














greater than 229C. 1t is not recognized 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. FElectrical 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
sdbsurface low resistivity. Both of these areas 1ie along the Northeast Rift
"zone of Kilauea. In Figure 1 the circled area roughly ocutlines 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 Tayer
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 low 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 loop-loop magnetic induction survey in the
northeast Puna area.

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

c. Réconnaissance of four areas on Hawaii Island (excluding Puna)
which have 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 lines in Fig.
1. High temperature well waters in these areas add support to such a possibility.
The two-loop soundings, whose Tocations 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 jn 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 asgﬁciated with Rift fissures. |
However, the existence of shallow high temperature areas of large horijzontal
extent are not in evidence. It is recommended that detailed "deep" geoelectric

surveys be carried out in the anomaTous areas mentioned -bove. under the hypothesis
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that these regions are shallow 1nd1cators'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 penetratijon of thissystemis about two kilometers.

4. 1In 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
Tow 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
gearth 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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&, 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 now 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 medulated,
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 technigues were
tried; such as digitizing the records followed by power spectrum analysis by
comptiter; 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 signz21s through narrow band filters and obtaining rectified, averaged
power levels. By this technique if 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 lLoa.
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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.

Althcugh 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 d1pping 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 zoné
'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 low resistivity
anomalies. These are encouraging si.gns. 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.
This_task was carried out under the direction of Dr. P. F. Fan.

As additional funds were promised by the National Science Foundation to
continue the pragram 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 convection in 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
Tight of publication. The infrared scanning survey is the only one of the
field work that is in publishable form. However, literature survey and compi-
Tation 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:

AT, Abﬁott - Imagery from Infrared Scanning of the East and Southwest
Rifts of Kilauea and the Lower Portion of the Southwest Rift of Mauna
Loa, Istand 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 Voicanoes:

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 presenht 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 eﬁch yields a distinct type of
information.

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

Infrared scanning aerial photography

——
»

2. Electrical resistivity reconnaissance by dipole-roving dipole method
3. Loop to loop electromagnetic method

4, 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 location

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 Cotorade School of Mines.

0f 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 1eve] 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,
computer 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

KEOKI.
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To round out 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
mostiy 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 distributions
and known values of permeability hint that theré could be no convective motion
of ground water in Puna Area away from the rift zones. Outside 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 (c¢cf. previous
chapter) then that water wﬁs 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 assembling
and testing instruments and later 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 gegelectric 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 gecelectric 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 |

(1)

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

(2), (3)

for electromagnetic work and three-layer interpretations for galvanic

work. These are based on standard and limited two and three layer 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
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-loop and Toop-line electromagnetic

(4) (5)

soundings over horizontal layers, possibly along the line of Ryu

and Koefoed(G). (B) Multilayer (greater than three) modeling of the data obtained

, and Morrison

in Hawaii. (C) Development of direct inversion schemes for multilayer cases,
possibly along the line of Glenn et gl,(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 understood 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 more 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 drilling, 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 islands. 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 net include
' éufficient funds to complete these surveys, preliminary work could be started
simultanecusly with a request for additional funds which could be evaluated

on the basis of positive results.
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(1)

(2)

(3)

(8)

(9)

Footnotes

Silva, L.R., 1969, Two-Layer Master Curves for Electromagnetic Sound-
ings, Thesis, Colo. Sch. of Mines.

Orellana, E. and H.M. Mooney, 1966, Master tables and curves for vertical
electrical sounding over layered structures. Interciencia, Madrid,
Standard Graphs for Resistivity Prospecting, Rigkwaterstaat, Netherlands,
pub. by E.A.E.G., The Hague.

Ryu, d., H.F. Morrison and S.H. Ward, 1970, Electromagnetic Fields about

a Loop Source of Current, Geophys. 35, 862-896.

Morrison, H.F., R.J. Phillips, and D.P. O'brien, 1969, Quantitative Inter-
pretation of Transient Electromagnetic Fields over a Layered Half-Space.
Geqphys'. Prosp. 17, 82-101.

Koefoed, 0., D.P. Ghosh, and G.J. Polman, 1972, Computation of Type Curves
for Electromagnetic Depth Sounding with a Horizontal Transmitting Coil by
Means of a Digital Linear Filter. Geophys. Prosp. 406-420.

Glenn, W.E., J. Ryu, S.H. Ward, W.J. Peeples, and R.J. Phillips, 1973;

The Inversion of Vertical Magnetic Dipole Sounding Data. Geophys. 38,
1109-1129.

Lee, C.Y., 1973, The dipping layer problem in resistivity, Colo. Sch. of
Mines, T1610.

Price, A.T., 1949, The Induction of ETectric Currents in Non-Uniform Thin

Sheets and Shells, Q.J. Mech. Apnl. Math. 2,283-310.
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Task 2.3

Theoretical and Numerical
Modelling,
Computational 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 tne hydrothermal system of the east rift of Kilauea.
As data come in month by month, a clearer picture is év01ving.

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 wells in the Puna area.
From the velocity of the tidal effects throuqﬁ 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 Tocation program HYPO 71 to be used by Task 2.5 is being medified 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 also complete the gravity and magnetic survey pregram 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

Termnerature 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 wells in the South Point
area for repeated temperature measurements. At this time we expect to measure the
temperature variations with depth at Teast 20 times in each hole over a one 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.

A1l of this information is critical to evaluation of aﬁy geothermal power source.

Groundwater movement through the area around a well will upset the normal
temperature gradient due to the earth's heat (sez for example, Birch, 1947).
Staliman (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 low 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 Targely 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 1in 1976 and
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1977. 1t is essential also that we determine whether the groundwater 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 resuiting
thermal conductivity values will then be compared to the conductivity values deter-
mined in the laboratory.

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 maama. Because of the low 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 transmitied to the

well site much more rapidly.

References
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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. Micreoearthquakes will be continued te be monitored in the Puna area
dur{ng the calendar year. Seasonal variation of earthquakes has been observed
in other seismic areas, and perhaps Puna area may also show such variation.
However if microearthquakes are associated with geothermal sources, there shouyld
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, ﬁe 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 KECKI. The vessel is equipped to do routinely
magnetic surveys, gravity surveys, seismic reflection profiling, single ship
seismic refraction by sonobuoys, bathythermograph measurements. All 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 toc August 1974, a large amount of data on seismic noise
survey and microearthquake monitoring will be gathered. In the geophysics
- gverview, 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.

#or 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.
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Task 2.6
Geochemical Surveys

Pow-Foong Fan

Studies of the stable jsotopes 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 Truesde]]Q 1973).

Oxygen and deuterium isotope studies of 10 wells and 2 warm-water springs
have been made in the Puna Rift System of Kilauea Volcano, island ¢f Hawaii.
Temperature and chemical measurements have élso been analyzed in an effort to
determine the thermal history of the groundwater. Results show a positive corre-
Tation between 5018 and temperature, especially where the Puna waters are compared

with other Hawaiian waters, The 018

enrichment can be interpreted as water-rock
exchange at geothermal temperatures C>15D°C) 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 literature 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 hoics tnal will eventually be drilled on the isiand of
Hawaii.

The alteration products, hematite, amorphous 1ron; 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
Lone 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 p1aCe; More detailed mineralogical
and chemical studies are needed to understand the influences of the gas-liquid-solid
interface reaction between hydrothermal fluid, 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

Hydrology

R.W. Buddemeier, P. M. Kroopnick
and L.S5. 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 geothermaily
altered or juvenile waters, and the effects on non-geothermal water resources of
drii]ing, energy production, etc;

14

Hydrologic studies including chemical, " 'Cm ]3C/]2C and 3H analyses have bezn

successfully used to characterize the dynamics of groundwater systems in non-
geothermal areas of Hawaii]’ 2. In addition, the use of 180/160 and 2H/lH ratios
in combination with these other techniques strengthens regional hydrology investi-
gationsB, permits identificatien and has demonstrated potential for exp1oration5
and for assessment of reserves and alterations in producing geothermal energy
systemsBQ

Because of the broad and multifaceted applicability of hydrolegic 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 (a1l 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 pffer

significant potential for geothermal energy.
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2)

3)

4)

5)

6)

Footnotes

Hufen, T.H., R.W. Buddemeier and L.S. Lau, (1974). Iéotopic and chemical
Characteristics of High-Level Groundwaters on Qahu, Hawaii, Water Resources
Research 10, 366-370.

Hufen, T.H., R.W. Buddemeier and L.S. Lau (1974). Radiocarbon, Carbon-13
and Tritium in Water Samples from Basaltic Aquifers and Carbonate Aquifers on

the Island of Oahu, Hawaii. Proceedings, Symposium on Isotope Techniques in

Groundwater Hydrology, IAEA, Vienna (in press).

Gat, J.R. (1971) Commznts on the Stable Isotope Method in Regional Groundwater
Investigations, Water Resources Research 7, 980-993.

Graig, H. (1963) The Isotopic Geochemistry of Water and Carbon in Geothermal
Areas, pp. 17-53 in Proceedings of the Spoleto Conference on Nuclear Geology

and_Geothermal Areas, E. Tongiorgi, Ed., Consiglio Nazionale delle Ricerche,

Rome.

Panichi, C., R, Calati, P. Noto, P. Squarci, L. Taffi and E. Tongiorgi (1974).
Oxygen and Hyvdrogen Isotope Studies of the Larderello (Italy) Geothermal
System. Proceedings, Symposium on Isotope Technicues in Groundwater Hydrology
IAEA, Vienna {in press).

Banwell, C.J. (1963). Oxygen and Hydrogen Isotope in New Zealand Thermal Areas,
pp. $5-137 in Proceadings of the Spoleto Conference on Nuclear Geoloaoy and

 Geothermal Areas. E. Tongiorgi, Ed., Consiglio Nazionale delle Ricerche,

Rome.
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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 vé-
Tocity in vesicular basalts at modest pressures (1-5 kbar) are not known ;
'hence, a realistic interpretation of subSurface temperature distribution; a use-
ful indicator of successful exploitation of geothermal energy, cannot be made
from the observed seismic data.

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

]’2’3. Such a relation, if established for the Hawaiian basaltic

conductivity
irocks, would be most useful for interpreting, from seismic velocities, sub-
surface thermal conductivity and hence the temperatures beneath the poterntial
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-
jvity 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:
¥. To undertake laboratory studies for investigating the relationships

among geovnhysical parameters, such as velocity (V_ and VS), thermal con-

P
ductivity, and electrical resistivity of basaitic rocks, having various
density, porosity and fluid content. under the pressure and temperature
environments compatible with depth to a few kilometers of interest (i.e.
to 300°C and 5 kbar}. The results will enable us to understand the effects

of porosity on the physical properties, 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 wili 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 Tine-
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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Footnotes

Horai, K., Thermal Conductivity of Rock-forming Mineral, J. Geophys. Res.,
vol. 76, pp. 1278-1308, 1972.

Horai, K. and A. Nur, Relationship amohg Terrestrial Heat Flow, Thermal
Conductivity, and Geothermal Gradient, J. Geophys. Res., vol. 75, pp. 1985-
1991, 1970.

Horai, K. and A. Nur, Relationship among Terrestrial Heat Flow, Thermal Con-
ductivity, and Debye Temperature for Filicates, J. Geophys. Res., vol. 75, pp.
978-982, 1970.

Heacock, J.G., Intermediate and Deep Properties of the Earth's Crust, a
Possible Electromagnetic Wave Guide, Naval Research Reviews, pp. 12-25,
February 1972.

Birch, F., The Velocity of Compressional Waves in Rocks to 10 kbars, Part 1,
J. Geophys. Res., vol. 65, 1083, 1960.

Brace, W.F., A.S. Orange and T.R. Madden, The Effect of Pressure on the
Electrical Resistivity of Saturated Crystalline Rocks, J. Geophys., Res.,
vol. 70, 5669, 1965.

Jaeger, J.C., The Uses of Complete Temperature Time Curves for Determination
of the Thermal Conductivity with Particular Reference to Rocks, Aust. Jour.
Phys., vol. 12, 3, 203-217, 1959.

Jaeger, J.C. and J.H. Sass, A Line Source Method for Meésuring the Thermal
Conductivity and Diffusitivity of Cylindrical Specimens of Rock and the Other
Poor Conductors, Brit. J. Appl. Phys., vol. 15, 1187, 1964.
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CURRENT RESEARCH SUPPGRT FOR PRIKCIPAL INVESTIGATOR

The following is a 1isting of the extramurally-funded projects for
Augustine Furumoto, Principal Investigator of the Geophysical Program.

1. Oceanographic Investigations
0ffice of Naval Research, Project WR-083-603

2. An Engineering Feasibility Study of an Ioncspheric Technique

to lmprove Tsunami Warning Systems
National Science Foundation, Grant GI-34973
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(cont.)

(with A.W. Fairhall) "Historic Variations in the_Specific C-14 Activity of Ocean
‘Water," (abs.) EOS, Trans. Amer. Geoohys. Union, 51{4), 336, 1970.
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(with T.H. Hufen) "Radiocarbon and Tritium in Hawaiian Natural Waters," Univ.
of Hawaii Water Resources Res. Cntr. Tech, Rept. #53, 1972.

(with D.W. Knutson, S.V. Smith) "Coral Chronometers: Seasonal Growth Bands in
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(with T.H., Hufen and L.S. Lau} "Isotopic and Chemical Characteristics of High

Level Groundwater on Oahu, Hawaii," Water Res. Research, 10, 365-370,1974.

(with J.E. Maragos, and D.W. Knutson) "Radjographic Studies of Reef Coral Exo-
skeletons: Rates and Patterns of Coral Growth," J. of Experimental Marine
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"Environmental Controls over Annual and Lunar Monthly Cycles in Hermatypic Coral

Calcification," in Proceedings 2nd Internat'l Coral Reef Symp. (in press), 1973.
{with T.H. Hufen and L.S. Lau} "Radiocarbon, Carbon-13 and Triti'm in Water
Samples from Basaltic Aquifers and Carbonate Agquifers on the Island of Oahu,

Hawaii," in Proceedings, Symposium on Isotope Techniques in Groundwater

Hydrology, IAEA, Vienna, (in press) 1974.
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Payid EPP

Academic Training: ‘ :

Univ. of Kansas Jan. 1963 B.S. in Geol. Engr.

Univ. of Kansas June- July 1963 Graduate Work

Univ. of Hawaii  Sept. 1971-present Graduate Work

Univ. of Hawaii  May 1973 M.S. in Geology and Geophysics
Professional Experience:

Feb-Dec 1964  Lamont Geoclogical Obs., working with the heat flow prog.
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Jan-Feb 71 R.Y. VEMA
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of Mexico, J. Geophys. Res., 75, 5655-5669,
(with T. Watanabe, S. Uyeda, M.G. Lanseth, Jr.) Heat flow in the Philippine
. Sea, Tectonophysics, 10, 205-224.
(with M. Yasui, K. Nagasaka, and T. Kishii)Terrestrial heat flow in the seas
around the Nansei Shoto (Ryukyu Islands), Tectonophysics, 10, 225-234.

89
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Pow-Fodng Fan (2)
PRINCIPAL PUBLICATIONS

Geological periodicals of ma1n1and China. Economic Geology, v. 56, pp. 786-739
(1961).

Morris, W.J., and Pow-Foong Fan, Abrasion effects on arkose mixtures,
J. Sedimentary Petrology, v. 32, pp. 226-230 (1962).
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geochemistry and mineralogy from Communist China (1959-1963).

Recent silts from Santa Clara River drainage basin, California: A mineralogi-
cal investigation of their origin and evolution. University of California

at Los Angeles doctoral dissertation, Ann Arbor, Mich., University Microfilms,
Inc., 159 pp. (1965). :

- Fan, Pow-Foong, and S.M. Pottratz, Carbpnate mineralogy of Hawaiian beach
sands (abstr.), Geol. Soc. Am. Ann. Mtg., p. 36A (1966).

Recent silts in the Santa Clara River drainage Basin, South California: A
mineralogic investigation of their origin and evolution (abstr.), Geol. Soc.
Am, Spec. Paper No. 101, pp. 65-66 (1968).

Fan, Pow-Foong, and R.R. Grunwald, Mineral assemb]ageé of recent Hawaiian
marine sediments (abstr.), Geol. Soc. Am. Spec. Paper No. 115, p. 63 (1968).

Geological Contributions from China: Problems of Chinese Geotectonics.
Problems of Structural Geology. Characteristics of the Geological Structure
of the Mesozoic and Cenozoic in Northern and Southern China. Science Press.
(1965-1966). (Book Review). Science, v. 162, pp. 888-889 (1968).

Woollard, George P., and Pow-Foong Fan, The relation of gravity anomalies
to geology of East and Southeast Asia {abstr.), Geol. Soc. Am, Spec. Paper No.
121, pp. 328-329 (1968},

Fan, Pow-Foong,and W.C. Burnett, Sedimentation in Estuarine pollution in the
State of Hawaii. Part II: Kaneohe Bay study, Section A, 46 pp. University
of Hawaii Water Resources Res. Center Tech, Report No. 31 (1970).

Clay mineralogy and geochronology in Semi-Annual Progress Report July 1-Dec.
31, 1969 Project No. NRO83 603, pp. 45-47, Hawaii Institute of Geophysics
Report 70-4, 49 pp. (1970).

Morgenstein, M,, and Pow-Foong Fan, The deyvelopment and composition of sedi-
mentary manganese in the Kauwai Channel, Hawaii, in Annual Progress Report
Contract NGOQ14-70-A-0016-0001 January 1, 1970-July 30, 1970, pp. 70-72,
Hawaii Institute of Geophysics Report 70-27, 75 pp. (1970).

Deep-sea sediment cores from the South Central Pacifié Basin (abstr.),
Geol. Am. Annual Meeting, Cordilleran Section, pp. 117-118 (1971).

Fan, Pow-Foong, and R,R. Grunwald, Sediment distribution in the Hawaiian
Archipelage, Pacific Science, v. 25, pp. 484-487 (1971).
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Pow-Foong Fan (3)
Publications (continued)

Clay mineral assemblages in Hawaiian marine sediments {abstr.), Program and
Abstracts, 20th Ciay Minerals Conf., p. 40 (1971).

Mineralogy of coastal and shallow-water sediments of Hawaii {abstr.), Proc.
2nd Coastal and Shallow Water Research Conf., p. 64 (1971).
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Fairbridge, Ed. Reinhold Pub. Corp., New York.

Mineralogy of some Hawaii coastal and marine carbonates (abstr.}, AAPG SEPM
Ann. Mtg. (1972).

