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ABSTRACT 

Lualualei Naval Magazine is located in the northeastern 

1 

corner of the Lualualei Valley, Oahu, Hawaii. It has an area 

of arproximately 12 square miles (between latitudes 21°29' 

and 21°24'25'' north and between longitudes 158°09' and 

158°05'45" west), with an elevation of about 250 feet above 

aea level. Shear cliffs of the Waianae Range bound the area 

to the north, east and south, and alluvial plans of the 

Lualualei Valley extend all the way to the Faciflc Ocean to 

the west. During late 1974, studies were carried out to 

determine the geothermal potential. Anomalously low values 

of elPctric~~l resistlvitiP:> were mapped in the :;outh1.1fest 

part of the area. In addition, shallow (l meter) tempera-

ture measurements showed that the area with anomalous resis-

tivities was characterized ~Y a temperature of 26.3°C, about 

2°c above the norma2. temperature in the surrounding area. 

Several water wells drilled in the 1950's also indicate that 

subsurface temperatures in the Lualua1ei Valley are unusually 

warm. A shallow hole, drilled deep enough to penetrate the 

basalt below the alluvium, would provide a more conclusive 

evaluation of the prospect. 



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

INTRODUCTION 

The islands of Hawaii are shield-shaped ba'laltic domes; 

therefore, thermal water on these islands owes its heat to 

volcanic sources. It may well be that the rucks in Hawaii 

are too permeable to permi~ steam to accumul'lte under pres-

sure at levels close to the surface, and the abundance of 

cold ground water makes unlikely the occurrence of steam at 

a temperature appreciably above t'1e boiling point (Macdonald 

and Abbott, 1970). A borehole was drilled at the summit of 

Kilauea Volcano during the summer of 1973 (Keller, 197~). 

This study proved that commercial quality steam could be 

obtained at a practical depth. Undoubtedly, a tremendous 

amount of volcanic heat exists at relatively shallow depohs 

in the islands of Hawaii. 

The Waianae caldera on the island of Oahu is a late 

Tertiary volcanic center 11hich exhibited resurgent activity 

during Quaternary period. The study area is located in the 

2 

Lualualei Valley whi~h is situated to the west of the Waianae 

Range (see Figs. 1 an" 2). Despite the possibility of exist-

•mce of a heat source, there are no geothermal surface mani-

festations such as geysers, hot springs, fumaroles, solfatras, 

etc. Considering the conditions given above, this geophysical 

investigation was directed to study the area for a buried geo-

thermal system. 

A review of geophysical and geologic work done previously 

by other groups was made. Gravity, magnetic and seismic 

information helps define the geologic environment of the 

--------
----· ---- - - _..,_o,;,;. ·,~..,::::'•~' ~~.;,;:._c,;_"-"--· ,.,, 
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Figure I. Map of Oahu showing location of the study arec: . 
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study area and its relationship to the volcanic center and 

the rift zones. 

Electrical resistivity methods have been successfully 

used to locate geotherma.l reservoirs in different parts of 

the v10rld for a number of years (Keller, 1970). In order to 

cover the area in detail and in a short period of time the 

dipole mapping technique (Furgerson, 1970) was chosen as the 

main ?Xploration technique. This technique is very effec-

tive in mapping lateral resistivity variation and gives a 

general idea of the v~rtical variations. Use of one dipole 

5 

source is not enough to determine best apparent resistivities 

and anisotropies can cause false anomalies. In order to 

determine the possibility of observing a false anomaly, two 

dipole sources at about right angles to each other were set 

up in the sar.1e area. Data from both of these sourcas were 

treated together using the rotating-quadripole method to 
' 

compute the best apparent resistivities. The purpose was to 

delineate an area with low resistivities, inasmuch as geo-

thermal reservoirs contain water and steam at high tempera-

tures and pressures and dissolved salts; they have higher 

conductivities than the surrounding rocks. 

During the surveys, a relatively conductive zone was 

discovered. A shallow temperature study was carried out and 

the results correlated well w~t:: the rotating-quadripole data, 

incree.sing the likelihood of there being a sealed geothermal 

reservoir present. 

I 
l 
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GEOLOGY OF 1'HE AREA 

The Hawaiian Islands are a chain of basaltic shield vol-

canoes built over a fissure 1600 miles long In the ocean 

floor between 154°40' and 171°75'W longitude and 18°54' to 

28"15'N latitude. Recent gravity, magnetic and seismic stud-

ics c~nvincingly showed that the lavas which built the 

Hawaiian islands were extruded prim;;.c•ily along faults oriented 

either east-west and associated with the Molokai fracture 

system or northwest-southeast and associated with the trend 

along .:hich lie the Koolau dike complex and the Musician 

Seamounts. The volcanic pipes may have formed at points of 

intersection of ri-'ts of the two fracture systems. V.nether 

the NW-SE fracture system is a strike-slip_ ~ault, a simple 

tension crack or a tear along the crest of a fold is not 

known. To the southwe:3t of Honolulu at about 1700 feet below 

sea level, some f0ssils and shall01'1··water corals of late 

Miocene age were discovered (11acDonald and Abbott, 1970). 

Therefore, the Hawailan Islands might have been built on an 

v:~~r ridge, perhaps contemporaneous with a chain of islands 

that existed in middle and early Tertiary time further north-

west. The NW-SE fracture system probably has been existent 

since ear!y Terti~ry (Stearns, 1966). 

T!.~ 0~~~ii~n Islands were built by extrusive materials 

from v,· • ,,,;' centers during late Tertiary and Quaternary. 

'~--
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The weight of the extruded lavas caused the ridge to sink in 

order to reestablish isostatic equilibriurt. Since the depth 

to Hoho is about 15 km on the Ridge and a"oout ll km in the 

normal ocean basin, a thickening of the cr~st of some 4 km 

is indicated (Strange, Woollard, and Rose, 1964). Along with 

volcanism, erosion has taken place. Sea ~liffs and drainage 

systems have been developed. The islands have continued to 

submerge. The older islan:is to the north>Iest are believed to 

have submerged up to about 9000 feet (Stearns, 1966). Con-

currently, a new epoch of volcanism began and secondary out-

breaks continued into Recent time. The eruptions occurred on 

all the major islands except Lanai in Quaternary period. Com-

plex submergences and emergen~es continued. Because of the 

rap:!.d alterations of these events very little reef formation 

took place. 

Recently drilled wells in Lualualei Valley penetrated 

1200 feet of stream-deposited alluvium before entering lava 

rock. Since the bottom of the valley is 1200 feet belo\f sea 

level and the valley had to be cut above sea level, it Has 

concluded that the island must i1ave sunk at least 1200 feet 

since the alluvium Nas deposited (MacDonald and Abbett, }970). 

Oahu is a volcanic doublet with an area of 604 square 

miles and has four major geomorphic provinces. They are; 

l) Koolau Range, 2) Waianae Range, 3) Schofield Plateau, and 

4) Coastal Plain (see Fig. 3). 
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The Kvolau Range is the younger of the two ranges -:'1 

the island and !t is located to the east. It was built 

principally by eruptions along a ~nrthwest-trending rift zone. 

