








this path to the tip of South Point showed any significant thermal anomalies. 

This portion has been reproduced in DIGICOLOR and prints developed. 

The temperature range on one subset is 16°C - 22°C. Thermal anomalies appear 

along the cliff face of the Kahuku fault as clusters along the base of the cliff 

and as linear features possibly indicating bedding planes in the lava flows. 

Numerous spots along the cliff register red and a few local areas show white, 

or off scale. 

The cause of these anomalies is not known at the present time. The Kahuku 

fault scarp, which reaches 400 feet in ~eight in this area, faces west. Consider­

ation must be given to the possibility that the anomalies result from residual 

late afternoon solar heat. The imagery was taken at 0030 hours in order to reduce 

the effect of residual heat. The physical distribution of the warmer areas does 

not appear to show a pattern that might be caused by residual heating, none the 

less this factor must be kept in mind. 

Another, more intriguing possibility lies in the concept that heat may be 

rising from depth along the plane of the Kahuku fault and issuing at the base of 

the cliff and along bedding planes of the lava flows. The Kahuku fault is a 

·major structural feature of Mauna Loa shield volcano. It extends ten miles in­

land from the coast and has been followed out to sea for a distance of over 15 

miles. Depth recordings made on board the R/V VALDIVIA in 1973 while steaming 

past the extension of the fault 4 miles off shore registered a vertical dis­

placement along the fault plane of '900 meters. 

Further geophysical and geological work should be concentrated in the 

section of the lower portions of the Kahuku fault. This may have promise as 

an area in which to locate an array of research drill holes. 

Also of interest along the South Point shoreline as registered by the in­

frared imagery is the temperature distribution in.the sea water. Directly offshore 

a large patch of water shows a~ a white area indicating that its temperature is 
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greater than 22°C. It is not recognized at this time whether this is a bay of 

warm surface water brought in by ocean currents or v1ind or whether the warming 

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

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

The electrical resistivity surveys by George Keller were done in June 

and July 1973 and a report entitled "An Electrical Resistivity Survey of the 

Puna and Kau Districts, Hawaii County, Hawaii" was submitted by him. The 

method he used is known as the dipole m7pping 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 dipole 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 

subsurface low resistivity. Both of these areas lie along the Northeast Rift 

·zone of Kilauea. In Figure 1 the circled area roughly outlines the low 

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 rPsistivity about 20 ohm-m; the second layer 

extending from 700 m to 2300 m depth with resistivity about 5 ohm-m; and below 

that a half space of very high resistivity. Keller attributed the 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-loop magnetic induction 

system. 

c. Reconnaissance 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 

Keller'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 locations are indicated in Fig. 1, were established 

with the object of locating the extent of the regions of high conductivity, thus 

potentially hot water, in the upper 100 meters of the crust. The results were 

negative in this regard. Local conductivity anomalies at stations 18-1, 19-1, 

20-1 and station 6-1, and 3-1, 3-2 could be due to heating effec:s along the 

East Rift zone or due to increased porosity associated with Rift fissures. 

However, the existence of shallow high temperature areas of large horizontal 

extent are not in evidence. It is recommended that detailed "deep" geoelectric 

surveys be carried out in the a11omalous area< "lentioned ~bove. under the hypothesis 
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that these regions are shallow indicators· of a wider spread geothermal regions 

at depth. 

3. In view of the need for deeper penetrating equipment a concentrated 

effort went into the construction of a power source for a time-domain wire-loop 

induction method. This power source will provide approximately a 20 amp current­

step square wave at 1000 VDC. The system is essentially complete except for 

field tests. The system is solid state and built to withstand rugged field con­

ditions. The expected depth of penetration of this system is about two kilometers. 

4. In anticipation of future operations, four areas on Hawaii were examined 

in detail for survey sites. These areas, indicated on Fig. 2 (Task 2.2, Geo­

electric, of the proposal) were chosen with regard to the rift zone location, age 

of most recent volcanic activity, available drill hole temperature data and the 

results from the infrared scanning study. 

5. Since the effective use of the wire-loop induction technique requires 

low resistance electrical earth-grounds, 12 electrode pairs were emplaced for 

the future surveys. Seven of these were emplaced by Sandia Corporation using 

a technique of air-dropping specially designed inert-missiles. The reason for 

early emplacement of electrodues is that the contact resistance can be expected 

to decrease with age due to natural processes causing closer compaction of 

earth about the electrodes. Although more electrodes will probably be required, 

at least future surveys can begin with the several good source field sites now 

established. 
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4. Microearthquake and Microseismic surveys 

Investigator: A. S. Furumoto 

Although it was planned to carry out microearthquake surveys during the 

first year, it was decided to postpone these surveys until the second year. The 

main reason for this decision was the delay in getting delivery on equipment and 

that funds were being used up at a higher rate than anticipated 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 modulated, 

and then telemetered by radio to the central recording station. Data is recorded 

on tape at the central station. 

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

The instrument package consists of two geophones, an amplifier bank, and a TEAC 

R-70 cassette tape recorder which can record in FM mode or in direct analog form. 

The package is small enough to be housed in the backseat of a compact car. 

With the above instrument package, the eastern section of Puna district was 

surveyed on a preliminary basis for ground noise. Two days of recording were 

made on eight reels of cassettes. For data processing, many techniques were 

tried; such as digitizing the records followed by power spectrum analysis by 

computer; use of machine frequency analysis. These were unsatisfactory as samp-

ling or frequency resolution was poor. The best results were obtained by sending 
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the taped sign~ls through narrow band filters and obtaining rectified, averaged 

power levels. By this technique it was found that the 8hz ground noise centered 

around the electrical resistivity anomalies found by Keller. Whether this is 

also diagnostic of geothermal sources is yet to be determined. 

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

the southwest rifts of Kilauea and Mauna Loa. 
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5. Other Surveys. 1973-1974 

Report by: A. S. Furumoto 

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

were undertaken. 

Although gravity surveys over the Puna area were carried out about 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 information 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 zone 

material 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 s;gns. At the present time, technicians and 

students on this project are assisting Zablocki to 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 laboratories of University of 

California at Riverside. The analysis at Riverside were done by a graduate 
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student from this project wh~ 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 program 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 

July 

Self potential electrical survey 

Electrical resistivity survey 

Seismic ground noise survey 

Geochemical survey, oxygen isotope and deuterium 

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 
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6. Resulting Publications 

The present time is too early for results of the field surveys to see the 

light of publication. The infrared scanning survey is the only one of the 

field work that is in publishable form. However, literature survey and compi­

lation of published articles on the Koolau Volcano on the island of Oahu, Hawaii 

and on the Rabaul Volcano on the island of New Britain, Papua New Guinea, were 

done and papers on them were presented at the U.S.-Japan Cooperative Science 

Seminar held in Hilo, Hawaii during the week of February 4-8, 1974. The papers 

will be published in the Proceedings of the seminar. The authors and titles 

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

A. T. Abbott - Imagery from Infrared Scanning of the East and Southwest 

Rifts of Kilauea and the Lower Portion of the Southwest Rift of Mauna 

Loa, Island of Hawaii. Proceedings of the U.S.-Japan Science Seminar 

on Utilization of Volcano Energy, February 1974. Sandia Laboratories, 

1974, (in press). 

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

Two Case Histories, Ibid. (In Press) 

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

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

The geophysical program of the geothermal project with funding through 

NSF GI-38319 is carrying out field surveys in high gear at the present writing 

of this proposal. As the field surveys will have been completed by September 

1974, the present proposal will put emphasis on analysis and interpretation of 

the field data. 

The types of field surveys and study that would be completed are more in 

number than what had been mentioned in the initial proposals. As data unfolded, 

different types of surveys were conceived and carried out to check the newly 

developing picture. The types of surveys being carried out are given below. 

Each survey involves different kinds of instrument and equipment and different 

ways of analysis. For example, the several surveys that involve electrical 

techniques are different from one another and each yields a distinct type of 

information. 

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

following: 

l. 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 Colorado School of Mines. 

Of these, surveys (1), (2) and (3) are completed and final data are in; 
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surveys (6) and (7) are partially completed; surveys (5), (8) and (10) are being 

done in the field; surveys (4) and (9) are in the instrument testing stage; 

surveys (11) and (12) are being planned. The in-office studies (13), (14) and 

(15) are also presently being carried out. 

After the field work during the months of June, July and August 1974, it 

is imperative that the data be analyzed, interpreted and digested. Even after 

the field data are in, the best way for processing the data has yet to be sought 

by trial and error. This takes time. For example, for the two days of field 

data in seismic ground noise survey, three months were used in finding the op­

timum system to process rapidly 15 hours of data tape. Various methods, such 

as digitizing analog records and then performing frequency analysis, were dis­

carded as giving poor sampling. Several types of automatic machine analysis for 

spectrumwere.unsatisfactory. The method finally found to be satisfactory was to 

determine rectified power level 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 on the 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 R~cks 

Investigator: M.H. Manghnani 

Task 2.7 will attempt to unravel the hydrology of the Puna area relying 

mostly on geochemical data. This information is truly needed to understand 

the hydrothermal system which we are attempting to use for geothermal development. 

Task 2.8 will undertake to measure the thermal conductivity of rocks as 

well as other physical properties of rocks from the Puna area. This is relevant 

to the program as initial calculations using reasonable temperature distributions 

and known values of permeability hint that there 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 mas Keller's reconnaissance survey tends to indicate (cf. previous 

chapter) then that water was most probably heated by conduction rather than by 

convective motion. 

The geophysical program proposed will be a coordinated program of 8 tasks 

with 17 different surveys and studies. As the dri 11 i ng 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: PROPOSALS AND BUDGETS 

Task 2.0 
General Operations Support and Coordination 

The main purpose 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 logistics 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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T~sk 2.2 

Geoelectric Surveys 

Douglas P. Klein 

INTRODUCTION 

As a second proposed extension to NSF Grant GI-38319 the geoelectric task 

must be considered with two f~cts in mind. (A) The field results from the main 

survey are not in as this is written. (B) The evaluation of results of the main 

survey is not expected until at least September 1974. 

The continuation of major geoelectric survey operations is contingent on 

the results obtained in the period from June 1 through December 31, 1974. Thus 

without anticipating those results, this task proposes only to complete a full 

final analysis of work accomplished to December 31, 1974, with allowance for 

30 days field operations to obtain additional detailed data in those areas, if 

any, where initial data show anomalies of particular interest or where problems 

of interpretation arise because the initial data are too sparse. 

JUSTIFICATION FOR ADDITIONAL DATA ANALYSIS 

Analysis of geoelectric data up to December 31, 1974 will necessarily be 

of rudimentary nature due to the pressures involved in rapid selection of the 

most favorable targets for exploratory drilling. The extent of sophistication 

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

for electromagnetic work and three-layer interpretations( 2), (3) 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(l) 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 loop-line electromagnetic 

soundings over horizontal layers, possibly along the line of Ryu( 4l, and t~orrison( 5 ) 

and Koefoed( 6). (B) Multilayer (greater than three) modeling of the data obtained 

in Hawaii. (C) Development of direct inversion schemes for multilayer cases, 

possibly along the line of Glenn et ~· (7) with the hope of obtaining quantita­

tive resolution limits of the data with regard to layered structures. (D) Study 

of the influBnces 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(B). 

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 

a plane-wave source(g) but not for a dipole field. Such a model could have 

app 1 i cabil ity 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 v1here 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 driiling, 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 availabl" for comparison to geophysical data 

because it would establish the validity or non-validity of the geophysical 

techniques employed. 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 not include 

sufficient funds to complete these surveys, preliminary work could be started 

simultaneously with a request for additional funds which could be evaluated 

on the basis of positive results. 
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T~sk 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 the hydrothermal system of the east rift of Kilauea. 

As data come in month by month, a clearer pictur~ is evolving. 

The question of convective fluid motion in a porous medium should be studied. 

Although there are numerical solutions to the oroblem, 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 water 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 through the rocks and the decay of tidal 

effects, the permeabi 1 i ty of the rocks can be ca 1 cul a ted. Fat· measuring tides, 

tidal gauges are needed. 
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The task wi 11 a 1 so he 1 p with the computation problems of other tasks. The 

epicenter location program HYPO 71 to be used by Task 2.5 is being modified for 

the university computer. 

The personnel in this task will also assist in field programs. R. Norris 

has been with the Hawaii Institute of Geophysics for over a decade and has carried 

out independent research. 

The task will also complete the gravity and magnetic survey program with a 

dense network of observations. The magnetic data will require much tedious 

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

T2rn~erature Sul'vey 

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 b1o we 11 s in the Puna area and one or two we 11 s in the South Point 

area for repeated temperature measurements. At this time we expect to measure the 

temperature variations with depth at least 20 times in each hole over a 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. 

All of this information is critical to evaluation of any geothermal power source. 

Groundwater movement through the area around a well wi 11 upset the normal 

temperature gradient due to the earth's heat (se2 for example, Birch, 1947). 

Stallman (1963), Bradehoeff and Papadopulus (1965), Domenico and Palciauskas (1973), 

and others have shown that this deviation from the norm can be used to ca 1 cul ate 

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 largely an open system as 

proposed by Mink (1964), the heat from hot magma sources will be carried to the 

ocean by the moving groundwater. On the other hand, if closed systems exist with­

in the island, the hot magma source will cause convection of the groundwater 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 with·in the system. 

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

ducted in conjunction with the deep exp 1 ora tory ho 1 es to be dri 11 ed in 1976 and 
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1977. It is essential also that we determine 1·1hether the groundwater system at 

depth is open or closed. A proposa.l to fund per·iodic 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 daily, monthly and yearly temperature fluctuations. The resulting 

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 magma. 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 transmitted to the 

well site much more rapidly. 

References 

Birch, F., Temperature and heat flow in a well near Colorado Springs, Am. J. 
Sci., 245, 733-753, 1947. 

Bredehoeff, J.D., and I.S. Papadopulos, Rates of groundwater movement estimated 

from the earth's thermal profile, Water Resources Res., 1, 325-328, 1965. 

Domenico, P.A., and V.V. Palciauskas, Theoretical analysis of forced convective 

heat transfer in regional groundwater flow, Geol. Soc., Am. Bull., 84, 3803-

3814, 1973. 

73 



Mink, J.F., .Groundwater temperatures in a tropical island environment, i· Geophys. 
Res.,~. 5225-5230, 1964. 

Stallman, R.W., Computation of groundwater velocity from temperature data, Q.~. 
Geol. Survey Water-Supply Paper 1544-H, 36-46, 1963. 

74 



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 

?.. Marine seismic refraction and reflection surveys over the seaward 

extension of rift zones 

3. Processing and analysis of seismic data obtained during June­

September 1974. 

1. Microearthquakes will be continued to be monitored in the Puna area 

during the calendar year. Seasonal variation of earthquakes has been observed 

in other seismic areas, and perhaps Puna area may also show such variation. 

However if microearthquakes are associated with geothermal sources, there should 

be a level of seismicity irrespective of seasons. 

To increase the capability of detection, seismometers will be placed in 

holes left open by the drilling program. For this purpose, new geophones are 

requested in the budget. At first we propose to lower geophones only, but if 

this is unsatisfactory, we will have to fabricate a down hole package to include 

seismic amplifiers and batteries. 

2. The southwest rift zone of Mauna Loa has a 300 m vertical scarp on land 

but 4 miles at sea the research vessel VALDIVIA found a 1900 m vertical scarp as 

the seaward extension of the same rift. Infrared scanning surveys showed that 

this pa rti cu 1 ar rift has therma 1 a noma 1 i es. Hence a thorough survey of the rift 
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is necessary -t:o understand tectonics. The survey viill be done by the Univet·sity 

of Hawaii research vessel KANA r;EOKI. Tile 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 1;i 11 a 1 so be surveyed. 

Funds for ship time of the KANA KEOKI is sought by a separate NSF grant for 

ship operations. Sixteen days of ship time are needed for this survey. 

3. During June to August 1974, a large amount of datu on seismic noise 

survey and microearthquake monitoring will be gathered. In the geophysics 

overview, the seismic noise survey was given as an example of how many times, 

longer data ~recessing takes than field work. Hence, the main part of this 

task will be data processing and interpretation. 

For the microearthquake monitoring, a computer program to locate epi­

centers is being prepared. The program is a slight modification of HYPO?l 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 isotopes of oxygen and hydrogen in groundwater have been 

found to be useful in the discovery and evaluation of geothermal systems. In addi-

tion, studies of sodium, potassium and calcium concentrations in the groundwater 

·have recently been shown to be another U6eful geochemical tool in investigating 

geothermal systems (Coplen, 1973; Fournier and Truesdell, 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 of Hawaii. 

Temperature and chemical measurements have also been analyzed in an effort to 

determine the thennal history of the groundvwter. Results show a rositive corre­

lation between 6 o18 and temperature, especially 1;here the Puna waters are compared 

with other Hawaiian waters. The o18 enrichment can be interpreted as water-rock 

exchange at geotherma 1 temperatures (> l50°C) or contamination of fresh waters by 

seawater 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 geoc;lemistry of Kilauea Volcano; (2) to make 

chemical and isotopic studies of the groundwater; and (3) to deter·mine mineralo-

gi ca 1 and chemica 1 composition a 1 change that may have resulted frc'1 hydrotherma 1 

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. 

Speci a 1 effects will concentrate on study of water and roc~ sanm 1 es from the pro­

posed 8 shallow holes from Puna target areas. ~!e hope our data will assist the 
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site selection of the deep h0l2• tnat will eventually be drilled on the island of 

Hawaii. 

The a l tera ti on products, hematite, amorphous iron, opal and kaoline were 

formed by reactio_ns of gases and wall-rock at Sulphur Bank, near the Volcano 

House on the north rim of Kilauea Caldera. Similar deposits are present in areas 

along the southeastern boundary cliff of Kilauea Caldera and the Southwest Rift 

Zone of Mauna Loa near Sulphur Cone. Hydrothermal alteration products that are 

characterized by chlorite-quartz assemblages are found in the Iao Valley of 

West Maui and Keolu Hills of windward Oahu. Zeolites and calcite are present 

4,000 feet at depth of Keller's well at Kilauea. The mineral assemblages of 

hydrothermal alteration vary from place to place. More detailed mineralogical 

and chemical studies are needed to understand the influences of the gas-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. S. Lau 

Hydrologic knowledge is essential to the exploration for, evaluation and 

exploitation of geothermal power resources. A combination of physical, chemical 

and isotope hydrologic techniques are required to describe the rates and pathways 

of groundwater and seawater supply to heat sources, the size and characteristics 

of geothermal fluid reservoirs, the rates and pathways of escape of geothermaily 

altered or juvenile waters, and the effects on non-geothermal water resources of 

drilling, energy production, etc. 

Hydrologic studies including chemical, 14 cm 13c; 12c and 3H analyses have been 

successfully used to characterize the dynamics of groundwater systems in non­

geothermal areas of Hav:aii 1 ' 2. In addition, the use of 18o;16o and 2H; 1H ratios 

in combination with these other techniques strengthens regional hydrology investi­

gations3, permits identification and has demonstrated potential for exploration5 

and for assessment of reserves and alterations in producing geothermal energy 

systems6 

Because of the broad and multifaceted applicability of hydrologic and related 

isotope geochemical data, this task is envisioned as continuing in various forms 

throughout the remainder of the project. In year 02, the major goals are: (l) 

assembly, integration with the geochemical reconnaissance data and interpretation 

of all available hydrologic data on the regions of potential geothermal interest; 

and (2) measurement of the temperature, chemical composition, and hydrogen and 

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

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

(See footnotes at the end of this task description.) 
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beginning of the project year (all necessary facilities are on hand and operation­

al in HIG and WRRC), and will be designed to assist in characterizing regional 

hydrologic regimes, to refine the identification of geothetomal waters and their 

sources and pathways, to establish bc.seline data necessary for the interpreta-

tion of pump tests and production datn in subsequent phases of the project, and 

to assist in test well siting decision. 

Investigations will concentrate on the Puna district, but not to the 

exclusion of basic characterization of all other areas which appear to offer 
' significant potential for geothermal energy. 
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Task 2.8 

Physical Properties of Rocke 

M. H. Manghnani 

In geophysical explo1·ation for potential geothermal energy, seismic 

velocity (VP or Vs) is one of the most direct and useful parameters. Seismic 

velocity in a rock depends upon density, porosity, composition (or, mean atomic 

weight), pressure and temperature at depth. The effects of temperature on ve­

locity in vesicular basalts at modest pressures (1-5 kbar) are not known; 

hence, a realistic interpretation of subsul'face 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 Vs in rock and rock-forming 

minerals having the same mean atomic v;eight, are linea1·ly related to thennal 

conductivity1•2•3. Such a relation, if established for the Hawaiian basaltic 

rocks, would be most useful for interpreting, from seismic velocities, sub-

surface thermal conductivity and hence the temperatures beneath the potential 

areas. A knowledge of thermal conductivity of basalts as function of dens'ity, 

porosity, fluid content, and temperature is also needed for the interpretation 

of heat flow measurements. 

That the velocity is also in some manner related to the electrical resist­

ivity of rocks was recently noted. 4 Besides this, there is a real need to know 

the effect of porosity, fluid content (amount and kind of fluid), temperature, 

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

interpret the field electrical resistivity measurements. 

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

l. To undertake laboratory studies for investigating the relationships 

among geophysical parameters, such as velocity (Vp and\), thermal con­

ductivity, and electrical resistivity of basaltic 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 observed geophysical 

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

The subject basaltic rocks will be collected from the volcanic areas of geo­

thermal importance. The pulse transmission method of Vp and Vs measurements 5 will 

be used. For studying the electrical resistivity of basaltic rocks under various 

temperature and pressut·e environments the technique described by Brace ~-

( 1965) 6 wi 11 be fall owed. For the thermal conductivity measurements, the 1 i ne­

source 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. 

83 



1 

rootnotes 

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

2 Horai, K. and A. Nur, Relationship among Terrestrial Heat Flow, Thermal 
Conductivity, and Geothermal Gradient, J. Geoehys. Res. 1 vol. 75, pp. 1985-

1991' 1970. 

3 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. 

4 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. 

5 

6 

I 

Birch, F., The Velocity of Compressional !~aves 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. 

8 Jaeger, J.C. and J.H. Sass, A Line Source Method for Measuring the Thermal 
Conductivity and Diffusitivity of Cylindrical Specimens of Rock and the Other 
Poor Conductors, Brit. J. Appl. Phys., vol. 15, 1187, 1964. 

84 



CURRENT RESEARCH SUPPORT FOR PRINC!P.',L INVESTIGJl.TOR 

The following is a listing of the extramurally-funded projects for 

Augustine Furumoto, Principal Investigator of the Geophysical Program. 

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

2. An Engineering Feasibility Study of an Ionospheric Technique 
to lmprove Tsunami Warning Systems 
National Science Foundation, Grant GI-34973 

85 



VITAE AND BIBLIOGRAPHIES FOR 

GEOPHYSICAL PROGRAf'1 

86 



Robert W. Buddemeier 

Born: 24 February 1939, Chicago, Illinois 

Marital Status: Married, 3 children 

Education 
University of Illinois (Urbanu), B.S. 
Chemistry (Departmental Distinction and High College Honors), 1955-58 
University of California (Berkeley) Chemistry, 1958-59 

University of Washington (Seattle), Ph.D. Chemistry, 1963-69 
Professional Experiences 

1955-58 Univ. of Illinois, Undergraduate Lab. Assist. 
1958 
1958-59 
1959-62 
1962-65 

1965-66 
1966-69 

Technical Chemist, E.I. DuPont Co. 
NSF Fellow, Univ. of California 
US Army Security Agency 
Mass Spectrometrist, Univ. of Wash. 
Shell Oil Co. Fellow, Univ. of Hash. 
NASA Predoctoral Trainee, Univ. of Wash. 

1969-72 Assist. Professor of Chemistry, Univ. of Hawaii 
1972- Pres. Assist. Prof. of Oceanography, Univ. of Hawaii 
1969- Pres. Staff Member, Hawaii Institute of Geophysics 

Society Memberships 
American Geophysical Union 
American Assoc. for the Advancement of Science 
Western Society of Naturalists 

Publications 
(with P.E. Yankwich) "Large Reverse Carbon Isotope Effect," l· Chern. ~·, 

30(3), 861-862, 1959. 
(with A.W. Young and A.W. Fairhall) "A New 60-liter Water Sampler Built from 

a Beer Keg," Limnol. and Oceanog., 14, 634-637, 1969. 
(with A.W. Fairhall, I.e. Yang, and A.W. Young) ''Radiocarbon from Nuclear ' 

Testing and Air-Sea Exchange of co2," Antarctic l· of the!:!_.~., 4, 184,1969. 
"A Radiocarbon Study of the Varved Marine Sediments of Saanich Inlet, British 

Columbia," Ph.D. Dissertation, Univ. of Wash., Seattle, 1969. 
(with A.W. Young, A.W. Fairhall, and J.A. Young) ''Improved system of Methane 

Synthesis for Radiocarbon Dating," Rev. Sci. Instr., 41, 652-654, 1970. 

87 



Publications 
(cont.) 

(with A.W. Fairhall) "Historic Vari<~tions in the Specific C-14 Activity of Ocean 

.Water," {abs.) EOS, Irans. flme_r. Ge_c~r_bys. Union, 51(4), 336, 1970. 

(with A.W. Fairhall, I.C. Yang, and A.W. Young) "Radiocarbon in the Sea,"!:!_ . .?._. 

At. Energy Comm. Rept. HASL-242, 1-35 through 1-78, 1971. 

(with D.W. Knutson) ''Use of Seasonal Growth Rings in Recent Corals as Chronologi­

cal t~nd Climatic Indicators," (abs.) EOS, Trans. Amer. Geophys. Union, 

g(4), 5214, 1972. 

(1~ith 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 

Contemporary Hermatypic Corals," ·Science, 144, 270-2, 1972. 

(with T.H. Hufen) "Hawaii Institute of Geophysics Rad·iocarbon Dates 

carbon, 15{1), 68-74, 1973. 

I " , Radio-

(with D.W. Knutson) ''Distribution of Radio-nuclides in Reef Corals: Opportunity 

for Data Retrieval and Study of Effects," p. 734-745 in Radioactive Contami­

nation of the Marine Environment, IAEA, Vienna, 1973. 

(with H.S. Okamoto, T.H. Hufen, and D.C. Hurd) ''Effects of Solution and Exchange 

on the Radiocar·bon Dating of Sediments and Natural ~vate1·s," r. 297-309, in 

Proceedings 8th Internat'l Radiocarbon Dating Conf., Roy. Soc. N.Z., 

Wellington, 1972. 

(with T.H. Hufen and L.S. Lau) ''Isotopic and Chemical Characteristics of High 

Level Dike Confined Groundwater on Oahu, Hawaii," (abs) EOS, Trans. Amer. 