Fan, Pow-Foong and I. Zemmels, X-ray mineralogy study-Leg 12, In Laughton,
A.S., et al.; Initial Report of the Deep Sea Drilling PTOJect y. XII,
U.S. Government Printing Office, Washington (1972), pp. 1127-2254,
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et al., Initial Report of the Deep-sea Brilling Project, Vol, XIV, U.S.
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“Yarjation in the Thickness of the Crust in the Hawaiian Archipelago," (with
Woollard, Campbell and Hussong), The Crust and Upper Mantle of the Pacific

Area, Monograph 12, Amer. Geophys. Union, pp. 94-111, 1968,
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Kuril Island on August 11, 1969," {with Weaver, Yuen, and Prolss), Nature,
226, pp. 1239-1241, 1970.

"Continuous Traveling Coupling Between Seismic Waves and the Ionosphere Evident
in May, 1968 Japan Earthquake Data," (with Yuen, Weaver, and Suzuki), J.
of Geophys. Research, 74, pp. 2256-2264, 1969.

"Source Mechanism of the Alaska Earthquakes and Tsunami of March 27, 1964, Part
1T, Rayleigh Waves,"Pacific Science, 21, no. 3, pp. 311-316, 1967.

'“Seismicity of Hawaii, Part I, Frequency-Energy Distribution of Earthquakes," Bull.
Seism. Soc. Am., 56, no. 1, pp. 1-12, 1966.

"A Gravity Survey of the Island of Kahoolawe, Hawaii, Pac. Sci., 19, no. 3, 1965.

"Field Survey of the Tsunamis of March 28, 1964 in Alaska, and Conclusions as to
the Origin of the Major Tsunami," (with Berg, Cox, Kajiura, Kawsumi, and
Shima), Hawaii Institute of Geovhysics, Rept. 70-2, 1970.

{with G. Taoka and A.L. Chiu) Natural Periods of a Tall Shear Wall Building,
Proceedings of 5th World Conference Earthquake Engineering, Rome 1973.

(with W.A. Wiebenga, J.P. Webb and G.H. Sutton) Crustal Structure of the Hawaiian
Archipelago, Northern Melanesia, and the Ctntral Pacific Basin by Sesimic
Refraction Methods, Tectonophysics, vol. 20, pp. 153-164.

(with G. Taoka and A.L. Chiu) Dynamic Properties of Tall Shear Wall Buildings.
Journal of Structural Div. , American Soc. of Civil Engineers, March 1974,

“Geophysical Exploration on the Stfucture of Volcanoes: Two Case Histories." in
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Publications

Augustine S, Furumoto (3)
' (cont.)

Proceedings of the U.S.-Jdapan Science Seminar ¢on Utilization of Volcano
“Energy, February 1974. Sandia Laboratories (in press).
(with W.A. wiebepga) Possibie Use of Rabaul VoicanicComplex as a Source of
Energy. Proceedings of the U.S.-Japan Science Seminar on Utilization of
Volcano Energy, February 1974, Sandia Laboratories (in press).
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A. John Halunen, Jr.

Born: 12 December 1938, Middleboro, Massachusetts
Marital Status: Married, two children
Academic Training:

Boise Junior College, Boise, Idaho 1960 Assoc. Arts

Univ. of Idaho 1965 B.S. in Geology

Univ. of Hawaii 1972 M.S. in Geology and Geophysics
Univ. of Hawaii (working on Ph.D}

Society Memberships:
American Geophysical Union
Amevican Assoc. for the Advancement of Science
The Society of the Sigma Xi
Professional Experiences:
1962-65
Spent approx. 23 months at the Woods Hole Ocean. Inst. of which 10 menths was
at sea. Major responsibility during this time was the proper operations of
the heat flow prog. on board the institute's res. vessels. Other duties and
responsibitities included:
Maintenance and operation of the 100,000 Jou e Sparker syst.
Piston core sampling
Dredge sampling
Oper. and Maint. of free-fall bottom sampling equipment
Supervision of electronic Tab. personnel and data cellection
Operation of underwater camera equipment
Sept. 1965 ,
Asst. in Geophysics, Hawaii Inst. of Geophysics, Univ. of Hawaii.
Took part in many geophysical res. efforts at sea in the Pac. including several
trips tec the Solomon Islands-New Britain area; the Fiji Plateau; the South
Fiji Basin-Lau Basin; the Austral Islands; and more recently the Nazca Plate-
Panama Basin.
Served as chief Scientist on the 85-foot R/V TERITU; R/V MAHI; R/V KANAKEOKI
Publications : |
(with F.S. Birch) Heat flow measurements in the Atlantic Ocean, Indian Ocean,
Mediterranean Sea, and the Red Sea, Journ. Geophys. Res., v.71, p. 583-586.
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Publications
A. John Halunen, Jr. (2) (cont.)

(with L:W. Kroenke and G.P. Woollard) 1966, Reflection profiles across Penguin
Bank {abst) for Pacific Science Congress.

(with L.W. Kroenke and G.L. Maynard) 1968, The Structural geology and geomorphology
of the Ontong Java Plateau north of the Solomon IsTands, Trans. Amer. Geophys.
Union, v.49, No.Z2.

(with M. Yasui, K. Nagasaki and T. Kishii) Terrestrial heat flow in the Okhotsk
Sea - Part II; The Oceanographical Magazine, v.20, no. 1, p. 73-86, 1968,

(with L.W. Kroenke, G.H. Sutton and G.P. Woollard) 1969, Geophysical reconnaissance
of the Darwin Rise (paper was presented at AGU, April 1969).

(With G.H. Sutton, and J. Michel) 1969, Mehsure. of ocean's heat flow: Ontong
Java Plateau and Darwin Rise areas {paper was presented at AGU, April 1969).

Heat flow in the Western Equatorial Pacific Ocean; M.S. Thesis, Univ. of Hawaii, 1972,

(with R.P. Von Herzen) Heat flow in the Western Equatorial Pac. Ocean, J. Geophys.
Res., v.78, p. 23, p. 5195-5208, 1973.

(with R.N. Anderson) 1974, The Implications of Heat Flow for Metallogenesis in the
Bauer Deep: Southeastern Equatorial Pacific, note submitted to Nature.
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Douglas P. Klein

Present Position: Research Associate, Hawaii Institute of Geophysics
University of Hawaii _
Education: 1963 B.S., Geology, lowa State University, Ames, Iowa
1965., General Geophysics, Univ. of Hawaii, Honelulu, Hawaii
Professional experience:
National Science Foundation Traineeship; participated in gravimetric,
electromagnetic and geomagnetic surveys (1965-66).
Principle U.S. participant in a cooperative U.S.-Japan research program
to study electromagnetic induction on oceanic islands.
Worked at the Tokyo Earthquake Research Institute as visiting research
field assistant (1969-70).
Field experience with Askania Geomagnetic Variographs, Sokkisha Recording
Fluxgate Magnetometers, lLaCoste-Romberg and Worden Gravimeters.
Experience in crganizing geophysical surveys (geomagnetic and geoelectric
' pregram while at the Univ. of Hawaii, geodetic graiviy surveys
during military serve).
General knowledge of most gravity, magnetic and land survey instruments
and interpretive techniques.
Extensive data processing experience (Fortran IV programming with IBM
360-65 computer).
Publications:
"Spatial Patterns of Time Variations in the Geomagnetic Field on the Hawaiian
Islands," J.C. Belshe and D. Klein, U.U.G.G. presentation, 1966.
"Observations of Short-period Geomagnetic Fluctuations of Hawaii," (written
in Japanese), with T. Rikitake, T. Yukutake, T. Yoshino, Y. Yamazaki,
Proceedings of Symp. on Conductivity Anomaly Studies in Japan,
tarthquake Research Institute, Univ. of Tokyo, 1969.
“Observations of Spatial Differences in Geomagnetic Time-Variations on the
' Island of Hawaii," (with A. Malahoff) Transaction, AGU, 50, 605,
1969.
“Geomagnetic Time-Variations on Hawaii Island and Mantle Electrical Conduct-
jvity," Transactions, AGU, 52, 824, 1971.
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Douglas P. Klein (2)
Publications (continued}

"Geomagnetic Time-Yariations in the Range of .5 to 6 cycles per Hour and Electri-
cal Depth Sounding on the Island of Oahu, Hawaii," M.S. Thesis, Univ. of
Hawaii, 1972.

Memberships:
American Geophysical Union
Geology Club
Society of American Military Engineers (student chapter)
Society of Exploration Geophysics
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Peter ¥. Kroopnick

Born: 31 January 1942 in Detrecit, Michigan
Marital Status: Married 1968, one child

Education:

Positions:

Societies:

Wayne State University, 1963, B.S. Chemistry

Univ. of California, Berkeley, Ca., 1965, M.S. Chemistry

Univ. of Ca., San Diego, Ca., 1971, Ph.D. Earth Sciences

Teaching Asst., Chemistry Dept., Univ. of Ca., Berkely, 1963-64

Res. Asst. Inorganic Materials Res., Div., Lawrence Radiation Lab.
Univ. of Ca., Berkeley, 1964-65

Res. Asst., Scripps Institufion of Ocean., Univ. of Ca., San Diego
1965-68

Westinghouse Fellow, Univ. of Ca., San Diego, 1968-70

Participant, CIRCE Expedition, Central Pacific, 1968

Participant, SCAN Expedition, Eastern Pacific, 1970

Part., GEOSECS 2 Intercalibration Station North Atlantic, 1970

Part., NATO Internat'l Summer Inst. on air-sea interact. , Isle of
Man, Great Britain, 1970

Asst. Professor of Oceanography, Univ. of Hawaii, Honolulu, Hi.,
Jan. 1971 - present

Participant, Antipode Expedition, South Pacific, 1971

Chief Scientist, Local water chemistry from the TERITU, 1971

Part., First GEQOSECS Summer Inst., Woods Hole, 1971

Asst. Chief Scientist, GEOSECS Atlantic Expedition, Leg 3 {Iceland
to Barbados), 1972

Part., 2nd GEQSECS Summer Institute, Woods Hole, 1973

Assoc. Scientist, GEOSECS Pacific Expedition, Leg E, 1973

Alpha Chi Sigma

American Geophysical Union

American Association for the Advancement of Science

Grants in effect:

Geochemical Ocean Sections Prog. (GEOSECS)'Isotopic Measurements {

]

13C/IZC

]80/}60; D/H) in Dissolved Inorganic Carbon, Atmospheric COZ’ Dissolbed
Oxygen, and Atmospheric Water Vapor, NSF, GX28168, $33,000, Jan. 1972-
June 30, 1972, P. Kroopnick, P.I. '

Renewal of above NSF P2X0CH0, $64,000, 7/1/72 - 12/31/73, P. Krogpnick,
P.I. Renewal 1/73 - 1/74.
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Peter M. Kroopnick (2) Grants(in Efgect
cont,

Environmental lsotope Applications to Hawaiian Ground Water (Phase III) OWRR,
$25,700. R.W. Buddemeier, P.I., P. Kroopnick, Assoc. Investigator,

Request for Isotope Ratio Mass Spectrometer, NSF, $46,200, Kroopnick, P.I.
‘March 1, 1973.

Investigation of.the Nature of Physical and Chemical Processes Active at and
near the Sediment-water Interface in the Deep Sea, ONR, Task 3, Sept. 72-
Aug. 1973, Kroopnick, Asscc. Investigator.

Investigation of the Nature of Physical and Chemical Processes Active at and near
the Sediment-Water Interface in the Deep Sea, ONR, Task 3, 9/73-8/74.
Kroopnick,  co-investigator.

Proposals pending or being prepared:

Isotopic and Chemical Evaluation of Hawaiian Ground Water Resources, $24,000.
Kroopnick, co-investigator. (fund. anticipated Sept. 1973).

The Deep and Bottom Water Circulation . . . (fund. Aug. 1974) NSF

Investigation of Nitrogen and Carbon . . . (in prep.) ONR |

Publications: .

Carbon 13 measurements on dissclved inorganic carbon at the GEOSEC 1969 Intercal-
ibration Stateion." J. Geophys. Res., 75, 7668 (1970) With W.G. Deuser, and
H. Craig.

"Oxygen 18 variations in dissolved oxygen in the sea." Transactions of the Am.
Geophys. Union, 51, 325 (1970). {(with H. Craig)}

"Geochemical and temperature profiles in equatorial Pacific bottom water."
Transactions of the American Geophys. Union, 51, 325 (1970). (with H. Craig,
J.G. Sclater, Y. Chung, J.M. Edmond, and R.F. Weiss).

Isotopic composition of molecular oxygen in the atmosphere and the sea." Transact.
of the Am. Geophys. Unien, 52, 255 (1971). (with H. Craig).

"Atmospheric oxygen: Isotopic composition and solubility fractionation." (with
H. Crai$%, Science, 175, 54, 1972.18

"Total CO,, ~C, and dissolved oxygen-- "0 at GEOSEC II im the North Atlantic.”
Earth and Plan. Sci. Letters, 16, 103-110 (1972), (with R.F. Weiss, H. Craig).

"Carbon 13 measure. on dissolved inorganic carbon and Oxygen 18 measure. on dissol-
ved oxygen at GEOSECS Stations." Transact. of the Am. Geophys. Un., 53,
401 (1972). (with H. Craig). 13

"The dissolved oxygen-total COp - "“C sys. the East. Equatorial Pac." Deep Sea
Research, in press, v.Z2l.

"C13 -C0, correlations in the atmosphere and in oceanic surface water." Transact.
of the Am. Geophys. Un., 55, in press, (1974).

Manuscripts under review and in Prep.

13¢-5.C0, correlaticns in the atmosphere and Pac. surface waters, submitted to
Earth and Plan. Sci. Letters, March 1974.

Oxygen 18 variations in dissolved oxygen in the sea. (with H. Craig).
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NAME L. STEPHEN LAU

PRESENT POSITION  Professor, Civil Engineering
Director, Water Resources Research Center

EDUCATION

Ph.D., University of California at Berkeley, 1959
M.S., University of California at Berkeley, 1955
B.S., University of California at Berkeley, 1953

PAST EMPLOYMENT

1971-present Director, WRRC, University of Hawaii; Professor, Civil

o Engineering, University of Hawaii

1967-1971 Associate Director, WRRC, University of Hawaii; Professor,
Civil Engineering, University of Hawaii

1966-1967 Acting Director, WRRC, University of Hawaii

1965-1966 Visiting Associate Professor, University of California

1964-1965 Director, Pacific Island Sanitary Engineering Program,
U.S.P.H.S., University of Hawaii

1960-1964 Ground Water Consultant, Honolulu Board of Water Supply

PRINCIPAL PUBLICATIONS

“Methods of Monitoring Salt Water Encroachment in Hawaii," with C. Lao,
presented at the Fifth International Conference International Asscciation
of Water Pollution Research, Reccnvened Session, Honolulu, Hawaii, August
2-5, 1970.

"Ground-water Resources and Development: Coastal Plain Region, Erh Jen Chi-
Kachsiung, Taiwan," witn John . Mink and Chester Lao, WRRC Technical
Report No. 47, May, 1971, 153 pp. _

"Hydrologic Systems in Hawaii," with P.C. Ekern, F.L. Peterson, S. Price, and
R. Pulfrey, systems Approach to Hydrology, (Proceedings of the First
Bilateral U.S.~Japan Seminar in Hydrology, Honolulu, January 11-17, 1971,
pp. 186-201,

"Tritium lMeasurement of Natural Waters on Oahu, Hawaii: a Preliminary
Interpretation (sampling period: July 1969 to June 1970)," May 1973,

39 pp.

PROFESSIONAL SOCIETIES

American Society of Civil Engineers
American Geophysical Union

Federal Water Poliution Control
American Water Resources Association
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MURLT H, MANGHNANI

Professor of Geophysics

EDUCATION: B.S., Bihar University, 1957
M.S., and A.1.S.M., Indian School of Mines, 1958
Ph.D., University of Montana, 1962
Post-Doctoral Research in Geophysics, University of
Wisconsin, 1962-1963

PAST EMPLOYMENT:

1958-1962 Graduate Teaching and Research Assistant, University
of Montana
1959 Geophysicist, Montana Phosphate Products Company
(summer) .
1962-1963 Post-Doctoral Research Fellow (Geophysics), University
of Wisconsin
1964-1969 Assistant Professor of Geosciences, University of hawaii
1969-1974 Associate Professor of Geophysics, University of Hawaii
1974~Present Professor of Geophysics, University of Hawaii

CURRENT RESEARCH:

Current research interest ties in the area of pressure

and temperature dependences of physical properties (mainly,
elastic properties) of rock materials, glasses, and metals,
Two research grants have been received from NSF and ONR to
investigate the elasticity of silicate glasses and single
crystal h.c.p., metals.

AWARDS : indian School of Mines Scholastic Awards, 1955-1958
Soceity of Exploration Geophysicists Scholarship, 1962

National Academy of Sciences; National Research Council
Senior Post-Doctoral Research Associateship tenable at
AFCRL, 1970

PRINCIPAL PUBLICATIONS:

"Establishment of North-South Gravimetric Calibration Line in India," 1963,
J. Geophys. Res., v. 68, pp. 6293-6301. (with G. P. Woollard).

"Glauconites: Cation Exchange Capacities and Infrared Spectra, Part I," 1964,
Amer. Mineralogist, v. 49, pp. 586-598, {with J. Hower).

"Glauconites: Cation Exchange Capacities and Infrared Spectra, Part II," 1964,
Amer. Mineralogist, v. 49, pp. 1631-1642, (with J. Hower).

"Ultrasonic Velocities and Related Elastic Properties of Hawaiian Basaltic
Rocks," 1965, Pac. Sci., v. 19, no. 3, pp. 291-295, (with G.P. Woollard).

"Elastic Wave Velocities in Hawaiian Rocks at Pressures up to 10 Kilobars," -
1968, in Leon Knopoff, Charles L. Drake, and Pembroke J. Hart (eds.),

The Crust and Upper Mantle of the Pacific Area, Geophys. Mono. no. 12,
pp. 501-516, Am. Geophys. Union, Washington, D. C. {with G.P. Woollard}.
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MURLT H. MANGHNANI (2)

Publications (continued)
"Adiabatic Elastic Moduli of Vitreous Calcium Aluminates to 3.5 Kilobars," 1969,
J. Amer. Ceramic Soc., v. 52, no. 10, pp. 539-542, {with T.J. Sokolowski}.

"Analicite~Jdadeite Phase Boundary," 1970, Phys. Earth Planet. Interiors 3,
pp. 456-461.

"Hydrostatic Pressure Derivatives of the Single Crystal Elastic Moduli of
Zirconium," 1970, J. Appl. Physics, v. 41, no. 7, pp. 2991-2998, (with
E.S. Fisher and T.J. Sokolowski}.

"Effect of Axial Ratio Changes on the Elastic Moduli and Gruneisen for
Lower Symmetry Crystals," 1970, J. Appl. Physics, v. 41, No. 13, pp. 5059-
5062. {(with E.S. Fisher)

"Effects of Changes in Volume and c¢/a Ratio on the Pressure Derivative of the
Elastic Moduli of H.C.P. Ti and Z¥," 1971, J. Phys. Chem. Solids, v. 32,
no. 3, pp. 657-668. (with E.S. Fisher)

“Infrared Spectra of Several Glasses at High Pressure," J. Phys. Chem. Glasses,
v. 13, pp. 116-121, 1972, (with J. Ferraro and Q. Quattrochi).