The rocks of the Y.oolau Volcano re mainly tholeiitic 

basalts and olivine basalts with small amounts of oceanite. 

They have been -livided into two groups. The Kailua Vol~anic 

series are the eroded rocks of the ancient ~oolau P•!~·ra. 

These rocks are altered by hydrother~al action due to ste&~ 

rising in the vent area. The Koolau volcanic series are 

those lavas and dikes lying outside the caldera and are 

altered only rarely by hydrothermal action. After the Koolau 

volcano ceased activitys a period of erosicn and depozition 

started lasting ahout 2 million years. Then volcanic 

activity resumed on the southeastern end of the Koolau range. 

About 30 vents have erupt'ed and they arc: called the Honolult.: 

volcanic series. The vents are aligned chiefly alo:1g 

NE-SW fissures and the lavas include nephelinites, 

basanites, and alkalic olivine basalts. 

The Waianae Range is located to the west of the island. 

The Waianae Volcanic series, erupted in Tertiar:i time, is 

divided into lower, middle and upper memo.crs. The lower 

member built the main mass of the Waianae shield volcano. 

It ,. "'Prises the tho lei:!. tic lava flows and associated pyre-

clastic rocks. The middle member consists of tholeiitic 

rocks that accumulated in the caldera, gradually filling it. 

Alkalic basalts begin to appear toward the top of the middle 
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member. The upper member is the relatively th~n cap tnat 

appears to have cover"a the entire top of the shield late in 

its history. It is largely himaiite with lesser· amounts of 

alkalic olivi~e baoalt. See Table 1 for stratigraphic rock 

units and ~heir ages (Stearns, 1966). Some posterosional 

ert.!ptions oc~urred on the Haianae Range, during the !'leisto-

cene, near the ancient caldera. These alkal~(! olivine 

basalts are called Kolekole volcanics and they are probably 

correlative with the secondary eruptions on the Koolau Ran~e. 

The Schofield Plateau was formed by the cavas from the 

Koolau Range banking againot the already-erodEd slope of the 

Haianae Volcano to form the gently sloping sur;·ace of the 

10 

Schofield Plateau. An erosional unconformity betv1een the rocks 

of the two volcanos is visible along Kaukonahua Gulch at the 

ea:>tern foot of the Haianae Range (f.iacDonald and Abbott, 19?0). 

The coastal p:ain lies mostly on the ponded lavas of the 

Kcolau Volcano north and south of the Schofield Plateau. Th~ 

plain is compose>d mainly of marine _ ._· nments deposited on 

the lavas >~hen the sea stood >1igher in rrid-Fleistocenc tit.te. 

See Figure 4 for the geologic map of the island of Oahu. 

Geolo~v of the Study Area 

After the Wa1anae Volcano ceased '!Ctivity, :>tream erosion 

began and great va~leys were carved, especially on the south-

west side of the \>laianae Rang<e where the streams were older 

and the rocks ><eaker. Then t:1e island went through a complex 

cycle of submergences and emergences (Stea:•ns, 1966). Tl1e 
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Table 1. Stratigraphic rock units in the island of Oahu (after Stearns, 1966). 

Age Waianae Range Koolau Range 

Historic 

Recent 

Pleistocene 

Pliocene 
and Older 

r.oral fill 

Younger alluvium and consolidated 
calcareous beach and dune deposits 

Local Unconformity 

Lithified calcareous dunes, 
emerged marine limestone, older 
alluvium, and Kolekole volcanics 

Coral fill 

Younger alluvium, unconsolidated 
beach anc dune deposits, and 
younger ro<:ks :tn the Honolulu 
volcanic series 

Lithified calcareous dunes, 
emerged marine limestone, older 
alluvium, and older rocks in the 
Honolulu volcanic series 

Great, Erosional Unconformity 

Waianae volcanic series; upper, 
lower and middle members 

Koolau and Kail"a volcanic series 

-~----·---- -
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Figure 4. Geologic mop ol the i•k~d of Oahu (.,Iter Stearns, 1946) 
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great submergence resulted in deep drownl.ng of the great 

valleys and their subsequent sedimentati0n. Re-emergence of 

Oahu exposed the great valleys to erosion once more, with 

their nearly flat alluvial plains. The area is located at 

the northeast corner of one of these valleys, namely the 

Lualualei Valley. 

The study area is covered with alluvium. The exact 

thickness of alluvium in the vicinity o~ the anomaly is not 

known; hoNever, it is believed to be about 1200 feet (prob-

ably less than 1200 feet), since drill holes penetrated 1000 

feet of alluvium near the town of Waianae and 1200 feet in 

the Lualualei Valley (MacDonald and Abbott, 1970). It is 

13 

expected to get thinner towards the steep walls of the valley, 

to the east, the north and the south. Outcrops in the east-

ern and the northeastern part of the area are belJ.eved to be 

from the Lower !4ember of the Waianae Volcanic Ser:es. Kole-

kale volcanics Nhich was the result of renewed volcanism in 

the Pleistocene time is located thre<> miles to the northe3.st 

of the anomaly (Fig. 4), The caldera of the Waianae Volcano 

was located in the area immediately Nest of Kolekole Pass, 

and ext~nded from the northern side of Makah& Valley to the 

h€ad o:: Nanakuli Valley (Fig. 5). This puts the study area 

close to the center of the caldera. Near the area wher0 the 

Lower and the Middle members of the Waiam:.e Volc!'lnic Series 

are exposed, there are numerous dikes. Their sizes vary 

between a few inches and 15 feet, and most of them are nearly 

vertical with a general trend parallel to the rift zones. 
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There are no f'aults large enough to jL~stify individual 

descriptions in or near the ~tudy area. Numerous dikes of 

different size~ suggests lateral displacement and jointing 

of the host rock with each injection. Puu Kallio, which is 

a hill located at the head of Lualualei Vall~y, was a place 

of intense volcanic activity; therefc.re, it was decided that 

the Kallio 3ynclir.e was merely a sag in the flows produced 

by local withdrawal of support (Stearns, 1966). ~he anomaly 

is located about 2.5 miles south-southwest cf thi~ syncline 

(Fi'!:• 2). 
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SURVEY TECHNIQUES 

Rotating-Quadripole Snrvev 

Description of tha t1etr.od: The rotating-quadripole tech-

nique is an electrical resistivity method ~<hich makes use of 

two dipole sources oriented at approximately right angles to 

each other. In fact, conventional jipole mapping procedures 

were used in the field (Furgerson, 19/0, and Jordan, 1974); 

however, the data were treated differently. 