Geophys. Union, 53(11), 982, 1972. 

(with T.H. Hufen and L.S. Lau) ''Isotopic and Chemical Characteristics of High 

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

(with J.E. Maragos, and D.\ol. Knutson) ''Radiographic Studies of Reef Coral Exo­

skeletons: Rates and Patterns of Coral Growth," J. of Ex peri menta 1 Marine 

Biolog~~-~ Ji, 179-208, 1974. 
"Environmental Controls over Annual and Lunar Monthly Cycles in Hermatypic Coral 

Calcification," j_f! Proceedings 2nd Internat'l Coral Reef Symp. {in press), 1973. 

(with T.H. Hufen and L.S. Lauj "Radiocarbon, Carbon-13 and Triti'im in \-later 

Samples from Basaltic Aquifers and Carbonate Aquifers on the Island of Oahu, 

Hawaii," j_f! Proceedings, Symposium on Isotope Techniques ir. Groundwater 

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

88 



D··'rlEop o,) I ~· 1 

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 Geological Obs., working with the heat flow prog. 
Aug 65-July 71 Lamont Geol. Obs., working wit.h the heat flow prog. 
Sept. 1971 -present Graduate Asst., Hawaii Inst. of Geophys., Univ. of 

Shipboard Experience: 
Feb-Dec 1964 
Nov -Dec 65 
Feb 66 
June-Aug 66 
Feb 67 
Aug-Oct 67 
July-Aug· 68 
May-June 1969 
Jan-Feb 71 
Dec 71 - Jan 72 

Society Membership: 

Hawaii, working with the heat flow prog. 

R.V. VEMA 
U.S.N.S. ELTANIN 
R.V. VEMA 
R.V. CONRAD 

II 

Chief Scientist, 
Chief Scientist, 
R.V. SEIFU ~1ARU 
R.V. VEMA 
R. V KANA KEOKI 

R.V. CONRAD 
R.V. VEMA 

American Geophys. Union 
American Assoc. for the Advancement of Science 

Publications: 
1970 

(with P.J. Grim and M.G. Langseth, Jr.) Heat flow in the Caribbean and Gulf 
of Mexico, J. Geophys. Res., 75, 5655-5669. 

(with T. Hatanabe, S. Uyeda, r1.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 



POW-FOONG FAN 

Associate Professor of Geology 

Birth Date: September 4, 1933 
Palembang, Indonesia 

Education: 
1955 
1963 

1965 

Experience: 
1955 

1960-1963 

1964-1965 

1965-1970 

1966-1970 

1970 
(summer) 

1970 

1970 

1971 
(summer) 

1971-1972 

1972-
Present 

Wheaton College, Illinois, B.S. 

University of California, Los Angeles, ~1.A. 

University of California, Los Angeles, Ph. D. 

Summer Geologist, Wah Chang Mining Co., Bishop, 
Ca 1 iforni a 

Teaching assistant, Dept. of Geology, 
University of California, Los Angeles 

Consultant (Mineralogy), Space General, 
El Monte, California 

Assistant Geophysicist, Hawaii Institute of 
Geophysics, University of Hawaii 

Assistant Professor, Department of Geosciences, 
University of Hawaii 

Visiting Professor of Geology, Department of 
Geology, University of California, Santa 
Barbara, California 

Associate Geophysicist, Hawaii Institute of 
Geophysics, University of Hawaii 

Associate Professor, Department of Geosciences, 
University of Hawaii 

Visiting Professor of Geology, Department of 
Geological Sciences, University of California, 
Santa Barbara, California 

Associate Research Geologist, Institute of 
Geophysics and Planetary Physics, University 
of California, Riverside, California 

Associate Professor of Geology, 
Hawaii Institute of Geophysics, 
University of Hawaii 

90 



Pov;-Foong Fan (2) 
PRINCIPAL PUBLICATIONS 

Geological periodicals of mainland China. Economic Geo.logy, v. 56, pp. 786-789 
(1961). 

Morris, W.J., and Pow-Foong Fan, Abrasion effects on arkose mixtures, 
J. Sedimentary Petrology, v. 32, pp. 226-230 (1962). 

Abstractor for Chemical Abstracts. Abstracts of over 200 articles on geology, 
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.H. 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 assemblages 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 11esozoic and Cenozoic in Northern and Southern China. Science Press. 
(1965-1966). (Book Reviev;). 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. NR083 603, pp. 45-47, Hawaii Institute of Geophysics 
Report 70-4, 49 pp. ( 1970). 

Morgenstein, M,, and Pow-Foong Fan, The development and composition of sedi­
mentary manganese in the Kauai Channel, Hawaii, in Annual Progress Report 
Contract N00014-70-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 Pacific Basin (abstr.), 
Geol. Am. Annual ~1eeting, Cordilleran Section, pp. 117-118 (1971). 

Fan, Pow-Foong, and R,R. Grunwald, Sediment distribution in the Hawuiian 
Archipelago, Pacific ~cience, v. 25, pp, 484-487 (1971). 

91 



Pow-Foong Fan (3) 
Publications (continued) 

Clay mineral assemblages in Hawaiian marine sediments (~bstr.), Program and 
Abstracts, 20th Clay Ninerals Conf., p. 40 (1971 ). 

Mineralogy of coastal and shallow-water sediments of Hawaii (abstr.), Proc. 
2nd Coastal and Shallow V/ater Research Conf., p. 64 (1971). 

Fan, Pow-Foong and J.S. Vawter, Disposal patterns of clay minerals from a 
transverse range into an ocean basin (abstr.), EOS Trans. Am. Geophy. Union, 
v. 52, p. 830 (1971 ). 

Fan, Pow-Foong, J. Southworth and M. f1orgenstein, Analysis of cores taken by 
USNS SANDS Sea Spider Site pp. Gl-36. In Oceanographic observations for 
acoustical determination in the Pacific Ocean north of Hawaii, May 1969 
through October 1969, Hawaii Institute of Geophysics Report HIG-71-ll (1971). 

' Geology of mainland China, in Encyclopedia of V/orld Geology, Rhodes VI. 
Fairbridge, Ed. Reinhold Pub, Corp., New York. 

Mineralogy of some Hawaii coastal and marine carbonates (abstr.), AAPG_SEPM 
Ann. t1tg. (1972), 

Fan, Pow-Foong and I. Zemmels, X-ray mineralogy study-Leg 12. In Laughton, 
A.S,, et ~.; Initial Report of the Deep Sea Drilling Project, v. XII, 
U,S. Government Printing Office, V/ashington (1972), pp. 1127-2254. 

Fan, Pow-Foong, and R.VI. Rex, X-ray mineralogy study-Leg 14. In Hayes, D. E. 
et ~-, Initial Report of the Deep-sea Drilling Project, Vol, XIV, U,S. 
Government Printing Office, V/ashington (1972), pp. 677-726. 

Fan, Pow-Foong, and R.VI. Rex, X-ray mineralogy study-Leg 15. 
et ~., Initial Report of the Deep-sea Drilling Project, Vol. 
Government Printing Office, V/ashington (1972). 

In Edgar, N. T., 
XV, U.S. 

Fan, Pow-Foong, and R.V/. Rex, Mineralogy of Cretaceous to Holocene deep-sea 
clays and clay minerals from the Atlantic and Pacific Oceans (abstr.) Program 
and Abstracts, 21st Clay ~1inerals Conference (1972). 

Fan, Pow-Foong, and R.V/. Rex, Nineralogy of deep-sea sediment cores from 
Atlantic and Pacific Oceans (abstr. ), Geol, Soc, Am. Annual Meeting (1972). 
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August! ne S. FurwnotQ 

Present Position Professor of Geophysics and Seismologist 
University of Hawaii 

Education Ph.D. 
M.S. 
B.S. 

Geophysics, St. Louis Univ. (1961) 
Geophysics, Univ. of Tokyo (1955) 
Education, Univ. of Dayton (1949) 

Past Employment· 
1949-53 High school teacher, Hawaii 
1953-55 
1955-56 
1956-57 

1957-61 
1958-61 

Fulbright Grant, Graduate Student, Univ. of Tokyo, Japan 
High School Teacher, Hawaii 
Grad. Studies, Theology and philosophy, Marianist Institute 

of Studies, Glencoe, Missouri 
Grad. Student, St. Louis Univ. 
National Science Foundation, Pre-doctoral Fellow 

1960-61 Teaching Assist. St. Louis Univ, 
1960 Summer National Science Foundation, Summer Seminar Grant, Woods Hole 

Oceanographic Institution 
1961 Summer Research Assist., vloods Hole Ocean. Institute 
1961-67 Assist. Professor, Univ. of Hawaii 
1967-71 Associate Professor, Univ. of Hawaii 
1971-present Professor, Univ. of Hawaii 

Relevant Publications since 1965 

"Seismic Refraction Surveys Along the Hawaiian Ridge, Kauai to Midway Island," 
(with Campbell and Hussong), Bull. Seism. Soc. Am., 61, l, 1971, pp. 147-166. 

''Seismic Studies of Sub-surface Structure in the Ewa Coastal Plain, Oahu, Hawaii,'' 
(with Campbell and Hussong), Pacific Science, 24, 4, pp. 526-542, 1970. 

''Crustal and Upper Mantle Structure of the Solomon Islands as Revealed by Seismic 
Refraction Survey of November-December, 1966 (with Hussong, Campbell, Sutton, 
Malahoff, Rose and Woollard). Pac. Sci., 24, no. 3, pp. 315-332, 1970. 

"Seismic Refraction Study of the Internal Structure of a Vo 1 cani c Cinder Cone," 
The Crust and Upper Mantle of the Pacific Area, Monograph 12, American Geophys. 
Union, pp. 112-121, 1968. 

"Variation in the Thickness of the Crust in the Hawaiian Archipelago," (with 
Woollard, Campbell and Hussong), The C<ust and Upper Mantle of the Pacific 
Area, Monograph 12, Amer. Geophys. Union, pp. 94-lll, 1968. 
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Augustine S. Furumoto (2) 
Publications 

(cont.) 

"A Seismic Refraction Study of the Koolau Volcanic Plug," (with Adams), Pac. 
Sci. 19, no. 3, pp. 296-305, 1965. 

"Seismic Refraction Studies of the Crustal Structure of the Hawaiian Archipelago," 

(with Woollard), Pacific Science, 19, no.3, pp. 306-314, 1965. 
''The Structure of Koolau Volcano From Seismic Refraction Studies,'' (with Thompson 

and Woollard), Pacific Science, 19, no. 3, pp. 306-314, 1965. 
"Ionospheric Recordings of Rayleigh Waves for Source Mechanism," Tsunamis in the 

Pacific Ocean, Proceedings of the Internat'l Symp. on Tsunamis and Tsunami 
Research, W.M. Adams, Ed., East-West Center Press, Honolulu, Hawaii, pp. 119-

133, 1970. 
"Fossil Ice in Hawaii?", (with Woodcock,and Woollard), Nature, p. 226,873,1970. 

"Features of Tsunamigenic Earthquakes," (with Adams), Tsunamis in the Pacific 
Ocean, Proceedings of the Internat'l Symp. on Tsunamis and Tsunami Research, 

W.M. Adams, Ed., East-West Center Press, Honolulu, Hi., pp. 57-68, 1970. 

"Acoustic Coupling into the Ionosphere From Sesmic Waves of the Earthquake at 
Kuril Island on August 11, 1969," (with Heaver, 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 
II, Rayleigh lvaves,"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 Geoohysics, 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 C!cntral 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 Structure of Volcanoes: Two Case Histories." in 
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Augustine S, Furumoto (3) Publications 
(cont.) 

Proceedings of the U.S.-Japan Science Seminar on Utilization of Volcano 
·Energy, February 1974. Sandia Laboratories (in press). 

(with W.A. Wiebe~ga) Possible Use of Rabaul Volca~cComplex 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 
Univ. of Idaho 
Univ. of Hawaii 
Univ. of Hawaii 

Society Memberships: 
American Geophysical Union 

1960 Assoc. Arts 
1965 B.S. in Geology 
1972 M.S. in Geology and Geophysics 
(working on Ph.D) 

American 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 months 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 

responsibilities 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 lab. personnel and data collection 
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 to 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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A. John Halunen, Jr. (2) 
Publications 

(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 Islands, Trans. Amer. Geophys. 
Union, v.49, No.2. 

(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.l1. 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, Measure. of ocean's heat flow: Ontong 
Java Plateau and Darwin Rise areas (paper was presented at AGU, April 1969). 

Heat flow in the W~stern 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, Ha1·1aii Institute of Geophysics 
University of Hawaii 

Education: 1963 B.S., Geology, Io1va State University, Ames, Iowa 
1955., General Geophysics, Univ. of Hawaii, Honolulu, 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, LaCoste-Romberg and Worden Gravimeters. 

Experience in organizing geophysical surveys (geomagnetic and geoelectric 
program while at the Univ. of Hawaii, geodetic graivty 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, 
Earthquake 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
ivity," Transactions, AGU, 52, 824, 1971. 
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Douglas P. Klein (2) 
Publications (continued) 

"Geomagnetic Time-Yariiltions in the Range of .5 to 6 cycles per Hour and Electri­
cal Depth Sounding on the rslC\nd of Oahu, Hav1aii ," r1.S. Thesis, Univ. of 
Ha.wa.ii, 1972. 

Memberships: 
American Geophysical Union 
Geology Club 
Society of American l~i 1 itary Engineers (student chapter) 
Society of Exploration Geophysics 
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Peter M. Kroopnick 

Bo~n: 31 January 1942 in Detroit, ~1ichigan 
Marital Status: Married 1968, one child 

Education: Hayne 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 

Positions: 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 Institution of Ocean., Univ. of Ca., San Diego 

1965-68 
Hestinghouse 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 GEOSECS Summer Inst., vJoods Hole, 1971 
Asst. Chief Scientist, GEOSECS Atlantic Expedition, Leg 3 (Iceland 

to Barbados), 1972 
Part., 2nd GEOSECS Summer Institute, Woods Hole, 1973 
Assoc. Scientist, GEOSECS Pacific Expedition, Leg E, 1973 

Societies: Alpha Chi Sigma 
American Geophysical Union 
American Association for the Advancement of Science 

Grants in effect: 
Geochemical Ocean Sections Prog. (GEOSECS). Isotopic t~ea~urements ( 13c; 12c; 

18o; 16o; D/H) in Dissolved Inorganic Carbon, Atmospheric C02, Dissolbed 

Oxygen, and Atmospheric Vlater Vapor, NSF, GX28168, $33,000, Jan. 1972-
June 30, 1972, P. Kroopnick, P.I. 

Renewal of above NSF P2XOC10, $64,000, 7/l/72 - 12/31/73, p. Kroopnick, 

P. I. Renewa 1 1 !7 3 - 1 !7 4. 
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Peter M. Kroopnick {2) Grants in Effect 
(cont.) 

Environmental Isotope 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 l, 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, Assoc. Investigator. 

Investigation of the Nature of Physical and Chemical Processes Active at and near 
the Sediment-Hater 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 p;ep.) ONR 
Publications: 

Carbon 13 measurements on dissolved inorganic carbon at the GEOSEC 1969 Intercal­
ibration Sta.teion." 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. Union, 52, 255 (1971). (with H. Craig). 

"Atmospheric oxygen: Isotopic composition and solubility fractionation." (vlith 
H. Crai~1· Science, 175, 54, 1972. 18 ''Total CO , C, and dissolved oxygen-- 0 at GEOSEC II in the North Atlantic." 
Eart~ 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) . (\>lith H. Craig) . 13 "The dissolved oxygen-total C02- C sys. the East. Equatorial Pac." Deep Sea 
Research, in press, v.2l. 

"cl3 -C02 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. 
l3c..zco 2 corre 1 ati ons 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, lia ter 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 E~1PLOYt~ENT 

1971-present 

1967-1971 

1966-1967 
1965-1966 
1964-1965 

1960-1964 

Director, HRRC, University of Hawaii; Professor, Civil 
Engineel'ing, University of Hawaii 

Associate Director, viRRC, University of Hawaii; Professor, 
Civil Engineering, University of Hawaii 

Acting Director, WRRC, University of Hawaii 
Visiting Associate ProfesSOl', University of California 
Director, Pacific Island Sanitary Engineering Program, 

U.S,P,H.S., University of Hav;aii 
Ground Hater 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 Association 
of Water Pollution Research, Reconvened Session, Honolulu, Hawaii, August 
2-5, 1970, 

''Ground-water Resources and Development: Coastal Plain Region, Erh Jen Chi­
Kaohsiung, Taiwan,'' with John I', Mink and Chester Lao, WRRC Technical 
Report No. 47, May, 1971, 153 pp. . 

"Hydrologic Systems in Hawaii," with P,Co Ekern, F.L, Peterson, S. Price, and 
R. Pulfrey, systems Approach to Hydrology, (Proceedings of the First 
Bilateral U,S,-Japan Sem·inar in Hydrology, Honolulu, January 11-17, 1971, 
pp' 186-201 0 

"Tritium l~easurement of Natural Haters on Oahu, Hav1aii: a Preliminary 
Interpretation (sampling period: July 1969 to June 1970)," r~ay 1973, 
39 pp. 

PROFESSIONAL SOCIETIES 

American Society of Civil Engineers 
American Geophysical Union 
Federal Water Pollution Control 
American Water Resources Association 
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MURLI H. MANGHNAN I 

Professor of Geophysics 

EDUCATION: 

PAST EMPLOYMENT: 

1958-1962 

1959 
(summer) 

1962-1963 

1964-1969 

1969-1974 
1974-Prese'nt 

CURRENT RESEARCH: 

AWARDS: 

B.S., Bihar University, 1957 
M.S., and A. I.S.I~., Indian School of t~ines, 1958 
Ph.D., University of Montana, 1962 
Post-Doctoral Research in Geophysics, University of 
Wisconsin, 1962-1963 

Graduate Teaching and Research Assistant, University 
of Montana 
Geophysicist, 1•1ontana Phosphate Products Company 

Post-Doctoral Research Fellow (Geophysics), University 
of l~isconsin 

Assistant Professor of Geosciences, University of Hawaii 

Associate Professor of Geophysics, University of Hawaii 
Professor of Geophysics, University of Hawaii 

Current research interest lies 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. 

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. t~ineralogist, v. 49, pp. 586-598, (with J. Hower). 

''Glauconites: Cation Exchange Capacities and Infrared Spectra, Part II,'' 1964, 
Amer. ~1ineralogist, 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. Hoollard). 

"Elastic Have 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. f1ono. no. 12, 
pp. 501-516, Am. Geophys. Union, Hashington, D. C. (with G.P. Woollard). 
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MURLI 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-Jadeite Phase Boundary," 1970, Phys. Earth Planet. Interiors 3, 
pp. 456-461. 

"Hydrostatic Pressure Derivatives of the Single Crystal Elastic ~1oduli of 
Zirconium," 1970, J. Appl. Physics, v. 41, no. 7, pp. 2991-2998, (with 
E.S. Fisher and T.J. SokolO\vski). 

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

for 
pp. 5059-

''Effects of Changes in Volume and cja Ratio on the Pressure Derivative of the 
Elastic Moduli of H.C.P. Ti and Zr," 1971, J. Phys. Chern. Solids, v. 32, 
no. 3, pp. 657-668. (l'lith E.S. Fisher) 

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

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

"Temperature Dependense of the Elastic Constants of Single- Crystal Rutile Be­
tween 4° and 583 K," J. Phys. Chem. Solids, v. 34, pp. 2149-2159, 1972, 
(with E. Fisher and W. S. Brower, Jr.). 

"Gravity Measurements in India," 1969, Finc;l Report, Part 2, Arn1y Topographic 
Command, Contract DAGA, 71-67-C-0080, 52 pp. +Appendix and 7 Tables, (l,ith 
G. P. Woollard and S. P. Mathur). 

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

''Pressure and Temperature Dependence of the Elastic Moduli of Na20-T.02-Si02 Glasses, 
J. Am. Ceram. Soc., v.55, 360-365, 1972. 

"Infrared Absorption Spectra of Sorlium Silicate Glasses at High 
App l. Physics, v. 43, no. ll , pp. 4594-4599, 1972, Err a tum: 
v. 44, no. 5, pp. 2443, 1972, (with J. R. Ferraro). 

Pressures," J. 
J. Appl. Physics, 

"Infrared Absorption Spectra of Lithium and Potassium Silicate Glasses at High 
Pressures," J. Appl. Physics, v. 44, no. 12, pp. 5391-5396, 1973, (vlith 
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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~1URLI H. MANGHNANI (3) 

Publications (continued) 

"A Study of Na 20-Ti0r s;o2 Glasses by Infrared Spectroscopy," Appl. Spectros­
copy, May-June 1ssue, 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 cu 2o under Pressure," Physica Status Solidi, 
v. 24, no. 2, 1974 (in press), (with I·J.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 
1960 

Univ. of Washington, Seattle 

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 
1960-63 

Researcher, Hawaii Inst. of Geophys., Univ. 
Graduate Teaching Asst. Physics Dept., 

' 

of Hawaii 

" 
1960-61 

1955-56 
Part time observer, Solar Flare Obs. Makapuu, Oahu 

Publications: 

Boeing aircarft, Seattle, quality control & precision jig 
building 

(with D.N. Hart) 1970, Confirmation of Sofar-Hydrophone Detection of Sub­

marine Eruptions, J. Geophys. Res., v. 75, no. ll, p. 2144-2147. 
(with R. Johnson) 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 Radic.tors in the \·!estern Aleutians, Bull. Seism. Soc. 

Am., v. 58, no. l, p. l-10. 
(with R. Johnson, F. Duennebi er) 1968, Abyss ally Generated T -phases, p. 70-78 

~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, vJi11iam) 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., val. 77, no. er. 
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RAMANAN RAiiANAN!\NTOi<.NDRO 

Research Associate 

Date of Birth: March 5, 1936 

Education: 

1960-1963 

1963-1965 

1966-1971 

Positions Held: 

1962 (Summer) 

1963-1965 

1969-1971 

1971-

Publications: 

University of Strasbourg, France, B.S. (Physics) 

New Mexico Institute of Mining and Technology 
M.S. (Geophysics) 

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

Oceanographic Institute of Monaco, Research 
Assistant in marine geophysics 

New Mexico Institute of Mining and Technology 
Graduate Research Assistant 

University of Hashington, Graduate Teaching 
Assistant 

University of Hawaii, Assistant Geophysicist 

Elasticity and fabric of dunites, A.G.U. Pacific Northv1est Regional 
tiJeeting (dbstract), 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 1ower oceanic crust (in 
preparation). 

Effect of pressure and temperature on the velocity anisotropy in 
dunites and single-crystal olivine (in preparation) (vlith 
M. H. Manghnani). 

1 07 



HAVIAI I GEOTHEPJ1AL. PnO,JECT 

ENGINEERING PROGR!1~1 

INTRODUCTION 

The principal objectives of the Engineering Program are (1) applied research 

in problem areas related to the extraction of energy from geothermal resources, 

and (2) planning and design of environmentally-acceptable geothermal power 

plantso Research during the past period has been in the areas of (1) studies 

complementary to and in support of the Geophysics Program, and (2) studies of 

the economical and technological feasibility of different methods of converting 

heat energy in a geothermal reservoir to electrical energy. Results of the 

research effort have been reported in three quarterly progress reports published 

to date, and the following technical memorandum and reports: 

l. t·1odelling of Ha11aiian Geothermul Resources, Technical Report 
No. I, January, 1974o 

2o Harm water \•Jells on the Island of Hav.aii, Technical Memorandum 
No, 1, January, 1974, 

3. Steady State Free Convection in an Unc·onfined Geothermal 
Reservoir, Technical Report No. 2, March 15, 1974, by P. Cheng 
and K. H, Lau, accepted for publication in the Jocrnal of 
Geophys i ca 1 Research 0 -

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

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

A more detailed descr'ption of the applied research being proposed for the 

Engineering Program follows. 
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PHI\SE I PROGRESS f(EPORT 

TASK 3.1 GEOTHERI1AL RESERVOIR ENGINEERING 

The geothermal 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 geotherma 1 fie 1 ds. The computer mode 11 i ng group wi 11 

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 airn of 

synthesizing optimal measurement and prediction alternatives. 

The organizational plan and personnel responsible for various sub-tasks 

are depicted in Fig. 3.1-1. 
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I 
I Former Task 3.2 Former Task 3~ 

flell Testing I Ghyben-Herzberg 
· and Analysis I Lens Dynam1cs 

TIMETABLE 

l L 
New Task 3.1 GEOTHEPYAL RESf:.RVOIR ENGINEERING 

Task Leader: P. Cheng 

T 
Well Test/Anal~sis Phys_ir;_a 1 I·~ ode ll_i_r:Jg_ Com2uter /~ode~ 

P. Takahashi, P. Takahashi P. Cheng, 
B. Chen & & L K. H. Lau & 
L. s. Lau B. Chen L. S. Lau 

l 
Assessment of Preliminary Preliminary 

Hell Test uesign of Computer 
Hardware Physi ca 1 />lodel Model 

l 
Selection of ,.,,,,,,,,," "~ Computer Hard1·1ure and 

AsSessment of Physical Geothermal t·lodel 
Software Reservoir fl,odel !I 

Dec., 1974 

l l t l 
Purchase of Initiate r:. '"""'""'8 HardV~are and Two-Phase Parametric Tests Simulation Testing of 

Fl01~ Studies of Physical 
Soft~;are Model 

May, 1975 

~ 
Simulation of Reservoir 
t·1ode 1 and Construction 

of Ghyben-Herzberg Dec., 1975 

Well Measurement l·lodel 
& Data Analysis J (dependent on 
dri 11 success) f!- Development of j Combine T110 

~lodifi ed Method for T110 ->! Phys i ca 1 ~lode 1 s Computer Phuse Flow 'I into a Total Model Analysis System 

May, 1976 

l 
Final 

Computer Sept. , 1976 
Model 

! 
Predict 

Performance of 
Geothermal Dec., 1976 

Field 

FIG. 3.1-1 ORGANIZATIONAL PLAN FOR THE TASK ON GEOTHERMAL RESERVOIR ENGINEERING 
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1. Numerical no_:"\c! ·1 ing of Geothermal Reservoirs 

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

The primary objectives of the numer·ical 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 1 ens when perturbed by the extraction of a fluid from a 

well below the lens. The results of these studies will aid in the selection 

of a viable well-site. Specific topics to be investigated are: 

1. temperature distribution, heat transfer and fluid flow characteris­

tics of geothermal systems on the island of Hawaii, 

2. capacity of a geothermal \·Jell, 

3. expected life 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 dowm~ards to the well bottom as water is pumped out, 

and 

5. effect of fluid recharge on the performance of a geotherma 1 we 11. 