"Hydrostatic Pressure Derivative of the Single Crystal Elastic Moduli of Gd, Dy,
and Er," J. Phys. Chem. Solids, v. 34, pp. 687-703, 1972, (with E. Fisher,
and R. Kikuta).

”TemperatureoDependenge of the Elastic Constants of Single- Crystal Rutile Be-
tween 4° and 5837°K," J. Phys. Chem. Solids, v. 34, pp. 2149-2159, 1972,
(with E. Fisher and W. S. Brower, Jr.).

"Gravity Measurements in India," 1969, Final Report, Part 2, Amy Topographic
Command, Contract DAGA, 71-67-C-0080, 52 pp. + Appendix and 7 Tables, (with
G. P. Woollard and S. P, Mathur).

"Elastic Parameters and Infrared Characteristics of Glasses Under High Pressures
and Temperatures," 1970, Final Report, OGffice of Naval Research Contract No.
NR 032-515, 53 pp., 35 Figures, 13 Tables + Appendix.

"Pressure and Temperature Dependence of the Elastic Moduli of Nap0-T.0,-5i0p Glasses,
J. Am. Ceram. Soc., v.55, 360-365, 1972.

"Infrared Absorption Snectra of Sodium Silicate Glasses at High Pressures,” J.
Appl. Physics, v.43, no. 11, pp. 4594-4599, 1972, Erratum: J. Appl. Physics,
v. 44, no. 5, pp. 2443, 1972, (with J. R. Ferraro).

"Infrared Absorption Spectra of Lithium and Potassium Silicate Glasses at High
Pressures,” J. Appl. Physics, v. 44, no. 12, pp. 5391-5396, 1973, (with
J. R. Ferraro and L. J. Basile}. . ‘

“Ultrasonic Equation of State of Rhenium," Phys. Rev. B., v. 9, no. 4, pp. 1421-
1431, 1974, (with K. Katahara and E. S. Fisher).
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MURLI H. MANGHNANI (3)

Publications (continued)

"A Study of Nap0-Ti0,- S10, Glasses by Infrared Spectroscopy,” Appl. Spectros-
copy, May-June Tssue, 1974 (in press), {with J.R. Ferraro and L.J. Basile).

“Compressional and Shear-Wave Velocities in Granulite-Facies Rocks and Ecologites
to 10 Kbar," J. Geophys. Res., v. 79, 1974, (in press), {with R. Ramanananto-
andro and S.P. Clark, Jr.).

“Anomalous Elastic Behavior in Cus0 under Pressure,” Physica Status Solidi,
v. 24, no. 2, 1974 (in press%, {with W.S. Brower, and H.S. Parker).
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Roger A. Norris

Present position: Research Associate, Geothermal Project
University of Hawaii
Education: 1956-58 Unijv. of Washington, Seattle

1960 B.A. Physics, Univ. of Hawaii
1963 M.S. Physics, Univ. of Hawaii
1970 Ph.D. Candidate Geophysics, Univ. of Hawaii
Past employment:
1963-73 Researcher, Hawaii Inst. of Geophys., Univ. of Hawaii
1960-63 Graduate Teaching Asst. Physics Dept., .
1960-61 Part time observer, Solar Flare Obs. Makapuu, Oahu
1955-56 Boeing aircarft, Seattle, quality control & precision jig
' building

Publications:

(with D.N. Hart) 1970, Confirmation of Sofar-Hydrophone Detection of Sub-
marine Eruptions, J. Geophys. Res., v. 75, no. 11, p. 2144-2147.

(with R, Johnseon) 1969, Submarine Volcanic Eruptions Recently Located in the
Pacific by Sofar Hydrophones, J. Geophys. Res., v.74, no. 2, p. 650-564.

(with R. Johnson) 1968, Geographic Variations of Sofar Speed and Axis Depth
in the Pac. Ocean., J. Geophys. Res., v. 72, no. 14, p. 4695-4700.

(R. Johnson) 1968, T-phase Radiators in the Western Aleutians, Bulj. Seism. Soc.
Am., v. 58, no. 1, p. 1-10.

(with R. Johnson, F. Duennebier) 1968, Abyssally Generated T-phases, p. 70-78
in Leon Knopoff, Charles L. Drake and Pembroke J. Hart {eds.), The Crust
and Upper Mantle of the Pac. Area, Geophys. Mono. no. 12, Am. Geophys.
Union, Washington, D.C.

(with Pong, William) 1965, Photoemission from Amorphous and Metallic Selenium
in the Vacuum Ultraviolet, J. Opt. Soc. Am., v.55, No. 9, p. 1189-1190.

(with R. Johnson) 1971, Significance of Spectral Banding in the Hydroacoustic
Signals from Submarine Volcanic Eruptions: Myojin 1970, J. Geophys.

Res., vol. 77, no. er.

.
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RAMANAN RAMANANANTOANDRO

Research Associate
Date of Birth: March 5, 1936

Education:
1960-1963 University of Strasbourg, France, B.S. (Physics)

1963-1965 New Mexico Institute of Mining and Technology
M,S, (Geophysics)

1966-1971 University of Washington, Ph.D. {Geology)
Ph.D. thesis, entitled, "Elastic Anisotropy in
Dunites," which embodied (i) correlation of velocity
anisotropy with preferred orientation of olivine,
and (i) geological and geophysical implications on
the anisotropy of upper mantle. (The thesis was
under the supervision of Prof. N. I. Christensen.)

Positions Held:

1962 {Summer) Oceanographic Institute of Monaco, Research
‘ Assistant in marine geophysics
1963-1965 New Mexico Institute of Mining and Technology
Graduate Research Assistant
1969-1971 University of Washington, &raduate Teaching
Assistant
1971- University of Hawaii, Assistant Geophysicist

Publications:

Efasticity and fabric of dunites, A.G.U. Pacific Northwest Regional
Meeting (abstract), 1971 {(with N. I. Christensen).

Elastic moduli and anisotropy of dunite to 10 kbars, J. Geophys.
res., 76, 4003-4010, 1971 (with N. I. Christensen).

Compressional wave velocities in granulites and eclogites to 10 kbars,
A,G.U. Fall Annual Meeting (abstract), 1972 (with M. H. Manghnani).

Compressional- and shear-wave velocities in granulites and eclogites
to 10 kbars (accepted for publication, J. Geophys. Res.) 1974
(with M. H. Manghnani and S. P. Clark}.

Garnet granulite as constituent of the Tower oceanic crust (in
preparation).

Effect of pressure and temperature on the velocity anisotropy in
dunites and single-crystal olivine (in preparation) (with
M. H. Manghnani).
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HAWAIT 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) ptanning 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 guarterly progress reports published
to date, and the following technical memorandum and reports:

1. Modeiling of Hawaiian Geothermal Resources, Technical Repert
No. 1, danuary, 1974,

2. Warm water Wells on the Island of Hawaii, Technical Memorandum
No. 1, danuary, 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 publicaticn in the Journal of
Geophysical Reésearch, -

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. Numerjca] Solutions of Iscthermal Pumping and Re-injection,
Technical Report No. 5, July 1, 1974, by P. Cheng and C. MWong.

7. Effects of Vertical Heat Sources on Free Convection in a
Rectanguiar Geothermal Reservoir, Technical Report Ho. 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.

108



PHASE 1 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 respohsib]e for various sub-tasks

are depicted in Fig. 3.1-1.
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Former Task 3.1 ! Former Task 3.2

Well Testing l Ghyben-Herzberg - TIMETABLE
and Analysis | Lens Dynamics

- J"

HNew Task 3.1 GEQTHERMAL RESERVOIR ENGINEERING
Task Leader: P. Cheng

A h 4 v
Well Test/Analysis Physical Modeiling Computer Modelling
P. Takzhashi, P. Takahashi F. Cheng,
B. Chen & & K. H. Lau &
L. S. Lau B. Chen _ L. S. Lau
b h 4
Assessment of Preliminary Pretiminary
HWell Test Design of Computer
Hardware Physical Model Model
v 4 h:
gglgﬁ;;gnagg Fabrication of -Computer
Aot s Physical Geothermal Modal Dec., 1974
ssessment of S b
Reservoir Model I
Software
Y b - v - 7
Purchase of - Laboratory
Initiate Ay
Hardware and Two-Phase Parametric Tests Simulation May, 1975
Testing of Flow Studies of Physical
Software Model
h 4
Simulation of Reservoir
Model and Construction
_ Y. of Ghyben-Herzberg Dec., 1875
Well Measurement Model
& Data Anaiysis
(dependent on v , ¥
i {
drill success) o Development of Combine Two .
Method for Two | _iPhysical Models ?8$16123 May, 1976
Phase Flow into a Total Mgael ?
Analysis System
Y
Final
Computer Sept., 1976
Model
Y
Predict
Performance of -
Geothermal Dac., 1976
Field

FIG. 3.1-1 ORGANIZATIONAL PLAN FOR THE TASK ON GEOTHERMAL RESERVOIR ENGINEERING
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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 fiuid flow characteris-

tics of geothermal systems on the island of Hawaii,

2. éapaciiy of a gecthermal well,

3. expected 1ife 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 bottem 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 gecthermal 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 eguations with non-linear boundary
conditions at the water table where its position is unknown. The strategy

adopted by the numarical simulation group nas been to study simplified
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situations during the initiail phase of the work., These simpiified models,
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 Rectangular Geothermal

A parametric study has been completed which investigates the
effacts of geothermal heating from beiow on the movement of seawatar,
the upwelling of water table, and the pressure and temperature dictri-
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

pubTication 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 Ho, 2 for details of the
analysis). )

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

horizontal impermeable wall and on the vertical sides by the ocean
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(ig. 3.1-1B}. The zhape of ine water table is not known a priori
and must be determined from the solution, To simplify the mathema-
tical formuiation 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.

€. The Boussinesq approximation is employed; i.e., density
1s assumed to be constant except in the buoyancy force
term.

D. There is 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 approximaticns, the governing equations in terms
of dimensicnless variables are

3Zp  afp

-
7 %€ oy M)

and

2. .2, .
00, 8%0 , p (2P 30, 3P 3O 1y o 21 -0, (@

— - I o
8X2 aY2 ax okXx aY &Y
where
p-p T-T
= a = S — _ 70 - X
- ) 0 5 T = = -
P gh T T, nEgs XE4, (3)
. o Kgh

Y = W LE=g, €% B(TC - TS), and D ST

with p, T. p, and p 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 D are dimensionless parameciers.
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The boundary conditions along the ocean are given by

P (09 Y) =1 - Y, (Q,a)
P (L, Y)=1-Y, (4b)
e (L, Y) =0, (5a)
e (0, Y) = {, (5]3)
Along the impermeable surface, the boundary conditions are
gP
57-(X, 0) = -1+ ZeN (X), - (6a)
o (%, 0) =g (0, - (6b)
T (X) - T
' = _L S .
where O {(X) = “?c = with TL(X) prescribed, (6c)
5
Along the free surface, the boundary conditions are
ok Ty (A) ﬂ‘) il iL—‘-T‘F (.xa 7%) + 1 - £ eaj = O": (751)
P (X, W) =0, (7t)
0 = -
(Xs ﬂ) = Oa, (7C)
Ta - T
where 0, = Tc — f; with Ta 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 Egqs. (1-7) is small, the mathematical problem can be simpii-

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

s

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

have
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%0 = Ly 0, (8o
% m. ,

3K V) = g e 0K 1), (8b)

(k) =1+ g e (X)), (8c)

where ﬂq(xs Y, Om(X, Y) and nm(X) are perturbation functions to
be determined. Substituting Egs. (8) into Egs. (1-7), making a
Taylor's serias exnPansisn on boundary conditions (7), and
collecting terms of 1ike power in ¢, we have a set of linear sub-
problems.

The governing equations for thas zero-order and the first-order
probTems are respectively the Lap1aée equation and Poisson eguation
with nonhemoceneous boundary conditions., In principle they can be
sotved in closed form by the classical method of separation of
variables, However, the numerical evaluation of the resultant
expressions in terms of many double and triple Fourier series will
be of dubicus value because of its slow convergent rate. For this
reason we resort to the numerical solution of these linear probiems
by the finite difference method.

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

distributions of the impermeable surface:

- 2.0.2

() e = exp ij-(gﬂﬁng*)

L 1
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with a maximum temperature at X=0.5,

~
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\
/

\;

{(2) 'OL = exp L“(}\ (_}

<

.

]

-

J
with a maximum temperature at X%=0.5.

Comparison of the numerical results for Lases T 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.
Fige 3.1-2 shows the contour of the first order perturbation

of stream function, wig for Case 15. As is shown in the Tigure, the

fluid particies begin to rise as they approach the point of maximum

surface temperature. This is becausa the density of the fluid

becomes smaller as its temperature rises. As the fiuid particles

rise to a colder regicon they begin to lose heat and will begin

their descending paths when the density beacomes the same as that

of the surrounding fluid. Fig. 3.1-2 shows the pressure contcurs

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 reservcir 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 negiected. The effect of discharge number on vertical
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temperature profiles is shown in Fig. 3.1-5. For Tlocations
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 aguifer. Hewever, in
the lower portion of 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 aguifer 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‘en1, 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 T (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 reatistic

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 haif mile in diameter, hot brine at 400°F can be found at half
a mile below sea level if the dril]ing site is at the top of the
heat source, (2} while the size of the heat source has an jmportant
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-linear finite difterence equations does not exist,
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(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). In addition to boundary

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

dike are
B(XS1,Y) =85 Y <Y (9a)
ol 1) = o veve ()
%?(_(XS]’Y) -0 , Y <Y (9¢)
g—;(xsz,v) =0 , | Y <Y (9d)
SRYG) = <1+ en by S (9e)
8(X;¥e) = 8¢ | Xs] < X< xSz (9f)
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where CS is the prescribed dfmension]ess temperature of the dike.

As a result of the perturbation technique described earlier, a set
of linear equations is obfained. 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
6. =1, 0<Y<0.5,

B. Horizontal and vertical heating

expl-(9% | 0<x<1.9, 2.2<X<4

0.5

es = ] ‘ 0<Y<0.5 1.9<X<2.

8, (X)

L

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 compariscn of
temperature contours for the three cases with D = 500 and € = 0.1
are plotted in Fig. 3.7-9 where it is shown that hot water at
shallow deﬁth is possible whenever there is a hot vertical heat
source. The effects of vertical and horizontal heating on the
upweliing 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 fedt seems to be unlikely. A
manuscript covering this work is now under preparation, and will

be submitted for publication 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 ccean on the temperature distribution
in geothermal reservoirs, a study has been undertaken for the
idealized case of an axisymmetric configuration. The formulaticn
of the problem is similar to Egs. (1-8) except that they are
written in cylindrical coordinates. Numerical computations for
L=4,D=2500, 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 1ines are for axisymmetric reservoirs and
dotted Tines 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.

132



gel

=0.|
- =0.3
D =500
=0.5 € =0.]
O 1 !
20 15 10 1.5

FIG. 3.1-T1

EFFECT OF CONFIGURATION OF RESERVOIR ON TEMPERATURE CONTOURS

2.0



vEL

"\ —— CYLINDRICAL RESERVOIR
\ ~_~—-- RECTANGULAR RESERVOIR

FIG. 3.1-12 EFFECT OF CONFIGURATION OF RESERVOIR ON VERTICAL TEMPERATURE PROFILES



et

0.2

— CYLINDRICAL RESERVOIR
="~ RECTANGULAR RESERVOIR

| i

2.0

6 12 08 04 0 04 08 12 16 20

R

FIG. 3.1-13 EFFECT OF CONFIGURATION OF RESERVCIR ON THE FIRST-ORDER
PERTURBATION FUNCTION FOR THE UPWELLING OF WATER TABLE



2. Well Test/Anzalysis & Physical Modelling

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

The research sub-tasks on well test/analysis and physical modeltling

have defined three areas of focus: hardware evaluation, software evaluation

and development, and physical medelling. The following accomplishments can

be reporied:

1.

5.‘

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,

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

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,

preliminary design of a physical model,

coordination with geophysical drilling program established to 1nsure
that all necessary anaiytical parameters are measured,

The following work is in progress:

1.

continuance of training program,
frequent interchange with geophysics,

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

detailed analysis into the technigques of well testing,

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 Geothcrmal 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 - 273*%, the U. S. Geoiogical Survey [29 « 40], 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 1literature 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 reserveirs 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) 1iquid 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 depletabie.
A tax allowance is allowed under this classification. A decision has not yet
been made on cther 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 geotiermal fluids [29]. Furthermore, reports of
measurable pressure drops in steam-doeminated gecthermal fields seen after
.rainfall lead one to sucpect that perhznz fluid recharge could be significant,

A]thouéh vapor-dominated geothermal wells are generally contaminated
with CO2 (primarily) and HoSs there is littie dissolved solid content. On
the other hand, some of the hot water weil samples in the Imperial Valley
have shown as much as 30% dissolved solids 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 rock

can be transformed into an aquifer threugh hydrofracturing/thermal

cracking and the addition of water,

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

Speculations of how a geothermal raservoir might Took 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 difticulties
in the former have resulted in considerably more production from the lTatter.
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 George 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 PLAITE

DRY STEAM PLARTS My CAPACITY INITIAL OPERATIONS
Italy

Lardareilo 365 1904

Monte Amiata 25 1967
U.S.A. .

Geysers, California 411 1960
Japan

Matsukawa 20 1966

Hachimantai ‘ _TO : 1875
FLASHED STEAM PLAMYS MW CARPACITY IMITIAL OPERATICHS
New Zealand o

Wairakei 192 1958

Kavierau 10 1969
Japan

Otake 13 1967

Hatchobaru 50 late 1970's
Mexico _ -

Pathe 3.5 1658

Cerro Prieto 75 1973
Icé1and

Namatjall 3 1969

Hengrill 13-32 late 1970's
Phitippines

Tiwi 10 1969
USSR

Pauzhelsk 6 1967
El Salvador

Ahuachapan Field 30 | 1875
BIKARY CYCLE PLANTS - M CAPACITY INTTIAL OPERATIONS
USSR ) .

Paratunka 1 1967
U.S.A.

Imperial Valley, California . 10-50 1975-1980

138



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

When calculating the usable energy in a geothermal reservoir, one
should be aware that only 1% of the total energy is converted to electrical
energy from a hot-water reservoir using present proven technolegy, 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 exampie, H. Ramey has reported that the net heat recharge rate in the
Big Geysers is only 0.6% [60]. However, the'possib11ity of extraordinary
fluid convection through porous mediz 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 contenticn 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 i¢ determine the "state of
the art" in geothermal reservoir engineering. Not only was valuable
information obtained from the survey, but it is hoped that the effoft will
spark development of geothermal reservoir engineering in a spirit of

intra/international cooperation,
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Over twenty replies were reucived 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 {o answer the questions by citing published
technical Titerature. The significant responses are tabulated in matrix

form in Table 3.7-2.

