ 100,000 road construction + 100,000 road construction + 25,000 road construction
$ 1,000,000 $ 1,600,000 $ 775,000
TOTAL