The aforementioned problems have not been reported in the literature. 

A realistic simulation of Hawaii geothermal reservoirs must take into 

consideration the anisotropic property of rock formation; the irregular 

geometry of boundaries; the dynamics of the Ghyben-Herzberg lens; and the 

effects of pumping, re-injection, and freshwater recharging. Mathematically, 

the problem is vety complicated since it involves the solution of a set of 

highly non-linear partial differential equations with non-linear boundary 

conditions at the water table where its position is unknown. The strategy 

adopted by the numerical simulation group has been to study sirnplified 
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situations during the initial phase of the work. These simplified mo~els, 

which consider different effects one at a time, wil~ aid in a qualitative 

understanding of the physical processes involved. Furthermore, since the 

numerical solutions for a rn0re 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 v10rk 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. Stea_cly Free Convection in an Unconfined Rcctnn0ular Geothermal 

Reservoir 

A parametric study has been coriipleted which investigates the 

effects of geothermal heating from below on the movement of seawater, 

the upwelling of water tablG, and the pressure and temperature distri­

bution in a rectangular two-dimensional geothermal reservoir. A 

manuscript entitled, "Steady Free Convection in an Unconfined 

Geothermal Reservoir" by Cheng and Lau, has been accepted for 

publication in the Journal of Geophysical _!3esearch. The following 

is a brief discussion on the formulation and the numerical results 

of the problem. (See Technical Report No. 2 for details of the 

analysis). 

The Hawaii geothermal reservoir (Fig, 3.1-lA) is idealized 

as a tv1o-dimensional porous medium bounded on the bottom by a 

horizontal impermeable wall and on the vertical sides by the ocean 
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table 

" 
Porous ·f,iediuin · · · 

Ocean . . . . Ocean 
Impermeable Surfa·c e ·4 · : 

1· I I I I I I I I 717 I I I I I rrt·'-r-r-r-,.-,;.,. 

Therma 1 Source 

FIG. 3.1-1A UiiCONFII~ED AQUIFER 11JTH THER~1P,L SOURCE 

y I 
--~=--~~r+"~~~-~~~~-

p = p , T = T , ~.~ = 0 a a 

p = p + p g(h-y) a s 
T = T s 

. . n (~·) ... · . . . . 
1 

h p = p + p g(h-y) 
a s 

... :. . I 
· T = \ \x); v=O 

~- = T 
s 

1------ ;_ 

FIG. 3.1-1 B RECTANGULAR MODEL OF A()UIFER 
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(r:g. 3.i-1B). Tile sh2pe of tn<e l'<ater table is not knovm a prior·i 

and must be deten1·!ned from the solution. To simplify the mathema-

tical formulation of the problem, the following assumptions are 

made: 

Ao The flov: field is steady and two-dimensional. 

B o The temperature of the fluid is everywhere be 1 ow boiling 
for the pressure at that depth. 

C. The Boussinesq approximation is employed; i.e., density 
is assumed to be constant except in the buoyancy 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 approximations, the governing equations in terms 

of dimensionless va1·iables are 

( 1 ) 

and 

::~ + :~~ + D [ ~~ -~~ + ~~ ~~ + [1 - E0) t~ J = 0 , (2) 

where 

Y ,v_ 
- h L :: _..:. 

h' 
E ::: 

n - n =n X - X =h. 

p l(gh 
D :::_5-

o:]J 

(3) 

with p, T, p, and 1l denoting the pressure, temperature, density, 
viscosity; o: and K denoting the tii2rmal diffusivHy and permeability 
of the medium; g and n denoting the gravitational acceleration and 
the height of the water table; Tc denoting the maximum temperature 
of the impermeable surface, and the suoscr·ipt "s" denoting the 
condition in the ocean; c and 0 are dimensionless parameters. 
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The boundary conditions along the ocean are given by 
p (0, Y) = l y' (4a) 
p (L' y) = 1 Y, (4b) 

0 (L, Y) = 0, (Sa) 
e (o, Y) = 0. (5b) 

Along the impermccabl e surface, the boundary conditions are 

CIP 8\' (X, 0) = -1 + cGL (X), 

e (X, o) = eL (X), 

where 

Along the free surface, the boundary conditions are 

P (X, Yj) = 0, 

e (x, ill = 0 a' 

T -

r ;;r ,, -~ 1 
I '"' I X , r;) + 1 - E: 8 j' ~ Q. LuI . . a ' 

T 

(6a) 

(6b) 

(?a) 

(7b) 

(?c) 

where 0 a -
a 

Tc 
s 

Ts - with Ta denoting the atmospheric telilperature, 

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 E in Eqs. (1-7) is small, the mathematical problem can be simpl i­

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

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

have 
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w 

Y) 
); q·· 

p (X, ~ ~~''10 (V ") m=!) Lilli/\' I > (Sa) 

00 

3 (X, Y) ~ 
>: J,~ (X y) ' llFCi 

.~. 
\..' \ ' f,l (8b) 

m ,. ,---. 
"11( X) ~ 1 + '· ,,, 

2 n ) !11=0 'm( X , (8c) 

h ,, (" 1•\ \v ere r , t., 1 J , 
I. 

0 (X, Y) and nm(X) are p2rturbation functions to m 

be dett~rn1~n2d .. Substituting Eqs. (B) into Eqs. (l-7), making a 

Taylor's series 8i.!''1nsbn on boundary conditions (7), and 

collecting terms of like power in E, we have a set of linear sub-

problems. 

The governing equations for the zero-order and the first-order 

problems are respectively the Laplace equation and Poisson equation 

with nonhomogeneous boundary c:mditions. In principle they can be 

solved in closed form by the classical method of separation of 

variables. However, the 11umerical evaluation of the resultant 

expressions in terms of many double and triple Fourier series will 

be of dubious value because of its slow convergent rate. For this 

reason we resol't to the numerical solution of these linear problems 

by the finite difference method. 

The parameters for the present problem are L the aspect ratio, 

D the discharge ntJmber, and E the perturbation parameter. Grid 

values of pressure, temperature, and stream function are computed 

for L=4, E~O.l with o~so, and 500 for the following three temper;;ture 

distributions of the impermeable surface: 

( 1 ) [ 
x-2.o 2l 

ElL = exp -(-0.5-). J , 
with a maximum temperat11re at X=2~0, 
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(2) 0. = exo L , 

-, 
r ) ; 
! >'-or::..-i I ' ' • ~-· , I ! -•----~·1 I 

: I 0 :) I I ' L . .J 

with a maximum temperature at X=0.5, 

(3) '\ :: exp 

with a maximum temperature at X=0,5, 

Comparison of the numerical results for Cases 1 and 2 will show 

the effect of the location of h2at source whereas the comparison 

of results for Case 2 (a broad heDt source) and Case 3 (a narrow 

heat source) will show the effect of the size of the heat source. 

Fig. 3.1-2 shows the contour of the first order perturbation 

of stt·eam funrtion, 11)
1

, for Case 1. A.s is shown in the figure, the 

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

surface temperature. This is because the density of the fluid 

becomes smaller as its tempe>·atut·e rises. A.s the fluid pat·t·icles 

rise to a colder region they begin to lose heat and v1in b2gin 

their descending paths when the density becomes the same as that 

of the surrounding fluidc Fig. 3.1-3 shows the pressure conto~rs 

for Case 1 with E = 0.1 and for all values of D. The fact that the 

pressure contours are almost horizontal indicates that the pressure 

in an unconfined geothermal reservoir can be approximated by 

hydrostatic pressure. The effect of discharge number on temperature 

contours for Case 1 is shmvn in Fig. 3,1-4. 0 = 50 corresponds to 

the case where heat transfer by conduction is predominant v1hereas 

D = 500 corresponds to the case where convection heat transfer 

cannot be neglected. The effect of discharge number on vertical 
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temperature profiles is shol'm in Fig, 3.1-5. For locations 

directly above the point of maximum surface temperature (i.e., at 

X= 2), temperature is higher for higher value of D. Similar 

behavior exists in the upper portion of the aquifer. However, 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 aquifer and the outflow of 

warmer seawater in the upper portion of the aquifer. 

Figs. 3.1-6A and 3.1-68 show the effect of location and the 

size of heat source on n1, the first order perturbation function 

for the shape of water table. To the first-order approximation 

t,he upwe 11 i ng of water tab 1 e is given by e:n1 , 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 n1 is approximately 0.08 at X = 2 for 

Case 1 (Fig. 3.1-6A). For a heat source near the ocean (Fig. 3.1-68), 

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 n1 moves inland as the size of the 

heat source is increased. 

It is estimated that the value of D for Hawaii geothermal 

reservoirs will probably be much higher than D = 500. Consequently, 

the numerical results do not really correspond to a realistic 

situation. However, since temperature distribution increases as 
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as D increases, the numerical results do give a qualitative, and 

yet conservative estimation. Thus, it can be concluded that (1) 

for a geothermal reservoir mile deep with a heat source at 800°F 

and half mile in diameter, hot brine at 400°F can be found at half 

a mile below sea level if the drilling site is at the top of the 

heat source, (2) while the size of the heat source has an important 

effect on the temperature distribution in the reservoir, the loca­

tion of the heat source has a small effect on the temperature 

distribution, (3) as d 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 distl'ibution 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 difference 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. 

2. 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-?A 

with the idealized situation shown in Fig. 3,1-78, The governing 

equations are given by Eqs. (1-2). In addition to boundary 

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

dike are 

8(\ , Y) = 8s Y .5. Ys (9a) 
1 

8(Xs ,Y) = 8s Y .5. Ys (9b) 
2 

~~(\ ,Y) = 0 Y .5. Ys (9c) 
1 

ClP( 0 Y .5. Ys (9d) 3X XS ,Y) = 
2 

3P -1 X$ .5_ X .5. x5 (9e) ax( X, Y5) = + E:8s 
1 2 

8(X,Ysl = 8s xs .5. X .5. x5 (9f) 
1 2 
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FIG. 3.1-7A UNCONFINED AQUIFER HITH A VERTICAL DIKE 
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FIG. 3.1-76 IDEALIZED RECTANGULAR MODEL OF AQUIFER HITH A VERTICAL DIKE 
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where C0 is the prescribed dimensionless temperature of the dike. 
~ 

As a result of the perturbation technique described earlier, a set 

of linear equations is obtained. The resultant equations can then 

be solved numerically based on the finite difference method. Compu-

tations were carried out for the following two cases: 

A. Vertical heating only 

B. Horizontal and ver,tical heating 

X-2 2 
= exp[-(-) ] 0.5 

O<Y.5_0.5, 

O<X<1.9, 2.2<X<4 

0 < Y < 0.5, 1.9 <X< 2.1 

Results of these computations along with previous results for 

horizontal heating are compared in Figs. 3.1-8, 3.1-9, 3.1-10. 

Fig. 3.1-8 shows the contours of stream functions for Cases A, B, 

and C where C referred to the previous results obtained in 

Technical Report No. 2. It is shown that the stream functions of 

the three cases exhibit similar behavior. The comparison of 

temperature contours for the three cases with D = 500 and E = 0.1 

are plotted in Fig. 3.1-9 where it is shown that hot water at 

shallow depth is possible whenever there is a hot vertical heat 

source. The effects o< vertical and horizontal heating on the 

upwelling of water table are shown in Fig. 3.1-10 where it is 

shown that the amount of upwelling increases for a vertical source. 

However, the upwelling of 2000 fe~t seems to be unlikely. A 

manuscript covering this work is now under preparation, and will 

be subm;tted 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 ocean on the temperature distribution 

in geothermal reservoirs, a study has been undertaken for the 

idealized case of an axisymmetric configuration. The formulation 

of the problem is similar to Eqs. (1-8) except that they are 

written in cylindrical coordinates, Numerical computations for 

L = 4, D = 500, and s = 0.1 were carried out. The comparison of 

temperature contours and vertical temperature profiles between an 

axisymmetric reservoir and a rectangular one is shown in Fig. 3.1-11 

and 3.1-12 where solid lines are for axisymmetric reservoirs and 

dotted lines are for rectangular ones. It is shown in these 

figures that temperature in a rectangular reservoir is considerably 

higher than that in an axisymmetric reservoir due to the three­

dimensional seepage effect. Consequently, the upwelling of water 

table due to geothermal heating is smaller for axisymmetric 

reservoirs than that of rectangular reservoirs as is shown in 

Fig. 3.1-13. 

In addition to the three problem areas discussed above, work 

has been initiated on the problems of pumping and reinjection in 

rectangular reservoirs, and on the finite element formulation of 

free convection in geothermal reservoirs lvith irregular boundaries. 
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2. \lell Test(f\niDl.sis ?, Ph\'Sical l~odelling 

Invest1gators: G. Chen, L. S. Lau, & Po Takahashi 

The research sub-tasks 011 well test/analysis and physical modelling 

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

and development, and physical modellingo The following accomplishments can 

be reported: 

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

2. survey on the availability and relative cost of hardware for 
geotherrna 1 fluid and environment measurement, 

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

4. prel iminar.r design of a physical model, 

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

The following work is in progress: 

1. continuance of training program, 

2. frequent interchange with geophysics, 

3. survey on availability of soft~1are for well analysis and performance 
prediction, 

4. detailed analysis into the techniques of well testing, 

5, development of a physical model. 

A discussion of the work in Phase I is given in Technical Report Noo 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 Geothcrma·l Reservoir ---------- ·---

The "state-of-the-art" in geothermal reservoir engineering is in the 

most part formative. Three groups in particular, though, have contributed 

well: New Zealand [1- 27]*, the U.S. Geological Survey [29- 40], and 

Stanford U~iversity [41 - ~7]. Also o.vailable 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 literature is relatively sparse is that 

private companies treat geothermal well testing, the data, and methods of 

analysis as proprietary. Certain legal restrictions furthermore tend to 

preserve this form of classification. 

Speculations on the nature of geothermal reservoirs can be found in 

the literature. Geothermal reservoirs can be characterized in several ways: 

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

B. Physical state, 

1) vapor- steam, 

2) liquid- hot-1~ater, normally two-phased at wellhead, 

3) solid - hot rock, 

4) liquid magmao 

C. Physical condition, 

1) temperature/pressure, 

2) size/depth, 

3) productiono 

D. Degree of dissolved solid content. 

In California, vapor dominated wells are considered to be depletable. 

A tax allowance is allowed under this classification. A decision has not yet 

been made on other types of \'le 11 s. There is some reason to be 1 i eve that 

all wells are at least partially regenerative because of the meteoric 

* References are listed on pp.l54 to 157. 
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(rainwater) origin of gcc:·:r?:mal fluid:; [·"!]. Furthermore, repu!'t:: of 

measurable pressure drops in steam-Jc::dr:,-•ted geothermill fields seen after 

. rainfall lead one to su~pect that perh~p~ fluid recharge could be significant. 

A lthou~h vapor-domi 110 ted gcothPr"Fi 1 we 11 s are generally cor.tami na ted 

with C0 2 (primarily) and 11
2
s, there is little dissolved solid content. On 

the other hand, some of the hot water well samples in the Imperial Valley 

have shown as much as 30% dissolved solids by weight. 

There seems to be no clear cut answer to a universal 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 l,ot rocks 

can be transformed into an aquifer thr0ugh hydrofracturing/thermal 

cracking and the addition of water, 

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

Speculations of how a geothermal r2servoir might look have been advanced 

by White and Muffler [49, 50], U.S.; Facca [51], Italy; Elder [52], New 

Zealand; and Hayashida [53], Japnn. 

Although it has been reported tMt hot \'later reservoirs are twenty 

times more prevalent than vapor-dominated ones [56], technical difficulties 

in the former have resulted in considerably more production from the latter. 

Table 3.1-1 shows that five vapor, eleven hot v1ater, 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 t~exico) [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 (Hila, Hawaii) supported the reasonability of this latter 

scheme. Some prei iminary work, mostly in the proposal stage, is being 
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TABLE 3.1-1 GEOTHERiltAL PL11i;~::; 

------------- --------------
DRY_ STEN-1 PLAras 

Italy 
Lardarello 
Monte Amiata 

U.S.A. 
Geysers, California 

Japan 
Ma tsu kav1a 
Hachimantai 

FLASHED STEP.i·1· PLJ\NTS 

Nev1 Zealand 
Wairakei 
Ka1·1erau 

Japan 
Otake 
Hatchobaru 

11ex i co 
Pathe 
Cerro Prieto 

Iceland 
Namafjal1 
Hengrill 

Philippines 
Tiwi 

USSR 
Pauzhetsk 

El Salvador 
Ahuachapan Field 

B I NF:RY CYCLE PLAf'!TS 

USSR 
Paratunka 

U.S.A. 
Imperial Valley, California 

365 
25 

411 

20 
10 

192 
10 

13 
50 

3,5 
75 

3 
13-32 

10 

6 

30 

~11'1 C/\PACITY 

1 

10-50 
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INITI!i.L OPER/\TIOf'!S 

1904 
1967 

1960 

1966 
1975 

INITIAL OPERATIO~!S 

1958 
1969 

1967 
late 1970's 

1958 
1973 

1969 
1 ate 1970's 

1969 

1967 

1975 

INITIAL OPERATIONS 

1967 

1975-1980 



advanced by researche1 s iror:1 Sandia U<or l'kxico), Lawrence Livermore 

Laboratory, and the Uni vel'S ity of Hawaii. 

When calculating the usoble energy in a geothermal reservoir, one 

should be aw2re that only 1% of the total energy is converted to electrical 

energy from a hot-water reservoir using present proven technology, and from 

2% to 5% of a vapor-dominated reservoir can be converted to electricity [49]. 

It should nevertheless be realized that on an absolute energy scale, a 

liquid dominated reservoir, per cubic foot of reservoir, contains more 

energy than a vapor dominated one. Secondly, the thermal conductivity of 

rock precludes conduction as a mechanism for regenerating a geothermal well. 

For example, H. Ramey has reported that the net heat recharge rate in the 

Big Geysers is only 0.6% [60]. Hol<~ever, the.possibility of extraordinary 

fluid convection through porous media as driven by circulating magma should 

not be discounted--thermal cracking of the cooled magma can result in high 

permeab"il ity. 

The general nature of a geothermal reservoir seems to be fairly well 

understood. There is some contention on the self-sealed/regenerative issue. 

Hov1ever, 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 

Reser_yg.i r Engi neeri nq_ 

An international survey v1as initiated t.o determine the "state of 

the art" in geothermal reservoir engineering. Not only v1as valuable 

information obtained from the survey, but it is hoped that the effort will 

spark development of geothermal resrrvoi.r engineering in a spirit of 

intra/international cooperation. 
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Over twenty rep 1 i es were rc:~c:i vcd frorn co.mpani es, institutions, and 

government agencies in variou~ countriec; v1hich have ,geothermal energy 

production. While some of the responses were received through oral communica-

tion, the majority of them \•:ere in the form of personal correspondence. 

Many of the individuals chose to answer the questions by citing published 

technical literature. The significant responses are tabulated in matrix 

form in Table 3.1-2. 

3. Preliminary Investigation into Geothermal Measurement Hardware and 

Technique 

A) Measurement and Method of Analvsis 

The pu~pose 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 ) 

2) 

3) 

4) 

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

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

What is the chemical composition of the fluid? 

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

After the drill site has been selected, a reservoir analysis and 

formation evaluation program should be outlined as follows: 

1) Bore Hole Tests 

(a) Geographical Logging 

(b) Dri 11 er' s Log 

(c) Drilling Fluid and Cutting Analysis 

(d) Coring and Core Analysis 

(e) Drill-stem Tests 

(f) Geochemistry Analysis 
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J. L. Suiza 
G2ot~err.:a l Resources 
Ce:"ro ?:~ 2to 
:·-~cxi co 

TOniE 3 1-2 r~,,:~TJ'"~D\ tibL.. • ,vvt\l...;,,\,_..._ 1 

Refer to articles in A~pe~dices A 
and B, 

R~fer to articles in 
Appe~dices A and B. 

For tr.e purpose of 
predicting ~ell perfor~ance, 
there are no marketing 
co~panies in Ar1zo~a. 

Refer to United Nations publications 
in Appendix A. 

Refer to articles by O.K. Prediction of well ~2rfor­
. 1'1ainvn"i~ht (P..ll) and A.~1. nance is a com1=osit·ion of 

Hunt (.~;12) in Appendix A. pen~120bility, tc;~~etature, 
reservoir capacity, and 
rate of flov.:. ?c~''it:::?l)il ity 
in ~!eothe}~i-r:C: l tenns j pt;iids 
on fracture zo~es rJJc !1~ore 
th2n on porosity. Oi 
reservoir assess~~!2n-~ ech-

Refer to Unit2d Nations ~~d U~ESCO 
publications Appendix B (216, B24). 

Equip~ent and other 
hard\lare are generally 
not ilvaialble. 

G2ct~er~~l fic~ds are cl ssified into· For the determination of 
t~:o ~ajor groLlps: 1) sc~ r_entary rescr\·oir pQrameters such 
fields o.rd 2) volc2nic f cld::.. In a as p~r~it;ability index and 
sedii~e~tary field t~e r:~o~~ctive porosity, t!~e synergetic 
stra~a is a p2r~:e20le sandstcne lag nam2d s~qAB~~D is 
int2rbed~2d by i:~0err:1cab~e c1~y us2d. For temperature, 
layL:;~s. Ti:e s2nc:s~:c~:2 is s.Jtur'c~tect pr2ssure, and flc~,r 
\·:i th r,;eteCJr i c: ':.'2. "t2r, a ::d t;-jc; h22 t mea su~~e:nc:nts the 
flc~ is d~e to the faults ~n~ conv:ntional systems 
fissures of tile sran"itic bssc:::ent. In (Kuster R?G and KTG 
volcanic fields t~2 possible product- inst~u~ents) are 
ion ;r!echc.n·lsrTi is du:::: ta ·~he l'.i:l~ccr flovJ emplcjed. 
t!1rough fiss~rcs i~ tl12 volcanic rocks 
beino heat2d by a cooli~g mag~atic 
bcdy. 

~ ~~2s can ~. r~1icn 
t ons ~2 ~1a ~& :~ f~· 

ccJt l ~r~ ~c:t o~s. 

The 2\1aluc.ticn o ti:c 
q~~!a.l ity oi o. g:o hcr.· .. ::}1 
\·:ell is u~c:rt~i~. ·~a1o-
0~~:; 2J2 g:::.·:::J~al ::·:c2 

\·;-; th 2~~ is t -; n~ ':'O : s .. 

The ~erfO}'ir2n c in 2 \~ell 
c2.1 be p1~ed~c 2d by :.:2at-:s 
of a hydrolcg c nod2l 
moG if i ed L1y th·~ ~:ra t~:re 

effect and taking into 
2ccount tl~e phjsica~ charac­
teristics cf t:~2 prc~~ctiv2 
sandstone as \·;ell as t~e 
p:~,ysi:a1-cilc:tT'·ical ~-.,··o 2i~ti2s 

of the g2other~a1 flu ds. 
For the purposs of o~ ini­
zing ·.·.rcll locations, 
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2) Well Completion Methods 

3) 1-lell Tests 

(a) Temre: atur·e Survey 

(b) Pressure Survey 

(c) Pressute Dr-uwdown ,.,...t">~· 
t C.:.ll, 

(d) Pressure Buildup Test 

(e) Fl owra te and Enthalpy Measurements 

(f) Geochemistry Analysis 
' 

(g) Wel'l Interference Test 

4) Reservoir Analysis and Fo:"mation Evaluation Interpretation 

The petroleum industry has developed most of the above testing 

instruments and procedures. However, one cannot blindly use 

their methods to interpret the results of the tests to geothermal 

fields. A geothermal reservoir in general has a higher tempera-

ture than a petroleum reservoir. Furthermore, most of the 

petroleum reservoir analysis is based on isothermal conditions 

which do not hold in a geothermal field. Whiting [61] ~nd 

Ramey [60] have successfully demonstrated that the regular 

volumetric balance method in petroleum engineering does not 

apply to geothermal reservoir but rather a material and energy 

balance method is needed. 

In the general sense, softw~re encompasses both computer programs 

and the standard type curve analysis. It appears that the methods of 

well analysis used in the petroleum a~d yas industries cannot be 

naively applied to geothermal systems. 

The general analytical solutions for transient flow in petroleum 

reservoirs have been obtained for three d-ifferent types of boundary 

conditions: 
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(~) infinite reservoir, lir1c ~ource well, 

(b) bounded c-iY'culat reser·voir, 

(c) constant pressure outer boundary, 

The actual solutions have been presented many times in the petroleum 

literature; e.g., t'latthei·IS & Russel, Pressure §uildup_ 0nd Flo'tl Tests 

in Wells, 

The basic assumptions in obtaining these solutions can be surrmarized 

as fallows: 

(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 ·1 og-1 og type paper. 

Horner· [62], in his 1951 classic paper, developed a way to graph 

the pressure buildup test d~ta VQrsus time on semi-log paper. From 

this, one can calcu"late permeability, skin effect, fl01v efficiency, 

and sL•tic average pressure. HcY!ever, a gre11t deal of difficulty IPS 

been <:;·,countered v1hen one tries to apply the theory to a specific 

problem. Horner's metl1od requires one to estima~e on the semi-log 

graph paper a straight line (i.e" the quasi-steady state condition). 

This can be extremely difficult since the onset of the straight line 

can be seconds, minutes, hours, days, or even weeks. One can never be 

sure that the straight line chosen is the right one. 

Fortunately, this deficiency can be remedied by plotting the data 

against a log-log type curve. Ramey [63] has derr.onstr~ted that th·is 

m.::thor! permits one to detennine easily 'lihl'thel' one's data are truly 

on the semi-log struight line. 

The ;;bove ana 1 ys is works very we 1'1 for oil and gas we 11 s subjected 

to the two a~sumptions stated befor" One has to br c&reful when one 

145 



applies these methode. to a geoLi;~. ;~•·; reservoir situation or incorrect 

results will be obtai~ed. 

First, depending upon the r~servoir condition and production rate, 

a geothermal reservoir may or 1nay not be isothermal. If non-isothermal 

conditions prevail, U.en the above analysis needs modification in order 

to be useful" 

Secondly, there is a good possibilHy that the fluid flow in the 

reservoir may be two-phased. One has to develop the appropriate curve 

to take this effect into account" 

Finally, in general one cannot completely shut in a geothermal 

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

\le11 test analysis, though, can pei'haps best be summari:~ed by 

quoting Alex r::uraszeH, v1riting on 11 Geother~ma1 Resources and the 

11 
•• ". v1i th the pi'esent state-of-the-art, neither the capacity 

of the reservoir nor its longevity can be accurately 

predicted •• 0 0
11 

Fortunately, as undeveloped as this field is, definite progress is 

being shown. The Stanford Group has made admirable progress, A 

parallel laboratory study extending the work of Miller [65] and Cody [66] 

is being pursued at Stanford. The U.S.G.S. is devoting effort towards 

computer model studies with I~, Nathanson, of the Menlo Park unit, 

beginn·ing to publish. The University of Hawaii group is adding to 

this body of knowledge. The geo/hydrology group. at California-Berkeley, 

has produced excellent com~uter models in this area. 