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 gquestion?

2} What s 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 1ife 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) Driiler's Log .
(¢) Drilling Fluid and Cutting Analysis
(d) Coring and Core Analysis
(e} Drill-stem Tests

(f) Geochemistry Analysis
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TABLE 3.7-2 RESPONSES TQ INTERNATIONAL QUESTIONNAIRE

NATT AR
MEE D
ACTEL TATIAM
ARFTLIATICN

e 10 HTOMATIDE A S

‘s":}?.ﬂ? 12 Tfif :“:"’-\.]L\E_ Ul EHL.L-L TESTING
THEDM A SCOTMIA TR TEDTUIA

A GEOTHERMAL  RESERVGIR HARDIWARE

AND  ANALYSIS

FiWARE

B. C. McCabe In geothermal reservoir zpginsering, No reply No reply
Magma Power Company the thecretical informaticn to defer-
USA mine the size or loncevity ¢f a geo-

thermal field is a very inaxact
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2) Well Completion Hethods
3) Well Tests
) Tempervature Survey
{(b) Pressure Survey
(c) Pressure Drawdown Test
) Pressure Buildup Test
(e) Flowrate and Enthalpy Measurements
(f) Geochemistry Anatysis
(g) Well Interference Test

4} Reservoir Analysis and Formaticn Evaluation Interpretation

The petroleum industry has developed mest of the above testing
instruments and procedures. However, one cannot 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 reserveir analysis is based on isothermal conditicns
which do not hold in 2 geothermal field. Whiting [67] and

Ramey [€0] have successfully demonstrated that the regular
volumetric balance methed 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 computer programs
and the standard type curve analysis. It appecars that the methods of
well analysis used in the petroleum and yas industries cannct be
naively eppltied to geothermal systems.

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

conditicons:
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infinite reservoir, Tine cource well,

-
]
L

{ oo
—

i bounded circular reservoir,
(c) constant prossure outer boundary.
The actual solutions have been presented many times in the petroleum

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

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 1957 classic paper, developed a way to graph

he pressure buildup test data versus time on semi-~log paper. From
this, one can calculate permeability, skin effect, flow efficiency,
and siotic average pressure. However, a great deal of difficulty has
been ernicountered when one tries to apply the theory to a specific
problem. Horner's method requires one to estimate on the semi-log
graph paper a straight line {i.e., the quasi-steady state conditicn).
This can be extremely difficult since the onset of the straight Tine
can be seconds, minutes, hours, days, or even weeks, One can never be
sure that the straight 1ine chosen is the right one.

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

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

to the two assumptions stated befor~ One has to be careful when one

145



appties these methods te a geciheva®? reservoir situation or incorrect
results will be obtained.

First, depending upon the raservoir condition and production rate,
a geotﬁerma1 reserveir may or may not be jsothermal. If non-isothermal
conditions prevail, then the above analysis needs modification in order
to be useful.

Secondly, there is a good possibility that the filuid 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 Tlow test technigue 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 GLOTHORMAL HORLD DIRECTORY [647],

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

Fortunately, as undeveloped as this fiela is, definite progress is
being shown. The Stanford Greup has made admirable progress. A
paraliel 1§boratory study extending the work of Miller [657 and Cady [66]
is being pursued at Stanford. The U.S.G.S. is devoting effort towards
computer model studies with M., Nathanson, of the Menlo Park unit,
beginning to publish. The University of Hawaii c¢roup is adding to
this body of knowliedge. The geo/hydrotogy 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
temperature and pressure datea,
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2) Reservoir simulation.

3) Well log analysis.

Hardware

Well tests are performed in two phases. In the first phasa, tests
are performed during open hele drilling operations. They consist
of fluid temperature measurement, fluid sampling, core analysis,
and formation logging. After complietion, the producing well must
undergo a seccnd 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,

he two well-test phases are:

1} Open hole tests

Hhile the driliing operation is in progress the drilling
fluid is continucusiy monitored for signs of increasing
temperatuve gradient. The drill cuttings are also observed
for indications of possible zones of ftuid production. If
temperatures begin to rise sharply with a correspending
increase in rock porcsity, the drilling is stopped to perform
a formation log. Sinply described, in formation Jogging, a
probe is Towered 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 ferms of fermation Tcgs are electrical,

sonic, and radicactive,

2) Producing wall 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 s¢ch os tenwerature, pressure, and flow rate.
See Figure 3.1-14. Aliliough there are many ways of performing
the tests, thz iwo common methods are wireline operations and
combination tooi logging.

In wireline operaticns a measuring probe is lowered into
a well at the end of a stainless steel cable. The surface
equipment consists of depth measuring devices, weight indicators,
line-speed 1indicators, and a motorized take up reel. The probe
is made of a steel tubing with the recording and measuring
instruments lccated internally. The recorder is attached to

the end of the interchangeahle measuring instruments as shown

in Figure 3.1-14. The deflection of the stylus makes a mark on

T
e}

a black recording chart. After the probe is extracted from

aadoy
[S1SR N

o
3

the well, the marks on the chart are read with 2 chav
Conversions to the desired parameter are made with a calibration
table for each type of fiuid measuring device.

Like most other Togging instruments, the combination
tool is Towered into a well at the end ot a multiconducter
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.

While numerous types of tests may be performed in a

nroduction well, both the buildup and pressure drawdewn tests
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FIG, 3.7-14 SCHEMATIC DIAGRAM OF WIRELIME INSTRUMENTS
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are of prime interast, The pressure hehavicr of a well is
readily measurable and 1s & very useful property. Both types
of tests are valuable tools for obtaining information about
reservoir properties.

The theory 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 thz
prediction of future production rate and production Vife of
the reservoir. A pressure drawdown test consists of a series
of pressure measurements made‘during a period of flow at &
constant rate., An extended drawdown test shoculd be run to
estimate rescrvoir volume,

Correspondence has been initiated with varicus well tost
service companies and institutions. With the exceptions af
Schiurberger and Kuster Company, most of the firms have had
Tittle expericonce 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 logging methods are well developed by Sehlumherger, ind the
Kuster Company has various types cof wireline instrurents {or
geothermal fiuid measurement. With thié fact in mind a
pretiminary commitment can be made to select the type of

hardware for the two testing phases.



Since the initial *enoing phase consis s of formation and
packer tool Toqgging, the services WTTT probably be contracted
out to a firm such as Schlumberger Well Service Company. The
Tog interpreting computer program named SARARAND was developed
by this firm, and it has been used successfully at Cerro Prieto
and at Imperial Vailey. The program interprets the Tog data
and determines automatically the desired downhole parameters,
and its use should be very helpful for the Hawaﬁf 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 abcut one tenth of the combini-
tion logging tocl, and itheir reliabilily and sensitivity

(0.4 psig Tor pressure and 0,3°F for temperature) are ideal
for newly expiored geothsrmal walls,

Proliminary analysis into the prysical redelling of a

The physical model is a necessary balance to the ongoing
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
stiudies, analyze the state~of-the-art, cesign che harduare
system required for simulation, initiate fabrication, and

cenduct preliminary pavanetric .asts,
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Very 1iiiie physicel modelling work has keen voported
in the Titeratura, The signiticant studies related to
geothermal veservoirs include those of G. Cady [66]7, H. Henry
and F. Kahout [47]. and the remotely related work of J. Bear
[68]. However, none of the reported investigations approached
the probiem cn a total s&stems basis while considering the
high temperatures expected.

In movement of fluid through a geothermal reservoir,
the driving force is primarily the 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

i
r
i

Y. Th

interest to the study is the Rayleigh Number (N ) &

Rayieich Number s the product of the Grashof (NG } and
Prandt] (NPr) Humbers, where

buovant force « . . . o v v e 0 v 0w o . (1)

Ner = Viscous furce

-~ . o L4 - - - L] (2)
Npy =

NRa = o o L] - *® & =] (3)
where o = density of fluid, . (43
g = gravitaticnal constant, (5)
g = coefficient of thermal expansion, (6)
K = perncability of porous medium, (7)
(T—TS) = temparature driving force, (8}
h = depth of permeable bed, (9)
v = viscosity of fluid, (10)
@ = thermal diffusivity of fluid (173
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The Titeraiure 1s spacsa on the range of Rayleigh
Numbers mearningful to actual geothermal systems. In general
the study will investigate the range of NRa between 30 and
1000. This wiil be accomplished by altering the permeabiiitly
of the colid medium and the tcmperature 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
{p), thermal ¢iffusivity (a), viscosity (u), and density (o)

of the fluid.
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TASK 3.6 CPTIMAL LUCTHERMAL PLANT DESIGN

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

i. H\:r\_ll_w_Rdn 0 nxv'\_‘__
The desion of o power plent 1a dictaled by economic justification
in a2 comnetitive sociely.  Economic desions can be achieved only by

caraful enalysis of all the pessiblio soluiicns for a giver situation.

Such eraivsis is vouaily stevted from heet balances of varfeus plant

vesoective fieat rates and souipwont sizes,

Gde to evaliuete fie effects of supevheating

auiliory fuel ond usiag poeant water as encting

WIELTT AN & qordonsar,

E R J N VT el . I N T A,.f
(he presence oF naislore dn stesm ceetd voduce the turbine evificioncy

and cause tig croston of turbine biading. By superhealing the low-pressure
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For a geothowmal plant noor the soz, the cost

48 cooting water in o co s Vikely to he lower than the cost of
recycling the cooling water throuch @ cooling tower. The averaas
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depth of 1,000 140 Since the enthalny dran per unit femncrature at
the low-pressure end of a steam turbine is much lTerger than that at the
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Problems of pusping hot brine 7ros g weil have also been coenzicered.

It appears there is no oo couipeent aveilable for forcing the
hot brine cul frem a very doop well, aithough some pump tanufaciurers
showed an-unusual cdegree of dinterest in the development of submersibie

pumps to handie hot brines.

4. Reaenerati

B

The word binary is used bocouse two Viuids are dnvoived in the

power produrtion rrocess, the geothermal fluid and th

i

it the utilirzation of

o e
Thers is an increasing in

brive et ZB0°F 1o 4B0°F by using o Tluid, such as freon or dsobutenc.
as oo working fluid to oporate in o closed Rankane cycle.  To dmwrove
the basic cvel

i,

Lhe gty

temperaturs of bring in a regensrative ¢

vele is wmuch higher than that v
a basic cycle; thus the waste heat can be used for producing fresh

tor ar H1lusivetled fu the Tlo

WaTer wWlhun O

[3
k]

e 3 b b rommae T et gt i m r]E
cive Isobiotans powey plant witn a multig

undea prebioms

of powar and woter.
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PLAY

Tha research proposed for ine aginesring Program 1s primarily &

Al

conptinuation of work alresdy in prooress ond suamarized in the previcus section.

While these studies will be applied to the Havaid geothermal reserveirs, the

~al epplicabitity so thet results

empnasis will continue to be on work of of

. RN S < o S R T S, - o e g JORUEN S, B T N R T
can be utilized in other genthermal arecas. Following are descriptions of the

proposed vescarch Tor each Engineering task, including task timotebles,
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PIO,YY = PLLLYY = 1Y, (10a)
6(0,Y) = o{L,Y) = ¢, (1023
C{G,n) = C{L,v} =1 {i

Alcng the imperemeable surface, the boundary condilions are

m~ ™ A
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Aleng the free surtace Yen, the houndary conditions are

gi %%—— 1_%%-+1-4ﬁ(6a—65)-ec:] -e, =0, (12a)
POGR) = 0, (12b)
o(m) = ¢ » (12¢)
C{X,n) = 0, (12d)
vhere e, ¥'R§§§- with N denoting the amount of accretion at the water

table. Since 15 Eg and £, are small, the problems can be simplified
on the basis of the perturbation method with s € and €, as the
perturbation parameters. The resultant zero-order and first-order
problems will also be linear and can be solved numerically using

the finite difference method.

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

Re-~iniection

During the latter part of Phase I, work will be initiated on
the study of transient responses in rectangular and axisymmetric
geothermatl reservoirs os 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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properties of vrock formation, the irregular geometry of the bounderics,
and the presence of dikes. Inputs from geologists and geophysicists

in the Hawaii Gecthermal Project will be used to construct a more
realistic model. The finite =lement method with Galerkin procedures
will be employed to approximate the set of non-Tinear partial 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 cn
idealized models will be used as the input data for the first iteration.
The computer program will he refined in steps to take into censideraticon
pumping and re-injection, freshwater recharging, unsteady and three-
dimensional effects. Detailed calculations will be made for the
specific site undar consideration in the Puna area.

TYGIYS

pel

In anticipation that some degree of boiling heat transfer will be
present in Hawail geothermal reservoivs, especially near the produce
tion well where pressure is lew, a study on boiling heat transfer in
a porous medium will be initiated during Phase 1I. The experience
gained during Phase 1 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 ohtained through the solution of a set

of partial differential equations,involving pressure vs. time with



different boundary Conditions‘. 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 fliow condition will establish a brand new
type curve which can be utilized for prediction purposes. A
detailed discussion of this analysis i1s given in the section

concerning software development on well testing and analysis.
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2. Physical Modulling of Gecthorimal Reservoirs

Investigators: B. Chen & P. Takaheshi

A Titerature survey has disclosed that there has hbesn very little
physical medelling in the field of ceothermics. 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, 651, although their modelling has been restricted at this time to
the acpive "chimney" povtion of the reservoir,

T
i

The Hawaii geothermal model will be constructed for the istand of

JI Y 2 s - 1 N 5

Hawaii onoa tota]l systems basis; that 15, a study designed initially for
the actuzl situation--the entire reserveir bounced on the botiom by an
impermeable Tayer, on the sides by the sea, and on the tep by the
producing gecthermal field and the Ghyben-Herzberg lens--beginning at
first with the geothermal reservoir and progressing eventually to the
éimu1at10n 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 consideratien in a physical
geothermal modei are:
a. permeability--not of the micrescopic 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 Tistad on pp. 154 to 167.
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c. pressure,
d. fiuid composition,

e. Tluid flow rate,

f. porosity--to obtein volume fraction.

The size of the physical model and the exact features to be modelled
require careful study. If the island of Hawaii is reshaped into a square,
each side will be approximately 64 miles in Tength. (A circular reshape
would result in a diameter of 72 miles.) The impermeable bottom layer is
generally thought to he at a depth of one and a half miles below zea level.
(Note that the ocean Ffloor in the vicinity of the Hawaiian Islands is
considerably below this layer.) The permcable medium under consideration

is thus €4 miles by 64 miles hy 1.5 miles. A physical model on

i

64:64:71.5 scate will be of dubious value, as it is the depth dimension
that is of greateszt interest., It is thevefore far more suitable to
physically model a poriion of the Big Istand, rather than the whele
island itself, although all areas fwpacting on the reservoir must be
includad.

The maxinum element selected for the initial study will extend from
the lower impermeable tayer up to, but not including, the Ghyben-Herzberq
lens. The horizontal dimension should be greater than the vertical. As
the location of the well will probably be a point several miles inland,
a 7:1 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 (A) interfaces with the sea., If desired, the heat source can
be moved or the size and configuration altered to cobtain streamiine
conditions at the left boundary (B).‘.As the initial analytical wodel fis

/

two-dimensicnal, with one boundary conditicn being set by symmetry
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retations, the physical model 1s being desioned accordinaly. However,
Texibility will be designed inte the tank so that conversion can eesity
be mace to a three-dimorsicrai model by incrcasing the size of the tank
in the z-direction.

The mintmum alement will ko a jeyer of aguifer, with the depth
dimerision perhaps only seveval tens of feet., The analysis for this
section shouid be similar to the maximum elament

The preliminary design of the wmaximun physical model is for a
3-mile wide (from sea to inland boundary} Ly 1.5 miles deop two-
dimensional element, Tentatively, the actual size of the physical model
vill be 3 meters with the c¢umny third dimension being 0.5 rmeters. The’
netohl of the tank will he 3 meilars {0 allow fer later consideration of
ferent ratics and o

The Tocation, configuration and tamporature of the heat source must

alsg be specificd, There 13 sgreciznt thetl magna is genersted at the top
of the mantle, 20 to 60 mites helow the surface of the earth [B4].

Therz will therefore be very Tavge reservoirs of magma at this depih
rangs.  There is also agreenent that nagma veservoirs exist at shallcow
depths frem b 1o 12 mites below the surface of volcanic regicne, The
shape and size of these shallow reservoirs have been estimated by gravity
and magnetic methods to be ellipscidal or verticaily-fiattened spharoidal
and 1n the ovder of 1 to 3 miles along the longer axis [55]. It is
expected that one of these mogma cnambers will provide the large
geothermal heat source.

Te provide for comparison with the analytical model the heat source

will initiaily be placed at the bottom of tne physical model; size,
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conriguration and actuai oifective fonzerature of the heat source will

be determined later. or dosian purpotes it wif? be necessary to allow
for flexibility; adeguetlc rvenge (100 Lo 1200°C), size {from "point®
source to planc source), and movahilily in three directions. The scaling
of temperatura also recds to be corsidered carefully.,

The exact paramneters to pe measurad and the measuring technioues to
be used must be specified. Earlier works in related fields have usad
prehes in a two or three dimensicnal watrix pattern. Temperature,
pressure, flow rate, ana fluid Qbmpasition can be maasured using appro-

priate probes interfacing multi-chapnei recerders or indicators. The
move sophisticated infrared, muagnetic, nuclear, electronic (resistance
or capacitance), and acoustic (sonmic or uwltrasonic) techniques will be
evaluated for possible use in the Hawaii geothermal mods],

Questions related to Lhe porous and Tioid media which shoutd be
used, whother porosity showld mateh what of the neturel rock in the
area, and how Tissures ond/or fracturcs can be manipulated to obtain the
desired permezhility rerain unanswerad at this time, An dwportant
problem is the overwheliwingly lavrge scale-down factor involved (1600:7)
Dimensional analysis has been used to help cetermine some c¢f the moive
necessary scale factors.

In movenment of fluid through & goothesme] reserveir, the driving
force is primarily the bucyant force. This force is created by heat
within the geothermal system wiich decreases the fluid dencity. The

dimensionless number deterninad to be of prime interest to the study

is the Reylzich Number (NRa}. The Rayleich Number is

QCGBK(T~T )h

T

—
j—
Y

s
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(See Equations 4 to 171 for nov=iciature).

The literature is sparse on the range of Rayleigh Numbers meaningful
te actual geothermal systoms.  In general the study will investigate tie
range of NRa between 30 and 1000, This will be accomplished by altering
the permeability of the sobid medium and the temperature of the system.
The permeakility 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 (), thermal diffusivity {«),
viscosity {u), and density (p) of the fluid.