A suitable location was selected to set up a fixed d-e 

current sour' "'• keeping in mind the boundaries of tn.e study 

area. Then, two holes 800 meters apart, were dug to bury 

two tin sheets, 3 feet by 4 feet. In order to reduce the 

contact resistance, salt and >~ater >~ere used. These t>ro 

source electrodes \;ere connected 1<i th #12 insulated, copper 

wire. To generate an electric field, a 2.5 k1< generator was 

used. The 1-phase, 120v'a-c, 60hz output of the generator 

was passed through an asymmetrically-timed switching circuit 

and then rectified to d-e current. The asymmetric square-wave 

output of the rectifier was fed into the source wire. The 

relative polarity of the voltage drop along receiver wire was 

determined by observing the asymmetry of the square-wave output. 

The field measurements were made a quarter of a mile apart 

from each other along the roads and near the a~nunition maga

zines. At every station, two components (prefe~ably ortho-

gonal) of the earth pote:-ttial were measured. To do this, 

two non-polarizing receiver electrodes were placed 30 meters 

\ / 
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apart and connected to a d-e amplifier with #12 insulated 

copper wire. The output of the amplifier was recorded with 

a potentiometric chart recorder. A Brunton Compass was used 

to determine azlmuths of both components. Measurements were 

made, at 103 stations around the first source. Then the 

second source was set up at a 96° angle to the first source. 

Measurements >lere repeated occupying the same stations. 

Two voltage components for each source were divided by 

17 

the receiver length (30 m) to obtain electrJ.c field components 

and added vectorially to determine the total electric fields 

for both sources. If both sources were turned on, there would 

be only one total electric field and it can be obtained by 

orthogonal addition of the total electric fields of the two 

sources. The fields from the two sources can also be added 

>Iith appropriate weights to rotate the total electric field 

180°. A set of apparent resistivities for every station was 

calculated using the rotating quadripole equation (see Appendix 

A-1 for the equation, and Appendix A-2 for the data obtained 

in the field). Out of 40 resistivit.y values the best (the 

highest) value was selected for every station. 

Interpretation of Field Data 

Best Apparent Resistivity: The dipole mapping technique 

l1as been used extensively to determine lateral resistivity 

variations due to conductive bodies at depth, such as gee-

thermal reservoirs. This fast d-e resistivity method also 

reveals information about the geologic structure of an area 
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provided a resistive basement is present, and can be used for 

depth estimates. However, the technique is not problem free. 

Presence of a fault-like boundary between che region with. 

moderate resistivities and another region with high resis· 

tivities will cause "false'' anomalies to be observed at 

specific locations along the fault-like boundary (Fig. 6) 

(Grose and Keller, 1974). 

To eliminate the observed false anomalies and to obtain 

resistivities as close as possible to the true resistivities 

multiple coverage must be provided. This can be done by 

lS 

randomly located multiple sources or by the rotating-quadripole 

method. In the rotating quadripole method, two dipole sources 

at right angles to each other are used. 

Out of 40 resistivity values obtained by rotating the 

total electric field, the highest value was picked for every 

station. These values are believed to be the closest to the 

true resistivities; therefore, they were called the best 

apparent resistivities. In almost all cases the best resis

tivities are higher than the resistivities obtained from the 

original dipole source. 

Figure 7 shov1s the best apparent resistivity map of the 

study area. The 75 ohm-m contours and high resistivities 

indicate the presence of a resistive basement at depth. The 

resistive basement is believed to be the volcanic plug of the 

\>Taianae Volcano. A closed 35 ohm-m contour nea1• the sources 

indicates the presence of a thin conductive surface layer. 
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Figure 6. Observed false conductor along the fault li~e boundary 
(after Grose and Keller, 1974) 
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The 35 and 30 ohm-m contours to the southwest of the sources 

• m~V>t be caused by a conductive body at depth. 

21 

A histogram shm1ing the distribution of best resistiv

ity values is presented in Fig. 8. A deviation from a normal 

distribution occurs between "8 and 41.4 ohm-m, and these 

anomalous values were measured mainly in the conductive zone 

located to the southv<est of the two sources (Magazines 11 and 

12). 

To construct a scatter diagram, best resistivities were 

plotted against the distance to the nearest of the four source 

elec·rodes. This distance is thought to be the depth of 

current penetration. The resulting scatter diagram (Fig. 9) 

suggests· the presence of layering in the area, because the 

points tend to cluster along a 45° angle after 1 km distance. 

Temperature Survey 

Geothermal exploration should not be limited to the 

vicinity of areas of heat escape in the form of geysers, 

fumaroles, sulfatras and hot springs. A reservoir of moder-

ate size with an upper surface at 2 km depth >~ould approxi-

mately double the normal geothermal gradient over an area 

of a few square kilometers (Banwell, 1970). Therefore, 

detection of a sealed reservoir with no convection to the 

surface is not difficu1.t. Surface temperature and heat flow 

measurements at 1 to 2 m depths have been successful in 

mapping high temperature zones and in evaluating the hqt >'ater 

distribution below the surface. Such observations provide a 

rapid and direct way of making an estimate of the size and 

I 
I 

I 
I 

I 
! 
! 

\ 
! 
! 

l 
I 

I 
! 



-- ---··-·-· ----------------

35 

30 

2 5 

20 

5 

10 

5 

0 
-.~.3 

Figure 8. 

.\ ·-- : ---

-

2_,] 41,4 86 125 160 

Distribution of but apparent resistivity -
rolating-quadripol e ''rrc.t 

252 

22 

Apparelint Re;istivity 
~o m ... m, 

l 
I 
I. 

l 
I 



··--~ 

300 

200 
~ 

~ 
E ..c 
2-
~ 100 

:~ -~ ·:;; 

" "" - 50 c: 

" ~ 40 
" "-"-<( 30 

20 

·-- --

0 

00~ 
oo 

Cllu:Jo o 0 
0 

oil 
0 Ooo~~o o 

0 
0 0 0 0 0 

0 0 oo roc "I! 0 

0 0 OJO 0 0 
0 o oo orP 

0 0 0 0 
0 0 

~ 
o o 0oo 0 0 0 

0 0 0 

Q) 

.1 .2 .3 .4 .5 2 3 4 5 

Distance (km) 

Figure 9. Best apparent resistivity scatter diagram -
ratoting-quadripole array 

__ ..,. _____ _ 

l' 

23 I 

10 



/ 

i 
i J 24 

r 1 u 

u 
u 

'' 
' ! ] 

i' 
I ' u 

II 
I i 
I_~ 

fl u 

n 

energy potential of a syst2m. When makin~ or interpreting 

a ~hallow temperature survey, hydrological conditions in 

the a1 oa including .·ate and direction of !';round water move-

ment have ~o be ccnsiCered. Because ffiovemen~ of ground 

water can carry away the conductive heat flow from a 

thermal anomaly, it can displace the surface temperat~re 

patternc. Instrumental errors may result from using thermis-

tor probes for temperature measurements; the overall error 

has been estimated to be between 0.01 and 0.05°G fJr meas-

uraments at a depth of 2m (Dedkova, et al, 1970). Seasonal 

and weather changes and variations i~ surface cover are 

believed to have random effects on shallow temperatu~es. 