In summary, the types of ongoing softlval'<c ana'!ytical work include: 

1) Prediction of performance and resources available from 
temperature and pressure datz:, 
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2) Reservoir s~mulJtion. 

3) Well log analysis. 

B) Ha rd'.va re 

Hell tests arc; pcrfonr,2d in h1o phases. In the first phas2, tests 

are performed during open holt• drilling operations. They consist 

of fluid temperature measurement, fluid sampling, core analysis, 

and formation logging. After completion, the producing well must 

undergo a second phase of tests to determine the thermodynamic 

condition of the flu~d and the adequacy of the reservoir producing 

zone. Measurements are tijken both at the wellhead and downhole. 

The two well-test pl:ases are: 

.1 ) .QEen ho 1 e tests 

Hhile the drilling operation is in progress the drilling 

fluid is continuously monitored for signs of increasing 

temperature gradient. The drill cuttings are also observed 

for indications of possible zones of fluid production. If 

temperatures begin to rise sharply with a corresponding 

increase; in rock pOi'Osity, the drilling is stopped to perform 

a formation log" Simply described, in forrmt·ion logging, a 

probe is lowered into a well at the end of a multiconductor 

cable and the physical parameters are measured and recorded as 

functions of depth to obtain well logs. 

The three common forms of formation logs are electrical, 

sonic, Jnd radioactive. 

2) Producino ;.:,:ell tests ----·--··---·-

After completion, the producing well must underoo a second 

phase of tests. The downhole tests consist of measuring fluid 
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parameters 

See Figure 

the tests, common methods are wireline operations and 

combinat·ion too·l logging, 

In wireline operations 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 indicators, and a motorized take up reel. The probe 

is made of a steel tubing with the recording and measuring 

instruments located internally. The recorder is attached to 

the end of the interchangeable measuring instruments as shown 

in Figure 3.1-14. The deflection of the stylus makc;s a rnark on 

a black recording chart. After the probe is extracted from 

tt1e well, the marks on the chart are read with a chart reader~ 

Conversions to the desired parameter are made with a calibration 

table for each type of f"iu·id ~;ec.suring dc;vice. 

Like most other logging instruments, the combination 

tool is lowered into a well at the end at a multiconductor 

cable. The fluid parameters are measured and, in turn, 

recorded automatically on the surface recorder equipment. 

The combination tool is ideally suited for a production well 

since the production flo11 profile has a relatively high rate 

as compi!red to a well in its exploratory stage. 

\~hi 1 e numerous types of tests may be performed in a 

production well, both the buildup and pressure drawdcwn tests 
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149 



are of prkc intc,rest. The prcssu:-e behav·icr of a v1ell is 

readily me·oSUJ"c'blc and is a 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 reservo·ir), 

skin effects and flow efficiency can be estimated to aid the 

prediction of future production rate and productio~ life of 

the reservoir. A pressure drawdown test co1isists of a series 

of pressure measuremEnts made durino a period of flow at a 

constant rate. An extended drawdown test should be run to 

estimate reservoir volume. 

Correspondence hcs been initiated with various wel I tcst 

service companies and institutions. With the exceptions nf 

Schlun:berge1· and KustGr Cor::pi;ny, most of the firms have had 

little experi~nce in testing geothremal wells. The proprictdry 

nature of the }'esults ~1as :.on:cwhat construinc:d info!'-;nat·lor 

gathering. However, replies have indicated that Schlumberger 

and Kuster have the expert·i se to perform the task. Spec ifi ca lly, 

Kuster Con:psny has various types cf vi"irel ine instruments for 

geothermal fluid measurement. With this fact in n:ind a 

prel irninary commitment can be made to select the type of 
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packer tool lo9ging, the services win prubably be contracted 

out to a firm such as Schlumberger Well Service Company. The 

log interpreting computer program named SARACAND was developed 

by this firm, and 'it has been used successfully at Ceno Prieto 

and at Imperial Valley. The program intetprets t!1e log data 

and determines automatically the desired downhole parameters, 

and its use should be very helpful for the Halva·ii Geothermal 

Project. 

In the second testing phase the Kuste~· insti""U,;:en:.s 11il"i 

probably be used for the purpose of reservoir analysis. 

The cost of the instruments is about one tenth of the comb·inJ-

tion logging tool, and L:Kir reliubility and Si"'nsitivit.'; 

(0.4 psig for p1es:oure a.11d 0.3uF for temperatu;·C') a.re ideal 

for nr,ily explrwed geoti,:nnal ¥~ells. 

~) Prrliminary analvsis 1ntJ the r•:.ysical ncde"llinu c-f a -----·-··---··•-.0 -·---···--·--- ·'--·--· ·-----.-·M•- --• 

_seothermill res er_vg_tr: 

The physical mode 1 is a necessary ba 1 a.nce 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 attemptf:d by softwate. 

The objectives of the initial p~ysical model studies will be 

to bring together knovm ·infOI'rnation about related labor·atory 

st~:di2s~ analyze the stc-rtc-of-the.,art, design .:ho harchrJre 

system required for si~ulation, initiate fabrication, and 

conduct prel i:ci ni< ry P·H<>.:Lctri c .. ;:sts. 
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geothermal r·esc:r'voirs include those of G. Cady [66], H. Henry 

and F. Kahout f_V(1, and the remotely related Y/Ork of J. Bear 

[68]. HoY/ever, none of the reported investigations approached 

the problem on a total systems basis Ylhile 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 Ylithin the geothermal system Ylhich 

decreases the fluid densityc 

The dimensionless numbe~.determined to be of Pl'ime 

interest to the~ studv is l:l.c Ravle·iqh Nurnber (N,..,_ )< The 
~ ·- . . 1"\ci . 

RHyleigh Number is th2 product of the Grashof (NGr) and 

Prandtl (NPr) Numbers, where 

N buoyant force . 
Gr = vTs'colls-fur ce 

Ylhere rs = density of fluid, 

g = gravitatio11al const~nt, 

B = coefficient of thermal expansion, 

K = pern:c~f\bil it.Y of porous mt~d·:urn, 

(T-T ) = temp2rature driving force, s 
h = depth of permeable bed, 

p = viscosity of fl~id, 

a = thermal diffus·ivi ty of fluid 
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The 1 -itu'~ i urc is sp--, ,-,;,, on the ranq~ of Rayl ei qh 

Nurr1ber·s mear,i:1gFul to actual geothermal systems. In genel'al 

the study wil I investigate the range of NRa betwee11 30 and 

1000. This v1i'il be uccom;,lisiled by alter·ing the permeability 

of the solid Plc:c~iur:1 2.nd the tc~mperature of the system. The 

pemeabil ity can be cltered by changing the mesh size of the 

sand or glass bead bed. The temperature change will in turn 

detennine the values of the coefficient of thermal expansion 

(8), thermal cliffusivity (a), v·iscosity (\1), and density (o) 

of the fluid. 
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TASK 3.6 OPTIW'.L ClUIHEiil~I\L P\ PI!~\ DESIG~' 

Investigators: H. C Ciw·i, J. Chou c, D. Kihara 

Thf: design of '' pouecr· p"l2nt L c.iic :.2d by economic justific,:tion 
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determine the power outputs of a basic bincry cycle and a regeneriitbc' 

c-f i' ':c.-..'' 

--, .. 
l .. '~--. 

:'!in 11 ,, ·, 

e_\c ~~~~-~-r~·~, 

tabule 

s·i:--:e u-.~ 

c • 

• 

., r <"1 
,).,.(:.~·L. .. 

1C3 

' c is 

10'.: lh /i't. 
1 i ~ 

''li 

·; .-, r-.. r: 
I ~ \ I , 

: ,, _,, ... '. ·--1• ,, 



r.-c, 
0 

C) 
~, 
,: . ..., 

~ i-i • i ( .. ~ ~> 0., 1 [:; <~ ---~ i '·' l(\ '£) ()] ('"\ i 

I 
<: r-·· ~--, 

I 
"' "' 0'\ ('<'\ (i'\ ,., 

t:~ '· >-' rl ,,_, rl \-·i rl .o-
~ --I ~ 

0 

I 0 
~--! 0 

l 
~~ r I -:;· ,. s I 0 
r·: -· .;.> 
E___, c . (\! 0> N 0', "" (j .~ 

(_) ~~ '~ ~- d 0 c' 
[-< ~-;:{ . ~ 

' ~- .-.-;~) ,-1 ,,,..'\ c-\ G ·-· ' ·~ ~--~ r,:::; co h '< .. ) , .. •r-: ,, 
~ ~ ,....; ,., (<'\ (•\ (''\ (•'\ ~ 

~J· 
•;-, 
r-i 

";:-'> 

·' ~-; '·' ("; '" 0 
('~ ~" '" 0 C'\ c-. ~ c:; 
~ --~ :::. ~--- ("\ :>- li\ (;\ --::.r-. ---: 1"-:< 

,c., 
() G •<) (>. ~--, 

,.; 

"" .--: ,-, n r-~ () 

,., 
(j ,,, 
~-

'·' 
u ~-.::: :··_) ,, (__) 

,::.: .. < -~ "' <:~ " '· '-" "--. 
,-,-· .. , ·---< i-:; 

·-_:;, ro 0 CD ('l l:."-. ,,, 
~: ~---: 0 ""•' \..(; 0 _, ' '• i ' ' 0 t5 \.() cJ (;l- ci .. () 0 

I 
.. , ... 

' ' ·"JJ. )-...:.: 0 • • ~_.; 
i--1 ~~~ ~--; rl ~-: ,-1 N ('' ,:. 

(.) 
() i-i 

I 
~- J 

,,. 
(/'J -· ,,, ..;..:> 
;_,---;, ~~ ~--· c:; ,... __ , 

r . . 0 r~ ~. . . · "-7 ' . I Gl C..> ·~ ,--. 
-, ~-i ' 0 S< V) 5: ~......; . 

I _;; IF.J ;-; C; ('_;_ 0 
' ' 2-..; '•' (..:.·, 0 0 ~'\ '" 4'\ 4-) c, c .. -., C.) Ct• I> ~'- I:'- 4-; ·~ 5 C1 ;:-.: "' (•\ ,;'<"'~ ('\ ("\ 0 ti) 

I h 
( ... ) h •rl 
" (,) 

I ~~ ~ 
n 0 

I 
.0 .... ~::; 
r-·i ~ 

' ~-~-::. 0 
\ ~) (') 'D "' ~--- ::-) 0 ' 0) ,-; ;..J:. G 

I 
,., ... 

~ Cl ·.-1 c i.l.l 

"" '~ 
(_) 0 0 0 c·. c h 0 0 ;.:>, 0 () () C) c 0 c~ , __ ... ~--.. t.:•\ \/.) l~ co C.'. l fr--( ri l---



0' 

r:_,? ~~ , C' · r,·c::s or - ..., r .,.. ' . 
~ ·• ~ . .. , '• ' ;· 

''•L ·- ·-~-'-'-' 

·······-······-··· ....•..... ---··-·-·----·-·······-··- -·~ •.. - ----·· ..................... --··-·--·----------· 
\'}C;~:J\Jt·~c~ 0?1' ~:::.~·n ~--I Jf·::;~;u·"'· /'.?:.; 

P1·:I;~;su:~J~ 'l'llEO'l'TLE FLC!':-l EATE 

p:..~~:_[1_ ~n~~·-'_.,.) or 
~ -·· " ;. 

• ,, . t /'- 0 -; 11' !_ ' ... ··--· -·- "---' _._ ' .. • 

500 3"0 lC '· 
·< C'('/ 
..Lnj,/0 

too 390 ') ( ~ ( 07 __ ) 

700 375 2.J.O:l. 

0CD .375 2 ~ }J~3 

900 330 2Q2:2) 

~-.- ( ,·; 
.:.. ,_ 

c;::'.i.'PUT 

""' .1 J_ _,: 

10~.013 

1" "3 J.;; • .---

~.:1 ~ 07 

1·~~-SJ_9 

t 0 rl,? 
•"' r' " - " 

:~:::/.r_l1 

E.T:.:tTDC'l'ION 
/ 

! 0° B'""/h" -- .)_ 1..1 A )._ 

~o "7 {'. .. )~-~() 

275.52 

~ F· 3 o· ,:_ ~~ • j_ 

29/:,02 

303 "9l} 

(·i ~, r:>t<']) 
•oi:.L.J.n.'.. 