ATl -parameters except g and h depend upon either tomperature or
medium used. Permeability is a function of the solid medivm, 1T thare
is no chemical reaction, it {s rot a function of the Tluids involved.
expansion coefficient (&), thevmal diffusivity {a), end
kinematic viscosity (u) are ail functions of the fluid and teorperatura,

The ddeal situation is to heve a porous mediom whose permeability
is such that the fluid w111 not have to be heated above the beiling
point to cive the desirved Rayleioh MNumbov, IFf it is not possiblie to
find such a poreous material-liguid combination, then the system must be
pressurized so that the temperature in the liguid can be elevatcd.

The problem in building a model is to find known materiais whose
properties are such that theiyr values, when substituted into the
Rayleigh MNumber equation, will give the desired range. Calculations
can be made by suhstituting values for o, 8, and u of known Tiquids at
various temperatures., Using expected Hoyleigh Numbers, a perieability,
K, can be calculated, The substitutions are mede intoe the following
ecuation:

HP lin
K""* T Y
Hu\I 25)
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he the Lomperature incygases, o increases, u decreases, and 6
The results show that as temperature increasses, the pormea-
biTity value is decreascd. It can be concluded that the temperature
effect on viscosity is the most signiticanrt factor in determining the
perieabiiity. Further evidence is5 that, as temperature chonges, the
vaiues of a and B do not chance as much relative to the change in
viscosity. In order to minimize pressurized conditions, a Tiquid with
the Towest possible viscosity and the highest possible boiling point
should be used, Water secms ideally suited to these conditions.

Yet another cuestion is whether the vessel should be pressurized er
unpressurized.  Pressurized haraware systems are several times move
expensive thnon unpressurized ones. Certainly, 1T pressures approaching
ten elncapheres aro vogquived, o toinlly glass-faced siding, whic
ohsorvation of st

The very first test runs will be on an unpressurized basis, The
Rayieigh Number for which boiling Tivst occurs in seawater-sand (30-40
mesiy media is 484, As a Reyleich Number of 4ﬂ2 or 40 1s the puint at
vivich convection fdpitiates, a study from 30 to 484 under unpressurized
conditions is maaningful, As the sand bed srain size is reduced,
permeability decreases, and Tower Rayleigh Number conditions can be
simulated.

However, thzre is one overriding reason why the physical modei
should be made adaptable to pressurized conditions. If & section at
depih is modelled, hyorostatic conditions must be simuloted. It is
therefore vecommended that Tor versatility the model bhe pressurized.

Cther specifications are:
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Investigators: B. Chen, L. 5, Lau, & P. Takehashi

There are scveral phases to this norition of the investigation., A
Togical breakdown is folilowing the "Ti70" of a well.

a. There must De nitial and continuing coordination with the

geophysical dritling program to ascertain that the fmportant paramsters

are mzasured winite the hole s being drilied. These measuremenis are

mainly gecphysical Tegses as for exanple, those that depend on

—

resistivity, sound, and radlosctivity., (Betails are orovided in an
eariier section)

b. After the well 1s completed, dodnhnle measurcients must be teken,
(Agadn, details are providod in an esriier scotion).

nooo T e e PP T S S N T _ 3 P S L ST
C. A JORCro Pronyan OF Weol Testing push ha D]cﬂ.:ieu T carariing

the ultinets producing capacity ana optimal prodiecing rete of the

o Ore exewple i3 to cogrdingte 2 series of fdnilor-

[

geothermal Tigl
ference tests Lo detect comnectivity.
a. After the well tosts are wade, the data must bBe analyued

that well performance and rosource evailability can be predicted.
e. A set of type curves to analyze non-~isothernal flow conditions
must be develeped,

f. A set of lype curves to analyze twe-phase flow conditicons must

he developead.



A, Timztable

August 75, 1873

December 31, 1973

May 31, 1975

December 31, 1975

Survey of Titerature on the Gliyben-Herzberg
Tens dynamics with emphasis on coning and
steady iTow with heal source below

vey of literature on building & physical
medel te stmulate the Ghybevp-Herzberg lens
systen

+hﬂ coivection problem Tor a
ecians ;1an
F!ﬂw el fuer‘ﬂ:o soiution of the cenvection
problen for a rectanguiar recion
Formulation of the coning problen

Comnletion of the probien of free convection
in an uncontino Qe0thoymal resarvoer

(b”:lkii:n of the investigation of tha offac
GTover o oon the upweliing of
the w

O

heat souy

~a
il
=2
Nz
(\
[

m

urvey of Titerature on the
ion of pumning and re-injection
iﬂ dn aquifor inder disctherial conditic

Comn1ﬁt50ﬂ of the
state pur 1 and
gaothesial cacrvior
For’uECLlun of the fini
free convection In a g0
irregular ageomatry

soiution of
‘mal reservior with

Completion of the investigation of the effects
of geothermal heating on Ghyben-Hevrzborg lens
Comnletion of the numserical solutions for heot
transfoer and vluid Tlow characteristics in an
axisyumetric genthermal reservior
Cgmpiellan of the Tinite elenent sclution of freg
convection in a fwo dimcnsional geglhermal
reservoir with irregular geonebry

Completion of the investigation of {ransient
responses in asothermal veserviors with pumping
and reinjection

Refinemznt of the finite element computer code t0
take inte consideration of various effects

-t
&e]



A, Timewahle

May 19, 1973 1.

June-July-August, 1973 1.

July-Auvgust, 1973 T.

August 31, 1973 I

December 31, 1973 1
3.
4,

December, 1874 T.
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_Modelling

Research on gas petroleum well test/
analysis
Research on the nature of a nsothcrwa1

o

reserveir and geothermal well testing

Ihh,TLtiOF
state of G

interpational survoy on the
al Reservoir Lnginecring
Further rescavch onh reservoir and weli
aralysic

Pretiminary analysis of international survoy

sthevmal

ine whether a tvnical
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]
o
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o
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survey
Preliminary design o
reservelyr mods

Further rc

1
1

esearch on gectharmal reservoirs
and well testing (wit

with Geophysics)

Selection of harowa;e for well testing
Assessment of seftware for well testing
Compleiion of initial phase of the fabrication
of the physice’l medeld

Purchase of hardware and se

for well testing (with Geophusics
IWIleL1OJ.h ieaoratory paranetric cnecks on
physical model

Assessmiant of mothods for measuremesnt and
analveds of - DHESE f“@

Preionin vy desion o Ghyben-lerzberg Lens
physicel nodel and consideration of interfacing
problens
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Initiction of Taboratory simulation studies
Conztruction of Ghyhen-Herzberg physical
modiad

Purchasa eguipment to interface the different
physical models

December, 1875

™Y

(8]

May, 1970 1. Analysis of laboratory simulation runs and
corretation with computer model

2. Interfacing of physical models into a general
modet of a geothermal field

3. Development of methods for two-phase flow
measurement and analysis

4, Measurement of temperature, pressure and
flow rate--both downhole and at wellhead

5. Preliminary analysis of data

r
. Final analysis of geotherinal well data

December, 1976 ]
2. Prediction of geothernal field performance
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Preliminary Proposel 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 inh March 1973. Between that date and
the present a_]arge amount of data has been gathered particularly along
the East Rift Zone of Kilauea (Puna Rift) in the fields of geophysics,
engineering, 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 1,,000 feet of
driliing per area or approximately 54,000 feet of total drilling in the pfo~
Jject. It is estimated that this complete driliing program requires a period
of at Teast two years and eight months. The Site Selection and Operations

Committee reserves the right to make the fir-1 decision on “+rill hole
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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 driiling
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 drilling contractual arrangements

are compieted.
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Preiiminary Proposal for Research Deep Hole Exploratory Drilling

Agatin T. Abbott

INTRODUCTION

As the various avenues of research and explioration which have been des-
cribed earlier in this report are being compieted 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 i1s 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 ETeﬁtromagnetic; 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
Gecchemical. Under Engineering Task 3.1 Reservoir Engineering, and under
Environmental-Sociceconomic, 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 large amount of information is contained in earlier works on ths geoleqy
and groundwater hydrolegy of porticns of the isiand 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 Manhagement
University of Hawaii
Site Selection and QOperations Committee
Agatin T. Abbott - Geology, Univ. of Hawatii
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

251



of advisors has been invited to-contriﬁute ideas and suggestions as the pro-
ject continues. There will undoubtedly ke additionaf names added as time
goes altong, 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 Kiein - 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

U.5.G.S.

Robert Tilling
John Unger - U.S.G.S.

Donald White - U.S5.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 7irm 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 Gecthermal
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.hoTes to 6,000 feet or

deeper 1s that if there exists volcanic heat at those depths the hydrostatic
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pressure of the overlying ocean water at depths of 6,000 feet or more water
temperatures could reach over 400°F in the peripheral areas of a volcanic

heat source. Under a hydrostatic head of 6,000 feet there would be 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 includad in earlier reports for the
HGP. Self potential survey is presently underway {see report by Dr. Charles
Zablocki).

No specific sites for drill holes areshowr in this proposal because the
field data are still incomplete. lWhen 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 1ocatibns_w$]1 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 Tocation 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 Kau 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 surveﬁs will be conducted 1in
the area during the summer. IR fmagery 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 Tower 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 ccean 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 & major structural feature, that could
influence heat flow from depth.

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

area. Geophysical surveys are planned during the summer of 1974,
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Specific
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Geology and Ground-water Hydrology

by Gordon A, Macdonald

INTRODUCTION

The island of Hawaii is formed by five major volcances. Kohala, at
the north end, and Maurna Kea, next to the scuth, have not been active in
historic time, and the Tast 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 last in 1950. Kilauea
has erupted ﬁepeatedly 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 Qahu and the East Molokai
caldera, further reduction in permeability 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 eruptionsltake place away
from the rift zones.) Kilauea and Mauna Lca each have two major rift zones.
At the surface the rift zZones 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 volcahoes
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 the 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 700°.

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 Qf the volcano away from
the rift zones. For the most part they are moderately fo highly permeabie.
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 thét
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

boundary.
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Information on the geology and hydrology pertinent to the possibie
occurrence and entrapment of geothermal 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 the 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 craters‘(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 1559 west latitude. 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 lava lake
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in Kilauea caldera and the sinking of the floor of a graben along the

rift zone close to sea level in East Puna; although no molten Tava appeared
at the surface above sea Tevel 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 frem vents along the rift zone have poured down slope,
building a broad structural arch that plunges east-northeastward at an
angle of 1 to 29, HNorth of the rift zone the tava beds dip 2 or 3° north-
eastward. South of it the dips are 2 to 4° 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 phdtographs (Moore and Fiske,
1969).

Warm (330 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 ano?her 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 lava in 196C. A well 6 km west of Cape Kumukahi contained
brackish water at 34° C. A well 4 km $80° 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 (appfoximéte1y 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 Tonger support the
normal Ghyben-Herzberg lens of fresh water.

Although all of the exposed rocks are moderately to highly permeabie,
it is possible that less permeable material may exist at depth. Along part
of the contact where Kilauea overlaps the slope of Maura Loa, 35 km west of
Cape Kumukahi, Kilauea lavas overlap several feet of relatively impermeable
weathered volcanic ash (Stearns and Macdonald, 1946, plate 1). This ash
layer lies on the crest of a 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 with 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 liberaticn of mag-
matic gas became possible, 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
rapidiy 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-
bility is that hyaloclastite, formed in associaticn 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 layers
to considerabie 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 Tevel.
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Southwest Rift Zone of Kilau=a

The second principal rift zone of Kilauea Volcano extends from the cal-
dera southwestward to the coast, and beyend. 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 eruplions. 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 ]ﬁes parallel teo, and about
2 to 5 km southeast of, the Kaoiki fault zone, along which the Tower slope
of Mauna Loa has moved relatively dowhward in relation to the upper part
of the mountain.

The constructional ridge along the southwest rirt 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 lower 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 coasi 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 wes®t 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 Tevel ¢f 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 h&a]oc]astite
below present sea level. The Pahala %sh, which is largely palagonitized,
reachas thicknesses of as much as 17 meters near Panata, and is presumably
down-dropped along the Kaoilki fault system and buried by later 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 -meters 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 Eo

is ‘probably a buried west-facing scarp en echelon with, and siightly east
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of, the Kahuku fault. The vrift-zone ridoge 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 lie 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 latter part of the eruption of the Kahuku Voicanic 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, 1246). They are tholeiitic
basalts of both rahoehoe 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 rancges from about 2 to 8 m in thickness.
The ash is largely palagonitized. 05eneath the ash, in Kahuku scarp 180 m
of thin-bedded tholeiitic pahoehoe and aa Tava 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 necar 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, thé more easterly of the two major flows
lying directly against the base of the scarp. One of the two largest erup-
tions of Mauna Loa in history tcok place in 1950, pouring out more than
460,000,000 cubic meters of lava from vents between 2,400 and 3,800 meters

altitude on the southwest rift 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 Wajohinu fault, 8 km east of the Kahuku fault. It is inferred that
other movement occurred at the same time beneath the ccean, because a big
local tsunami was generated, but no movement was observed on the Kahuku

fault above sea level.

KAk ok ok R fokok ok koL

The geophysical background is reviewed in Section Il of the

geophysics program in this proposal.
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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 localized heat sources. '

In brief, the Targe potentials observed at the surface are thought to
be related to the flow of hydrothermal fluids in a convection system
{eTectrofiltration 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 Targe 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 large anomaly is located in the area where the 19855 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 Tower east rift
zone of Kilauea in an effort to heip locate the sites for the exploratory
drilling program.

271






REUVANEE
_ "
5V/'/ 600/

e, oY

- CATER—™
PUY
K\ ”’/IL/EMA/

7

pO0

bQO

1 - 0
- ] |

lmiifj/ /
[ (% mions__

P

KILOMETERS

)

Eintiva 2 Cplf Pnfentizsl Canntanve




&
@

KAPOHO
PUU HONUAULA CATER

v
PUb'C\’\j ol

HLEWA

Figure 1

Areas Measured

272




Imageiy from infrarec Scanning of the East
and Southwest Rift Zonos o¢f Kitauea 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 Hualalat and Kohala volcanoes but because of inconclusive results are
not included in this report. Ground control stations had been established during
daylight hours several days prior to starting thé flight program. Students stationed
at the ground central points gquided the aircraft on predetermined flight paths by
the use of directional lights which were visible to the plane's navigator. Resulis
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 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 Tor Dr. George Keller of the Colorado School of Mines, who was engaged

in locating a deep drill hole near the summit of Kilauea.
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FLIGHT PATHS AND DESCRIPTIQNS

1. East Rift Zone of Kilzuag

Two long parallel flight paths were fTlown along the East rift zone from
points outside the boundary of Hawaii Volcances 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 sirips were
selected for reproduction in infrared false 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 temperazture range of 14°¢ to 20°C.
.Numerous site; 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 eerticns 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°¢.

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°c-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 Zonz of Kilauza

A flight path 12 miles long was followed “rom the point of intersection of
the western boundary of Hawaiian VYolcances Mational Park and the main highway between
Kitauea 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 tarcget-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 Tong. The roughly
circular pattern of thermal anomaly Ties 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 extensiocn, s.z1
Tocal spots reach white, or off scale.

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

This surface thevrmal 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 tength of approximately 22 miles followed the
southwest rift of Mauan Loa from an elevation of approximately 7000 Teet above sea
level to the tip of South Point. Only the lowest Tive 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 temperacure range on one sud-set is 16°c-22°C.  Thermal anomalies apnear
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. HNumerous
.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. Considar-
.ation must be given to fhe possibility that the anomalies result from residual
- late afternoon solar heat. The fmagery was taken at 0030 hours in order to reduca
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 lies in the concept that heat may be
rising from‘dep%h along the plane of the Kahuku fauit and issuing at the base of
the cliff and along bedding planes of the Tava 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 fcilowed out to sea for a distance of over 15 miles.
Depth recordings made on board the R/V Valdivia in 1973 while steaming past tﬁe
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 1is 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 229C. 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 foliowing 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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AGATIN T. ABBOTT

Professor of Geology

EDUCATION: B.A., University of Minnesota, 1943
Ph.D., University of Washington, 1953

PAST EMPLOYMENT:

1939-1944 Mining Geologist in Southwest United States, employed
by American Smelting and Refining, Phelps Dodge Corporation,
and IT1inois Zinc Company

1944-1946 Lieutenant (j.g.), USNR

1946~-1947 Project Engineer, Arizona Highway Department

1947-1949 Consulting Geologist, Prescott, Arizona

1949-1952 ~ Teaching Fellow and Instructor, University of Washington
1952-1955 Assistant Professor of Geclogy, School of Mines;

Geologist, Idahol Bureau of Mines and Geology;
Consultant, Bear Creek Mining Company

1955-1964 Professor and Chairman of Geology, University of Hawaii

1955-1972 Consultant: Reynolds Metals Company; Walter Lum & Associates;
Parsons-Brinkerheff, Inc.; Hawaii Thermal Power
Company; U.S. Navy - Operation Saiior Hat

In Addition: Director, Mational Science Foundation Institute
for Science Teachers, Palau Islands, 1869

Instructor, National Science Foundation
Institute for Science Teachers, Japan, 1966- 67

Director, National Science Foundation for
Science Teachers Television Series, Hawaii, 1967

Member, State of Hawaii Panel for Development
of Geothermal Resources, 1970-72

1973-Present Professor and Chairman of Geology and Geophysics, University
of Hawaii

CURRENT RESEARCH
Involves the investigation of thermal areas in Hawaii for

possible sources of geothermal energy.

Also, research of manganese nodules and crust in the Hawaii
area; visiting scientist on West German ship R;yV VALDIVIA, on cruise May 29
to June 26, 1973,
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Agatin T. Abbott (2)

PRINCIPAL PUBLICATIONS

International Symposium on the Origin and Distribution of Manganese Nodules in
the Pacific and Prospects of Exploration, July 1973. (Paper presented: Inter-
national Cooperation Between the R/V VALDIVIA and the Hawaii Inst. of Geophysics.”

U.S.~Japan Cooperative Science Seminar on Utilization of Volcano Energy, Hilo,
Hawaii, Feb. 1974. "Imagery from Infrared Scanning, Island of Hawaii."

"Tumac Mountain, A post-glacial Cinder Cone in Washington State," (abstr.), Geol.
Soc. Amer. Bull., 62:1945, 1951. |

Monazite Deposits in Calcareous Rocks, Lemhi County, Idaho, "Idaho Bur. Mines
and Geol. Pamph., 99, 1954.

"Andalusite and Kyanite Deposits on Goat Mountain, Idaho, and Prelim. Beneficiaticn
Tests on the Ore," {with L. Prater), Idaho Bur. Mines and Geol. Pamph., 100,
1954,

"Volcanic and Sedimentary Stratigraphy in the Cascade Range, East of Chinook Pass,
Washington,” (abstr.), Geol. Soc. Amer. Bull., 66:1641, 1955,

"Annotated Bibliography of Uses of Hawaiian Lavas," Hawaii Institute of Geophysics
Contrib. 4, 1957.