Description of the Method: A shallow (1 ~eter de~p) 

temperature study was carried out in the Lualualet Naval 

Magazine in order to determine the shalloH t~mperature dis-

tribution and locate areas with anomalous temperature gra-

dients. A simple mechanical device called a dongeyknocker 

made of mild steel was used to punch hol2s in the ground. 

A precision thermistor teflon probe Has placed at the bottont~ 

of these holes using a Hooden rod. The re. istance of the 

probe was measured with a digital multimeter. These 

resistances were converted to temperatures \°C) using a con

version table. The measurements were spaced closely (800 

feet apart) over> the resistivity anomaly to provide detail 

in that ar~a. A wider spacing of 2000 feet was used for the 

measurements over the resistive zone. A total of 70 measut'c~ 
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ments was made including 7 to the west of the Fence Road 

where t;..ere is no resistivity information. 

Interrretation of the Field Data 

Ground Temperature: Measured t~mp~rature values repre-

sent ground temperatures and Fig. 10 shows the ground tem

perature (at 1 meter depth) pattern of the area. Before 

25 

making an attempt to interpret the data, some important fac

tors should be considered. Surface cover in the area is allu-

vium and major variation~ likely to cause false anomalies ::.re 

unlikely. Since there is a difference of 2GC in temperatures 

between the cold and th~ \;rarm zones, instrumental error:; 

(.05°C or less) could not have changed the temperatures 

enough to distort 'che temperature patter·n~ \"1'1~er•:: ground ·water 

is confined between dikes, it is under stati~ conditions. 

This is true for the basalts with ·.1umerous dikes below the 

' alluvial fill; however, the alluvial section itoelf is 

believed to contain water under dynamic conditions. 

It was discover·ed that the area with anomalous resis-

tivities (less than 30 ohm-m) had, in general, a temperature 

of 26.3°C. Since the resistive zones had lower ground tem

peratures (as low as 24. 3°C), lt was concluded that the low 

resistivities to the southwest of the dipoles were caused by 

high temperatures at depth, pass ibly a sealed geothermal 

reservoir. The other temperature anomalies in the area 

0 
(areas with temperatures higher than 26 C) are believed to 

be surficial features caused either by variations in the 
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surface cover oz• by the movcrr.ent of the ground water in 

alluvium or both, and they ac•e not supported by lov1 resis

tivities except where there is no resistivity information. 

Self-Potential Sur·1ey 

Gecthermal reservoirs contain ground water of differing 

temperature and chemi<:al composition. Thermal gradients in 

po1·c wc.ter electrolytes and contact potentials between bodies 

of ground water of differing temperature ana chr,mical com-

position may give rise to measurable electrical anomalies. 

In the course of resistivity surveys of thermal areas, high 

natural electrical potentials have been <>ommonly observed 

(Banwell, 1970). 'l'hese natural potentials may form a diag-

nos tic pattern over the area. Such a survey 1'/ould be valu-

able since it would have some depth penetration and point by 

point observations would be possible with small electrode 

spacings. ' 

Description of the Method: A self-potential survey was 

carried out in order to determine lf the area with lo•·: 

resistivities and high temperatures had anomalous self paten-

tials. 'l'he measurements v1ere made with a digital voltmeter 

using two non-polarizing electrodes with an electrode spacing 

of 200 m. A starting point with an assigned potential of 

zero was picked in an area with high resistivities (Fig. 11). 

P0tential drops were measured alonG a continuou3 line, across 

~- >: '- . -.. ' '-:._' - ._, '_, '- 1 
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the area of interest, ending in an area with high resistiv-

ities. A loop was made around the anomaly to distribute th~ 

total error among individual measurement3. 

Interpretation of Field Data 

Self Potential: Afte,• error distribution (2 mv/200 m), 

potential drops with respect to the initial point with zero 

potential were calculated. Contoured self-potential values 

are shown in Fig. 11. Self-potential over the area decreases, 

in gene~al, to the north and there is no indication of an 

anomalous pattern in the area with lo>~ resistivities and high 

temperatures. 
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CONCLUSIONS AND RECO~!MENDATIONS 

Does the at·~a where the Lualualei Naval Magazine is 

located have a geothermal reservoir? If ~o, does it contain 

high enthalpy water at an economical depth? These were the 

questions under consideration during the course of this study. 

The area is located near a center of ~:1tense volcanism 

(Puu Kailio) inside the volcanic vent zone or the Waianae 

Caldera. Even though the Waianae Range was built in late 

Tertiary, the volcanism continued duriPg the Quaternary period. 

Young volcanism in the area suggests the presencP. of a strong 

and active heat source. All geophysical ~;ork done in the area 

indicates the presence of a dense body of rock extemlir.g from 

shallow depths (800 m from the surface) to a depth of 5.5 ~m 

under the Waianae Caldera. It is probable that oli,~ne and 

perhaps other heavy crystals that have lagged o.ol·,lnd in 
If: 

basaltic magma rising toward the surface, 3nd have acr.umu-

lated to form a plug of peridotite ti1at resembles mantJ.e rock 

in its physical properties. The drill hole at the summit of 

Kilauea penetrated rocks with lo~< permeability and densities 

around 3.2 gr/cc. The volcanic plug under the Waianae Cal-

dera is believed to be made up of rocks similar to the rocks 

found und~r the Kilauea Volcano. Low permeability probably 

minimized the heat escape from the heat sour0e; thus, maintain-

ing its heat content over the years. The geological condi

tions in the area indicate the presence of a heat source . 
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The rocks located above the volcanic plug are believed 

to be highly fractured due to a high number of dikes of dif-

ferent ~izes. Since these highly permeable basalts are 

located above the possible heat source, and since the area 

has abundant groundwater due to high rainfall, the section 

betweer. the volcanic plug and the alluvial fill has the prop-

erties to behave as the reser·mir rock for a geothermal syste'll. 

The area where the anomaly is located may have up to 1000 feet 

of alluvium on the surface. The alluvium (Pleistocene) is 

believed to be partially consolidated and inasmuch as it is 

located above the permeable basalts, and there is a possibil-

ity of hydrothermal alteration, the alluvium could behave like 

a caprock because of its reduced permeability. Presence of a 

zone with low permeability over the reservoir minimizes the 

heat escape to the surface, keeping most of the heat in the 
'!: 

reservoir, thus increasing the temperature of the groundwater. 

From the discussion above, it can be concluded that the geo

logic environment is suitable for presence of a geothermal 

system. 

To locate the area with anomalous geothermal gradient, 

a rctating-quadripole survey was carried out. Anomalous low 

resistivities were discovered to the southwest of the dipole 

sources. A shallow temperature ~ tudy which \~as done af':-er

wards confirmed that the low resistivities were caused by 

high temperatures in the area. Because there is r.o surface 

activity, chemical analyses to determine the reservoir tern-

perature were not available. 'l\?mperature measurements made 
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at a meter depth could not be used to determine the true geo

thermal gradient. 