LL/1VIlTG 
mr·r.cn o, 
l'J('~[., 11 

2h5 

230 

,...,., '/ 
1'-.-._ j 

2JO 

2~:J 

----------------~- -~----------~------~~~-- ··--"~--~---"·--··· ---'""' -~-.. ·---~ ·-----------·--~----~-------· .. ------·-------
~~~ 106 11· /h.,.. 0-. t '0 h· '' · ~~'· ., (2n·f v , .. , o,.-,.f , -i .,,.· l) ~t l·00°1~ J.''--'"--'- _._ ~ )El -'- l \', --p ,J,.)C \'.u.v-..-r ~V1 v· ~n.l"!'-)r~ (._'J;v ..L..-..<..i'---lC u ,- _ , 

"20QJ~ co-rJ0'1~i T ..).. " ) 1.1. '-' l ·-·-~. 'J tcr:Jpcr2t1;<_'8 ~ 



\ I,·,,~'· 

d F' 

i ( 

,.,, ;, 

F ~· : (· 

i ' ~) 
• 

. ' : 
0 ' 
h i i" 

c 
c . Ci.-: 

c: 

') c :' ' 
r-. I' ,, (' 
'J ( 

c . •; 

' ' ' _, I 1·-'; ' 

,..,r T'· 
v. '• 

\\. 

,,-. 

(:;. 

. i r:· 

' :_ ~ . 

'~ ' 

c. 

i 

. 
' 

,, 
' ' 

' ' •'•, 

·' 

; ,-. . ~ 

: _, 

':·:· 

v ' 

,• ,, 

\·;·: 

lGG 

:- \ ' ,, 

' ; ~ ' 

- ,,-;' 

I ,, :. "\ ~-,, .... 

'i• 

i , ' 
' : ' , 

r· 

i• i " I 

', ;·, ' '~ 
,, i· ' s ; 0 )( ,, ' , 

' ' , 

·\"'-

C! : .. ,, 
' r '( ,_'I 

. ' 

, , , 

'.: : J ·~·: ,, 

' 
- 1 d l i ,, : ' , 

l ' 
i ,, i L ~ l ! I ; --~ ;_:_ L u:·:-:: 

i ' L : : ; ; : -, ; - n -, ,. 
- , J :, 

' 
i' 

\) I' r:., I ·) l ( ,_. 
' : c 



c. 

I C: ' 

', ,-, ; ;, -: , I ~: 

Pi:<n '"'~-
l11:~ .. :c :,_L::-:;\' 

Fou i ·: 'l~J -rc~ · 

2. Cu:p11t 
Cr-: 

):_ r' ;· 

C. 

To 

':; ,_,, (;: - -,,, 

,l,;' 

i-) '! : i ·: • ~ ' ' ·• ~ i ! -, i 

\':_.-

, .. ' 
c 

'"j ~'I! ( ·.:: 

. ;r· 

·,,, 

I- ' .. ~ ; 
·. il 

t: r ._ 1 •• 

:~ v ! ! (i 

"' 

f: ~; 1 I. 

·-·-' 

I ~-

1 _,. 7 
i U/ 

: ,-.. 

'. (' 

' : 

~- , __ 

:-·. ·i i'l(j 11 ~-1 
"; d 

: i lJ i 'C/ 

.. ···~! I'•' 

,_,_, 

··,, 

,.,.,., 
-;' 

·; 
; ~.- j I [) ( ' 

,-
> I '• ~· ' ( • 

: (~ ·. ' 

-; i .. ' 'l ,,-

,., . -~ .. 

.:; . 

"~ ., I ' ' . ' 

1 \.- ,...i ( 

at 

'l-r· ,_.: 

: ._; .. ; '•ii 



·--600 ,- --

1 

--------- -------

r: no 1-,,v 

~DO r 

r. \ 

TU FU3L: f:. 

i : (i • ·-
1 ·.' .I: 

l: 



--<SO I 

i 
j 

400 r 
I 

350 
1

--

3GO ~ 

Ul \ 

:~ I \ 
e- \ 2~;Q i \ 

I \\ 
I 

. "•:.-· Tl! .~~ u ,;,_It.:. 

, __ : i ~ . ; : .. " 
. :-; l; 

-------

FLUID 

~ 1 F?S 

---.. __ v = 
-10 F?S 

i 5 FP .S 

..... _t_~-- __ [ ___ --- _ __]__ 

3(;.5 305 

': :·, . 

I 

I 
I 
! 

i 
I 

I 

I 
I 

I 

--~ 

.:;.l_:.) 



... C: i ' . ' ,_, \' , __ ! i :. C: l ;, r; 

.::. 6- :,.. c.·-

1 n :_ cr''_ .- t ·i :·. '·:·, \::;)1J2 (.I::CUJ'S (:_ l 

170 



::::J 
V) 
VI 

(0 r 
I\ 1\ 
L \ 

. ------·------·--- --·-----l 
IsobJ-::e;..,e ! 

yst 

Flu d Velocity: 

32 ' \ 

J \ ! 
\ I 

\ I 
" / 
~--// 

34 I 

J 
' 

I 
I 30 ; _____________ l ___________ ~. 

265 

•,-, '')' 

i l 
\ ',- - (' 

171 



The n:::sezH'ch pl~oposed fcJt' U1c f i-l~J in(:,~:r-;rtg h··r_jgl·um is !Jl"ir:,or·ily c:. 

cont"irluat·ion of wor-k alrec.dy in prc,:_jrc:ss :nri ::-,1u::;1:·n'ized ·in the pr·evious s2ction& 

l·lhile these studir~s v!il"J L,c appli·~::i to the~ H.J\-'ll.·i·; geoth2till(\l r2servcir-s, the 

ernphas·1s V/i-11 continue to be on \·;~i-.i~ o·r ~)c;·;,:_:,~c-;_1 i'ppl·Jccd)·j~ity so thct resu-lts 

can b:::: util L::cU in othc~-, C!i.~:YL:lcrn!,-~1 di'2U~. ~-ol'lc1·.'":nu C.(C de~.;cr··i::;tic:i:; of the: 

propo:::.ed r'esc{J;ch for eiich Eng·;neer1ng tusk, ·inclLH~·ing tc~_sk t·il:·rc~t;.:.lJ.lcs. 
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A'!ong iiw free surl"r:' ':''"'L rhc h0undary conditions are 

aP aii r-:JP +1-r (c -8 )-c J - E = 0 ( l2a) ox -~ix - , 8Y -T oa s c n , 
L 

P(X,ii) = 0 , ( l2b) 

8(X,~) = e ' ( l2c) a 

C(X,~) = 0 , (12d) 

~1here c = ~JN- with N denoting the amount of accretion at the water 
n Kpsg 

table. Since cT' cc' and c
11 

are small, the problems can be simplified 

on the basis of the perturbation method with cT, cc' and en 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. 

Co Transient Responses in a Hot-Brine Reservoir with Pumping and 

During the latter part of Phase II, work will be initiated on 

the study ot transient responses in rectangular and axisymmetric 

geotherm<;l reservoirs v.s a result of pumping and re-injection. This 

study vrill yield useful information on the effects of various 

parameters on the life 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. 

do 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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propert·ies of rock ion,;ation, the irregular geometry of th~ l>ound2r~cs, 

and the presence of dii;es. lilllUts from geologists and geophysicists 

in the Hawaii Geo<::henna·l f!r2j2ct will be used to construct a more 

realistic model. The finite •;lement method v;ith Galerkin procedures 

will be ~nployed to approximate the set of non-linear 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 on 

idealized models will be used as the input data for the first iteration. 

The computer program will be refined in steps to take into consideration 

pumping and re-injection, freshwater recharging, unsteady and three­

dimensional effects. Detailed calc~lations will be made for the 

specific site under consideration in the P11na area. 

e. Bo·ilil~o H(·~c.t Tron~fer cnod Tv:o .. F:~~~:~e F"lc\'/ in Gt:·ot~iGY'ITI<~-~ i~c·::.(:tvo·ir's 
---·~·-----""------,·----·----~--------------·--- ----~--.. ------------------------.. --. ---------

In anticipation that some degree of boiling heat transfer will be 

present in Ha11aii geotherma·l reservoirs, especially near the produc-

tion well where pressure is low, a study on boiling heat transfer in 

a porous medium 11ill be initiated during Phose II. The experience 

gained during Phase I dealing with hot bri11e reservoirs will be 

helpful in attacking problems 1;itl1 two-phase miscible fluidso The 

results of this study will aid the well test group to estimate the 

capacity of the reservoir. 

The petroleum industry uses type curve analysis to predict well 

performance. These curves are obtained through the solution of a set 

of partial differential equations,involving pressure vs. time with 
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different boundary (Ondit-ions. By matching ·ind·ivi..:uol V1e1l test 

data \'lith these type curves,. one cun obtain' information such as 

permeability thickness, v1cll d<;nmge, and reservo·ir 1 ife. The 

solution of the h:o-pi-;c:sc fic'J condition vl"ill establish a brand new 

type curve V!h·i ch can lw uti 1 i zed for prcdi cti on purposes. A 

detailed discussion of this analysis is given in the section 

concerning software development on well testing and analysis. 
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2. Phvsical 1·1odcllin<: of Gc,ot~iCiii!al R.r:scrvoit'S 
~--~----·--"-·-----·---~---------- -
Investigatot~s: Bo Ch£•n & P. Takah2shi 

A literatu1e survey has disc'losr'd U1dt there hils be•cn very little 

physical modelling ·in U:<: f·ield of w·otl~C'nwics. H. R. Henry and F, !\. 

Kahout [73]* have been conducting related investigations for waste disposal 

purposes but in their studies the heat source has not exceeded 43"C. The 

Havwii model wi 11 operate at much higher temperatures. The Stanford 

University Geother·ma·r Group is also invo-lved v!ith physical mocielling 

[64, 65], although their modelling has bee~ restricted at this time to 

the act.ive "chimney" portion of the reser-voir. 

The lictl'la i ·j gc>otherrnal rnodc l wi 11 o2 cons tructccu for the is 1 and of 

the actuo_l s·itucttion--thc: entire rcsetvoif b0ur:cled on th2 botto:n by an 

impermeable layer·, on the sides by the sea, and on the top by the 

producing geothermal field and the Ghyben-Herzberg lens--beginning al 

first with the geothermal reservoir and progressing eventually to the 

simulation of a fully operating geothermal field. The two initial reg·ions 

to be investigated will be the Ghyben-Herzberg lens and an element of 

the porous medium. 

Some of the variables requiring consideration in a physical 

geothermal model are: 

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

system; that is, fractures will most probably dominate over 

vesicula!' Ol' liJyer porosity in determining permeability, 

b. temrera ture, 

* Refc:rcr:ces at'e listed on pp. 15~ to 157. 
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c. pressure, 

d. fluid composition, 

e. fluid flow rat0, 

f. porosity--to obtain volume fraction. 

The size of the physic<tl model and the exact features to be modelled 

require careful study. If ti1e island of Hawaii is reshaped into a square, 

each side will be approximately 64 miles in length. (A circular reshape 

would result in a dian~eter of 72 miles.) The impermeable bottom layer is 

generally thought to be at a depth of one and a half miles below :ea level. 

(Note that the ocean flam' in the vicinity of the Hc.waiian Islands is 

considerably below this luyer.) The permcc1ble medium under cons·idcoration 

is thus 64 miles by 6~ miles by 1.5 miles·. A physical model on a 

64:64:1.5 scale will be of dubious value, as it is the depth dinension 

that is of greatest interest. It is therefore far mor2 suitable to 

p!iys"ically model " portion of the flig Islc:nd, rather than the \·:hole 

island its~lf, although all 21'eas it::ilacting on the reservoir ~Cust be 

included. 

The maxim~.m el0.n:ent selected for thee initial study v:in extend from 

the lower impermeable layer up to, but not including, tile Ghyben-Herzberg 

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 ?·l ratio appears reasonable with 2:2:1 for a three di~ensional model. 

Figure 3.1-18 is a schematic model of the planned experi1~ental set-up. 

One face (A) interfaces with the sea. If desired, ·the heat source can 

be moved or the size and configuration altered to obtain strea~line 

conditions at the left boundary (C). As the ·initial anolytical n:odel is 

t\•/0· dimens·ional, 1·/"ith one boundcry condit-ion beb~: set by symmetry 
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fle-xib-ility V1ill be dc;~c;ncc! ·inLo Lr' tank so that conve1·sior: un ecsi'!y 

be n:c1cie to a tlwee-diu::T:s;r_;:-:;;1 u:ode'/ oy inue:asing tho s·izc of the t2nk 

in the z-Uirecticn. 

The minimum 0le~1211t wi1l be a layer of a~uifer, with the depth 

dimer,sion pc1·haps only se:ve1·al tens of feet, rhe anulysis fat t!ds 

section should be sirrli 1 ar to th2 nwxirnum el ~~rnc~nt. 

The preliminary clcs-iqn of the IT<ax·in:um physical model is for" 

3-nrile \·ride (from S0(\ to ·inlD.nd buunchr-y) lJy 1 "5 rni"les de2rj tv/0-

dimensional element. Tentat·ivc~·ty~ the actual s·izc of the- phys,ical Jn.Jdcl 

win b2 3 meters vrith the c!u::ntY third dimension being 0.5 meters .. The-

The location~ COilf·isura·Uon and L::mpr~rdi·ure of the; he0t sour-er r::ust 

nlsc ~H: specH~icd. ·n:r::r~e L~ 2~~\"r;(;:,·~,::nt thc~t m:tgina is 9t.~ncrilted at tile to;:· 

o·f the mantl8 5 20 to GO miles below tnE surface of the earth [54]. 

There vJill therefore be very largE: Y'eservo·:r·s of magwu at tf1is de;:th 

range~ Ther·e is a·lso agreem~11t that n1agma reservoirs ex·ist at shdl"ic.v 

depths from 1 to 12 miles below the surface of volcanic region~. Tl1e 

shape and s·ize of these shilllow reservoirs have bu'n est-imated by g1·avity 

and magnetic methods to be ellipsoidal or vertically-flattened sp~2ro!dal 

e.nd in the Ol'·der· of l to 3 miles along the longer axis [55]. It is 

expected that one of these D129n1a ch~ 1nbct·s will provide tf1e large 

geothermal heat source. 

To provide for comparison vlitil the an&1ytica1 model ti1e heat sou;·ce 

will initia'ily br, plt:ceci J.t i:i12 botco'l1 of ti1e phy;:ical moclel; si;>e, 
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be determined later. ~or 

for flexibility; iidecucLt: ti!fi'l2 (iOO :" i200°C), :,·izc (ftom "point" 

source to plane source), and moval1ility in th~ec directions. The scaling 

of tempcrnture also needs to bA cncsidcred carefully. 

The exact paral:llotcr·s to be m2asurccd and the measur·ing tcchniquE.s to 

be used must be specified. Earliet· works in related fields have us~d 

probes in a t\vo or thre2 dimrJ'-'-ioncl n·c,trix puttern. Ternperat.u;'e, 

' pressure, ~·lmv rote~ and fluid c.Dn:~h):;·ition can be m::asured usit19 a;-~pr-o-

priate pr.~obes interfacing rr:t(J Li-cha.nnc·i recnt'dcrs or in~icuto:··s. The 

more sophisticated infr0.1"C0., nn~:net·ic~ nuclear':. t.:lcctronic (resistc1nce 

or capttcitancc), and acoust·ic (son·tc or ultr2snn·ic) techniqu(:s Hill be 

Questions relatr.:d to thl' f)Jf·ous i\i":d flnid rnc·.d·ic. \':hich shou.id 'oe 

used~ ".]. 
I() l, of th2 natura·! r-ock in the 

n1··ea~ 211d how fissures V!ld/or frac·turcs can t)e manipu'!oted to obtain tt1c 

dE·Sl,l"ed l"'l"''l''"'l·.,l·litv ro·,·.cil' 11'"1-"1'"''''"""1 ··t· ti·'s tl·,,.,lf_.', • , ·~..,;: ,I ,_o ~ ! "'J ~'" l, , , C o .. >~••t:: t • ... -..t U . . ! < f;~l ·ilTpOl~'tc.nt 

problem is the OVC(t;h~~~n~in::;l.Y ldr·ge:; sc::le··do;,tn factur' involved (16()~;::). 

O·in·iens·ional analysis L:3.S b~en usrd to help determine some of the mOl'(; 

necessary scale factors. 

In moven:c·nt of fltr!d tllt·ough u. geothe;r:tcl reservoir, the driving 

force is prir,larily th~ buopnt force. This force is crsatrd by hcct 

Nl'- .. -.o 

( 12) 
pa, 
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The 1 iteratun: is sr;:-:·sc on C\1~ r·JrtCie of Rayleigh Numbers meaningful 

to actuctl UE:othernE\l syscc:::s. In gc:nr•!·&l the study vtill investigate t;,e 

range of NRu bet\'icc:n 30 '''"i '1000. Tl:is will bo accornpl is heel by altering 

the permeahil ity of the solid 1112dium &nc\ the tcmperatun' of the system. 

The permeabil 'ity c~n be altered by changing the tni•sh siz2 of t:1~ sand o;• 

glass bead bed. The temperature change \'iill in turn determine the values 

of the coefficient of thermal e>:punsion (8), thermal diffusivity (a), 

viscosity (\l), and density (p) of the fluid. 

All parameters except g and !1 depend upon either tcwperature or 

medium used. Pcrn1eabil·ity is a function of the ~~olid m2d·ium~ If thc:r·e 

is no chemical reaction, it is not a function of the fl11i~s involved. 

kinematic v·iscosHy (v) c;re a'll function3 of tl,c' fluid and t(c;Gpcriltunc. 

The ideal situi.~t·fon ·is to !·:;::·ve 0 pcrcus medium whnsc perm~'ttbil·ity 

is sucn that the fluid \;ill 110t have to be heated above the boiling 

point to give the desired Royleigh Numb~r. If it is not possible to 

find such a porous material-liquid combinution, then tlte system mu~t be 

pressurized so that the temperature in the liquid can be elevated. 

The problem in building a mod2l is to find known materials whose 

properties are such that their values, when substituted into the 

Rayleigh Number equation, will give t~e desired range. Calculations 

can be 1nadc by su~lst'itutin,: values foro:, 6, and \l of i~novrn 1-iq•rids at 

various tem;Jeratur-es. Using expected J~,:_:~~.rl ei gh !~umbers, a permeabi l·i ty, 

K, can be calculated. The substitutions are marie into the following 

e~uat.ion: 

v 
" 

( 13) 
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decrea~,es tcmpcraturQ increases, the p21~mea-

bilHy Villue is decre<:scri. It can b2 concluded that the temperature 

effect on. visc:os'ity ·is the '·''ost ,.·isnificun'l: factor in dctermininCJ the 

per11:ec:.bi I ityo Further e'rld:-:nce is that, as tef(tpcr-ature chcnges, the 

values of a and S do not change: as much relative to the chanye in 

viscosity. In order 'w minimize prcssurizc•d conditions, a liquid v1ith 

the lm;est possible viscosity c;nd the hi9hest possible boning po·int 

shou1d be used. ~&ter scc~s ideally suited to these condi·tions. 

Yet anot!1er· qLJest·fon is wt1ethcr ttle vessel should be pr·essurized or 

ex pens i vc~ thon unprcs sur··; ze-:! one.(..~. CefL\·1 n·Jy, ·j f pressures approa.ch·ing 

Rayll::-igh Nu~~~oer~ for· 1·J:ich boil·in~; f·ii~st occurs ·in secn,,ratct-sc;.nd (30-J~O 

mesh) m~~dia ·is 'iU~. 1\s a f(2J-'1ci<;h Nun•ber- of 4ii2 or 40 is th0 po·int at 

v:hicl1 cotlvectiorJ il1itiat0s~ a study ·from 30 ·to 424 under unjJr·esstJrized 

condlLicns is m2eningful. As the sartd bed srain size is !'educed, 

per-n~cc_bi 1 i ty Gecrt-<;ses, 2nd ·l 0\-\er· f?ayl e·i gh Number condi t·i OilS can be 

simulated. 

However, th21·2 is one overriding reason why the physical modGl 

should be macle adaptable to pr·~sSIIrizcd conditions. If a section at 

depth is J:"l(lclc1lcd, hycirost<.,tic ccnd·it·ions 1-:1ust be: s.imultr.ted~ It is 

therefore rcco:;::nended tiF;t for ve;'satil ity the model be pressctrii.edo 

Other specific2tions are: 
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Porous rncd ·; o ~~l-·~0 ~csh sand, 

Liquid rr:2dia 

located at greJt acpt..t:_· 

a. a proper ra11g~ ui R0yleigh Numbers for the Hawaii geotherma·l 

system will be verifi2.:, 

b. model spc,cific;)~;ions 1·rill be cleteJ'mincd to qivl? the Rcy1eish 

2) t:,· pe of f1 u i cl , 

4) need for prossuri;~tionr 

0) J 

d. test"irrJ a mcr.c'i, 

e. simulation studies, 

L modif'ici:t·ion oY model, 

g. intel~facing with Gi1ybsn-Herzhcrg physical mod(·l. 

The prescn~. pl~i1 is for simulation of steady-st~te c0nditons ~here 

an inft~Cl"Crl technique is used ~o mop t(·~1per~ture profiles and a yet 
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Investi~Jdi.:cr's: t P. Tukahashi 

log·ical b~··eakcim,m is fo·i·:o;-,'ii-~9 th1: 11
·]·; ~~C 11 of a vtt;ll., 

arc measured ~hile the l10le is bcir19 drilled. T~lese mcasurernPnis are 

earlier sectisn). 

c~ /'-. gcnctl·. i 

that \'.!211 pcr·formr:ncc~ d~!d l"C'";OU(C:C C'.V<lilability cc;,n be predicted. 

e. p.., set of type cur·ves to cu1c-.1yze non-isot!1en1!id flov1 cond·iJcions 
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T/\s:: 3.1 c 

l. fit: 1 ::-,ric:, ,,,. ------ --~ -- -------

A. T"inl2tab1e 

August '15, 1973 

Decen<ber 31 , 197 3 

f·lay 31, 1975 

Decentbcr 31, 1975 

1. Survey of literature oG the Gl~ben-Herzbcrg 
lens dyn:u11lcs with einphi":s·Js on con"ing (:_tyj 
steady ilow with heat source be-low 

2. Sutvc:y of 1 itcrc:ture on building o physical 
me del to simulate the GhyUt~t·-Horzbctg lens 
system 

, 
'. 

l~cctans~·lar porous rc~Jion 
2. Fini~e Dif·fcr€nce so1L:tion of the con~ection 

pl~oblc;~ for· a rect0n~ular r~g~on 
3. Forrn;_~lation of the co.-iin~ probl2m 

2. Co·::p.lctlcri of th::: it;vc~~·:·:,~i-;!at~on of tk: c-l"fcc~~ 
c·l ':'cr·t~·;,~:z·l 1--·;t-·;:;t sc 1L~~ ~' on tl;e t:]:\·icll insJ o·i: 

the \·izt·>=: :" tet bIt.' 
3. Co~tp.lcc1r)n of the survey of l itcrat1.:'(c on th~~ 

nu~12ric~l soltttiorJ of pJnlpi~g a:1d re-injectiutl 
in an uc;uifcr tmdct isci;hot'iLdl cond·i-vic.'::s 

·In~l and r(;-;nject·Jon ·in a ccniinc:\ 
q::::othc-:·,·-;-,:i -~ n:.~::;c_<(·v·; or 

2. For'i"::L1-lc~_t·ion of the -r-i~·lit~ elc:~:c:nt solution of 
frc~ cor1vectio11 in a gsother~al rcsel~\'ior with 
irr2gula1~ geo:;12try 

1. Completion of the investigation of the effects 
of geothermal heatins on Ghyben-Herzb2rg lens 

2. Cop·:p'lc;t·ion of tho nulr:::,c_:r-ical solut·iuns for· hcut 
transfer arid fluid flow characteristics in Rn 
ax i s_yr:1n:2t r ·i c g~:_~:J the n;-;al r·es E'r',' ·j or· 

3. Co:nplet.-ion of the tini-~:,; cle:!:er;t so-lt.!tion o-; free 
convecti~-;n ·in u t1--10 cli 1ik":n:;·iolla-! geo·LhE:l'mlll 
rese1·voi 1·· 1-rl th i rrc:gt 1

.) at~ geo:1:etry 

l. Completion of the inv . .::st-igation of transient 
r·es!Jonses ·j n 1]'2othern:o.l resorv·i ors \'Ji th pumping 
and rei nj cc ti 011 

2. Rt:fincr<:r;t of th.::~ fin·ite f~le:;l~i~t comnuter :-:od~-; t·.~· 

tal~e il~to consideration of VJl~ious effects 
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A. Tirlle;.ab1e 

Jun~-Ju1 y-August, 1973 

Ju1y-/\rrgust, 1973 

December 31, 1973 

ttray, 197 4 

December, 1974 

tYJay, 1975 

l. Resei<rcli on 0as petr·o1eum well test/ 
analys·is 

1. Research on tl1e nature of a gEothermal 
reser·voir' ar1d geothermJ l well t2st·i ns 

1. Ill~ti0ticln o·r a ir1ternational surv0y 011 tf12 
state o-F Gcothu iPCJ.l Reservoir 1.:n~rir:ec:tin9 

I. Further researc11 on rcsPrvoir and \·;e·i i test/ 
anc~ lys ·) ~-

2. Pr·:-;l-irr1not"}' analysis of internat-ional survoy 

3. Furths:-· r-:;scc ·;·ch r:,n iJC•Ycil:. rntd.i r;-!:~~n"voi rs c_;_;-,c, 

V.'f:-!1 tcsL:·;ng ('·;i-~h G~op ·ics) 
4. Invest·i ti c1n to detl!r:-::·1 nt? v.!het.h(:>t" a t~')ri CiJ 1 

1·!:1\l?.ii :;~.:>c-,tfL·xr;-~c!1 rcs2r·vc·Jr -;san op~-n or c·; 

c 1 oscJ tcri"i 

l. /\ssess! r~:nt of \H~ll test hard;,_rDn? 
2. Conlp·i~_-,tion of a.nalysis e:n itl"l,c~-.-·~~atioi-,_.-l·r 

4. 

s:_!rvey 
f
1 teli:·,:illU.ry clc:si:::;n oF physical eJcot\i;.:r-r~tl:~l 
reservoir m:Jclc ·: 
Fur·7cher Y'eS•2Cll"Ch on oeot.h•2l~\1Ell re~-.c~rvoirs 
c:nd v:el1 testing (v!ith Geophys·Jcs) 

l. Select·icn of ha.tch·,'are for· V/ell tcstinq 
2. Assess11i~r1t o·f software ·for \1cll testino 
3. Co:nplc~.·ion of -initial phase of the fc.lJricGt·ion 

of· th:~ pi:ysicdl !~wdr:--1 

1. Putchase of !Drd\·.'are and s0lcct.ion oi soft1·:o.re 
for· v;eli t(~:st·inc; (w·itli Gc:opt··.·sics) 

2. Init·iaL:ior,. of ·L ~1orc:rtul"j' fl?J'a:r~2tric ci1ecks un 
phys i co.l m(Jdc: ·i 

3. Assess1~2nt of r1:2thods for 1neasurem2nt and 
an.3l y:. ·! s of ·t..·.-·o-· p!·Jc:sc f"l ov1 

4. Pte-lt!:lillET.Y clc=:s·is1n r_~, Ghyb2n--J:er~zbe::r:"J l.ens 
physic:,·! n:~.1d2l and consicL:.ratlon of inte-cfc~cinCJ 
prob ·J,o;;:s 



December-, 1975 

l~ay, 1976 

December, 1976 

l. Ini ~-L.:·t-1:-~n of ·laboratory simulation stud·!es 
2. Cunstruct·iun of Ghyben-Herzbcrq physicu-J 

rnock1 l 
3. Purc!liiSe equipment to ·interface the different 

rhysical models 

1, An21lys-is of laborator-y simulution runs ai·id 
co,·Tc-IJ.tion with co:ilputer ;nodel 

2. Inter·facin9 of phy::.ic:al n:odt:ls ·into a gE:nPl'r-:1 
mode-:·! of a geothermal f·ielcl 

3. Deve l op:11ent of methods for· tvw-phasE fl 01·1 
measure~1Cllt und an0lysis 

4. r·icasurernent of tcr,1perature, p:"essure and 
flm: rate-··both d01mhole a1•d at v:cllhead 

5. Preliminary analysis of data 

l. Final analysis of ~Jeotherina·l vJell dJta 
2. Prscliction of geothen11oi f·ie.ld flC:don:c:nce 
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·rhe following is a lis·tiro 

Paul C. YL~c:ri, fJrinc-i In vr: :; <- · 

2. 

to Ii::;·r-~;·:c_ <'.· · ·; :11 ... 

i·iut·io:.Jl .-_,;ILu !:;:.-: ~:C"::: -•. ior·: t;·:·.:~nt CX~3,::.~::·/3 

The Cc1r:~i !):t;: ,_;·:~~''' 

Prod:. c.~: lu;--::.~_:; '" 
Evt~r;t "~ 

,-- .p 
'" ' cr:· !!;·1 ilH] ;-:~, u: T1·isn~s \·: ~·ich 

\'c;i'-ld·~·i"··~, ·;:1··c:·1 so·!ur- ~.r~-"J Tet·T ;s r1o.l 

f\!Jtic.r.a·! S~:-:f"~i- -~:-~ ICl nc;z:~--·~c~! .. (7tC:.i!-;__ (;f\-·2~J 
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Preliminary Proposa.l Exploratory Research Dr.illing 

Island of fiawilii 

Agatin T. Abbott 

Abstract 

The search for a geothermal energy source on the island of Hawaii 

under the current NSF program began i~ March 1973. Between that date and 

the present a large amount of data has been gathered particularly along 

the East Rift Zone of Kilauea (Puna Rift) in the fields of geophysics, 

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 dl"ill is the only tool that 11ill conclusively 

indicate whether a potential source of geothermal 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 ho 1 es of an average depth of 500 feet, 4 holes to 2,000 feet and one 

hole to 6,000 feet or more. This accounts for approximately L ,000 feet of 

drilling per area or approximately 54,000 feet of total drilling in the pro­

ject. It is estimated that this complete drilling program requires a period 

of at least two years and eight months. The Site Selection and Operations 

Committee reserves the right to make the f'r ·.1 decisioo~ on "~ill 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 drilling 

rests with the committee in consultation with the company designated as 

the Drilling Program Manager. 

This proposal is submitted in a preliminary form because at this date 

no drilling contract have been let. There will undoubtedly be revision of cost 

figures by the engineering company when the drilling contractual arrangements 

are completed. 
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Preliminary Proposal for Research Deep Hole Exploratory Drilling 

Agatin T. Abbott 

INTRODUCTION 

As the various avenues of research and exploration which have been des­

cribed earlier in this report are being completed or are in various stages 

of completion, it becomes clear that the next logical step in the search for 

geothermal energy on the island of Ha\'laii 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 Soutlmest Rift of Kilauea, and the Southwest Rift of rqauna Loa. !\ccord­

ing to the present plan exploratory drilling will be undertaken in those 

areas in the order in which they are mentioned above. 

PREVIOUS HORK 

The drilling program is based on the results of a number of other lines 

of investigation and research that have been carried out during earlier stages 

of the Hawaii Geothermal Project. Reference is made to tasks under Phase I 

Geophysics, Tasks 2. l Photogeologic; 2.2, 2.4 Electromagnetic; 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 I1agnetic, 2.4 Thermal, 2.5 Nicroseismic, 2.6 

Geochemical. Under Engineering Ta,sk 3. l Reservoir Engineering, and under 

Environmental-Socioeconomic, Tasks 4.3, 4, 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 infom&tior. is contained in earlier \'IOrks or, the geolosy 

and ground•c~ater hydrology of portions of the island of Hawaii, that v:as 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 ard l~anagement 

University of Ha1·1a i i 

Site Selection and Operations Committee 

Agatin T. Abbott - Geology, Univ. of Hawaii 

Pow-Foong Fan - Geochemistry, Univ. of Hav1aii 

Augustine S. Furumoto- Geophysics, Univ. of Hawaii 

Gordon A. Macdonald - Geology, Univ. of Hawaii 

Donald Peterson- Geology, U.S. Geol. Survey 

Charles Zcblocki -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 geotherma 1 energy, a 1 argc body 
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of advisors has been invited to cor,tribute ideas and suggestions as the pro­

ject continues. There will undoubtedly te additional names added as time 

goes along, but at the present time the fol101ving persons comprise the Advisory 

Group: 

David Anderson - State of California Resources 

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

Dan Davis - U.S.G.S. 

Robert Kamins - University of Hawaii 

' Douglas Klein - University of Hawaii 

George Keller - Colorado School of ~1ines 

George Kennedy- University of California, L. A. 

Kost Pankiwskyj - University of Havla·ii 

Henry Ramey - Stanford University 

Robert Rex- Republic Geothermal Company 

Fred Smales - Hawaiian Cement Company 

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

Robert Tilling - U.S.G.S. 

John Unger - U.S.G.S. 

Donald White - U.S.G.S. 

George Woollard - Hawaii Institute of Geophysics 

Paul Yuen - University of Hav1aii 

DRILLING MANAGEMENT 

It is the opinion of the Site Selection .and Operations Committee that 

the most effective and in the long run the least costly system of managing 

the drilling operations is to employ a professional engineering 'firm and dele-

gate to it the responsibility of handling contracts, sub-contracts, bids, 

drilling procedures, down hole measurement,, safety regulat,ons, leases, clean-
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up specifications and a host of related arrangements that can much better be 

managed by a professional firm than by the personnel of the Hawaii Geothermal 

Project. 

The decisions on such matters as location of the holes, number of holes, 

types of scientific measurements to be made, coring procedures depth or termina­

tion of a hole and similar matters relating to the gathering of scientific and 

technical data and the assessment of their results will rest with the Site 

Selection and Operations Committee. 

It will be the responsibility of the Site Selection and Operations Committee 

to choose the engineering firm that will assume the job of Program Management 

for the drilling. 

PLAN FOR EXPLORATORY RESEARCH DRILLING 

1. East Rift of Kilauea 

At the present time of planning the drilling program encompasses three types 

of holes: (1) shallow holes (average depth- 500 feet) for water samples and 

temperature measurements. (2) intermediate depth holes (2000 feet) for temper­

ature measurements, rock alternation, water chemistry. (3) deep hole (6,000 

feet or more) to try to reach a potential geothermal source and for deep hole 

data. 

The rationale on the drilling of exploratory holes to 6,000 feet or 

deeper is that if there exists volcanic heat at those depths the hydrostatic 
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pressure of the overlying ocenn 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 1·1ater 2cone. 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. 

l~easurement of water temperatures and water chemistry has been completed 

in most of the accessible wells in the Puna District (See report by Dr. Pow­

Foong Fan). The geophysical data is included in earlier reports for the 

HGP. Self potential survey is presently undenvay (see repOl't by Dr. Charles 

Zablocki). 

No specific sites for drill holes ares~o~n in this proposal because the 

field data are still incomplete. When as much data as possible within a rea­