"Weathering Sequence Producing Gibbistic End Products from Qlivine BasaTt; on the
Island of Kauai, Hawaii," {paper presented to Geol. Soc. Amer., Eugene, Cre.)
March 1958.

Preliminary Results of Drilling for Geothermal Steam Along fhe Puna Rift Zone,

Island of Hawaii. Paper presented to the 10th Pac. Sci. Congress in Hon. 1962,
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Agatin T. Abbott (3)

"Occurrence of Gibbsite on the Island of Kauai, Hawaiian Islands," Econ. Geol.,
Volume 53, no.7, November 1958,

"Marine Pot Hole Erosion, Oahu, Hawaii," Pacific Science, v.23, no.3, 1969
(with Steven Pottratz).

Volcanoes in the Sea -~ the Geology of Hawaii, with Gordon A, Macdonald, 441 pp.,
University of Hawaii Press, 1970.

Maps of Physiographic Provinces in the State of Hawaii, Atlas of Hawail, pp. 30-31,

University of Hawaii Press, 1973.
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GORDON A. MACDONALD

Senior Professor of Geology

EDUCATION: . Ph.D., University of California, 1938

PAST EMPLOYMENT:

1938-1939 Assistant Geologist, Shell Gil Company
1939-1947 Assistant Geologist and Associate Geologist,
U. S. Geological Survey
1946-1947 District Geologist for the Hawaiian Islands
1947-1948 Assistant Professor of Geology, University of
Southern California :
1948-1958 Geologist, U. S. Geological Survey
1951-1956 Director of Hawaiian Volcano Observatory
1958-Present Senior Professer of Geology, University of Hawaii

OTHER ACTIVITIES:

Former President, Section of Volcanology and
Geochemistry, American Geophysical Union

Former President, International Association
of Volcanology and Chemistry of the Earth's
Interior

PRINCIPAL PUBLICATIONS:

Of about 150 published papers in general geology, petrology,
geophysics, and volcanology, those most pertinent to the present proposed work
are listed as follows:

Lava flows in eastern Puna, Hawaii: Volcano Letter, no. 474, pp. 1-3, 1941.

(with H. T. Stearns) Geology and ground water resources of the Island of
Maui, Hawaii: Hawaii Div. Hydrography, Bull. 7, 344 pp., 1942,

The 1942 eruption of Mauna Loa, Hawaii: Am. Jour. Sci.,v.241, p.241-256, 1943.

The 1840 eruption and crystal differentiation in the Kilauean magma column:
Am. Jour. Sci., v.242, p. 177-189, 1944,

Solfataric alternation of rocks at Kilauea Volcano: Am. Jour. Sci., v. 242,

p. 496-505, 1944,
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Gordon A. Macdonald (2)

Summit and northeast rift zone of Mauna Loa: Volcano Letter, no. 489,
p. 1-3, 1945,

(with H.T. Stearns) Geology anc ground-water resources of the Island of Hawaii:
Hawaii Div. Hydrography, Bull. 8, 363 pp., 1946.

(with H.T. Stearns) Geology and ground-water resources of the Island of
Molokai: Hawaii Div. of Hydrography, Bull. 11, 113 pp., 1947.

The Hawaiian petrographic province: Geol. Soc. Am. Bull., v. 60, p. 1541-
1595, 1949,

Petrography of the Isltand of Hawaii: U.S. Geol. Survey, Prof. Paper 214-D,
p. 51-93, 1949.

(With R.H. Finch) Thermal water on Kilauea Volcano: Volcano Letter, no. 507,
p. 1, 1950.

{with C.K. Wentworth) Structures and forms of basaltic rocks in Hawaii:
U.S. Geol. Survey, Bull. 994, 98 pp., 1953.

Activity of Hawaiian volcances during the years 1940-1950: Bull. Volcanolo-
gique, ser. 2, v, 15, p. 118-179, 1954,

Catalogue of the active volcanoes of the world, including solifatara fields,
Part III, Hawaifan Islands, International Volcanological Assn., Naples,
37 pp., 1955,

The structure of Hawaitan volcanoes: K. Nederlandsch Geol. Mijnb., Gen.
Verhandl., v.16, p. 274-295, 1956,

The activity of Hawatian volcanoes during the years 1951-1956: Bull. Volcano-
logique, ser. 2, v. 22, p. 3-70, 1959.

(with D.A. Davis and D.C. Cox) GeoTogy and ground-water resources of the Island
of Kauai, Hawaii: Hawaii Div. Hydrography, Bull. 13, 212 pp., 1960.

The 1959 and 1960 eruptions of Kilauea Volcano, Hawaii, and the construction
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HAWATI GEOTHERMAL PROJECT
PHASE 11

RELATED PRGGRAMS 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
alsc 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 MNatural
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 Organjzations

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 Mines. The program,

which has also been funded by NSF, has used KiTauea Volcano to study the
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A BILL FOR AN ACT
ESTABLISHING THI HAWAIT MATURAL ENERGY IMSTITUTE AND MAKING AN
APPROPRIATION FOR PLANNING THE STRUCTURE AND OPLERATION
THEPREOF. :

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 thrcough the remainder

of this decade and may continue to‘the end éf this century.
The State of Hawaii, with its total dependence for energy on
imported_fo;sil fuel, is particulariy vulﬁerable to dislocaticns
in the global energy market. This is an anomalous situation,
as there are few places in the world so generously endowed
with natural energy: geothermal, solaf radiation, ocean
temperature differential, wind, waves, and currents--all
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 enerqgy sources for lawaii; 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 ecnergy related activities directed

toward converting Hawaii's natural resources into viable

energy systems. These alternative energy svstems 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
solutions to the national and glohal energy
shortgage. " |
SECTION 2. The lawaii 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 during the initial
year both for carrying out the operations and functions
of the Institute and for planning the ultimaﬁe organizational
structure. Nationally recognized energy planners may be

consulted on specific goals and general organizatioconal
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# . B. o374 »?(fif”"

- structure of the FLnergy Institute. The President will also

appoint a broadly based Policy Advisory Committee to provide

interaction bctween interested segments of the community

and the Lnergy Planning Committee. A report containing

recommendations for the structure and subsequent operation

of the Fnergy Institute will be prepared by the Fnergy

Planning Committee for presentation to the Legislature

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

SICTION 3.

There is appropriated out of the general

revenues. of the State the sum of f£ifty-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 Energy Institute, and for

the hiring of necessary staff and consultants during the

next fiscal year.

SECTION 4.

AG 209677

This Act shall take effect July 1, 1974.
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hydrothermal aspects of a geothermal systeiw. Dr. Keller's geophysical studies
of the sumnit area and the results of the 4137-foot drill hole have provided
important 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 tﬁe Marysville Project; Repuhblic
Geothermal, Inc; Battelle Northwest: Rogers kEngineering; the Geothermal Cfficer
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 invoived 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 Hawait 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 Limilar projects.
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C. Dissemination Of Research Results

As discussed in the previcus section, the most effective exchange of
information with potential beneficiaries of the research at the local level is
through the Té-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'Techno1ogies for Hawaii",
which provided an excelient 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 Tater 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. Aithough
efforts will be made to identify total research driiling 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 100,000 (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 Il of the Project, $1,986,513 is requested. Table
B-I 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 budge% sheet

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

MANAGEMENT
1.0 Coordination and Support $ 39,401
GEOPHYSTCAL 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
3.1 Geothermal Reservoir Engineering 122,892
3.6 Optional Geothermal Plant Design 87,781
. 252,447
ENVIRONMENTAL-SOCIOECONOMIC 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-1I
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TOTAL SALARIES AND WAGFS 24,046
| B, STAFF BENEFITS IF CHARGEL A3 DIRECT COST 4,182
C., TOTAL SALARIES, WAGES, &ND STAFF BENEFITS (A + 8}
D, PCEMANENT COQUIPTVENT
E. EXPENDAGLLE EQUIPMENT AND SUPPLIES 6D_Q
. TRAVLL 1. Damastic Uncluding Canada) Field TY"EDS - Airfare 1 ,2]5
2. Foreign Per Diem (30 man days) T
| 6. PUBLICATION COSTS 850

H. COWPUTER COSTS IF CHARGED AS DINECT COST

I OTHER DIRECT COSTS  Trailer Mount 600
Vehicle Rental 600
Communications 300

J. TOTAL RIRECT COSTS [C through 1)

K. INDIRECT COSTS

L. TOTAL COSTS (J plus KI

M. AMOUNT OF THIS AWARD (ROUNDED]

REMAIIKS: Use exira sheet if necessary

*Includes anticipated 10% salary increase.
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GEOELECTRIC SURVEYS ;

Task 2.2
T - R iy
NATHONATL SCTENCT { OUNDATION NEGL AT 0T
“’::s]*.in;.!.tnn, 1,00, 24358 - e L \ . L
! r\]”fﬂs "’e_"(’_'*;”., GIITIET

[FROFOSAL NUMGLR

INGTITUTION AND ADDHESS

University of Hawaii
Honolulu, Hawaii 96822

HOF RO Gt ALE FIRINGIPAL THVLSI TG AT (V]

HAWATI GEOTHERMAL
PROJCCT A. S. Furumoto

THECOMMENDED DUHATION | GRANT RO,

HECOMIMMINDED GHAND AETCUNT

B. STAFF BENEFITS iF CHARGED AS D

; 3
A. SALARIES AND WAGES Tt the misrest senin) NEF GRANT
1. Senior Personnel ——CBTA ___AC"d—-__ *\'m":_‘i Fubcer
a.____ (o) Principai Investigator(s) N ._ S
b.__]___ Facully Associatoes ,w,ll 1 ] ] Pye; USO *
Sub-Total ‘ 11,880 *
2, Other fersonne! (Nen-Faculty) o N
a... _ __ Research Associates—Fostdoctoral _ o
b NmrFéctu Prafessionals B P -
c. __Z___ Gratduate STUACNIS L L e e e e e e e f_j_-l 2/_'6Q77 .
d. 2 __Pre-Baccalaureate Students (50 wks. .ea...@..10 .h\",lW.k @ $2..25./h1’. ) ...... | 2250
e. ____ oScoretarisl —OReriCal L e e e e e
f._ 2 Tehmical, Shop and Omer Fi21d. Assts.. (30 .days ea. B .525/day).. ...

TOTAL SALARIES AN WAGLS

IRECY COST

C. TOTAL SALARIES, WAGES, AND STAFF lu.NFf ITS U\ + B]

D. PERMARENT E QUIF”.‘.'.T\;T

E. EXPENDARBRLE EQUIPMENT AND SUPPLIES

F. TRAVEL 1.
3, Forcmn

f.-; . PG LFLAUON COTER

Domestic (Including Canadal

~land conference; 30 man days per diem for 3

8 inter-isiand trips - 480;

2
1 main- | 3.0

2,000

i "OTHER DIRECT COSTS COIWHUH'IC

Fuel

Rental (Drilling) - 2,000;
-2, 700 Gas - 460; Diesel - 180.

at1ons ~7200; M/R Equipment - 1,000;
Interis]and Freight - 400; Veh1c1e &

J, TOTAL DIRECT CO T‘-B {C throunh 1)

K. INDIRECT COSTS

On Campus (46
Off Campus (3

46% of $25,232)
2.49% of $2,158)

L. TOTAL COSTS W plus !\)

R, AMOUNT OF THIS AWARD (ROUNDED] R

REMARKS: Use extra sheet if necessary

*Includes anticipated 10%

salary increase.
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THEORETICAL & HUMERICAL

MODELLING, COIPUTATIONAL GEOPHYSICS,
MAGNETTC & GRAVITY SURVEYS

Task 2.3

NHNUNﬁIS(H\:'!Q{KHAHON

Weshington, 1207, 20550
THETIMUTION AND ALGRLESS Teo b PO e FRIHGIPAL 1MV ESTIGATGH (8)
University of Hawaii HAWAIT GEGTHERMAL A. S. Furumoto
Honolulu, Hawaii 96822 | PROJECT
i
[ FROPOSAL RUMBLH RECOMMENDE DURATIONT G RANT MO, THRLCOMMENDED GRANT AFSOURT

A

A, SALARIES AND WAGES

NSF Fundad Man Months

fto the niarest n.rnhj NIF GRANRT

) TOTAL AL ARIES ANDVWAGES

1. Senior Personnel | Cel. | Ace EUDGLT
g._ ____{Co) Principal Investigator(s) _
b. Faculty Associates T B ]

Sub-Total

2. Other Personnel Non-Faculty])
a.___l_ Hesearch Associates—Fostdocioral le _ 12 9 900 .
h. Non-Faculty Professionals R
Co - Graduate SIULENTS Lo L e e L -
d._ ' _ Pre-Baccalaureate Students 500 hrs, . B.2.75 .. . . L ,,] _3751 o
e Q’N{tarlglfC"cuc:!! ........................................................... R ) .
Fo_ o eniiioal, o, ant nr o i e e i e e e

B, STAFF BENEIITS IF CHARGED AS DIRECT COST

C. TOTAL SALAR Il' V“f‘(‘E“ f\F’D STAFF BE NFF!T‘ (A P)

D. PERMANENT EQUIPRIERT 3 Tide gauges - 450; Transforme
boxes, heaters, HUmps, scales - 600.

rs ; p1ast1c

v G PUBLICATION COSTS
H. COMPUTER COSTS IF CHARGED AS DIRECT COST

| E. EXPENDALLE EQUIPRENT AND SUFPLIES (Rocording paper, model study supplies

F. TRAVEL 1, Bomustic (ncluging Canadal 10 Interisland tri ps
2. Fareion  TUGG Meeting, Grenoble, France

& 1 mainland
1975

t. OTHER DIRECT CGSTS )
Vehicle Rental 900

Communications 300

4. TOTAL DIRECT COSTS (C 1.hr0uah I}

K. INDIRECT COSTS

L. TOTAL CO5TS (4 pfus K)

M. AMOUNT OF THIS AWARD (ROUNDEDY T T T e T T
REMARKS: Use extra sheet if necessary
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L TEMPERATURE SURVEY

Task 2.4

NATIONAL SCTINCE FOUNDATION VECT A T 01 AN
Washington, D.C. 20550 ESEARCH GRANT

RUBDCET WD o EnT

THSTITUTION AND ADDHESS i REF PROGRAM TRINGIPAL IRVEGTIGATOR(L]
’ i
University of Hawaii ' HAWAIT GEOTHERMAL
Honolulu, Hawaii 96822 | PROJECT A. S. Furumoto
|
PHROPOSAL NUMBER [RECOMMENDLD DURATION | GRANT NO. RECOMMENDED GHANT AMOUNT
| ;
NSF Fundnd Man ¥ontha -
A. SALARIES AND WAGES Lto tho mearest tentss NSF GRANT
. ] CUDGET
1. Sonior Personnel Cal. Acad. | Summ.
a. {Co} Principal Investigatcr(s) _] $
b. Fuculty Associates

Suh-Total

e. _Secretariat—Clerical

2, Other Personnel (Non-Faculty) ' o
a_] ___Reseaich Asscciates—Postdoctoral [ ] 2 'I 2 ,] 44 _____
h.__  Noo-Tagully Professionals {L_ L L
¢._ 2  Graduate Students 1.8.3 mo.,. 1.0 B.mo. 50%. e . 6,419 o
d._ PreSaccalaureate Students L Lo i e D

f,___ _ Tcechnical, Shop, and Other

TOTAL SALARIL

B, STAFF BERNEFITEAF CHARGED AL BT C

C, TOTAL S&LLL En, AMD STA SHA + B : 2
— A S LI I

D pLEMARTHT EQUIRMLENT  S19p Rings - 500; Tape Recorder & Digital Inter
face - 2,800; ¥ire Counter - 100.
E. EXF'FNpﬂ]}}iEleﬂEﬁENT AND SUPPLIES

I

F. TRAVEL 1. Demastic (Inciuc&ing Cancda)l '|6 -Znter-is]and tY‘i]JS - 8853 92 days

2. Fareign per_diem - 2,760; 62 days_car rentai - 1250

| G. FUBLICATION COSTS e

| H. COIAPUTER COSTS iF CHARGED AS DIRECT COST 2 hrs 0@ $298/hr
. OTHER DIRECT COSTS

J. TOTAL DIRECT COSTS (C throuah 1)

K. INDIRECT COSTS On Campus (46% of 16,729)
Off Campus (32.49% of 1,834)

L. TOTAL COSTS (J plus K)

M, AMOUNT OF THIS AWARD (ROUNDEDY T e

REMAIKS: Use extra sheet if necessary
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SEISMIC STUDIES

NATIORAL SOIENCE FOUNDATION
Washington, DO, 205850

THETITUTION AND ADURTES THGE GG AN
University of .Hawaii

Honolulu, Hawaii 96822 HAWALT GEOTHERMAL

FHINGCIFAL TRV ZLTIGATOV {5}

PROJECT “A. S, Furumoto
]
PROPOSAL NUMULR |REC()MMEIVULD DURATION GHRANT NO. TRECOMMENDED GRLANT AMOUNT
| 5
A, SALARIES AND WAGES HSE pundod Man Months NSF GRANT
1, Senior Personnet Cal. ____!‘ﬂ_d::{_syﬂl& DUDGETA
a._______[Co) Principal Investigatoris} _ by
b._ . _ Fnculty Associates A R R B
Suh-Total ‘
2. Dther Personnel (Non-Faculty) ] B o
2. ___ BResearch Assoeiates—Postdectoral L o
b Nrm-!fa.culw Profcesionats R B B
c._gu_,_ Grattate SIS L e e e e e e AP ]3 ,404
d?’____ Pre-Bacecalaureate Swdents | ]200 hl"S R @ . $2‘75 hr' ...................... | 377 §Oq_h ]
(‘".