As a result of this study, it is concluded that the area 

where magazines ll and 12 2-re located may have a sealed 

geothermal reservoir at c'.epth. However, the vertical res is-

tivity distribution and the temperature gradient in the area 

are not known. A test hole which is deep enough to penetrate 

the basalts below the alluvium should be drilled to determine 

the temperature gradient and also to obtain valuable informa-

tion about the rocks ir. the ar<>a. Perhaps a number of initial 

test holes with intermediate depths (20 m) could be drilled to 

determine the hottest part of the anomalous area. 
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APPENDIX A-1 

DERIVATION OF APPARENT RESISTIVITY EXPRESSION FOR 

THE ROTA7ING-QUADRIPOLE ARRAY 
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Take two dipole sources at approximately ri~ht angles to 

each other. Even though it is desirable, they do not have to 

have a common electrode. 

y +12 
~x4,v4) 
' ' ' ' ' ' ' ----------,:-;...;i>P(X,Y) -- / ----- ;-" --- ;' --- ;' 

/ 

/ 
" / 

------------------~~----~---7~------~x / 

" / 

" " 
(XI' Y1l 

The i'v'ccntial expression for apparent resistivity assum

ing .. -ner:'-cal current spreading from single electrode in a 

homogeneouc earth is u = pi/2rrR (Van Nostrand and Cook, 1966). 

The potential at point P due to all four electrodes can be 

wr!'"ten. 



' '' 

ul c -pil/21l[(~-xl)2+(y-yl)2Jl/2 

u2 • +pil/2w[(x-x2)2+(y-y2)2Jl/2 

u3 • -pi2/2rr[(x-x3)2+(y-y3)2]1/2 

Uq • +pi2/21![(x-xql2+(y-y4)2]1/2 
... + 

Since E = -vu, Ex = -au;ax and EY = -au;ay 
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x and y components of the electric field at point P due to all 

four electrodes: 

Elx = pil(x-xl)/2rr[(x-xl)2+(y-yl)2]3/2 

Ely= pil(y-yl)/2rr[(x-xl)2+(y-yl)2]3/2 

E2x =-pil(x-x2)/2rr[(x-x2)2+(y-y2)2]3/2 

E2y ~-pil (y-y2)/2tr[(x-x2)2+(y-y)2J3/2 

E3x = pi2 (x-x 3)/2rr[(x-x
3

) 2+(y-y
3

)2]3/2 

E3Y • pi2(y-y3)/2tr[(t~X3)2+(y-y3)2]3/2 

Eqx =-pi2 (x-x4 )/2rr[(x-x4 ) 2+(y-y
4

)2]3/2 

2 2 3/2 E4y =-pi2 (y-y4 )/2tr[(x-x4 ) +(y-y
4

) ] 

The total electric fields in x and y directions are: 

E = Tx 
P Il (x-xl) Il (x-x2) 
- { - ------,.---,.--:;-,n;-
211 [(x-x1 )2+(y-y1 )2]3/2 [(x-x

2
)2+(y-y

2
)2]3/2 

,_- __ _ 
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The amplitude of the total electric field at point P is: 

Let: 

(E2 + 2 )1/2 
ETOT = Tx ETy 

R1 = [(x-x1)2 + (y-y )2]1/2 
1 

R2 = [(x-x2 / + (y-y )2]1/2 
2 

R3 = [(x-x3)2 + (y-y )2]1/2 
3 

2 (y-y' ~ 2 ]1/2 Rlj • [(x-x4) + 
~ 

Substitute four equations above in the equation for ETOT 

I 2 (x-x
3

) 
+ ---"-R--,3,.-:.-

3 
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E D p 
TOT 2" 

211
2 (x-x1 .' ( x- x2 ) 

--~-R--3o~R-3~~- + 
1 2 

-211I?(x~x1 )(x-x4 ) 