sonable length of time have been assembled (probably the end of the summer), 

the Site Selection Committee will designate sites for the proposed drill holes. 

The shallow hole locations will be decided first, and then depending on the 

infonnation gathered from them plus all other infonnation the intermediate 

depth holes will be spotted. Depending then on the results obtained in the 

intermediate holes, the decision regarding the location of the principal hole 

to a depth of 6,000 feet or more will be made. 

2. Southwest Rift of Kilauea 

The Southwest Rift of Kilauea is not really so well known from the stand­

point of geology, geophysics, or groundwater hydrology as the East Rift. It 

is an uninhabited 1 ower portion of the Kau desert and contains few roads and 

one or two trails. 
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The principal indication of titt:rnw.l ~nomalies at this time are those 

of the infrared scanning surveys. Geophysical surveys will be conducted in 

the area during the summer. IR imagery 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, follovted by intermediate depth holes, 

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

3. Southwest Rift of Mauna Loa 

' Plans for drilling in the lower portion southwest rift of Mauna Loa are 

still tentative. Infrared scanning results indicate a possible temperature 

rise along certain sections of the Kahuku fault scarp. The infrared results 

may be influenced by cliff steepness or texture of broken rock along the 

base of the pali. A body of warmer ocean v1ater is also indicated offshore. 

On the other hand the Kahuku fault is a major structural feature and 

probably extends to great depths as well as extending for over 25 miles on 

the surface and under the ocean. Even though the infrared may be reporting 

.effects other than temperature the Southwest Rift still appears to hold a 

certain amount of promise as a major structural feature, that could 

influence heat flow from depth. 

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

area. Geophysical surveys are planned during the summer of 1974. 
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Geology and Gt'Ound-watelo Hydrology 

by Gordon A. Macdonald 

INTRODUCTION 

The island of Hawaii is formed by five major volcanoes. Kohala, at 

the north end, and Mauna Kea, next to the south, have not been active ir1 

historic time, and the last eruptions took place several thousand years 

ago. On the west side of the island, Hualalai erupted last in the years 

1800-1801. Since the advent of European and American visitors to Hawaii 

and the beginning of written records, Mauna Loa and Kilauea have been among 

the world's most active volcanoes. Mauna Loa erupted last in 1950. Kilauea 
. 

has erupted repeatedly 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 belo1v the rims. The calderas were formerly 

somewhat deeper, but have been partly filled by lava flows. As exposed in 

the dissected calderas of older volcanoes on other Hawaiian islands, the 

lavas filling the caldera tend to be considerably denser, more massive, and 

less permeable than those on the flanks of the volcano outside the caldera. 

In some of them, such as the Koolau caldera on Oahu and the East Molokai 

caldera, further reduction in 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 lea.st to some extent, beneath the caldera depressions of Kilauea and 

Mauna Loa. 
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Extending outward from the calderas are rift zones--zones of innumerable 

open or filled fissures that have served as pathways for the rise of the 

magma that produced most of the eruptions. (A few eruptions take place a1·1ay 

from the rift z'ones.) Kilauea and ~1auna Loa each have two major rift zones. 

At the surface the rift zones are marked not only by fissures, but also by 

many spatter cones and ramparts and cinder cones built at the site of 

eruptions, and by a few pit craters. Parts of the rift zones are bordered 

by faults, between which the intervening area has sunk to form a shallow 

graben. Similar rift zones exposed by erosion on older Hawaiian volcanoes 

contain thousands of dikes, formed by consolidation of the magma in the 

fissures. Individual dikes may reach as much as 15m in thickness, but most 

of them are less than 5 feet. Trans~cts 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 70°. 

Between the dikes there remain many slices of basalt lava fl01~s. The 

inter-dike lava-flow masses consist of both pahoehoe and aa flows, generally 

thin bedded, and identical to those on the flanks of the volcano away from 

the rift zones. For the most part they are moderately to highly permeable. 

The openings primarily responsible for the permeability are joints, inter·· 

flow spaces, openings between the fragments in aa clinker layers, and lava 

tubes. Vesicles are too poorly intenonnected to contribute importantly 

to the permeabi 1 ity. Alteration and secondary mineralization 1 ike that 

described in the caldera-filling rocks is ~ssentially absent in the dissected 

ri'ft 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 possible 

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 point 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 1550 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 tha ocean floor. Within it, bee 

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 sinklng of tl1e floor of a graben along the 

rift zone close to sea level in East Puna; although no molten lava appeared 

at the surface above sea level it is virtually certain that a large volume 

of magma moved eastlvard 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 fl 01vs from vents a 1 ong the rift zone have poured down slope, 

building a broad structural arch that plunges east-northeastward at an 

angle of l to 20. North of the rift zone the lava beds dip 2 or 3° north­

eastward. South of it the dips are 2 to 4° so'utheastward. 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 l). 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 photographs (Moore and Fiske, 

1969). 

Warm (33° C) brackish water issues in the beach at Pohoiki, 7.6 km south­

southwest of Cape Kumukahi. Previous to 1960 warm (29° ·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 1960. A well 6 km west of Cape Kumukahi contained 

brackish water at 34° C. A well 4 km SS0°W of Pohoiki contains brackish 

water at 53° C. Many steaming vents are present along the rift zone west 

of 300 meters 0ltitude, 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 \~ells 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 v1est of Pohoiki had, on completion, 

a chloride content of 6,500 mg per liter (approximately 6,000 p.p.rn.), and 

the well 6 km west of Cape Kumukahi had a chloride content of 320 p.p.m. 

Thus there are distinct anomalies in ground water conditions in East Puna, 

and the most probable cause in heating of the sea water saturating the under­

lying rocks, probably by hot intrusive masses along the rift zone, decreasing 

the density of the water to the point where it can no longer support the 

normal Ghyben-Herzberg lens of fresh water. 

Although all of the exposed rocks are moderately to highly permeable, 

it is possible that less permeable material may exist at depth. Along part 

of the contact where Kilauea overlaps the slope of Mauna Loa, 35 km west of 

Cape Kumukahi, Kilauea lavas overlap several feet of relatively impermeable 

weathered volcanic ash (Stearns and Macdonald, 1946, 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 old rift zone of Mauna Loa continues 

eastward beneath the cover of Kilauea lavas and merges with the east rift zone 
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of Ki 1 auea approximately at Cape Kumuko.hi. If so, the ash 1 ayer may 

continue beneath Kilauea lavas to or beyond Cape Kumukahi at some depth 

belm1 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 ~ater. 

Another possibility for the formation of a zone of less permeable 

material is related to the presumed history of the submarine growth of the 

volcano. It is believed that in deep water the eruptions were non-explosive, 

because of the restraining hydrostatic pressure of the overlying water; 

but as the volcano grew into shallow water the explosive liberation of mag­

matic gas became possible, and contact of the erupting magma with water 

probably caused numerous moderately violent steam explosions like those 

during the recent eruptions of Surtsey Volcano in Iceland and Capelinhos 

in the Azores. These would form large amounts of glassy ash that would 

rapidly become palagonitized. If the ash stayed in place it may constitute 

an extensive, poorly permeable layer or layers intercalated in the lava 

flows, possibly forming a relatively tight ca~rock. Still another possi­

bility is that hyaloclastite, formed in association with pillo1·1 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 considerable depths below the level at which they formed. Thus there 

is a possibility of stratigraphic and structural traps for several hundreds 

of meters below sea level. 
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Southwest Rift Zone of Kilau~a 

The second principal rift zone of Kilauea Volcano extends from the cal­

dera southv;estward to the coast, and beyond. Little is knovm about it below 

sea level. Above sea level it is dotted \vith about 30 spatter and cinder 

cones at the vents of prehistoric eruptions. During historic time eruptions 

occurred along it in 1823, 1868, 1919-1920, and 1971. Vents of the latter 

eruption, along the upper (northeast) part of the rift zone, are still 

steaming. 

The rift zone is as much as 4 km wide, and near the caldera is bordered 

by inward-facing fault scarps. Farther southwest the graben structure is 

less clear, though locally the rift zone is bordered on the northwest by 

southeast-facing fault scarps. The rift zone lies parallel to, and about 

2 to 5 km southeast of, the Kaoiki fault zone, along which the lower slope 

of Mauna Loa has moved relatively downward in relation to the upper part 

of the mountain. 

The constructional ridge along the southv:est ril't 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 a~, 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 l S23 1 ava flow. 

Warm water has long been known in a crack in Waiwelawela (''Hot Water'') 

Point, at the coast 4 km southeast of the Great Crack. It is brackish, 

but neither its salinity nor its temperature have been measured. Anomalous 
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ground water conditions exist in the area west of the Great Crack, around 

Pahala and betv1een there and the ocean. Fresh ground water, apparently part 

of the basal zone of satur3tion, stands about 70 meters above sea level in 

the Pahala well. 1-Jhether this high level cf 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 hyaloclastite 

below present sea level. The Pahala ash, which is largely palagonitized, 

reaches thicknesses of as much as 17 meters near Pahala, and is presumably 

down-dropped along the Kaoil:i fault system and buried by later lavas 

farther seaward. 

Southwest Rift Zone of Mauna Loa 

One of the two principal rift zones of Mauna Loa extends southwestward 

from the summit caldera to an a 1 ti tude of about 2,300 meters, then bl'oadens 

and turns southward to Ka Lae (South Point). Above 2,300 meters altitude 

the rift zone is approximately 3 km wide, and is studded with many spatter­

and-cinder cones, spatter ramparts, and open fissures. Just south of the 

caldera are three pit craters. Below 2,300 meters the rift zone broadens 

to about 6 km, but at about 1,100 meters the western part of the zone dies 

out and the eastern part continues southward. This southward extension is 

only about 2 km wide. Along its western edge, the north-trending Kahuku 

fault has formed a westward-facing scarp 180 ·,neters high near the coast, 

gradually decreasing in height inland and disappearing near the highway at 

600 meters altitude. Between 760 and 975 meters altitude, the Pali o ka Eo 

is probably a buried west-facing scarp en echelon with, and slightly east 
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of, the Kahuku fault. The rift-zone ridge and the Kahuku fault scarp can 

be traced southward on the ocean floor for about 35 km behond South Point. 

A pit crater lies near the eastel'n edge of the rift zone at l ,370m al­

titude, and three other small ones lie clo~e to the top of the Kahuku 

fault scarp between 530 and 565 m altitude. These pit craters are partly 

buried by Pahala Ash, showin~ that the rift zo1e has been active at least 

since the latter part of the eruption of the Kahuku Volcanic Series (Stearns 

and Macdonald, 1946). 

Most of the lavas along the southwest rift zone of Mauna Loa belong 

to the Kau Volcanic Series (Stearns and ~lacdonald, 1946). They are tholeiitic 

basalts of both pahoehoe and aa type, similar to those of Kilauea. East of 

the rift zone and along the top of the Kahuku fault scarp the Kau lavas rest 

on Pahala Ash, which in this region ranges fro1n about 2 to 8 m in thickness. 

The ash is largely palagonitized. i;eneath the ash, in Kahuku scarp 180m 

of thin-bedded tholeiitic pahoehoe and aa lava flows of the Kahuku Volcanic 

Series are exposed. No ash beds are intercalated with the lavas below the 

Pahala Ash. 

Since 1832, seven eruptions have taken place along the southwest rift 

zone. Most were from vents above 2,300 meters altitude, but in 1868 an 

eruption took place from fissures near the eastern edge of the rift zone be­

tween 600 and l ,100 meters altitude. Lava from the fissures flov1ed into the 

ocean west of the Kahuku fault scarp, the more easterly of the b1o major flows 

lying directly against the base of the scarp. One of the two largest erup­

tions of l~auna Loa in history took 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 on the Kahuku fault. 

During a strong (intensity X r.;:·1) earthquake in 1368, movement occurred on 

the Waiohinu fault, 8 km east of the Kahuku fault. It is inferred that 

other movement occurred at the same tim2 beneath the ocean, because a big 

local tsunami was generated, but no movement was observed on the Kahuku 

fault above sea level. 

************'I.; 

The geophysical background is reviewed in Section II of the 

geophysics program in this proposal. 
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SELF rDTENTIAL 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 reasonably could 

contain localized heat sources. 

In brief, the large potentials observed at the surface are thought to 

be related to the flow of hydrothermal fluids in a convection system 

(electrofiltration phenomenon). Although most of these studies have been 

made near and at the summit of Kilauea, some meJsurements made in a few 

areas of the lower east rift zone (Puna district) have revealed some interest­

ing findings (Figure 1). Not only were large potentials observed over the 

still-steaming vents of the 1955 eruption ( 3 miles south of Pahoa ), but 

.the asymmetry of the resulting contoured data suggest a north dip to the 

related intrustion (Figure 2). Measurements made about 4 l/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 1955 rift eruption was 

offset and coincides with the general epicentral area of recurrent shallow 

earthquake swarms in recent years. 

Because of these results, a cooperative study is presently underway with 

the U.S. Geological Survey to make a detailed survey of the lower east rift 

zone of Kilauea in an effort to help locate the sites for the exploratory 

drilling program. 
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Image;~' from Infr·~rec: Scannill'] of the East 

and Southwest Rift Zon:s of Kilauea ~11d the Lower Portion 

of the Southwest Rift Zon2 of Mauna Loa, Island of Hawaii 

Agatin T. Abbott 

I NT RDDUCTI ON 

From July 31 through August 4, 1973 night time flights for obtaining 

i11frared imagery along the east and south!vest rift zones of Kilauea and the south­

west rift zone of Mauna Loa were undertaken on the island of Hawaii. Flights were 

also made on Hualalai and Kohala volcanoes but because of inconclusive results are 

not included in this report. Ground control stations had been established during 

daylight hours several days prior to starting the flight prograrn. Students stationed 

at the ground central points guided thr aircraft on predetermined flight paths by 

the use of directional lights which were visible to the plane's navigator. Results 

of the infrared scanning program are considei'ed to be very successful. Events 

leading up to the final imagery on 8 x 10 color prints will be discussed belm1. 

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 earlier the same year had 

flown paths for Dr. George Keller of the Colorado School of Mines, who was engaged 

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

1. East Rift IQfi£ of f(iJUl'9il. 

Two long parallel flight paths were flown along the East rift zone from 

points outside the boundary of Hawaii Volcanoes National Purk to Cape Kumakahi. 

Shorter paths crossing the two long parallel lines were flown at the intersection 

of the rift zone with the main highway between Pahoa and Ka 1 apana. Approximately 

35 line miles of usable records was obtained. From this the following strips were 

selected for reproduction in infrared false color imagery. 

Three miles of flight paths high on the rift zone at an average ground eleva­

tion of 2100 feet provide excellent examples of rift lineation and temperature 

aureoles. The DIGICOLOR prints showed a tempereture range of 14°C to 20°C. 

Numerous sites along the rift showed spots of 11hite color indicating the temperature 

exceeded the highest range on that temperature set. This is not surprising in 

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

as a result of meteoric water coming in contact with residual heat of lavas from 

the 1966 eruptions in this area. Downslope from the steam vents, a fairly exten­

sive area shows a slightly higher surface temperature than its surroundings, by an 

average of 1°C. 

The area for the second set of DIGICOLOR prints in the Kilauea east rift zone 

was selected from a flight path of approximately two miles in length across the area 

of intersection of the rift zone and the Pahoa-Kalapana highway at a ground elevation 

of approximately 1000 feet. The temperature range of this path is 16°C-25°C or 

1 .5°C 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. Soutliv:es t Rift Zorc.:'> of 1<. i1 i'.liCi\ 

A flight path 12 miles lons ,.,,"s follotwd from t~e point of intersection of 

the V/estern boundary of Ha11aiiar. Volcanoes National Park and the main highway betV!een 

Kilauea summit to Pahala to a point on the sea coast approximately 4 miles east 

of Punaluu. 

The altitude maintained was about 3000 feet above ground level. Throughout 

most of the strip a thermal anomaly v1as evident along the Great Crack. The temper­

ature range on the flight path ViaS l8°C-22°C. Of unusual interest on this path is 

a thermal anomaly in a target-like pattern near the southern end of the Great Crack 

approximately l ~mile from the coa;tline at an elevation of 300 feet above sea 

level. The target-like pattern is 1200 feet wide 1600 feet long. The roughly 

circular pattern of thermal anomaly lies GOO 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 1·1ithin the Great Crack cxtensio,1, s..ell 

local spots reach white, or off scale. 

The anomaly appears to be associated with the lower slopes along the south 

side of Puu Kolekole, a prehistoric cinder cone, and with the extension of the 

Great Crack. 

This surface thennal anomaly as registered by infrared scanning imagery should 

receive careful attention as a potential area for further geophysical investigation 

and possible research drilling. 

3. The Southwest Rift Zone of Mauna Loa 

A flight path with the total length of approximately 22 miles followed the 

southwest rift of Mauan Loa from an elevation of approximately 7000 feet above sea 

level to the tip of South Point. Only the loV/est five mile section of this path to 

the tip of South Point showed any significant thermal anomalies. This portion 

has been reproduced in DIGICOLOR and prints developed . 
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The tc;;1pera~ui'e range on onr. sub-set is l6°C-22°C. Thermal anomalies appear 

along the cliff face of the Kahuku fault as clusters along the base of the cliff and 

as linear features possibly indicating bedding planes in the lava flows. Numerous 

spots along the cliff register red a.r>d a few local areas sho1v white, or off scale. 

The cause of these anomalies is not known at the present time. The Kahuku 

fault scarp, which reaches 400 feet in height in this area, faces west. Consider­

ation must be given to the possibility that the anomalies result from residual 

late afternoon solar heat. The imagery was taken at 0030 hours in order to redJS2 

the effect of residual heat. The physical distribution of the warmer areas does 

not appear to show a pattern that might be cuas0d 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 depth along the plane of the Kahuku fault and issuing at the base of 

the cliff and along bedding planes of the lava flows. The Kahuku fault is a 

major structural feature of Mauna Loa shield volcano. It extends ten miles inland 

from the coast and has been fo 11 ov1ed out to sea for a distance of over 15 miles. 

Depth recordings made on board the R/V Valdivia in 1973 while steaming past the 

extension of the fault 4 miles off shore registered a vertical displacement along 

the fault plane of 1900 meters. 

Further geophysical and geological work should be concentrated in the section 

of the lower portions of the Kahuku fault. This may have promise as an area in 

which to locate an array of research drill holes. 

Also of interest along the South Point shoreline as registered by the infrared 

imagery is the temperature distribution in the sea water. Directly offshore a large 

patch of water shows as a white area indicating that its temperature is greater 

than 22°C. It is not recognized at this time whether this is a bay of warm surface 

water brought in by ocean currents or wind or whether the warming is caused by 

some other process. 
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CURRENT RESEARCH SUPPORT FOR PRINCIPAL INVESTIGATOR 

The following is a 1 isting 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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VITAE AND BIBLIOGRAPHIES FOR 

DRILLING PROGRAM 
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Professor of Geology 

EDUCATION: 

PAST EMPLOYMENT: 

1939-1944 

1944-1946 

1946-1947 
1947-1949 

1949-1952 

1952-1955 

1955-1964 

1955-1972 

1973-Present 

CURRENT RESEARCH 

B.A., University of f~innesota, 1943 
Ph.D., University of Hashington, 1953 

Mining Geologist in Southwest United States, employed 
by American Smelting and Refining, Phelps Dodge Corporation, 
and Illinois Zinc Company 

Lieutenant (j.g.), USNR 
Project Engineer, Arizona Highway Department 

' 
Consulting Geologist, Prescott, Arizona 
Teaching Fellow and Instructor, University of vlashington 

Assistant Professor of Geology, School of Mines; 
Geologist, Idahol Bureau of f,1·ines and Geology; 
Consultant, Bear Creek Mining Company 

Professor and Chairman of Geology, University of Hawaii 

Consultant: Reynolds Metals Company; Walter Lum & Associates; 
Parsons-Brinkerhoff, Inc.; Hawaii Thermal Power 
Company; U.S. Navy - Operation Sai1or Hat 

In Addition: Director, National Science Foundation Institute 
for Science Teachers, Palau Islands, 1969 

Instructor, National Science Foundation 
Institute for Science Teachers, Japan, 1966-67 
Director, National Science Foundation for 
Science Teachers Television Series, Hawaii, 1967 

!~ember, State of Hawaii Panel for Development 
of Geothermal Resources, 1970-72 

Professor and Chairman of Geology and Geophysics, University 
of Hawaii 

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 R1V VALDIVIA, on cruise May 29 

to June 26, 1973. 
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Agatin T. Abbott (2) 

PRJ.f'ipPAL 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, 

Ha1vaii, Feb. 1974. "Imagery from Infrared Scanning, Island of Hawaii." 

"Tumac t-1ountain, A post-glacial Cinder Cone in Vlashington 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. 

"AndalusHe and Kyanite Deposits on Goat Mountain, Idaho, and Prelim. Beneficiation 

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, 

Vlashington," (abstr.), Geol. Soc. Amer. Bull., 66:1641,1955. 

"Annotated Bibliography of Uses of Hawaiian Lavas," Hawaii Institute of Geophysics 

Contrib. 4, 1957. 

''VIeathering Sequence Producing Gibbistic End Products from Olivine Basalt, on the 

Island of Kauai, Hawaii," (paper presented to Geol. Soc. Amer., Eugene, Ore.) 

March 1958. 

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

Island of Hawaii. Paper prese~ted to the lOth 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.?, November 1958. 

"Marine Pot Hole Erosion, Oahu, Hav1aii," 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 Hawaii, pp. 30-31, 

University of Hawaii Press, 1973. 
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GORDON A. MACDONALD 

Senior Professor of Geology 

EDUCATION: 

PAST EMPLOYI~ENT: 

1938-1939 

1939-1947 

1946-1947 

1947-1948 

1948-1958 

1951-1956 

1958-Present 

OTHER ACTIVITIES: 

Ph.D., Un·iversity of California, 1938 

Assistant Geologist, Shell Oil Company 

Assistant Geologist and Associate Geologist, 
U. S. Geological Survey 

District Geologist for the Hawaiian Islands 

Assistant Professor of Geology, University of 
Southern California 

Geologist, U. S. Geological Survey 

Director of Hawaiian Volcano Observatory 

Senior Professor of Geology, University of Hawaii 

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 differentiat·ion 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 i·launa Loa: Volcano Letter, no. 489, 

p. l-3, 1945. 

(with H.T. Stearns) Geology and ground-water resources of the Island of Hawaii: 

Hawaii Div. Hydrography, Gull. 9, 363 pp., 1946. 

(with H.T. Stearns) Geology and ground-water resources of the Island of 

Molokoi: Hawaii Div. of Hydrography, Gull. ll, ll3 pp., 1947. 

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

1595, 1949. 

Petrography of the Island 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. l, 1950. 

(with C.K. vlentworth) Structures and forms of basaltic rocks in Hawaii: 

U.S. Geol. Survey, Bull. 994, 98 pp., 1953. 

Activity of Hawaiian volcanoes during the years 1940-1950: Bull. Volcanolo­

gique, ser. 2, v. 15, p. 119-179, 1954. 

Catalogue of the active volcanoes of the world, including solfatara fields, 

Part III, Hawaiian Islands, International Volcanological Assn., Naples, 

37 pp., 1955. 

The structure of Hawaiian volcanoes: K. Nederlandsch Geol. Mijnb., Gen. 

Verhandl., v.l6, p. 274-295, 1956. 

The activity of Hawaiian 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) Geology and ground-water resources of the Island 

of Kauai, Ha1vaii: Hawaii Div. Hydrography, Bull. 13, 212 pp., 1960. 

The 1959 and 1960 eruptions of Kilauea Volcano, Hawaii, and the construction 

of walls to restrict the spread of the lava flows: Bull. Volcanologique, 

ser. 2, v. 24, p. 249-294, 1962. 
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Gordon A. Macdonald (3) 

(with J.P. Eaton) Hmvaiian volcanoes during 1955: U.S. Geol. Survey, 

Bull. 1171, 170 pp., 1964. 

Forms and structures of extrusive basaltic rocks, in Basalts (The 

Poldervaart Volume), v.l, p. 1-61, Interscience Pub., New York 1967. 

Composition and origin of Hawaiian lavas: Geol. Soc. America, Mem. 116. 

p. 477-522, 1968. 

(with A.T. Abbott) Volcanoes in the Sea: The Geology of the Hawaiian Islands, 

University of Hawaii Press, Honolulu, 441 pp., 1970. 

Volcanoes, Prentice-Hall, Inc., Englewood Cliffs, N.J., 510 pp., 1972. 

Geological prospects for development of geothermal energy in Hawaii: 

Pacific Science, v. 27, p. 209-219, 1973. 
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DONALD W. PETERSON 

Geologist 
Scientist-in-Charge, 
Hawaiian Volcano Observatory 

EDUCATION: 

PAST EMPLOYMENT: 

1952-1963 

1963-1965 

1965-1968 

1968-1970 

1970-Present 

B.S., California Institute of Technology, 1949 
~1.S., vJashington State University, 1951 
Ph.D., Stanford University, 1961 

Field projects, in Arizona, Mineral Deposits Branch, 
U. S. Geological Survey 

' Chief, Technical Reports Unit, Menlo Park, U. S. 
Geological Survey 

Field projects in Arizona, California, Hawaii, 
U. S. Geological Survey 

Staff Geologist, Office of Mineral Resources, 
Washington, D. C. 
Scientist-in-Charge, Hawaiian Volcano Observatory, 
U. S. Geological Survey 

PRINCIPAL PUBLICATIONS: 

Pre-basalt surface in the vicinity of Peck, Idaho: Northwest Science, v. 29, 
no. 1, p. 1-9, February, 1955. 