TOVAL SALARINS ALDWAGES

B. STAFFf BENEFITE IF CHARGED AS D_l-RF.C1 COsT

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

— 1.,

D, PERMANERT FOUIPMERT 4 Geophones N 1,200
4 Seismic Amplifiers 1,600

B EXPUDDABLE EQUIPRMENT ARD SUPPLIES

—

F. 'I‘i’.AVEﬁL 1, Domestic Elﬂ(ﬁ|’;;’i(\[| Canadal ]2 inﬁteris]ﬁgnd tl"'ipé - 1 mainland
2, Fareipn

G, PUBLICATION COS1S B B

. CQ.’:"I_?UTE_FE_E:(J T_‘-?I__F (_)_P_I_ﬁl}_GED A5 _E_?TH[C'I' éOST
—-TLO)THEH&)!REE{ CGSTS Communiéations 400
Equipment Maintenance 2,000
Vehicle Rental (60 Days @ $30) 1,800

4. TOTAL DIRECT COSTS (C through 1]

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

L. TOTAL COSTS (J plus K)

M. AOUNT OF TIHIS AWARD (RGUNDED)

TERMARICS: Use extra sheet if necossary
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GEOCHENMICAL SURVEY

Task 2.6

NATIONAL SCHNCT FGUNUATION BESH C0 AW
Wrshizgion, DO, 20850 SSEARCH GRAN
¥‘i IGET \fi,‘fiﬂ,fﬁn;?‘ "

PROPQOSAL NUMDGL R

IBTITUTION AND ADDRLES HEF PROGIRAM
University of Hawaii

Honolulu, Hawaii 96822 PROJECT

HAHAIT GEQOTHERMAL

FRINCIPAL TRV ELTIGATO ]

A. S. Furumoto

iHE(;OMI\AEr{BED l')L”‘-u‘ATlON GRANT NO,

MECOMMENDED GRANT AIAQUNT

} ¥

A. SALARIES AND WAGES

1. Senior Personnel

'ﬂ'_ﬂfl LALATL .ufd !)‘r A(JI‘

a. _ __{Co) Principai Investigator{s)
b.__l_ Farulty Asscciates
Suib-Total
2. Other Personnel {(Non-Faculty)
a.____  Research Associates—Postdoctoral
h. . Nen-Faculty Professionals
c._ & Graduate Students L e e,
d. =  PreBaccalaureate Students .. L. oo,
e, Sncrfs.-t;nial—-(‘.!nrica! ...............................
[, Techmicel, Shop, end Oher . o000 e v i e,

HNSF Funded Men Months

fto the nearest 1enth
| LA

| el | Acad. | summ

NESF GRART
FULGET

&y

VO y707 %
1,727 *

S R —

B. STAFL— BEI‘\.EFH lr LhﬁRC‘EU AS DIR[LT(D I

C. TOTJ’-\L SAL ARI[’Q ‘.”'f‘(‘E‘-‘ AND STAFF ﬂl'NLFlTS {A+ Bl

2. PENMAL ["i"T ECQLIF

[, EXPEND "aBl E EOUI
F. TRAVEL 1. Domestic (Includlr g Carmda}

. PUBLICATION CO5TS

| C(J’»"L UTL[’ COJTC\ P CHARGED AS DIQECT (.OST

I. OTHER D!RECT CCETS

J. TOTAL DIPEC'I C‘OSTS c throug‘) 1}

K. INDIRECT COSTS

L TOTAL COaTS (J plus K}

s
]

4, AMOL N1 ar THEb AWAR') (ROU{\DEDI

RLMARE\S Use extra 'i?‘le‘i if necessary

*Includes anticipated 10% salary increase.
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HYDRGLOGY
Task 2.7

NATIOWAL SCII

Washington, 1.0

NCLTOUNDATION

20550

FOTANT

fr e
RSN

INETITUTION A

NI ADODRESS

University of Hawaii
Honolulu, Hawaii 96827

lé{i}; i'l-‘O(: Frita

BAWATT GEOTHERMAL
PROJECT

j FRINCIPAL TRV ESTIG A TOR(L)

A. S. Furumoto

FROFGSAL NUMBER

JHI‘.(‘.OI\“MENL’H.D BDURATICHR
i

GRANT WO,

RECOMMERLLUD GRANT AMGCU (5

] NSF Furiﬁud Man Menting ~ - .
A, SALARIES AND WAGES {to the nearest tenthi NEF GRANT
1. Sanior Personnel _..E"r':,,i Acad. 5”!‘!',“-_- CURGET
a. 2 [Col Principal Investigator(s) i 2 3___1_,_6]_2__(1_;
b._ _ _ Facuity Associates L
Gub-Total 1 ,672 * -
2. Otier Porsonnel (Non-Faculty! R .
8. ____Research Associates—-Pastdoctoral I P B
h,____ NanFaculty Professionals R o
c.__2___Gmf:iuaieSmdvnts e e e e e e e e 11 ,]20
d._2_ Pre-Baccalaurcate S1UGENTS Lo i i it e e T e | 7%;9707077” _
e, CSeeretarsal=Clerical oL e e e e Lo
£, dembindeal, Eaon, dnt OUanr L e e e e e e e e
TOTAL SALANITES ARND VAGES
| B, STAFE BENEFITS IF CHARGED AS DIREGT COST B
C. TO—TAL EALARIES, WAGES, AND STAFF BENEFITS (A + [B)
D, FERMANENT L OUIFWEHT
£, EXTENDABLE [jQUiPi'\’a!'.l»'T AND "7L1'T’>7‘!7IFS
__I'T[';_VELh 1. Domestic ilnciudnﬁ; barmdd:’
2. Foreinn
o B PUBLICATICR COSTS S
| COIPUTER COSTS IF CHIARGED AS DIRECT COST_($295/hr, X 2 hrs.)

I, OTHER DIRLECT CGSTS

3,000
500

Consultants
Sample Analysis

J. TOTAL ©2IRECT COSTS (C through 1)

K. INDIRECT COSTS

(On Campus: 46% - 14,792)

L. TOTAL COSTS {2 plus Ki

M. AMOUNT OF THIS AWARD (ROGUNDED)

oy

REMARKS: Use cxtra sheet 1f necessary

*Includes anticipated 10% salary increase.
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PHYSICAL PROPERTIES OF ROCKS

NATIONAL SCIENCL FPOUNDATION
Washingion, 12,0, 20550

FEE FROGH AT FRINCIPAL IRV L

HAWAIL GEOTHERMAL
PROJECT

TRSTETUTION AMND ADDIKESS

University of Hawaii
Honolulu, Hawaii 96822 §

ST1GATOL (D)

A, S. Furumoto

FF;“(‘)_POSAL. NUMIH;F"« RECOMMENDED [')UNA"I'ICIN GRANYT RO, P RECOMMENDER G

RAMHTY AAOUNT

| : ;
A. SALARIES AND WAGES Vo the mearest tenns NEF GRANT

t. Seaior Persannel _“Eﬂ_l_'__“___’\md- Summ._u RUDGLT
8. (Col Principal Investigator(s} ._____3
b.__ 2 Faculty Associates L s 50 l ],:,Q___A,_. 8 60__0_“_5_7

Suh-Total ’ 8 600 *

2. Dther Personnel [Non-Faculty) ) - -
2. Research Associntes—Postdoctoral ______FAA I
o ¥\an~Fa.cu!w Professionsls S Y .
G Graduate STUGENTS L Lot e e e e P ___;—E_’_‘:Plg e
d.“”_z__ _Pre-Baccataureate SWHENES Lo o i s sl e e - ] ,QQD 3
e SzoretarinlClerical Lo e s .
fo_ o Teshmiesd, Bhop, and Guer . L e e et e T _m_i

 TOTALSALARIES ANDYVIAGES 15,060 |
B. STAFF BERCFITS IF CHA R(;ED AS DIF{ECT COST 1.733
C. TO] AL SAL ."‘E-'h‘ S VIAGES, AND STAFF BENEFITS (f\ +8) . |

D, PLRite et E0ulminT Thermal Conduct1VIty Apgﬁratu & Furnace {to
be fabv1cated) - 7,500; Cap. Bridge - 1,850; CONTINUED BELOW #*

17,323

lE, CEXRPEN DﬂuLl tGUiP.‘rNI AND "UR"' 155

1. Cometic (Including Cenadal {Interisland inciuded)

2 FOH‘!’I"E

F. TRAVEL

G l‘UbLi( ATION C.O‘S'i

M COmaPUTER COSTS IF CPARGED AS DIRECT COST

I D1HFH DIRECTY CGSTb

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

L. TOTAL COSTS {J plus KI

KA, AR UUN! OF THI‘) AWJ’\F‘\D (ROLL IDEDY

BEMARKS: Usa extra sheet if nocessary

**CONTINUED FROM ABOVE:

Oscillator - 1,100,

*Includes anticipated 10% salary increase,

Digital Voltmeter - 1.,400; Decade Resistor Box - 500;
“Recorder - 1,500; Digital Thermometer - 1,900; Freguency Counter - 700;

NSF FONRM 56%, JUJLY 1971
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e g w4 mAEL amwE = ey = mima PN [N

1 P
| (J
THG PROGRAM
&Ui‘“’n I‘\Y
RESEARCI GRANT =

BUDGET WOPRKHSHEET

NATIONAL SCIENCE FOUNDATION
¥ashington, D.C. 20550

INSTITUTION AMDO ALDRESS NEF FIROGHAM FRINCIPAL INVELITIGATOH (5]
University of Hawaii HAWATI GEOTHERMAL Paul C. Yuen
Honolulu, Hawaii 96822 PROJECT

PROPOSAL MUMBER RECOMMENDED UUHATI’ONT;_GHANT NO. RECOMMENDED GRANT AMQUN‘I_

| ,
T :
NSF Funded Man Moaths |
A. SALARIES AND WAGES . Tto the mearest tenth) NSF GRANT
. ] EUDGET
. Senior Personnel Cnl. Acad, | Summ.
a. ] __(Co} Frincipal Investigator{s) 1.CG s Z ,860""‘___
b.__ 8  Faculty Associstes ' 13.6 |14.5 57.404%
Sub-Totat 60 . 264%
2. Other Personnel {Non-Faculty}
8. Fescarch Associates—Postdoctoral [
h . MnnFacutty Professionals '
c 8 Graduate Students . ... .. i i an Casaaaanaaan erer i aa s e ceaae
d. 6 Pre-Baccalaurcate Students ., . ... eernae-n P R m A s seaaabeatt ettt ey .
£, i Techinicsl, Shop, and Other . . L L L i it i iaransanann bttt e e ra e e
TOTAL ‘11_11’::\;| (;i'ﬁ“ v'JﬁGL‘;
B__S_T_‘Lfil-i— BENEFITS Ir (‘*hRGED HS [')I"\FCT cosT 1
€. TGTAL SALARIES, wAG 3. AND sm.r BENEFITS (A + 8) | , N
D, PEAMANENT EQUIPMENT \\\\\\\\\\\\v\\\\\\\ N \\\ii
14,500
E. EXPENDABLE EQUIPNENT AND SUPPLIES 6,700
F. TRAVEL 1. Domastic [includmyp Canada) ]__‘!_’](‘O
2. Forgign TO’ODD
G. PUBLICATION CO3TS ) 2700
H. COM PUTEH COSTS' IF CHARGYD AS DIRECT COSY 6 C,OO
et IR e 3
1. OTHER DIRECT COSJ S . \g\\&\;\ g \
5 ;
Consultant Fees 318,000 - M
cmmunlcations s 17,800
3, TOTAL DIRECT COSTS {Cthrough 1) '197,705
K. INDIRECT COSTS ] R, TR
: 46% of Salaries and wages . SR
- _ 54,742
L. TOTAL COSTS {4 pl “
1 plus K3 250,447
M. ALIDUNT OF THIS AWARD (ROUNDED] ¢

REMARKS: Usa extra sheet il necessary

*Includes anticipated 10% salary increase
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EhGINrtPING FROGRAN
Task 3.0
NATIONAL SCIENCE FOUNDATION RESEARCH GRANT

Washington, D.C, 20550 N
BUDGET WORKSHEET

INSTITUTION AND ADDRESS HSF PROG K A4 PRINCIPAL INVESTIGATOR[S)
University of Hawaii HAWAIT GEOTHERMAL
Honolulu, Hawaii 96822 PRGJECT : Paul C. Yuen
FPROPOSAL NUMBER RECOMMENQGED DURATION] GHAMT NO. THECOMMENDED GRANT AMOUNT
L ’ -
NSF Fundnd Man Month T
A. SALARIES AND WAGES . to the noarest tenin) N5F GRANT
1. Senior Personnel Cal. Acad. | Summ. BUDGET
[N {Col Principal Investigator(s) 1.0 g 2 _BEQH
'R Feaculty Associatas i E L
Sub-Total 2 860
"2, Other Personnel (Non-Faculty)
LR Research Associates—Postdoctoral
b Nan-Faculty Professionals

€. Gradvate Students ..., ... ..., Cresareee P ds e et arE et
d. ____? Pre-Baccalaureate SIUABMS L ... .utvniiennaena.s D R e .
g} GosretarialeCIEiCal .. i v Caeaaes e e
{oTechnical, Bhap,and Other . L oL i i ccanntananes et rar e Cieneas

TOTAL aALA?if S AN l] v.m,[:s
ST/a.cF BENEHTS IF CH&,,JFLTR' DIRECT COST
T’\TAL SALAR CWACGED, AND STA FF BENEFITS {A + B)

8. PERM ANENT EQUIPMENT

=

o)

\\\\\\\\\\\\\\\\\« e

E. EXPENDABLE EQUIPMENT AND SUPPLIES ' 700
F, TRAVEL 1, Domesstic {including Canada) ] ,9[}0
2. Foreign
i G. PUBLICATION COSTS . 1,000

H. COMPUTER COSTS IF CHARGED AS DIRECT COST
I. OTHER DIRECT COSTS

Ampe. ROgErs Eng1neer1ng $14,000
Carmunications: 600
J. TOTAL DiRECT COSTS (C through 1)

F. INDIRECT COSTS
46% of Salaries and Wages

L. TOTAL COSTS (J plus KJ

M, AMOUNT OF THIS AWARD {ROUNDED) s

)

REMARKS: Use extra sheet of necossary
*Includes anticipated 10% salary increase
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hea g e WA Eea maw s 4 e e Ceems - e e e b et m - e - . . - e e - - . [,

ENGINEERING PROGR::
Tack 3.1

NATIONAL SCIENCE 'OUNDATION T *
v&mmmomoizzmsb[ ATION RLSEARCI GRANT

BUDGET WORKSHEET

IRSTITUTION AND ADDRESS NSF PHGGRAM FRINCIPAL INVESTIGATON (3]
University of Hawail HAKAIT GEOTHERMAL
Honolulu, Hawaii 96822 PROJECT Paul C. Yuen
PROPOSAL HUMBER RECOMMENDED DUHA%ION'GRANT NGO, RECOMMENCED GRANT AMOUNT
[ L ,
A. SALARIES AND WAGES : oo the st roninr NSF GRANT
1. Senior Personnel Cal. i Acad. ! Summﬁ.—"-. EUCGEY
&.______{Col Principal Investigator(s) s
b.__ B Faculty Astociatas " 11.3] 8.5 37, 535*—1
Suk.Total 37 ,53-5*
- 2. Other Parsonnel {Non-Faculty) J___
' a, Research Associates—Postdoctoral
h. Nnn-Faculty Professionsls | . i
Ce. B Graduate Students ... .. e e e areeeaapan e 22 680 ]
d. Pre-Baccalaurcate Students |, e ae e e ok m e et rreraser e sy . __4 9_5_@L___
Socretarisi—Clerical Lo o i e rrcer e Hbrann e P T S
f._  Teehnjea!, Shep,and Othero o0 oL o oL, ceearaaaaa TS R ;
TOTAL SALAR‘!ES A’-:!‘JD WAGES
B STAFF BENESITS IF CHARGED AS DIAEGT COST T
——kETmfﬁ.AL_qﬁafdaw."TTZE?5*1?L§E¥;T?7?E?_?i? {A+ B

T A .

e [ ‘,\‘"-1
D. PERBMANENT EQUIPMENT f\

E, o0
E. EXPENDABLE EQUIPMENT AND SUPPLIES " 1,000 o]
F. TRAVEL 1. Domestic {Including Canada)j 52_[;6')
2. Foreign 5,000
. G. PUBLICATION COSTS 1.70G0
. H. CONPUTER COSTS IF CHARGED AS DIRECT COST 3,000
. OTHER DIRECY COSTS
Communications
— e 800
,_i_I_OMJEEC‘ COSTS (C through 1) : 93.123
K, INDIREGT COSTS ‘ . :\
46% of Salaries and wages N
: . 29_3269@4
L. TOTAL COSTS (J plus K} ]22 ,892
M. AMOUNT OF THIS AWARD (ROUNDED) | s

 REMARKS: Use extra sheet f necessary

*Includes anticipated 10% salary increase
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ENGINEERING
Task 3.6

PROGRAI

NATIONAL SCIENCE FOUNDATION QU ARV O ANT
Washingzon, D.C. U550 RI:SLJ“IR\,AL i 11\ 1;

BUDGET WORKSHEET

INSTITUTION AND ADDRESS | MSE PROGRAM

HAWATI GEOTHERMAL
PROJECT

University of Hawaii
Honolulu, Hawaii 96822~

FRINCIPAL IHVESTIGATOR{E)

Paul C, Yuen

FROPOSAL NUMBER GRANT KO,

JRECOMMCNDED DURATION

RECOMMENDED GRANT AMOQUNRT

A. SALARIES AND WAGES WP purdsd ManMemhe | e Grant
1. Senior Personnel Cal. Acad, Sumr SUDGET
8. __lCo) Principal Investigator(s) L
b._3__ Faculty Associates ‘ 1 | &0 19,869
Sub-Total 10 869 *
2. Other Personnel {Non-Faculty)
8. Research Associates—Postdoctoral
b, Non-Faculty Professionals
c. 3 Graduate Students ............ Crearatsiaraeaneen . rreaannins ‘e frrearea e 13 ,608
d. 2 Pre-Baccalaureats Students .., ..., veuuravsaancsona b e faetdeem ety P Z_,_OOO
€ Secretarial~Cierical ... ... .iei i iiauin heerarararcan Mt s aamaaensia s ‘e
f._.1 _Technical, Shop,and Other. . ... .., .. i v iiniianans et et deeaes BAOW‘J
TOTAL SALARIES AND WAGFS 40,477
B. STAFF EE'\JEFI'T IFE‘}:LAREV?E-;;—[:J-I‘_ECT COST 'l ,98‘5

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

D, PERMANENT EQUIPNENT

o - TR
\\\ \\\\\ \\\\\\\&:\\\x\i\xf

S M
1. QTHER DIRECT COS&TS

Communications

9,500
E. EXPENDADLE EQUIPNMENT AND SUPPLIES S’OOQ“M__.—

F. TRAVEL 1. Doraastic (lacluding Canadal 3’80{]

2. Foreign q ,OO—U

G. PUBLICATION COSTS 1.000

H. CO"»"lPEJ_'I_EB COSTS [F CHARGED AS DIRECT COST é\,QQO_

J. TOTAL DIRECY COSTS (C through |}

K. INDIRECT COSTS

46% of Salaries and Wages

\\ﬁ\\\\\\\é\f\\\ 3 R

L. TOTAL COSTS 4 plus K}

87,781

M. AMOUNT OF THIS AWARD (ROUNDED)

L4 ]

]

REMARKS: Use extra sheet if necessary

*Incluces anticipated 10% salary increase
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FRATIONAL SCHNCT FOUNDATION

ENVIROH
BUDGET SUMMARY

MENTAL-S0CIOECONOMIC PROGRAM

4 o VAR
Voiasbington, DO, 20350 Rk
R e

HHETITUTION AND ADDRESS i h.u FE GGERAM

University of Hawaii l
HoroTulu, Hawaii

PROGLECT

HAWAIT GEOTHERMAL

FRINCIFAL INVELTIGATOR (W]

Robert M. Kamins

FPROPOSAL NUMHER TRECOMMENDED DURATION] GRANT NG,

|

TRECOMMENDZD GHANT AMOUNT

s

A, SALARIES AND WAGES

1. Senior Personnel

a, 7 __{Co) rincipat Investigator[s)
b.___q: Facubty Associates
Suh-Total

2. Other Personnel [(Non-Faculiy)

a.__ _ Research Associatos—FPostdoctoral

h. Non-Faculty Professionals
R
g |

Pre-Bacczlaureate Students L. L L e e i e e

NSF Funded Kan MMontha

fio the pearest fenti) hSF Gy

“:icél: ”—;c_n_d__:: '_S;n_mﬂ CUDGET .
| b 2 25,000 %
1 8 18,976 *

13,926 %

Graduate Students (3 .P.al".t.-.T.'i.mﬁ) ...................