R 3R 3 
1 4 

2I1I 2 (x-x2)(x-x4) 
+ ~~~R--3~R~3--~~ 

2 4 

21 1 1 2(y-yl)(y-~3) 
+ --''"--"~R~3R--=-o;3,----'-''-

1 3 

' I 

,' --

2I1I 2 (x-x1 )(x-x
3

) 

R 3R 3 
1 3 

-2r1r2 (x-x2)(x-x
3

) 

R 3R 3 
2 3 
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2! 2 
1 -R~3~R~3 [(x-x1)(x-x2) + (y-yl)(y-y2)) 

1 2 

21112 
- R 3R 3 

1 3 

21112 
3 j 

R1 P4 

2111 2 
R 3p 3 

2 3 

21112 
+ 3 3 

R2 R!l 

[(~-x 2 )(x-x4 ) + (y-y2)(r-r4)J 
' 
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Let: C • 1
1
11

2 
and substitute this eq\.iat1on in the last equa

tion :o•• E·rvT abova. 
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L 
u 
L! 

+ 2C 
R 3R 3 

1 3 

2C R 3R 3 ((x-x2)(x-x3) + (y-y2)(y-y3)] 

2 3 

+ 2C 
R 3R 3 

2 4 
1/2 

• (y-y3)(y-y4)]} 

Call that part of the equation ln parentheses K. 

The expression for apparent resistivity is 

2nETOT 
l K 

2 
p • 
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where K ls the geonetrlc factor. To find the appRrent resis

tivity expre3sions for dlpoles one and two individually, let 

1
2 

= Ll and I 
1 

= 0 reGpeetl vely in the •!omposite equation foP 

the rotatin~-quadri~ole array above. 
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21fi>TOT1 P a I
1
K

1 
: Apparent resistiv~ty equation for tha first 

source. 

Let: 

p .. 

source. 

{ 1 + 
;" 

3 

1 
::4-
R4 

Apparent resistivit~· e:juaticn for the second 
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I APPENDIX A-2 

ROTATINO-QUADRIPOLE MAPPING FIELD DATA 
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Station number 

Distance from measuring point to the origin (t»e inter
section point of the tNo sources)(km} 
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REJl.R: Azimuth of the line betHeen 'ohe origin and the receiver 
station (degrees) 

Bl 

B2 

Azimuth of the first receiver line (source #l)(degrees) 

Azimuth of second receiver line (bource #l)(degrees) 

BRl Azimuth of first receiver line (source #2)(degrees) 

BR2 

EXl 

EYl 

EX2 

Azimuth of second receiver line (source #2 )( de!>S'ees) 

Voltage measured along first receiver line (dottrce Hl) (mv) 

Voltage measured along second receiver ).ine (source lll)(JIIV) 

Voltage mea3ured along first receiver line (source #2) (mv) 

EY2 Voltage measured along seconr1 rezeiver line (sou:t'ce #2)(mv) 

CURl: Total step c~rrent on source #1 (amperes) 

CUR2: Total step current on source #2 (amperes) 

XL Length of receiver line (meters) 
1!:-

Rl Resistivity due to source #1 (ohm-m) 

R2 Resi~tivity due to source #2 (ohm-m) 

Rmax: Maximum resistivity (ohm-meters) 

Rmin: Minimt.ll11 resistivity (ohm-meters) 

RTO : Ratio of maximu:n to minimum resistivity 

l 
1 

' •' ,' - ' \- - i' •, ,-' ' c' -' - ',- __ ,- ' ' ••· •• ··,·.·, ·,,,.,·,, •• ,, .• ,,.>,•'<\,"'""""'' •,'· .. ,·.·,··~· .•• ,.· ••• ·.,',;.,,.,-:,·.,·~.·•.·.·,,.·,.,· •••••. , •• ·,_,·,: .. ,,.,·',·.·,,·,,·.· .• ·,,,·,·.iJl •. } '··:·-:...c.··.~;,.·.·'·\' .·.t'i-,:.:,:,..·.·, .. ·,·,•."s.,,i\_.·-:;>.f,,,,.\.> !-<.Li-_· ..•.. ' .·;_:..'.·.·.:.-\:~.: ••..• }. .. :~.:~:"·> ,·.•?.c,-:,i. · • • _ . .. , _ - ._. _ . . _ 
"'"'"'' ""''"':!..;;;;"-·· "'· .. ; ..... ciiJ:::~"'·':.i!"'~"'~"-"'A""""'"'"· .,;:;::;;;;""""'·'!0'_.; .. ,;,;" ..... "'-~ "''""'"'' '"'' i.oo.ii .. o..· aili' ~"''N'"w'--:;;"'. ,., ..,p,.·. ''Ji<H,;; .. ! ~~,.~ v .. >--s"'''"-'"· ~~-0 ; " -•;,--.;. -,.....frc:.:·''""'"' .,.,.· "'"'·~-T'-'' ·;,""; """-"""'--



I 
!!i 

EYl EY2 CURl CUR2 XL Rl R2 Rmax Rmin RTO iiJ N R !'LAR Bl B2 BRl BR2 EXl EX2 

[1 1 0.0~] 112 186 287 180 256 -18500 5000 -6500 -12500 4.5 3.5 30 26.5 34.3 35.0 26.4 1.3 

~·j 
2 1.0~·1 351 174 76 175 75 3200 -140 260 400 4.5 3.5 31.3 58.9 51.0 27 .o 1.9 
3 0.'.-•1 a 167 7/J 76 170 -9040 -10100 775 1300 4.5 3.5 23.2 33.2 32.0 14.0 2.3 ,;i 4 0. 711! '{5 174 75 171 75 -1200 225 650 -2100 4.5 3.8 41.1 35.5 62.2 26.4 2.4 

11 
5 0. ]11 ii 5'c' 350 100 353 84 9240 -1200 -68000 -10500 4.5 3.5 70.9 70.9 118.7 71.1 1.7 

. 6 (),8•,:: 52 172 84 171 85 -1300 -1750 1750 1000 4.6 3.8 71.(1 53.7 82.0 19.1 4.3 
7 1.0'/'' 35 20 329 326 20 -675 -625 -1650 -500 4.6 3.8 25.1 116.6 113.9 17.7 5.8 
8 l. ill· i 21 350 '{8 349 72 -240 -240 -260 40 4.6 3.8 21.8 49.4 52.4 19.6 2.7 
9 l. 3'1 ' 30 172 78 172 74 -60 -800 260 -10 4.6 3.8 52.4 35.8 60.2 34.6 1.7 

10 l.7Ji, 28 75 1C9 158 67 -580 50 230 -80 4.6 3.8 71.5 63.0 84.4 61.4 1.4 
t~ 11 1.9'/~ 22 330 355 11 342 -90 -150 -180 -160 4.6 3.8 31.9 74.6 76.1 4.0 19.2 
'"' 12 l. 3'1 1

. 43 238 1 348 358 260 130 -300 -320 4.6 4.0 46.7 32.8 51.7 3.7 13.8 
~:1 13 l.lfJ': 60 350 72 350 75 640 -220 -265 -470 4.6 4.0 54.1 28.8 54.5 28.0 2.0 :.i 
~;; liJ 1.0'·:"· 79 34Y 50 75 348 480 55 -650 65 4.6 4.0 36.5 29.2 41.3 28.4 1.5 
? : 151.3'· 11~ 325 353 32P 353 -60 40 170 140 4.6 4.0 22.3 19.0 23.2 10.9 2 1 
·;-i 16 l.llr 99 173 180 175 180 -275 -350 -370 -300 4.6 4.0 57.3 52.8 60.8 7.4 8.2 'I 

17 1.3•, 82 355 35 6 353 350 290 -7 ~5 4.6 4.0 54.3 26.3 61. ~ 21.9 2.8 \ \ ,;, 1R 1.11!: 6~ 143 173 182 149 -360 -320 142 20 4.6 4.0 57.3 25.9 60.2 14.3 4.2 \ \ 

19 l.~:-. 50 169 180 180 167 -250 -160 j 112 120 4.6 3.9 82.~ 28.1 83.9 10.5 B.o 
20 1. 7(.'' 40 169 84 168 82 -45 -270 270 -105 4.6 3.9 50.2 75.0 84.2 50.4 1.7 

I 21 2.1'1 ·. 31 171 76 75 170 90 -200 -65 165 4.6 3-9 53.6 75.1 77.6 46.2 1.7 "' /, 

22 2. P' 25 14 101 94 10 -11:0 - -SJ 20 -95 4.6 3.9 50.9 62.3 63.9 46.3 1.4 ii 23 f). 8(i! 111 350 6 5 349 370 560 850 1075 4.6 3.8 30.6 41.9 53.1 29.9 L8 .. 
.: 2'~ 1. .10.'; 129 349 89 349 77 -180 460 480 -40 4.5 3.8 30.0 39.5 46.5 29.<i 1.6 

25 1.118 ·; 1)7 289 21~ 295 203 -170 -15 50 -185 4.5 3.8 23.1 38.6 60.0 17.8 3.4 
26 l.lB"J 148 106 18 105 12 -350 -125 Go 345 11. 5 3.8 25.3 39.5 47.1 24.7 1.9 
27 0.9'(' 161 105 120 107 118 460 590 390 300 4.5 3.8 27.7 47.1 47.9 25.7 1.9 
28 0.8'.·• 178 284 299 285 298 925 300 -460 -370 4.5 3.8 62.4 29.7 68.1 23.~ 2.9 