·Geology of the Haunted Canyon quadrangle, Arizona: U. S. Geol. Survey Quad. 

Map GQ-128, 1:24,000, 1960. 

AGI Data Sheet 23: Descriptive modal classification of igneous rocks: Geotimes, 
v. 5, no. 6, p. 30-36, r~arch, 1961. 

(with R. J. Roberts) 1961, Suggested magmatic differences between welded "ask" 

tuffs & welded crystal tuffs, Arizona and Nevada: U. S. Geol. Survey Prof. 
Paper 424-D, art. 320, p. D73-D79. 

Flattening ratios of pumice fragments in an ash-flow sheet near Superior, 

Arizona: U. S. Geol. Survey Prof. Paper 42~-D, art. 322, p. D82-D84, 1961. 

(with R. J. Roberts) 1963, Relation between the crystal content and the chemical 

composition of welded tuffs: Bull. Volcanologique, v. 26, p. 113-123. 

Geologic map of the Kilauea Crater quadrangle, Hawaii: U. S. Geol. Survey Quad. 

Map GQ-667, 1:24,000, 1967. 
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Donald M, Peterson (2) 

(with \>I.E. Yeend, H.l~. Oliver, and R.E. Mattick) 1968, Tertiary gold-bearing 

channel gravel in northern Nevada County, California: U.S. Geol Survey 

Circular 566, 22 p, 

Zoned ash-flow sheet in the region around Superior, Arizona: Arizona Geol, Soc., 

Southern Arizona Guidebook Ill, p, 215-222. ed, S,Titley, 1968. 

(with D. F. Hammer) Geology of the Magma mine area, Arizona: _:i_!l_ Ore Deposits of 

the United States, 1933-1967, A.I.M.E., Graton-Sales vol,, ed. J.D. Ridge, 

p, 1282-1310, 1968, 

·1969, Geologic map of the Superior quadrangle, Pinal County, Arizona: U.S. Geol, 

Survey Quadrangle ~1ap GQ-818, l :24,000. 

Ash-flow deposits--their character, origin, and significance: Jour. Geological 

Education, v. 18, p. 66-76, 1970. 

Petroleum potential of Hawaii: in Future Petroleum Provinces of the U.S., ed. 

I.H. Cram, P.m. Assoc. Petroleum Geologists, ~1emoir 15, p. 161-169, 1971. 

(with D. A. Swanson, D. B. Jackson, W.A. Duffield) 1971, Mauna Ulu eruption, 

Kilauea Volcano: Geotimes, v.l6, no. 5, p. 12-16. 

(1>1ith D.A. Swanson) 1972, Partial dJ'aining and crustal subsidence of Alae lava 

lake, Kilauea Volcano, Hawaii: in Geol. Survey Research 1972: U.S. Geol. 

Survey Prof. Paper 800-C, p. Cl-Cl4. 

(with J.G. Moore, R.T. Phillips, R.W. Grigg, D.A. Swanson) 1973, FloVJ of lava 

into the sea, 1969-1971, Kilauea Volcano, Hawaii: Geol. Soc. Am. Bull., 

v. 84, p. 537-546. 

(with D.A. Swanson, \>I.A. Duffield, D.B. Jackson) 1973, The complex filling of 

Alae Crater Kilauea Volcano, Havwii: Bull. Volcanologique, v 36, no. 

l, p. 105··126. 

(with D.A. SVJanson) 1974, Observed formation of lava tubes during 1970-71 at 

Kilauea Volcano, Hawaii: Studies in Speleology, v. 2, p. 209-222. 
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CHARLES J. ZABLOCKI 

Physicist 

Hawaiian Volcano Observatory 

EDUCATION: 

PAST H1PLOYMENT: 

1954 

1955-Present 

B.S., Physics, Syracuse University, 1954 

Graduate work in mathematics and electro­
magnetic theory, University of Colorado 
and Colorado School of Mines, 1955-1960 

Physicist engaged in semiconductor research, 
IBM Corporation 

U. S. Geological Survey 
Background includes electrical and magnetic 
properties measurements of ore deposits, design 
and application of various electrical and electro­
magnetic techniques, extensive applications of 
borehole logging methods in mining exploration 
drill holes, and analysis of EM transients asso­
ciated with nuclear explosions. At present, 
applying electrical and magnetic methods to the 
study of Kilauea Volcano, Hawaiian Volcano 
Observatory. 

PRINCIPAL PUBLICATIONS: 

Radio-wave studies on the Cuyuna Iron Range of r'1innesota: U.S. Geol. Survey 
Admin. Rpt., 1956. 

Analog studies of induced polarization over a layered earth (abs): Geophysics, 

v. 22, no. 2, p. 502, 1957. 

(with G. V. Keller) 1957, Borehole geophysical logging methods in the Lake 
Superior district, in Drilling Symposium, 7th Annual, exploration 

drilling: Minnesota University Center for Continuation Study, p. 15-24. 

Measurements of physical properties of iron formations and assoriated rocks in 

the Lake Superior region (abs): ~·1ining E1ig., v. ll, no. l, p. 41, 1959. 

Measurements of electrical properties of rocks in southeast Missouri,~ 

Geological Survey Research 1960: U. S. Geol. Survey Prof. Paper 400-B, 

p. 214-216, 1960. 

290 



Charles J. Zablocki (2) 

Electrical properties of sulfi~: min~raliz~d gabbro, St. Louis County, Minnesota, 

_i_r!_ Geological Survey Research 1961: U.S. Geol. Surv: Prof. Paper 424-C, 

p. 256-258, 1961. 

(with G. V. Keller) 1961, Some observations of the seismic-electric effect, _!_r:J_ 

Geological Survey Research 1961: U.S. Geol. Surv. Prof. Paper 424-D, p. 296-299. 

(with F.C. Fl'ischknecht) 1961, Observations of electric and magnetic transients 

during the Scooter Event: U.S. Geol. Surv. Tech. Letter E.M.-1. 

Electrical properties of igneous and metamorphic rocks: U.S. Geol. Surv. Admin. 

Rept. to ARPA, part 6, 1962. 

Electromagnetic signals observed during the NOUGAT test series from several under­

ground explosions: U.S. Geol. Surv. Admin. Rept. to ARPA, part 3, 1962. 

Magnetic susceptibility measurements on Buckboard t·1esa: U.S. Geol. SUl'Vey Tech. 

Letter DP.NNY BOY- i, 1962. 

Electrical and magnetic properties of replacement-type magnetite deposit in San 

Bernardino County, California, _!_r:J_ Geological Survey Research 1962: G.S. Geol. 

Survey Prof. Paper 450-D, p. 103-104, 1962. 

Some observations of earth voltages during nuclear explosions (abs): Soc. Expl. 

Geophysicists Yearbook 1963, p. 198, 1963. 

Electrical properties and gamma-ray intensity measurements of serpentinite from 

Mayaguez, Puerto Rico: U.S. Geol. Survey Tech. Letter E.M.-11, 1963. 

A four channel instrument tape recorder system: U.S. Geol. Survey Admin. Rept., 

1964. 

Electrical properties of serpentinite from t1ayaguez, Puerto Rico, _!_r:J_ A study of 

serpentinite, C.A. Burk, ed.: NAS-NRC Publ. 1188, p. 107-117, 1964. 

A final report on electrical transients observed during underground nuclear explo­

sions: U.S. Geol. Surv. Tech. Letter, no. 28, 68 p., 1965. 

(with D.B. Jackson) 1965, Electrical transients from a nuclear explosion in salt 

(Proj. Dribble-Salmon Event- Oct. 22, 1964\: U.S. Ge0l. Surv. Tech. Letter 

no. 37, 66p. 
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Charles J. Zablocki (3) 

Electrical properties of some iron formations and adjacent rocks in the Lake 

Superior region, in Hinin<J Geophysics, v.l, Case histories: Tulsa, Okla., Soc. 

Exp 1 . Geophysicists, p. 465-492, 1966. 

Electrical transients observed during underground nuclear explosions: Jour. 

Geophys. Res., v. 71, no. 14, p. 3523-3542, 1966. 

Some applications of geophysical logging methods in mineral exploration drill 

holes: Soc. Prof. vlell Log Analysis 77 Ann. Logging Symp. Tulsa, Okla., 

Trans. , p. 1-13, 1966. 

Results of some geophysical investigation in the Wood Hills area of northeastern 

Nevada, J.!:1. Geological Survey Research 1967: U.S. Geol. Surv. Prof. Paper 

575-B, p. 145-154, 1967. 

(vlith G.R. Johnson, R.N. Babcock) 1967, Electrical and magnetic studies in 

north··central Nevada: U.S. Geol. Surv. Admin. Rept., 38 p. 

(\·lith R.D. Caroll, D.R. Cunningham) 1967, Electt'ical conductivity measurements 

at Warren AFB, Minuteman Site A- i 0, Laramie County, v!yomi ng: U.S. Geo 1 . Surv. 

Tech. Letter, Warren-3, 12 p. 

(with G.B. Gott) 1968, Geochemical and geophysical anomalies in the western part 

of the Sheep Creek Range, Lander County, Nev.: U.S. Geol. Surv. Circ. 595, 17p. 

Geophysical logging Techniques in mineral exploration drill holes (abs): Geophysics, 

v. 35, no. 6, p. ll64, 1970. 

(with G.V. Keller) 1959, Electrical transients during nuclear explosions, (Classi-

fied) R.E.l.-610. 

Geophysical logs of Drill Hole DDH-2 J.!:1. Theodore, T.G., and Roberts, R.J., Geochem­

istry and geology of deep drill holes at Iron Canyon, Lander County, Nev.: 

U.S. Geol. Surv. Bull. 1318, p. 26-32, 1971 . 
. 

Magnetic assays from magnetic sus cepti bil i ty measurements in taconite production 

blast holes, northern Minnesota: Geophysics, v.39, no.2, 1973. 

(with G.V. Keller, J.C. Murray, R.I. Tilling, D.H. Peterson, R.S. Christiansen) 1973, 

A deep research drill hole at Kilauea Volcano, Hawaii: Prog. Rept.: (to be Publ. 
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HA"IAI I GEOTHERMAL Pr(OJECT 

PHASE II 

RELATED PROGRAMS AND ACTIVITIES 

A. Related Programs At The University of Hawaii 

Currently there is a great deal of research interest at the University 

of Hawaii on projects which have direct relevance to the HGP. The Hawaii 

Institute of Geophysics has competence in geophysical exploration, a good 

knowledge of the geophysical features of the Big Island and the State of 

Hawaii in general, and experience with test drillings. The Water Resources 

Research Center has been conducting research on the ground water hydrology 

of the Islands and is familiar with the rainfall, \•tater distribution, and 

flow patterns of the islands. 

The En vi ronmenta l Center at the University is concerned with the preser­

vation and protection of the environment in Hawaii. Its cooperation and input 

complement the efforts of the HGP. The Sea Grant Program of the University 

also has energy-related interests, while the College of Engineering has staff 

competence and interest in power systems, direct energy conversion, and 

transmission of eler.trical energy. 

A new program enacted by the 1974 State Legislature establishes a Natural 

Energy Institute at the University (copy of House Bill 2376-74 attached). The 

purpose of this Institute is to provide focus, direction, and support for re­

search on natural energy systems -- including geothermal resources. 

B. Related Programs In Other Organizations 

A research program of considerable interest to the HGP has been the in­

vestigation of the hydrothermal systems at Kilauea Volcano on the Island of 

Hawaii by Dr. G. V. Keller of the Colorado School of Mines. The program, 

which has also been funded by NS~ has used Kilauea Volcano to study the 
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\! . 23.7/ -
1:1_. B • NO • • .:::>- I 

A BILL FOR AN ACT 

ESTAI3LISHH!G Tf!T: lli\\'!!1.II NATUFAL ENEP.GY INSTITUTE AND !lAKING AN 
1\PPIWPP-Il''rim< FOR PLl1IlNING TilE STRUCTGRE AND OPERATIO~l 
THF.P-EOF. 

BE IT ENACTED BY THE LEGISLATURE OF THE STATE OF HM1AII: 

SECTIO:l 1. The current energy crisis is caused by a 

2 global energy shortage wl1ich will worsen through the remainder 

3 of this decade and may continue to the end of this century. 

4 The State of Hawaii, with its total dependence for energy on 

5 imported.fossil fuel, is particulu.rly vulnerable to dislocations 

6 in the global energy market. This is an anomalous situation, 

7 as there are few places in the world so generously endowed 

8 with natural energy: geothermal, solar radiation, ocean 

9 temperature differential, wind, waves, and currents--all 

10 potential non-polluting power sources. The purpose of this 

Il Act is to establish the Hawaii Natural Energy Institute that 

12 will coordinate and undertake the development of non-polluting 

13 natural energy sources for Ilawaii; and, to make an 

I4 appropriation for planning the structure and subsequent 

15 operation of the Institute. Although the ultimate structure 

16 of the Institute will not be determined until after a year 

17 

18 

AG 209225 S-5(74) 
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1 of planning and development, its immediate establishment as 

2 provided herein will provide the needed visibility, focus 

3 and encouragement for energy related activities directed 

4 toward converting llaHaii's natural resources into viable 

5 energy systems. These alternative energy systems ~;ill: 

6 (1) Diminish Hawaii's total dependence on imported 

fossil fuels, 7 

8 (2} rleet the State • s increasing energy demands with 

9 little or no environmental degradation, and 

10 (3) Contribute to the technology base for finding 

11 solutions to the national and global energy 

~ 12 shortgage. 

13 SECTION 2. The l!al¥aii Natural Energy Institute is 

14 hereby established as a research unit at the University of 

15 Hawaii-Manoa. The President of the University of Hawaii 

16 will appoint from appropriate University staff an Energy 

17 Planning Committee and designate its chairman. This 

18 Committee will serve as a steering committee and the Chairman 

19 shall be the Acting Director of the Institute durir.g the initial 

20 year both for carrying out the operations and functions 

~1 of the Institute and for planning the ultimate organizational 

22 structure. Nationally recognized energy planners may be 

!3 consulted on specific goals and general organizational 

24 

.:s 
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1 structure of the ~ncrgy Institute. The President will also 

2 appoint a broadly based Policy 1\dvisory Cormni ttee to provide 

3 interaction bctHeen interested segments of the cornr:1unity 

4 and the Energy Planning Committee. 1\ report containing 

5 recor:unendations for the structure and subsequent operation 

6 of the Energy Institute Hill be prepared by the Energy 

7 Planning Committee for presentation to the Legislature 

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

9 SECTION 3. There is appropriated out of the general 

10 revenues. of the State the sum of fifty-five thousand dollars, 

11 or so much thereof as may be necessary, to be expended by the 

12 University of Ha,,•aii for planning the structure and subsequent 

13 operation of the Ha1vaii Natural Energy Institute, and for 

14 the hiring of necessary staff and consultants during the 

15 next fiscal year. 

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

17 

18 INTRODUCED BY: 

19 

20 

21 

22 

23 

25 
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hydrothermal aspects of a geothermal sy'<tc,d. Dr. Keller's geophysical studies 

of the sumnit area and the results of the 4137-foot dr.ill 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 vlith geothermal-related progl'ams on the 
' 

t1ainland. This includes the Geysers and Imperial Valley, which have been 

visited extensively by our staff. 

Members of the National Liaison Board, discussed in the Management Pro-

gram, provide an exchange of information with the f1arysville Pl'oject; Republic 

Geothermal, Inc; Battelle Northwest; Rogers Engineering; the Geothennal Officer 

for the State of California; and the U.S. Geological Survey. Good communica-

tion has also been established with AEC Laboratories at Los Alamos, Berkeley, 

and Livermore, as well as with the Sandia Corporation at Albuquerque. 

Some exchange has taken place with scientists and engineers involved with 

geothermal projects in Italy, New Zealand, and Japan. Because of Hawaii's 

geographic location as the hub of the Pacific, HGP staff have frequent oppor-

tunity to discuss geothermal projects with scientists enroute to destinations 

both East and West. 

The concept of a National Geothermal Energy Laboratory for Hawaii will 

permit researchers from other states and countries to utilize the Laboratory 

to further their own investigations, This will facilitate the dissemination 

of research results and the interaction of researchers from different organi-

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

As discussed in the previous section, the most effective exchange of 

information with potential beneficiaries of the research at the local level is 

through the 16-member Hawaii Advisory Committee, and at the national level 

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 resultG 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 overvievl of goals and objectives. Such t'eports have 

been presented to a variety of meetings in this country, as v1ell as at the 

joint U.S.-ltaly Geothermal Conference at Pisa in December 1973. A discus-

sian 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-chaiman 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 fa• Engineering Research at the University 

sponsors a series of seminars, with assistance from NSF, on fnvironmental 

fonferences _(Jn the fublic \inderstanding of ~cience for _fjawaii. This ECOPUSH . 
Series included a major conference on ''Future Technologies for Hawaii'', 

which provided an excellent forum for presenting a progress report on the 

development of geothermal energy in Hawaii. 
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D. Application To Other Fed_eral 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 later phases of 

this project in the development of a prototype geothermal power plant. 

To the initial State and County of Hawaii funding of $200,000 for geo­

thermal research, the 1974 Legislature earmarked an additional $500,000 for 

exploratory geothermal drilling, contingent upon Federal matching. Although 

efforts will be made to identify total research drilling support from Federal 

sources, if these funds are inadequate to complete 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 

State of" Hawaii CIP Budget 

County of Hawaii CIP Budget 

Sandia Laboratories - AEC 

Hawaiian Electric Company 

Office of Marine Affairs -
State of Hawaii 

Private Contributions 

$252,000 (FY 73) 
216,000 (FY 74) 
124,000 (FY 75 committed) 

100,000 (FY 72) 
500,000 (FY 74 appropriated) 

100,000 (FY 72) 

12,000 

9,000 

5,000 

13,000 

$1,331,000 

In addition to the above funding, the University of Hawaii provides significant 

support to the Project in faculty and staff salaries, support services, equip­

ment, and facility usage. 

For support of Phase II of the Project, $1,986,513 is requested. Table 

B-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 budget sheet 

preceeding the individual task budget sheets. 
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HAHAII GEOTHEI(f·1AL PROJ CCT 
PHASE II 

BUDGET SU~1MRY BY PROGIW1 1\ND TASK 

I~ANAGEMENT 

1.0 Coordination and Support 

GEOPHYSICAL PROGRAM 
2.0 Coordination and Support 
2.2 Geoelectric Surveys 
2.3 Modelling, Magnetic & Gravity 
2.4 Temperature Survey 
2.5 Seismic Studies 
2.6 Geochemical Surveys 
2.7 Hydrology 
2.8 Physical Properties of Rocks 

.::cE N'-"..::G:':I :.-:N E::::E:.'.'-R~I N'-"Gc__Pc_cR~O G R 1\ M 
3.0 Coordination and Support 

Surveys 

3.1 Geothermal Reservoir Engineering 
3.6 Optional Geothermal Plant Design 

E11VI RONI\EIHAL -SOC IOECONO:H C PROGRA11 

4.0 Coordination and Support 
4.1 Environmental Aspects 
4.2 Legal and Regulato1-y ,~spects 
4.3 Land-Use and Planning Aspects 
4.4 Economics 

EXPLORATORY RESEARCH DRILLING PROGRAM 

5.0 Coordination and Support 

$ 43,454 
58,709 
33,625 
43,124 
57,000 
36,718 
3 5, 1 07 
49 191 

41,774 
122,892 
87,781 

24,824 
42,313 
6,800 

11,415 
46,411 

TOTAL PHI\SE II BUDGET 

TABLE 8-I 
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$ 39,401 

356,928 

252,447 

131,763 

1 , 205' 97 4 

$1,986,513 
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------------------~- --------- ---------

i 

I 

l. TOTAL COSTS (J plus K) 
··---~-- ..... ---~~-~-~~~-· -------~· 

AEfv1AilKS: Use extra sheet 1f n~_.-cessary 

NSF FOHM !169. JULY 1971 307 SUPERSE01o.S ALL. PREVIOUS LOITION~ 
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NA'rJU~·U·.L : 
WP~hin~~tc1n, 

A. SALA!l!ES AI\!D \\'f1.GES 

1. Se11ior Persor,nd 

a. _______ I Co) Princip;jl lnvestigatodsl 

b. ____ Fnculty Associates 

Slrh-Total 

2. Other PPrsonnel (hlon-Faculty) 

SE!SniC STUDIES 

Task 2.5 

HAI-JAI I GtOTHERi1AL 
PROJECT 

'CHA~~y NO. 

a. Rt:st·arch AssociatcJ"i-PostdC>ctoral 

h.--~- f..Jnn-Faculty Profef.~ion<~ts 

c. _ __f ____ Gr.~duate Students .. 

A. S. Furumoto 

d._}~- Pre-B;rcc<:laurcate Studlmts .1.200.. hr.s, .. ~. $~, 7.5 ... hr ....................... . 
e. Sc.crc:dtr.:d-- C!cnca! .... 

f. 7 __ TcrhnicLI, Shop, ;.nd OtiH!r . 7J (}. _q ~Y.S .. ~- . $~_Q/~l!3:Y .. f Qr. ~ fl.i. P.P_Q(,l rcl_ ~-(\] ~r·i e ·e-.... -,---

4 Geophones 
4 Seismic , 1ifiers 

CPD/"'BLE [QUJP~.l[f·Jr l'.r-~D :-:UI';'LIES 

F THI\Vt:L 1. -D~msti-;-(!~crud;~;C~~:J~J f2-Tt1-
2. Foreign 

1 , 200 
1 600 

1. OTHEn DIRECT COSTS Communications 400 
Equipment Maintenance 2,000 
Vehi c 1 e Renta 1 60 D 1 ··---- :: __ :.~=.:..._,_::_::_::~__:: __ ::_::_::.'__~-:.:::_::_ __ . __ +~-.-,;_'_;-;;-. ____ 1 

T OF THlS AWI\f1D (FWUND[D) 

flEMARl(S: Us~ l'Xtril !-heet if necessary 

NSF FOF<M 56S, JULY 1 ~71 308 Sllf'EflSFDES ALL Pfli(VIOUst LD11l:""~h~ 



'N/;i "l U ~A L V !!- ,"\ l T I t; l .-:-\ 't-J A"1"!"0"N7' -----­

W~<.hini:ton, D.C. :!0550 

l'HOPciSAL NUMOLH 

A. SALARIES AND V~AGES 

1. Senior Per ~onnel 

a, ____ I Col Principal lnvestig?tods) 

b. __ _l_ Fnculty t-.~~oci;,tos 
Sub-Total 

2. Other PC!rsonnC!I /Non-Faculty) 

a. Rf'Wr.•ch A%rx:iates-Postdoctoral 

h.~--- Nnn- Faculty Pr of•·:;~ion;-;ls 

c. 2 GtiHiu<ttc Swdents --r-
d. Prr-B<ICcal;:urPate Students 

e. ______ S:cc~l,tari:,I--C:!rruc;JI. 

L. TOTAL COSTS (J plus Kl 

GEOCIIEi1ICAL SURVEY 

Task 2.6 

-------------

___l), 51_4 __ _ 
_3_, 5_00 ____ _ 

M. AMOUNT OF THIS /l..WARD (ROUh!OEDl $ --___________________________________________ __J___:_ ____ --j 
HEMAni<S: U!>t: extra sheet if necc~:;dry 

*Includes anticipated 10% salary increase. 

NSI" FORM 569. JULY 1')71 309 SUPERSEDES ALL f>Ht:VIOUS ECITIOt;z 



HYDROLOGY 

Task 2.7 

PF:~~·:Ar;c:;· (:l~~'.rrr 

1----·----------------nc::..~ :J.LGl~T \\'C_L~~:~-~Il~~:~~T-----------·-------·--j 

University of. Hawaii 
Honolulu, Hawaii 96822 

A. SALAHIES AND WAGES 

1. Senior Personn~l 

a. _ _2_ __ (CQ I Principal Investigator(!,) 

b.-~- Faculty As5ociatns 

Sub-Total 

2. Ot!Hcr P0rsonnr.l ([\lon-F,.culty~ .. Hr.sl'<nch 1\s~o..-iatos--Postdoctorol 

h. ___ Nn1~· Fi!CUity l'rufession;-ds 

c._] __ Gu!Cluate Students 

d. __ 2 __ P!r.-8;:cca!;:;urr·;-,tc Students 

e. 

---·- ·---------------------
E. e>:r LUDARL.C C:OIJWI,i~~IH At\10 ~lJt'l-'1 I[S ----=---· . - ---------·----- - .. --
F. iT\t,VEL 1. Domo~tl.:: 1lnclud1ng Can<:d,l) 

2. Fc.r0irn 

K. INDIHECT COSTS 

(On Carnpus: 46%- 14,792) 
l. TOTAL COSTS (J plu~ Ki 

A. S. Fururnoto 

........ ' .... 

M. Af,.1QUi·JT Of- THIS f<.WMiD {ROUN:J[D) $ 
------------------------------------~-----L.:....------1 

REMAHKS: u~~~ extra shPet 1f necess;:uy 

*Includes anticipated 10% salary increase. 

NSF fORM !169, JULY 1971 310 SUPF:fiSEOI?S ALL Pn~VIOU~ LOITI(ll!~ 



PHYSICAL PROPERTIES OF ROCKS 

Task 2.8 
-------------~--------------------------------------

NXI IO>~AL SCI I !\CL I·Ot~'\D/d-10~ 
W;<:.lti!Jt',lon, Ll.C. 20))0 ~~;~:_;r:--/,r:.c.~1 c:·:/·.:~,r 

1------------------- _____ lD.ITJ c:rr. \ \'(_~~ -~~_:_J::x~_:_irr__ _________________ _ 

~';T,~Jn'i'~:::~':;;,:,; o~awa i i -~~~. '-~~-::op;<R~O,~J,;-EE,OClT-HERi::-l- r"'"""'"'- liN'"''"'"-' o,;r;y 

Honolulu, Hawaii 96822 I A. S. Furumuto 

PROPO'SALNU'Mii·i~-,-;----j"ccoi:"i~oTonU.T;,-;-;-c;"l G,,,N-, No. I ~H coMMc•wEo G"'-'" "'== 
A. SALAF11ES AND \'~'AGES 

1. Senior Pcr~onnel 

a.-~ (Col PrinCifJal lnve<,tigatod~l 

b. _L_ Fnculty As,.<;ociate'i 

Suh-Total 

2. Other l'rrsonncl (Non-Faculty) 

,_ lie~r;uch Associates-Pe>stdoctoral 

1. OlHEH Dlf\ECT COSTS 

L. 'fOT /\L COSTS (J p!us K I 

M. AMOUNT OF THIS 1\\·\1/\RD (ROLJ;JDED) 

__ Z_, lZO 
-+--"4_9, 191 

------------- --------------------------
rn:r.~Aqk:S: Us,) extrd ~hl'et If necessary 

**CONTIJIUED FRO:l ABOVE: Digital Voltmeter - l ~400; Decade Resistor Box - 500; 
t<ecorder- 1,500; Digital Thermometer- 1,900; Frequency Counter- 700; 
Oscillator - l, 100. 

*Includes anticipated 10% salary increase. 
'-----------------

NSF FOI<M ~C9, JULY 1')71 311 SUPEHSCOCS ALL F'fHO:VIOU~ EOITI·?N"> 



-· ----~ ,- ~. ~--- --··. - -·--. 

-() 

NATIO:-;AL SCII:-\(F I ou;DATIO'i 
Vi.uhmgton, D.C. :W.))Ll 

' 

INOTITUTIDN AND ACDHCSS 

ENGINEERING PROGRAM 
BUOGFT 'Ui·i:~/-.RY 

0 

PHINOIPAC ~ ITOIII•l 

University of Hawaii 
Honolulu, Hawaii 96822 

HA\IA I I GEOTHERW1L 
PROJECT 

Paul C. Yuen 

IL NUMUC I <ECO 
'EO DU 

A. SALARIES MJD WAGES 

1. Sr.nior Personnel 

<IGHA 'NO. 

• 

C•i. Aood. Scmm. 

NSF GRANT 

tUOGET 

a. ___l_ (Col F-rincipal /nvestigator(s) 

b._____8__ FBculty Associa-tes 

Suh-Total 

l '0 s 2.RGO* 

2. Other Personnel (Non-Fa-culty) 

o. __ ne<;earch Associates-Postdoctoral 

h. __ Nnn-Faculty Prof£>ssionLJIS 

~-___8__ Graduate Students ....... , ...••••• , ••••••••••• , •••• , , •• , • , .•• , , .••. , , ••• , • , • , 

d._6_> _Pre-Bacc.al,>,urcl~n Studnnts .•• , ••••.••••• , ••••• , ••• , •• , •••••••.•• , ••• , ••••••• , • 

'· ____ 1 __ s.~.-r, :~ ,,_,:- (_1~"---: - --- ........................................................ . 
l,_._l_rr·c1a<cd, Shop. <Jnd O:her ..... . . . .. . . . .. . . . ... . . . . ..... '' .................... . 

F TnAVEL 1. Oomastic ilncludlll[l C.:m2dal 

2. Foreign 

57 .~04* 
fiO.?fiiL'' 

36.288 

6,7(]0 
l1 'l co 
10.000 

K. INDIRECT COSTS ,";.'· 

•t~~:~42'' 46% of Salaries and wages 

I L TOTAL COSTS (J plu' Kl 252,44i 

M. /~MOUNT OF THIS AWARD (ROUNDED! 

J REMARKS: Us.a e).. ira sheet If nr:cc5S-3ry 

*Includes anticipated 10% salary increase 
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0 
ENG INEERI riG PROGRI\~1 

T··cc 3 0 U.:>" . 
NATJO~.\L SCI I :XC I Ol'\DATION RESEARCH GR-\:·H Washington, D.C. 20550 

BUDGET \I'ORKSHEET 

---· INST!l"UTION AND ADDRESS I NSF PHOGH"M PfHNC..IPAL..lNV~~TIGATOfl(~) ·, 

University of Havm i i HA~!AI I GEOTHER~1AL 
Honolulu, Hawaii 96822 PROJECT Paul c. Yuen 

~0SAL NUMBER I"ECOMMCNOCD OURATOONI GRANT NO. I :ECOMMENOEO GRANT AMOUf<T 

NSF Fundfld Men Months 
NSF GRANT A. SALARIES AND WAGES fro thC' neatest t11nfh) 

1. Sl:>nior Personnel 
-- tUOGET 

C&t. Aced. Summ. 

a.__l__(Col Principal lnvestigatorlsl 1 0 s 2,860"" 
b. ___ Faculty A~ociatos ---

Sub-Total 2 860·< 
2, Other Personnel !Non-Faculty) .. ---- Research Associates-Postdoctoral t= h. ___ Non-Faculty Professionals 

c. ___ Graduate Students ........................................ •'• ................. 
d._J_ Pre-Baccalaureate Students '' ' ...................... ...... ........ .. . . . . . . . .... 2 ~ 008 

---~- c--c------1 

' 
-1 ~;.:r:r<.tariat-Ci.-:;;cai. "' "' 

p C}l~'_J l 

I ' ................................ ' .... ' ......... . 
f.-=-~ 1 c...-hnical, Shop, <~nd Oth€r ........•• ; • , , •• , , ••• , ••.•• , , • , • , ••• , , • , •.. , •• , , •• , , • 1·--;s; TOT!< I. SALARiEC ,\c:D >'<AGeS 

@I<''F OENEFITS IF CH"'CfC ·' ~'C°CT COST 
---~------------~--

~- u. '•'-- . 
1 <'-'"""""u----1 -----~----

c. TOTAL SAL11ni~S. '.VAG[S. Ar:o :ST.\F F GENEFITS (A + Bl J s Li I ; 
------------ -------- '-.-:::.::::"8".::-"----:;·.::·7""',~~-;;""~ l 

D. PERMAf'.IENT EQUIPMENT ~~~"-"~"LZ~~~":__","'--'-''-"":;.,"~' 
--

E. EXPENO/I.f3l[ EOUIP~~ENT AND SUPPLIES '/I.Q_ -
F. TRAVEL 1. DomGSlic llncludlll;J Canada) l q(i'l ~,,_ 

2. Foreign 
i-----

G. PUBLICATION COSTS 1 ,000 
-----~-

H. COMPUTER COSTS IF CHARGED AS DIRECT COST 
---~---

~\&~1tB:-~--;-- --,, I. OTHER DIRECT COSTS 
Engineering Consultants: Rogers $14,000 

John r~i nk 2,000 ~"~~'"-'""'''''""'-'-
r rur;ro1 m i cat .ion.s__;___ 600 16 bOO 

J. TOTAL Olf1ECT COSTS (C through I) 35,420 
K, INDiflECT COSTS 

~-\-~-·~;;~~:;·-~~---~~.-..-,;-':":·~-

~'<' ,,,, .•... l 
46% of Salaries and Hages ~':,:.::. · .. • 

~ ~~~':;_::_::_,-:;,::.__'-<,~C:--,<:.. '-...-.::::.. 
, . __§_,_3_5L_ 

L TOTAL COSTS (J plus K) 41,774 

' -
'" M. AMourn OF THIS AWARD !ROUNDED) $ 

REMARKS• Usc extra sheet d nC?-..:cssary 

'; *Includes anticipated ; 10% sa 1 ary increase 
I 

I 
I 
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() 
ENGINEERH\G PROGR, .. ;: 

r.7~~~~~~~~~~~---------------~T;0~~k-.~3~·~1 ____________________________________ _, 
I NAT!O~AL :;c _IF\CE I OV\LJATJON RESE:\F r:·,,i GR:\~-~T 

Wo:shmgtor., D.C. 2U550 "'-
!llJf)GET WORKSHEET 

INSTITUTION AND ADDRt::SS I f-jSr-' Pf<O(.;HAM PHINCIPAL INVf:STIGATOfl(S) 

University of Hawai~ 
Honolulu, Hawaii 96822 

HP.\·Ifii I GEOTHEf<f0,AL 
PRQ,J ECT Paul C. Yuen 

P:UOPOSAL NUMB£R 

A. SALARIES AND WAGES 

1. Senior Personnel 

<. ___ (Col Pnncipal /nvestigatorfs) 

b.__5__ Faculty A~~octates 

Sob-Total 

2. Other Personnel (rl.!on-Faculty) 

•· Re~earch As$ociates-Postdoctoral 

h. ___ Nnn-Faculty Professionals 

', 

RECOMMENCED GRAN1 AMOUN'f 

• 
NSF funded Mon Montha 
{to the nenrssr rentfll 

-r-----1 
C!ll. Ac11d. Summ. 

NSF GRANT 

I!UOGET 

'----~-1Ll~,~3~-~8~·~5-+--~3~7~,5~~~ 
37 535* 

L__ __ L ___ L._ __ -+----- ·-
c. __ 5_ Graduate Students ...........•.•••••••••••••••• , ••••••••••• , •••.•••• o ••• ,.... 22 680_~ 
d. Pre-Oaccalaurcato Students , . · ..••.• ,, •••• o ••••• o •• ,, • , • , , , • , • , • , , • , ••••••••• o o. ~------~ ,_~_QQ__ ___ 1 
e. ~<:~-crctarir;I-C!erlcal., .... , ..• ,,., .•••••• ,,.,,,,. o o •••••• o, ••••••• ,, •••••• , •• o. !-----------~----~ 

f----· -~~---_-_-__ ;;~:~~-a~_: A_sl~;~! ~nsc~~~~~~e_:,_: ~--G-~ ~- ·_· __ ·_· __ ·_· _·_·_· _· _· _· ·_·_·_·_·_·_·_·_· _· _· _· ·_·_·_·_·_· __ ·_· _·_ .. _· _· _· _· ·_·_·_·_·_·_·_·-+~----~6_hllf~--- -~J 
A. $T.hFF PE~:;_ r:ITS IF C~ARGCD ,\S Dl·?~=.cr COS.T ~ hf)\:': ! 

~~:~-o--~-;;_·L-s-:L_,~,f-{-;cs_--\7;-Ac-r;;~~,.:,~~-:-l;sr·:.FF-sE-;;~;--,Ts (/C>. + sl "7~l ~ ~~:·.~ ] 
r--~;cG.\Mf4~E-1~1--EO_u_rp-,·-.~ENr :...c.c.:......::~-----------------\."'-"·, ..,._,,_:;~-..J-_.·.--~ ~-~-~-,~:; 