*H‘,,"! C:w” fF:;!‘a Llln' v CU‘?T

C. ) TOT,"‘L SALARIES, WAGES, .M;D STAFF LFNEFhS (A +B)

D, PERMANENT EQUIPIAENT

£, EXPE i\ D!‘\P' £ E"IUE"F AENT I!‘D ’UI’PLL 3

F. TEAVEL 1.

2. Forcign

Domestic {Including Canada)l

___G. PUBLICATION COSTS

H. CLx PUTER COLTE AF CHARCED AS DIRECT COST

L, OTHEH DIRECT CCSTS

Consultants

J, TOTAL DIHECF CD':TS (C throunh 1}

K. INDIRECT COS¥S

. 32 ,823_______:__

L. TOTAL COSTS U plus K)

131,763

M. AR xOU'\iT OF THIS AWARD [ROUNDED)

HEMARKS: Use exira shaet if necessary

*Includes anticipated 10% salary increase.

NSF FORM 569, JULY 1978 ' 3]6

SUPERSEDES ALL PREVIOUS EDITIONRS



PROGRAM ADMINISTRATION AND SUPPORT

Task 4.0.
P s
At IONAL SCLHENCE FOUNDATION RESEADCI Gl
Washington, D.C. 20550 oS ARAE o
BUNGET WO aigs
THSTETUTION AND ADIZRESS NSF PROGH AN FRINGIPAL INVLETIGATO]Y)
University of Hawaii HAWAIT GEOTHERMAL Robert M. Kamin
Honolulu, Hawaii 96822 PROJECT - hamins
PROPOSAL NUMBER (RECOMMERDED DURATION| GRANT HO, TRECOMMENDED GRANT AIKOUKT
} |'s
N5F Funded Man Months
A, SALADNIES AND WAGES 10 the nearest tenth) NSF GRANT
1. Senior Personnel Cat. Acad. | Summ. BUDGIT
s | ___[Co) Principal Investigator(s} 3 1 & 'IZFSD * |
b, Feculty Assaciztes ) B
Sub-Total ‘ -EZ ,_500 *
2. Other Personnel {Non-Faculty}
N 1
a.______ Research Associates—Postdoctoral e i
h, __  HNon-Faoulty Professionals S _J___,__ o o L
€. Graduste STodRnS L L i e e e e et -
d,_ Pre-Baccalauraate SHWHBNIS L i i e i e s e e . o .
e.

e L R

12 k0 i
P

..
i
I

D, PERMANENT EQUIPKENT

L E‘;E_}([’EI'_I)-"B LE COUIPRENT AND JUPPLIES ?(fO
7F. TRAVEL 1. Demestic {Including Canada) 400
2. Foraipn T
G PURLICATION COSTS 100 -

H. COMPUTER COU ¥ CHARGED AS BIRECT COST

{, OTHER DIRECT CUSTS

Jo VOTAL DIRECT COBTE (C through 1}
K. INDIRECT COSTS

L. TOTAL COSTS (4 pfus K) 24 8?4_

s o e = e = - ] =

1. AMOUNT OF THIS AWARD (ROUNDED) $

REMARNS: Llse extra sheet if necessary

* Includes anticipated 10% salary increase. -

MSIT FORM 569 JULY $521 3]7 SUPERSEDES ALL PREVIOUS EDITIONG



ENVIRONMENTAL

Task 4.7

NATIONAL SCHNCL FOUNDATION
Warchingtan, DO, 20840

JET WO R

SUARCHD GILAL

W1

INETITUTION AND ADIRHESS ‘ N:‘Ei" PIROGH AL

University of Hawaii

Honolulu, Hawaii 96822 PROJECT

HAWATII GEOTHERMAL

FHIMCINAL TNV EGTIG AT (4]

Robert M. Kamins

PROPOSAL NUMUER
!
[ |

%

i RECOMMENDLD GRANT AtiOUNT

A, SALARIES AND WAGES

e'_._
|

TOTAL SALARIFL ARD WAGES

N&f Fundad Man Months
fle the nearest tonthi

HSF GRaNT

1 Sunior o e | e e
8, {Co) Principal Investigator(s) o ¢
b.r_:_l_m_ Fazulty Awociates ; _,__N] ______ L 4 ] 0 ’339 *
Suh-Total — I
2. Other Personnal {Non-Faculty} R e
a. Research Associates—Pastdoctoral o .
fho_ Non-fFacully Professionals T : . .
¢. 3 Graduate Students .. (Pa Y'.'t—.T.'i.m@.) ................................... e 6,000

0. STAFF BENEFITS IF PARGED AS DIRECT COST

C. TOTAL SALARIES, WADGES, AND STAFF GENEFITS (A + B)

D, PERAANTNT EQUIRPMATHNT
3 _Hi-Vol. Samplers 1080;

3 Sequential Samplers 2940; Reagent Kits 720 et
Flectric Fld. Srce 420 L

C. EXPENDAGLE EQUIPTAENT AND JUPPLIES
F. TRAVEL 1.

2. Foreign

Domestic {Including Canatia)l

G PUSLICATION TOSTS

H, COMPUTER CO3YS IF CHARGED AS DIRECT COST

i. OTHER DIRECY CGSTS

Consultants on Environmental Impact Studies

J. TOTAL DIRECT COSTS {C through 1}

34,797

K. INDIRECT COSTS

L. TOTAL COSTS (J plus K}

. AROUNT GF THHS ANARD (ROUNGED]

REMARKS: Usz extra sticet if necessary

* Includes anticipated 10% salary increase.

NSF FORM 569, JULY 15371 3]8

SUPERSEDES ALL PREVIOUS CDIVIOKE



LEGAL AND REGULATORY

NATIONAY SCHNC

P
i
Washington, 0,0, 20356

CUNBATION

HETITUTION AND ADDRLSS

Honolulu, Hawaii 95822

BRSE PITOGR AR

l
|
University of Hawaii HAWATL GEOTHERMAL
PROJECT
|

Robert M. Kamins

l FRINC AL TRV LSt e fa T Crie i)

PROFOSAL NUMUER |

HECOMMENGED IO AT FOM| GRAINT MO,

RECOMMENDIED GRAMNT AFACURT

5

A, SALARIES AND WAGES
1, Senior Persannel
a,  _ (Co} Principa! Investigator(s}
b. _ . Farulty Associates '
Gub-Total
2. Qther Personne! (Non-Faculty)
a.__ _____Research Associates-Postdoctaral

. _ __ Nean-Faculty Professionals

TOTAL SALARE

| Cat. 1}

Aced.

HEF Funded Man Montna
fto the nearest tenth)

Summ.

NOF GIANT
PUDGET

&

c B € 2T [ S o o

B. STAFF BENCFITS IF CHARGED AS DIRECT COST

C. TOTAL SALARIE . AND STAFF BENEFITS (A ¢ B)

D PERMARENT EGUIFL

E. EXPERDARLE EQUIMMENT AND FURPLIES

F. TRAVLEL 1. Domestic tincluding Canada)
2. Fareign

6. PUBLICATION COSTS _

H. COMAPUTER COSTS IF CHHARGLED AS DIRECY COSY

I. OTHLER DIRECT COGSTS
Consultants

J. TOGTAL DIRECT COSTS (C through 1)

K. INDIRECT COSTS

L. TOTAL COSTS (U plus k]

M. AMCUNT OF THIS AWARD (ROUNDED)

REMARKS: Use extra stieet of necoessary

NS FORM 5§69, JULY 1971 3'[9

SUPERSERNES ALL rECVIQUS EDITIDHS



LAND-USE AND PLARNING
Task 4.3

HATIONAL SCIPNCE FOUNDATION - T ~ P I
Washington, D.C. 20550 Rf'“’i"l_‘"}-{(’” G::;"}j‘ N E_
DLNGET W eI ET -

INSTITUTION AND ADORESS RS PROGIAM

HAWAIT GEOTHERMAL

PROJECT

University of Hawaii ‘
Honolulu, Hawaii 96822 I

PRINCIPAL INVESBTIGARTOR (3]

Robert M. Kamins

PROPOSAL NUMBER RECOMMLINDED DURATION | GRANT MO,

|
I
|
|

RECOMMENDED GRANTY AROQUNT

|
.

A, SALARIES AND WAGES

NSF fundod Man Honths

fto the rearest tenti/ H5F GRANT

1. Senior Fersannel _CJJAIM Aced. | Summ, PUDGET ]
a.___ ___(Co} Principal Investigatoc{s} S
b.____ . Faculty Assocrates I S | )
Sab-Total
2. Other Personnel {Non-Faculty) N o
a.______Research Assoriates—Postdoctoral R
bh. Non-Faculty Professionals e
c._l___Grarfua:e T 1= 1 4,536_
d.__ PreBacealaureate Students ... it i e e i e |
€ Sscretarial—Clerical ... i e i e e e
£, Teehinicsl, Shop, and CHbiur o e e e
TOTAL SALARIES AND WAGES

., STAFF BENEFITES IF ( PCED AS DIRECT CO5T

C TOTAL SALARIES, WAGES, AND 5TAFF BENEFIZTS (A + 1)

D. PERMANENT EQUIPKENT

E. EXPENDABLE EQUUPLILNT AND ZUPFLIES

F. TRAVEL 1. Domestic (Including Canada)

2. Foreign

_... G PUSLICATICN COSTS S

H., COMPUTER COSTS 1P CHARGED AS DIRCCY COST

i, OTHER DIRECT COSTS
CONSULTANTS

J. TOTAL DIRECT COSTS {C through 1)

O INDIRECT COSTS

L. TOTAL COSTS U plus Ki

1. AMOUNT OF THiS AWARD (ROUNDEDI

REMARKS: Use extra sheet if necessary

MNSF FORM 569, JULY 1971 320

SUPCRSEDES ALL PREVIQUE EDITIONG
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ECONOMICS

NATIONAL SCIERCT LGUNDATION e
Washington, D.C, 20550 RESEARCH GRANY
BUNDGET Wi

INSTITUTION AND ADDRIESS GF PHOGRALS

University of -Hawaii

Honolulu, Hawaii 96822 PROJECT

‘ I

l HAWAIT GEQTHERMAL
! Rabert M.
!

PRINGIPAL INVEGT & ATOH{S]

Kamins

FROPOSAL NUMEBER HECOMMENDED DURATIOR | GRANT NGO,

€

RECOMMENDED GRAMNT AMOU 5k

N5F Fundod Man Months
flo the nearags! tenrhl

A, SALARIES AND WAGES

NSF GRANT

2. Other Personnel (Non-Facutty}

1. Senior Persnnnel :_'quwm——::nd' Sumt, | PUDGET
a. | {Co) Principal Investiaator{s} 3 1 S 17 LB00.. *
b. 3. _ Faculty Associates 1 4 8, 582 *
Shv-Total . 21 IV

a._ ____Fesearch Assosiates—Postdoctoral .
L9 Nrn-Fagulty Professionals i B
C.o_ Graduale SEtieits L e e i e e e e
d__ﬂj_ﬁrPm-Bacculaurnale SHIGENTS L L e e b e e e e
e-,i-l,i_ Secretarial—Clerical ... .. . e e
£, Technicel, Ehop, and GEhor . o e e

TOTAL SALARIES ARG WAGES

L 2,000
6,080

b, STAFL BELFE

o

ie CHARGEN A5 DINECT CL

I3

23,08

!
C. TOTAL SALARIES, WAGES, AND STAFF BENEIEITS (A + B}

D. PERMANENT EQUIFMENT

L. EXPENDABLE EQUEMVENT AND SUPPLIES

F. TRAVEL 1, Domestic {including Canadal

2, Foreipn

|G PUBLICATION COSTS - —

| HCOMPUTER COSYS IF CHARGELD AS DIRECT COST

[, OTHER LRECT COSTS

J. TOTAL DIRECT COSTS {C through 1)

. INDIRECT COSTS

L. TOTAL COSTS  plus K

M. ALEOUNT OF THIS AWARD (ROUNDED}

“

REMARKS: Use extra sheet if necessary

* Includes anticipated 10% salary increase.

N5F FCRM 569, JULY 1971 32]

SUFPERSEDLS ALL PREVIOUS COITIONMS



Exploratory Resecurcn Drilling Program

A .S Y

RATIONAL 3¢ LeNCE TOUNDATION NRSTALCH |
Wacningten, D.C. 20550 f inhot
RUDGTT WORKSH

'.Ih_a1l'1 UTION AND ADDRISE

HEF PROG AR PHIMCIPAL VHVLSTIGATO W (5]

AGATIN T. ABBGTT

FROPOSAL NUMBER

RECOMMENDED GRANT AMOUNT

iHECDMMEND[:D

DURATION|GRANT NG,

i

1CY

k3
A. SALARIES AND WAGES T rundod NN Montha NSF CRARNT
1. Sanior Personnel cal. | Aced. _LSumm.‘_ DUDGET
EN i_(f‘:n) Principsl Investigaior(s} 1.0 B fa ,800 *
b, _ Farulty Associates i
Sub-Total ,
2. G:iher Fersonnel (Nonp-Faoulty) - L
a.__ __ Resaarch Assccistes—-Postdontorel § L
. T _ Nen-Faculty Professionals 9 _ __8_«,-,0l’.]ﬂ___ﬁ,
c. 2 B € 112 EY S 2y T 4 T _FZJ ?GOV o
d. 2 __Pre-Bacczlaureate Swudents | w] 3_5_{_}04 |
e. ___ Secretarial-Clerical -i? UOO
f. Technical, Shop, & 90
“TOT"-‘L SALAF i
\
%
-

D, PERMANENT EQUIPMENT
For handling and storage of drill cores & other materials from

E. EXPENDAGLE CQUINILNT AND BUMLIES &

2,

PED;

o )
) R
——JZ//"

_F_ ';_HAVLL 1. Domsstic {lncludlngi_,éq:.i 2] (1({;’51'\ sland m”]ucea) Car & JE’EEID Y"eh?:. ) (J;{:,UOO o
2. Foreign gas & oil included; also per dian | 2,500

H_ MPUTE! 7‘ ) ‘F,E:E{’ AGED AS _D!H?CT CO_T"
i. OanHIN?&flCu>IQ: Conmunicatiaons 51,000;
Crilling Prog. Hanagers (10% of cogba_1,0G0,00Uﬁ $100,000 road

cons truﬁtiow :nc?uﬁ d _(se2 ramarks)

J. TOTAL Di.’—“\ECf COSTS {C throuah }L_ﬁ
K, INDIRECT COSTS

On Camous  {46% of $27,800) 12,788
OFff Campus (32.49% of 8,700) 2,826

L. TO TAL CO°TS {J plus Kj

M A’AOUNT OF T‘-{IH AW;-\RD lRDU’\.'l)cD)

REMASIKS! Usz extra sheet if necessery
Rental field offica - $400/mo  $4,800
Drilling, Logging, Material $900,000 "
Communications $1,000
Proa. Managers fee 100,000
Road Construction 100,000

$? 105,800 total

Inciudes 10%

NSF FORM 565, JULY 1971 3722 SURPERSEDKS ALL PREVIOUS EDITIONS
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Hawaii Geothermal Project

Cxplovatory Rasearch Driiling
(For Threec-Year Period)
Total Cost - $4,054,000

Dollars in Thousands

Breakdown CY75 CY76 CY77
Drilling, logging, coring, etc. 3900 1,500 750
Road Construction 100 100 25
Consui. Engineering Co. fee ‘ 100 160 78
Perscnnel 41.4 50 46.5
Office rental 4.8 10.8 3.2
Travel & Per diem 31 . 31.5 24
Equinment & Supplies 7 8 4
PubTication & Computer 4 4 7
Communication 1 1 1

Sub-Total 1,189.2 1,865.3 940.7
Indirect Costs 16.8 24,0 22.3
TOTAL 1,206.0 1,889.3 963.0

The sbove figures represent drilling costs for the three years
of the Expioratory 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.

+

323
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FPRELIMINARY TIME-COST ESTIMATE AND ECHEDULE FOR EXPLORATORY DRILLING

Rawaili Geothermal Project

1975 1576 1977
Shallow Holes )
1/1 3/1 7/1 8/1 12/31 2/1 6/1-
8 ho%es e?ch |} : ] Total depth = b, 4ho Total Hours
area; 500 ave. iz 12,000 feet
denth; b-month . PUNA GHEAT SOUTH 7 3,000 drilling hours
completion each § FHoIl. CRACK POINT € $200/hr.
area. PREP. | $300,000 includes all
1AED costs except movbiliz,
AGREE-
MELTS =
Interm. Holes /i;/// gﬁtgéodggzi
H]
8 3
L holezegg?h //// /1 3/} 1/1 10/} fl/l 5<1 12,960 Total Heurs
area; BvVe. . 1 1 1 i i
depth; O-month - .
comsletion each ETé:§>//// PUNA GREAT CRACK SOUTH POINT ’:ggglggﬁiifng hours
area. EREP- $1.050.000 includes
. all costs except
’ LAND meoiliz,
AGREEMIITS Total depth =
Deeo Holes //// 18,000 feet plus
1 8/1 a/1 2/1 3/1 8/1
i hole each 3{ /I l/ c ?/ { 10,800 Total Hours
area; 6000' min. 1 T 1 1 1
depth; S-R'.FOI'lth / PUNA GREAT CRACK SOUTH POINT 6.000 drilling hoursg
completion each ' FNGIN. PREP. 7 ¢ $r00/hr.
area. / TAND ACRER N $l,?O0,000 incliudes
all ccsts except
N V2200 pl1 cost
§ 900,000 $ 1,500,000 $ 750,000
+ 100,000 road ecnstruction + 100,000 road construction + 25,000 road construction
$ 1,000,000 3 1,600,000 $ 775,006

Time-cost estimate sublect to revision.
Funds exchangeable within drilling program,

Prepared by Agatln T. Abvott,

$ 2,550,000
600, C00
205 000

-- drilling, materials
~- mobllization
-- road construction

$ 3,375,000