29 1. 25;-,, 168 310 20 22 312 -950 -900 425 625 4.5 3.8 131.4 102.0 122.1 71.3 1.7 

'P 30 1.631 162 345 65 345 65 -250 -30 85 210 4.5 3.8 39.7 69.6 77.0 38.9 2.0 
31 2.Jll 163 34 3 74 348 77 -130 -15 65 150 4.5 3.8 42.7 111.2 120.0 40.2 3.0 
321.8<•) 159 346 77 346 80 -180 45 60 160 4.5 3.8 46.7 86.0 107.6 29.4 3.7 
33 2.11; 144 139 246 140 246 110 -50 -10 -65 4.5 3.8 38.9 ~2.7 83.4 12.2. 6.8 
34 2.3111 135 45 87 43 85 43 60 50 15 4.5 3.8 29 ·'' 43.2 72.2 20.9 3.5 
35 2.1·.n 155 190 235 232 196 70 4 -110 -90 lj. 5 3.8 32.5 75.2 81.4 33.3 2.4 
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N R Si::AR B1 B2 BR1 BR2 EX1 EYl EX2 EY<? CURl CUR2 XL Rl R2 Rmax Rm1n RTO I 
~ 

I 
71 2.07G 190 274 201 184 270 75 110 0 -90 4.4 3. 7 30 39.4 44.8 72.0 23.2 3.1 
72 1. 79 "· 206 359 90 2 97 -100 -170 -115 80 4.4 3.6 48.1 33.6 66.5 30.8 2.2 ! \ 

73 2.27'/ ,'07 14 58 16 58 -37 -45 -10 8 4.4 3.65 21.6 12.4 21.9 8.8 2.5 
74 2. '(')i: 210 90 129 85 165 -30 -12 0 15 4.4 3.65 35.3 14,0 37.7 14.1 2.7 
".'5 2.97.' 195 229 322 322 228 35 5 -30 -10 4.4 3.65 33.8 ~4.8 71.5 23.2 3.1 
76 1. 7').: 194 80 169 167 ao -130 72 65 120 4.4 3.7 34.0 41.6 65.6 20.2 3.2 i ., 

f, 77 2. 33~' 194 200 218 194 213 80 100 0 -20 4.4 3.65 52.5 ~1.0 56.0 19.7 2.8 I \ 

78 1.11-;fl ;>34 283 17 282 18 320 -35 -20 -620 4.4 3.7 28.0 21.1 36.8 20.2 1.8 
79 1. 5',i! 225 170 185 170 185 7 30 140 170 4.4 3.7 16.4 21.2 22.2 2.9 7.7 
80 1. 21'· 254 263 168 279 175 85 -170 480 300 4.1! 3.7 21.6 22.3 28.6 19.9 1.4 

·-I 81 1.5N . 251 6 302 350 4 75 100 -30 -60 4.4 3.7 25.1 12.0 35.4 9.03 3.9 
~j 82 1.60 ', 235 352 264 353 262 50 85 -100 80 4.4 3.7 21.5 13 .I! 28.6 13.3 2.1 
j 83C.3c''· 253 '72 87 86 72 -17'•) -2300 12000 12000 4.6 3.5 24.2 13.5 25.8 2. 3 11.1 

,_,, 84 0. 73 ' 248 318 194 184 270 ;100 140 2900 4000 4.4 3.6 37.9 12.9 42.5 12.9 3.3 
il 85 1.0]' 213 130 233 230 144 -260 725 90 h8o 4.4 3.6 37.4 11.5 43.0 18.0 2.4 

:.-:: 86 0. 7i'•: 275 172 80 175 83 -875 1413 -1150 -675 4.3 3.7 33.6 11.0 75.6 2.5 29.6 
I 87 0.611; 313 260 271 258 272 -2025 -1600 -900 -775 4.3 3.7 25.2 21.7 120.2 17.8 6.7 

f'l 88 l.llJ~· 287 51 75 60 82 460 410 6o -120 4.3 3.7 33.5 18.9 32.7 10.1 3.2 

fl 
89 1.41'' 272 342 245 348 230 140 -65 85 180 4.3 3.7 26.4 17.9 38.3 5.2 7.4 

. ..._ 

90 1. 70.' ~67 175 81 170 83 -100 35 0 -115 4.3 3.7 32.4 14.7 36.5 13.2 2.8 
-·1 91 l.Bili 242 200 128 128 203 13 -65 5 80 4.3 3.7 24.6 13.0 34.5 11.5 3.0 

{I 92 1. 9ll ?31 97 174 175 95 -70 -15 65 -40 4.3 3.7 24.8 17.1 28.3 17.2 1.6 
r~ 93 2.111'! 217 125 197 126 199 -25 15 10 13 4.3 3.7 21.1 7.5 31.7 6.2 5.1 ; ,, 
tl 94 2. OL 216 7 265 6 231 -15 85 .-45 55 4.4 3.7 30.5 16.3 33.1 15.4 2.1 I 

'·' 
95 1. 7!H 284 139 205 138 192 -15 -155 -120 -90 4.4 3. 75 44.4 21.8 46.1 18.5 2.5 
96 2.23G 305 81 173 82 173 190 -20 30 -40 4.4 3. 75 69.0 27.1 80.0 19.2 4.2 

J.: 97 2.012 297 352 295 357 311 100 -145 60 60 4.4 3.75 76.5 21.4 76.9 1.9 40.2 
98 2.752 312 31 85 31 85 45 llO 50 32 4.4 3.70 67.0 51!. 0 97.0 22.8 4.2 

"' 
99 3.048 318 340 53 68 343 -45 35 30 45 4.4 3.70 45.3 88.2 114.3 2.5 1!5.5 

,~ 100 2.347 314 175 281 180 276 15 -·175 -60 ··50 4.4 3.75 61.1 57.2 84.3 35.3 2.4 
101 1.97' 306 12 348 334 354 125 48 65 85 4.4 3.75 48.1 34.4 63.7 ·r. 4 8.6 
102 1.7711 300 300 215 213 310 -175 -250 -65 40 4.4 3.75 55.6 16.7 60.1 1.2 48.9 
103 1.518 284 286 190 286 175 -70 -180 100 -100 4.4 3.75 34.9 12.7 35.0 12.7 2.8 
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APPZNDIX A- 3 

TEMPERATURE STUDY FIELD DATA 

N: Station number 

R: Resistance (ohms) 

T: Temperature (°C) 
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APPEND:.:X A-4 

SELF-POTENTIAL STUDY FIEr.D DATA 

N: Station number 

V: Potential drop along a 200 m line (millivolts) 

V0 : Corrected value of V (after error distribution) 

(millivolts) 

VN: Potential drop between a station and the initial 

point with assumed zero potential (millivolts) 
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l .!F.NDIX B 

EXPLORATION ON ADA!( ISLAND, Jo!.ASKA 

by 

David L. Butler and George V. Keller 

Appendix B ac:::ompanies a report entitled "Geothermal Energy 
in the Pacific Region" by L. T. Grose and G. v. Keller, 
~lay, 1975. This project has been supported by the Office 
of Naval Research Contract Number l100014-71-A-0430-0u04. 
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APPENDIX B - EXI'LOAATIOH ON 1\DAK ISLAND, ALASKA 

David L. Butler and George v. Keller 

In troductior. 

/ / 
/< 

1'/ 

As pointed out in the body of this report, the Aleutian Islan~s 

comprise an area of active to recently active volcanisr ·'ilich shollld 

be favorable for the occurrence o~ geothe~.al energy. Adak Naval 

Base is an excellent candidate ior the use of geothermal energy, 

inasmuch as Adak Islan.d is located toward the western end of the 

active portion of the A!eutian Islands. Because of this, some c:t-

ploration was carried out on Adak Island in an attempt to evaluate 

the geothermal potential. Seismicity e::1d resistivity surveys were 

carried out on Mount Adaydak, on northern Ad&k, r.ear the Naval Bane 

(see Figure 1). 

The area of inter~st, thecnorthern mountainous part of Adak, 

is the remnants of t~r~e historically inactive volcanoes. Fr~ east 

to west, the volcanoes are Mount Adagdak, Andrew Bay Volcano, &nd 

Mount Moffet. Although no extensive faultlng has been mapped in 

this area, some evidence of faulting is present on the North ,;1•,pe 

of Mount Adagdak. The lithology of this area includes volcanic and 

intrusive rocks of Paleozoic age, Tertiary to Quatern~ry vclcan~c 

rocks and Quaterm>.ry alluvium. The alluvium unit conai<>ts largelv 

of glacial drift and other unconsolidated materials, including vel-

canic ash. 

§eiornicit.y Surve:t_s 

More thar 1000 Jtm2 near Adak Island waa surveyed from Cct. 22 