~~~{,\:_:,{:: .. ~~'---'-:::<·x~:-s;--..',-•,--.. l 

E. EXPEND/~Glf EOUIP:,·.r;H Ar.'O SUPPLIES 

F. TrlAVEL 1. Domestic (lnclvd:ng Canada) 

2. Foreign r---- -------------
~UBLICATION COSTS 

OTHER DIRECT COSTS . r. H~~'?~-~UT~P, COSTS IF CHARGED AS DIRECT COST 

Communications 
------------~:-:--:-------------------t---~8·0"-'0'--1 
__ J. __ !~HAl D ~_R E CT C'.:.O':'"'.ST:_:S::..-:IC::_::.<h::_<o~u:.'g":h_:lc.l -----------------------------------{, ••• ~ 2"Jc'~;~'v~T 

' K. INDIRECT COSTS ~~~~--.-.-,-~~----,·-.-, ,, 

46~6 of Sa 1 aries and \<Jages ~~~~~~~;·,~,(:·,~~ .. ,:(_,~~ 
----:-::--,------------------------- -------cf---__29 ,Z69_ 

L TOTAL COSTS IJ plu' Kl -------------------J---1!.!2.f_,ilS:..co2_-j 

--~----------··-e-----------

M. AMOUNT OF THIS AWARD (ROUNDED) $ 

REMARKS: Usa extra sheet 1f ne(;e~ry 

*Includes anticipated 10% salary increase 

NSFFOHM '6!), JULY 1971 
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Oi 
I 0 

ENGINEERING PROG~AM 

RESEARCH 

RE'.>S NSF PROGRAM 

University of Hawaii 
Honolulu, Hawaii 96822 

HAviAII GEOTHEm-1AL 
PROJECT Paul c. Yuen 

A. SALAF<IES AND WAGES 

1. Senior Personnel 

t. __ (Co) Principal /nvestigator(sl 

b._3_ Faculty Associates 

Suh-/otal 

2. Other Per~onnel jNon-Faculty) 

a. Research Associates-Postdoctoral 

h. __ Nnr.-Faculty Professionals 

c.___3__ Graduate Stud<'nts ..... , .. , , .• , •• , •••••• , •••• , ••• , • , , , ••••• , • , , ••• , • , •••• , •• , 

d. __ 2_Pre-Baccalaureato Students .• , • , ••• , •••••• , ••••••• , , • , ••••••• ·., •• ,, ••••••• ,,,,. 

c. ___ &"Cr&1ariai-Cierlcal .... , ..••••. , •••••••• , •• , , , , , • , , • , , , •• , • , ••••• , , • , ••• , •• , •• 

f.__]_ Technical, Shop, and Other .... , ..• , , : . ••••••••••••••••• , •.•• , •••.••• , .•• , , ••• , • 

F. TRAVEL DDr,1estic Onclud1ng Canada) 

1. OTHER DIRECT COSTS 

Communications 

K. INDIRECT COSTS 

46% of Salaries and Wages 

*Includes anticipated 10% salary increase 
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ENVI ROW1ENT!\L-SOC I Q[CO~Ofll C PROGRAr1 
BUDGET su;,:~M\Y 

IH~'riTUTION AND ADDI<~Cc;,c;s~-·-------, 1.:~F ;:.--;--,o-c.;'RA-1~-· 
I 

' f>RINCIVAL. INVt::t>TIC./4TOii:(i.-l-----

University of Hawaii 
Hono 1 u 1 u, /lawai i I 

HA\JAI I GEOTHERHAL 
PROJECT Robert n. Kamins 

i"f-i"OPoSAL rHJMuEF~---HfECOMMLr~ur:o ouHA--T-'o_NLI_"_"_A_'_"_._"_o __ · ____ ~ 
1 

~<ccoMMCNDW """'T A,;oui'i'r-J 

I' 145~ f-tmdN1 r;,_,tn !.lon!~Jt r-.<.:F c·.·t ~n I 
A. SAt.ArliES AND VU,GES 

1. Senior Personnel 

a, _ _2___1Co) Principal lrwe:.tigatrn(s) 

b. __ 4.__ Faculty A$-sociatcs 

Sub-Total 

fro till' nt-otesr l•~nthJ · "• r- -------..--------"1~---- UlJDGCT 

l.~:~-J::A~~±_~'t~t~~r-·: --~ 
2. Other Pr.rsonnt>l (Non-Fncutty) --·--~ 

::_-_-g_-_ ~~;;,:::~~~;~:~::;,~i~~:~:::·~Iime) ................... ~- _·_ -~-:. ~!~~--=--+··--l--0-~--,5-~;~--:._-::_·J 
d. l Pre-Uacc~taurt•ate Students ....... , ............ , ......... , . . . . . . . . . . . . . . . . . . . . • ---~2_, Q_OO ____ I 
c. 1 SDcretilriai-Cieric<JI . . . • . . ...........• ' •• ' ••.•.•••••. ' •.• '. '............... 6 'oc;o I 

-~--~---1 

........ ' . . . . . t-~~--·--------: 

L___2_2_ ~ '~ (J l~ _____ _ 
·--·------- .. I 

l f~ /: _:~s_ __ , ___ - ' 

I. - ~ - Tcd1'.1ic;;l, Shop, ;:nd Other .....................•....... 

~~~J,Q,<l.2p.~,,_ 
"-"-<·<~··-·. _'::--. _:_ -"<· •• -· ··--· 

C. TOTAL S.4L~~-:_._I'_u_..._~ES, r.~,Nt) STAFF (;EfJEFITS ::_IA-'-+-'B:C..I _____________ _ 

[), PERIMdJEI'H EOUJPi,-~ENT 

5 ,3GO 1 

·---------- I---~5J~E-=-~~ 
I 400 I 

-~~- "20"ll ___ l 

F. T£1/>.V[L 1. Dcnn~stic (lncludlniJ Canad<J) 

2. Fmoi1ln 

G. f'Lil"1.1.1CATlO:'~ COSTS ----- - --------·-------·-----------~---~------·--

H. CU:.·iPUTEF\ CO.':,lS If' SI-!I:.HGED /\S Dir-;Er.T COST 

ii§{:~-:~~~~:-'·.·~,,-~·:·_~ .. --- -- . 
t::R~:-.-..,.--. 

~;~~:~\:_~i,~~~\-~~~:-;~< _,: 'i 
___ c_o~su2~~~ts _______ ~ ______ -----------------~---'l'-'-7_,_,Q_O.Q_~ I 

J, TOtAL Dlf~ECT COSTS (C throu['h I) ---------------------------· ~,gs.,.BQ,Q ._, .. _,:: -~1 
K. INDinECT COS1S ~\~k ;~~>,,•l.·.. : 

'""~:~'"'-'"'';; .. ':;:_. __ -----1 

----~--- -·------ _ _32,813_ i 

t---~-,;-_-:~~:-:.,-Tc:oA __ u-:,-:-o-;-:-:~,~~c~;no--1-RO-u=N=D~-E--D-l_~_~-=--=---=~-~=-=----- --~----~-~-~----- --~-:
3

l,~G~=---l 

1. OTHEJ1 DIRECT COSTS 

REMAHI<S: Use extr« sh2et if nC'Ccssary 

*Includes anticipated 10% salary increase. 

NSF FOF-IM !169, JULY 1971 316 SUPER'SEOF.:S ALL PREVlOUIJ EDITI0.-.1" 



PROGRAH AD:WHSTRr,TJON AND SUPPORT 

Task 4.0 

Sub-Totai 

2. Other Pc-rsonnl'l H\lon-Facult•tl 

'· Rcst'ilrch Assrx:iatc~-Postd..x:toral 

h.--~· Nnn-Faiiult\' Profr.~~ionals 

c. Gradu;Jte Students 

d. Prr,·B<lccal;,ur~iltC Stude'lts 

e. Sncletariai-Cicrtci\J ..... . 

r. TF1AV[L 1. r:o:nc~tiC Oncludifl{l Canrda) 

2. Foreic:n 

···----------
L. TOTAL COSTS (J plus K) 

--·····-·~ ·--··-·-------···--------

M. /~MOUNT OF THIS AWAnD (ROUNDED) 

REMARKS: Use extra sheet if necessary 

* Includes anticipated 10% salary increase. 

NSF FOFIM ~69. JULY !971 317 SUPf-.1-<SEDES ALL P'R£VIOU5 F.:DITIOfil't 



ENVIRON~!ErHAL 

Task4~1 

r~r:~:F/\}ZCii G:f./.~·~T 

f-----------------------'l"-"-il!,J"j ;~~~T \\'Q_~-~-:-~-~~:Ui~[~_To..._ ____________________ -1 

University of j1awaii 
Honolulu, Hawaii 96822 HAfiAI I GEOTHERI1AL 

PROJECT 
Robert M. Kamins 

Pno"POsAL N UMUL>.,.:-----

1

:"""c"c7oCC""·'"'"""'':;c";,'•,oce7.,;;u""; ,;-i;·c,~-c" ANT •w. i ;ccoM M cNo•CO""G''ii:N,~oUi<Y-­

f----------_J---------------'-----------,--;,-:cJS:-:Fc-fo-,L,.cd_e,c,-:-,,c-,,-n 1,1octh• , l 
A ~A~~-~-~ E_:s_p,~~~~:::::;~,:, '""'hgotodsl ~~ :~cl'-!r __ ~_:::_''j~~~"- -~=~='·_-~_-~_;_~_; __ ;J_:_=-= 

b._j __ Fecully!\»oc;,tos l _______ b_ _ __ 1_9_,}39. ~k _ 

Slrh-Total 

2. Other P~:!r~onrwl H>.!on-Far:ulty/ 

_ji,_OOO ____ _ 

<1. Re~earc. h A"oc;otes-Posttlocto"l [ r··- ·-·~r--
h. ___ Nnn-F<~culty Professionals ---]~------]_ ------

.. (P.art.Jim:'d .................... -~ : ·-·~ ---.. ·~- .-.~~---c .... 3 ----- Gruluate StuC:C'nts 

d. Pre-Baccal?.urratc Sttldonts 
-~---

c. Sr:cretariai--Cieric;:l . . . ........ , . . , •.• , ...... , . . .... , ... , . . . . I 

I 
f. ____ T"chnic;-;!, S'1~J;J, and Orher ......................... , , . . . . . . . . . , .......... , ------ ---; 

____ --~--------~0.T0 ~- -~ ;\ L !. HI~ S !·. r,; n __ V~' f:~~~~~----------------~--- _ -------------i-_ _1_[=, J.i~i-~~~--==~ 
0 ST/,f-F l'-U\.I!:FI1S IF Cdtd\GED ,\S DIF\f.CT co:.;T 1 _229_8_ j 
~TorALS,.;_lJ::I~lrs. ~·:~.c--~-~ ANnSTAFF-[::ENE-FilS (A+ B) j 18 (;37 --1 

------------·----~-----------·--··- .. ---- -·-·---------------------------------------·-------- -- ·---- ... ' '. . 
o. """'k'd'!li!TEOU!Pr,1icr-n 3 Sequential Samplers 2940; f~eagent Kits 720 i,,v ,_. ___ , , 

__ 3"-'H_i:.V.QJ~-~arnpl.frs lODO· Electric Fld. Sr"ce 420 5__,_]6_0 _____ _! 
[. [)(f'r:rVlJ!di_~E-~_?_~~~~:·1_!-:!'"_'1_· _A_ND_~~~:0~_:'L_I_~~~--------· ------ _-__ ·_-___ 3_~_,_·fji_OQ __ oQ ___ ._·_· -_-__ --_ -1 
F. TRAVEL 1. Dornt~st'1c (!nc!udintJ CJr,;;.dt~) _ _ 

2. Foreion 
~---- ---- --------···----

--T[To~---
G. PU~~L!C!~T!Oi! COSTS 

---- I 

~~~I:;:••-,~-···-,,_ •. , 
Consultants on Environmental Impact Studies I 

·----------------+----;c3747>-,-97-~9__()7 __ 
__ J~9I!~-~~~C•_E~!_~-~~-~-~c th~ug:1 __ ,, ______________________________ --4_ 

K. INDIIlECT cosrs ~~~;"~Zf -·. ·-

H. COi/.?LHEn COSTS IF CH.C\HGtD !-.S Dlr~ECT COST 
----- --------~----------~------

1. OTHER DIRECT COSTS 

7,516 
L. TOTAL COSTS {J plu~ K) 

r.1. M1WUr.JT OF TliiS AWARD {F~OLJ~JDED) 
---------------- --------------

F\[f.~/-\Rf<S: Us« extra sheet if necessMy 

* Includes anticipated 10% salary increase. 

'------~-------. 
____ j 
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LEGF;L N<D 1\EGULP,TORY 

Task ~.2 

~·;\L;;~t·-~-'~\_.-~_._i')_~:-_~~-'_::_ii_;l_'_.L_'._l'_._.,_~._,t_~_r_ro_" ______ _!;l~-~-~~-l;·;-!)~~~~·-~:j/:;.;;l;T ------- - -, 
---- --· . -~-- - -----~=~ -·--·~--·-e-Tc;---] tt•~•tTUTioN r.r-n; Aour?L-5s ---·--·~-;--~:--,-r.ot:i:::;·M- 1 f't~tr-<c:Lt·r...L.IHVLl·T•c..I.TGJ,,~,, I 

t";:io~~1;HERHAL I 
University of Hawaii 
Honolulu, Hawciii 96822 Robert r1. Kamins 

FR-0-POsALNLJf::t!JLI-i--~, H t:cor:.lt.-;:-u,. CJt:I~-TJL!r: 1\"1 101~ c; Fl/\1-lT r-.:o. -------'-, -H~ECOt,f.-.,-E-,-m-f·D u:ru~'cN=,-,,.,.,1/,~ou r.i\-· --

, ____ L__ _j_: ___ . . 
A. SALARIES ,.;r.JD \NAGES 

1. Santor Pe1 sonnel 

8, ~--(Co) Principa! lnve~ti{latods) 

b. ____ Faculty /\£Sociatcs 

:>trh-Total 

2. Ot11er Personnel INon-FBculty) 

'· ncwarch Associatc:-~--Postdoctoral 

h. ___ Nnn-r:(lculty Profr.ssionals 

c Gtaduatr. Students 

d. Prc-B;H;c;d;wrrote Students 

N!>~ Fund1ld rl.nn Montns 
fro tlw nft8fcSt tt•flth! 

__ E ___ E_X_P_E_r,-,,-,-;,[; 1.!~ _ ~ Dl~~~~L!~ __ !._,\i,JD -~~!'~-! f:S ---~~~~~---~--~===-------~-----~=---===-=- __ ==---=-=-===·~~ 
800 I 

~--------- -=~I 
F. TRAVEL 1. Oon1G~t1c (lncludi!lV Can,;da) 

2. r-or(linn 
. ~--~·- .. ·-··- -~ ~-----~---~~-~-------~~~~ 

G. PUULIC/-.T\OU CO~·Tf, -----· 
.. ~~~~----------~------~-~--~--- -~--~----~-

H. co:.~f'UTU1 COSlS IF CHtJ\G[D /,S Oli.ECT COST 

I. OTHLH rJJf1ECT COSTS 

:-~~~~~~-~<:-,·. 
~~,,,,,.,-.. -

Consultants 

,----~-1 
~-lk~~It··----·c···· 

_-__ -.!_:..._T_o_u_<c_ol~~~ cEit:s lc ;,;_;;.;--_,--_, -~-=-==---------~-~-----------------+ ~ : ~~6---1 
---------·------------'·••:<-:'"'--''"'~'""'" -"·~n-·;,·,:::•_,..,._-• ' 

K. INDiriECT COSTS ~~~:~r~.<~ 
~ ... ,,;-2c\':."-:: ,::::;: ,,. -J 

__ _§_,JlOO_~ -1 

.. --~~~~-~-_- .. ·- ~ s -~= ~ 
l. TOT fd. COSTS (J 1Jiu~ K) 

--- ---~ ---- ~ --~---. ~~-------~--~ ~~ ... 

M. AI\',OU.'-\IT OF THIS P.WARD (fiOUNiJC:D) 
-~---~----------~ -~-~ ----- ---~-- --------· 

1-lEfv'iARKS: Use extra ~i,ect 1f ncces~MY 
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LAND-USE AND PLAiiNING 

Task 4.3 
NA7JcJ>.:AL ~TiJ-:\C! ! 01'\LJ.\ 1:10!'\ ·----- -------··· 
W<1shington, D.c. ~1)550 RESE/.r:.CU G!~./~.f~T 

IN~·,·lTUTJON AND ADDRES-S 

University of Hawaii 
Honolulu, Hawa~i 96822 

A. SALAHIES /1ND ~'II' AGES 

1. Senior Personnel 

a.--~- (Co) Principal lrwestigator{s) 

b. ___ Fnculty As.socrates 

Sub- Total 

2. Other Personnel (rJon-F<Jculty) 

a. Rcs,.arch As~ociates-Postdoctoral 

Robert ~1. Kamins 

1------- ... - ·------ ---------~- ----------
M. AMOUNT OF THIS AWARD (~iOUNDEDl. S 
nEMARKS: U:.e extra sheet if neces-,-_,_y _________________________________ L.::_ _______ ~ 
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N/tTIO:\'AL SC!H\lT! Ol"i\UATIO'J 

ECONOHICS 
Task 4.4 

n.ESEARCU Gl~/.Nr -, Washirwton, D.C. 2U550 

1-----------------------'-B:.:l-'-'-JT},--; ~c}- \SQJ:~~:_;-'~-:" ;:2~11_' -------------------] 
f-,;;N;;5,;1c;-lc;T-;-Uc;To;lo;Oc;N;-;-,,-;:N;-,D;-;;cA-;cD:;D;-;l:;,< cCC.-sOCs;---------r;Nc-:~.7Pi7(}Gr:i"'A'r-;"--------,- I' R 1 N C I PAL I H V t: loOT I« A TO ITfi;''· ----j 

University of-Hawaii 
Honolulu, Hawaii 96822 

A. SALAnlES /\ND WAGES 

1. Senior Personnel 

a, ___ _] ____ (Co) Principdl lnV'f'Stigator{s) 

b. _ _]_____ Faculty /usociates 

$1rb· Total 

2. Other Prrsonnel {Non-Faculty) 

,_ Flt·s~arch Associ:ltes-Postdoctoral 

h. ___ Nnn-Fac;ulty Professionals 

'· Graduate Students 

d. Pre-Gacc<~lillJrl'!<lte Studonts 

Seer Ct<:riai--C!crical ..... 

f. ___ Tcchnicd, :-:<10p, ;:nd Oth:;r. 

------------------------
L. TOTAL COSTS (J p!us K) 

HAWAII GEOTHERMAL 
PROJECT 

-----------·--------------
- ---- . .,----------~----

M. Af.WUt'-JT OF THIS AWARD (ROUNDED) 
------------------------------

REMAni<S: Use extra sheet if ne-cessary 

* Includes anticipated 10% salary increase. 
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Exploratory iZe~:~~;rch Dri-!lin';) Progr'am 

Task 5.0 - 1975 

I·J~F I'HOGrt.f\1,; 

AGATIN T. ABBOTT 

f'ROPOSAL NUMBER ~~~ECO/J!MENDCD DUHATIONj GRANT NO. 

I 1 c y I 
A. SALf,RI ES A~iD WAGC.S 

NSr fundod l,llln l~orcths 
(to ff!f?' nF!arr><;t (t:,.,rh) 

1. $-:};,ior PersonnEl 

a.~l _(Co) Prir.cipallnvestigator!s) 

b.-~- Fr.r:ulty Ao;.;;ociates 

$:.1b-To:al 

2. O:h·d Ft:?rsonnel (i'Jon-Fc;culty) 

'· Res<."!arch Associ:~t~--Postrloc(orel 

K. INDIBECT COSTS 

-----~~-

1 L. TOTAL COSTS {J plus K) 

On Campus 
OFf Campus 

(45% of $27,800) 12,788 
(32.49% of 8,700) 2,825 

~------ -·------------·---·-------------------· ----

M. A~ .. ~OUNT OF H--IlS AWAf-lD (ROU.'\1DED) 

Rental of field office - $400/rno $4,800 
Drilling, Logging, t·lc.terial $900,000 · 
Com':uni cuti ons $1 ,000 
Prog. Managers fee 100,000 
Road Construction _]~,000 

~* Includes 10% antici_~dted 
NSF FORM !i69. JULY L)71 

$1,105.800 total 
sa 1 ary i ncrei!..sf_,_'-----
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Hav:ai i G0othc'tmal' Project 

Explorato;-y R'.'SEarcll Drilling 
(For Three-Year Period) 
Total Cost - $4,054,000 

Dollars in Thousands 
BreakdO\'m 

Drilling, logging, coring, etc. 

Road Construction 

Consul. Engineering Co. fee 

Personnc 1 

Office rental 

Travel & Per diem 

Publication & Computer 

Communication 

Sub-Total 

Indirect Costs 

TOTAL 

CY75 

900 

100 

100 

41.4 

4.8 

31 

7 

4 

_1~ 

1,189.2 

1 6. 8 

CY76 

1 ,500 

100 

160 

50 

10.8 

31.5 

8 

4 

1,865.3 

24.0 

1,206.0 1,889.3 

CY77 

750 

25 

78 

46.5 

3.2 

26 

4 

7 

1 

940.7 

22.3 

963.0 

The above figures represent drilling costs for the three years 
of the Exploratory Research Drilling Program. This proposal, however, 
describes the program for Calendar Year 1975 and, hence, requests 
only the CY 75 funding of $1,206,000 fol' the Drilling Program. 
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PRELIMINARY TIME-COST ESTIMATE AND SCHEDULE FOR EXPLORA~ORY DRILLING 

Hawaii Geothermal Project 

Shallow Holes 

8 holes ea~h 
area; 500' ave. 
denth; 4-rr.onth 
comPletion each 
area. 

Interm. Holes 

1/1 3/1 

E!!GIJr. 
PREP. 

I/t!m 
AGEEE­

N[I;Ts 

1975 

7/1 8/1 

PUNA 

8/l 

GREAT 
CRACK 

1976 

12131 2/1 6/l. 

SOu'TH 
POINT 

3/l 4/1 

Total depth ""' 
J-2,000 .feet 

10/1 11/1 
• • I - I 

Total depth 
24,000 feet 

5/1 

1977 

4,440 Total Hours 

3,000 drilling hours 
@: $100/hr. 

$300,000 includes oll 
costs except mobiliz. 

12, 9[{) Total Hours L. holes eGch 
area; 2000' ave. 
depth; 6-month 
coml)letion each 
a!·ea. 

00 
wl//7;7;771---P-lUNA ~ GREAT CRACK SOUTH POINT 

7,000 drilling hours 
~ ~·l'JOI:Jr. 

$1,0)0.000 includes 
alJ_ cost. s except 
mobiliz. 

D<:ep Holes 

1 hole each 
area; 6ooo· min. 
depth; 5-month 
completion each 
area. 

/~~/ / LliND 
AGREEt~::i·iTS / .~.% 3/l 8/ll 

/j~ 0~ / PUNA 
. l":'' 1 "7) ~ ~ r;·~gr~GR~~:;~riTs 

///1 0~ /////1 
qj1 

GREAT CRACY: 

1:0 /l 

$ \XJO ,000 
+ 100 000 

$ 1,000.000 

$ 1,500,000 
road construction + 100.000 rand construction 

T1,6:Jo,ooo 

1:_0TAL 

$2,550,000 --drilling, materials 
6oo,C:·OO -- mobilization 

--~2~2~.:: .. onq --road construction 

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

$ 3,375,00() 

Prepared by Agatin T. Abbott. 

Total derth 
18,000 feet plus 

3/1 8/1 

' 
SOUTH POINT 

10, £'>00 Totnl Hours 

6,000 drilling hours 
(: $."00/hr. 

$1,?00,000 includes 
all ccsts except 
mobiliz. 

$ 750,000 
+ 25,000 road construction 
$ 775,000 