to November 1, 1974, fot: microearthquakea to aid in the '!Valt\at!on 

of the geothermal potential of the area. The r._urvey was carried 
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out by Microgaophyeics, Inc., under contract t.o the Colorado School 

of Minas. The size of the 1000 km2 area is based on a detection 

threshold of magnitude 0 or less with at least. one station record

ing an event within the area. The objective was to detect and 

locate microearthquakes and thereby map tectonically active etruc-

tures. 

Figure 2 is Gn historical seismicity map of the area 

around the Adak Island. The Aleutian Arc is an active geismic 

province, however, a large number of the events sho:m on Figure 

2 occur on or near the subduction or Benioff Zone of the 

Aleutian Island arc-trench system. The subduction zone is the 

postulated tectonic feature occurring where one crustal plats 

is being forced under another. In the Aleutian Islande, the 

North Pacific Plate is being moved in a northwesterly direction 

under the American Plate. 

The subduction :one strike~ east-west ~outh of Adak and 

dips to the north to a depth of 100 to lSOkm bal<eath the illland. 

The seismic e.ctivity associated with the subdtwtion zone occuro 

at ton great a depth to be of interest in this survey but the 

tectonic activity at depth is a manifestation of the regional 

stress. 'l'his ru1me stress pattern may influence surface faulting 

and the shallow rnicrosehmioity of inte:r.est in this survey. 
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The specific project .•rea cont&itnl no historical epicenterl! 

although several epicenters are northeast of the area of interest. 

In early March, 1974, 13 r;nnall earthquakes were dEltected by the 

NOAA Seien~logical Observatory on Adak and located near Andrew 

Bay and Mount Adagdak (Mr. o. Glover, peuonnel co!l1lilunioation, 

. - :.. ___ 'j_'_5: _· -!:----~-~ - '-- - -- _: - \· \ ___ -
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During the course of this survey, assistance ar.d dat11 were 

supplied by Mr. o. Glover, observatory director of the National 

Oceanlc and Atmospheric Administration (NOM), Seismological 

Observatory, Adak, Alaska. The data supplied includes arrival 

times, S-P tl.mes and magnitudes of several locnl earthquakes. 

His enthusiastic assistance isgrate"ully acknowled<;ed. 

The next section of this paper outlines the instrumentation 

and operational methods employed in the field work. The obser

vations nnd analysic~ are given in a section ant" are fol!owed by 

an interpretation uf the results. Recommendation.~ are listed 

in the last section of the body of the report. Th~ appendix is 

a listing of times, locations and· magnitudes of the local earth·· 

quakes detected du>:ing this survey. 

Instrumentation Md Operational Summary 

' 

5 

Seven Sprengnether Instrument Co. MEQ-000-B portabla 

ll seismic systems were used for this survey. Each system ~on

I 

u 
l i 

I ' 

[! 

sists of a Mark Products model LC-4, 1-hz natural~frequency 

vertical seismometer, gain-stable amplifier, integral ·timing 

system, and smoked paper t'ecording with 0. 025nun stylus wJ.dth 

and l20~n/min recording speed. The frequency characteriotics 

of the !.nstrument are aununarhnd in Figure 3 (note that both 

the velocity response and thn displacement response are plottedr 

displacement response at a p.trticular !:'requency 1 f, is obtained 

I 
.,~ _ _j 

by multi!Jlying the velocity l'•asponse by 2wf). Gai.n changes are 

by Gdb steps from the typical operating level of +96db plotted 

in tha figure.. 

- . -
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Clocks were synchronized daily with a master clock, which 

was synchronized with WWV, Clock drifts between synchronizations 

were below expected record reading errors, therefore no correct

ions were necessary. Records were read to +0,03 sec for P 

arrivals and t0.10 sec fo~ S-P times. Amplitudes, peak to pe~k, 
were read to the nearest millimeter, and durations to the 
nearest 0,5 sec, 

Despite the poor working conditions, considerable effort 

was made to locate stations on hardrock outcrops (crystalline 

exposures or well compacted sediments), All stations were 

operated &t the gain lirnit allowed by ambient ba~~ground noise. 

Station locations of the array operated for ten days are illus

trated in Figure 4 and listed in 'l'able 1. Statiot-.s 1 through 9 

. were operated by MfcroGeophysics Corporation; zl-zS and .I'.DS by 

NOAA. Details of the operation of stations 1 through 9 are shown 

in Table 2, The NOAA stations,which are operated continuou~ly, 
are part of the permanent tsunami-wu·niug network of NOAA. The 

operation schedule (Table 2) sho'!lB the gains and the time periods 

of individual station occupationa, 
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STATION COORDINATES 

TABLE 1 

Stat'.ion X* in km Y* in km z• in km --- J 
1 l. 33 7.50 o.oo 

j 

' 
2 6.62 4.95 0.00 ' ; 

l 
3 5.38 6.03 0.03 

l 
:i 

4 5.15 11.75 0.09 

,. 
·' ,,&0 11.40 0.09 

i-,, ' 
6 4.15 8.42 0.03 

7 7.31 8.58 0.05 

8* 0.00 o.oo 0.09 

9 3.70 4.60 0.03 

z2 l. 70 0.35 0.06 

z3 0.05 -1.90 0.03 ' 
-: 
; 

J 

z4 -1.60 0.15 0.09 
i 
-l 

I 
' ' z5 0.15 o.cs o.os '. ' 

ADS 5.60 11.00 0.24 I 

I 
• The origin h located at station 8 (latitude Sl.B0°N, longitude 

176.69•w). Positive X and Y are east and north respectively. 

z is the station height above sea level (altitude). 

I 
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OPERATION SCHEDULE 
table 2 

g.12=gain/one mmion at 20 Hertz 
fitters at 5-30Hz 

1 1 g.24 1 g .12 w! g.24 

2 g.98 

3 I ' g.98 

4 .. goo, , gD6 , 
z 
05 .,_ 
~6 
1./) 

7 

'-g.06 

I g.012 
' 

g.49 

g.06 

8 

9 

J.9,8 g1.9 

g.98 

''~I . 22 23 24 25 2e 27 2s 29 30 ""' 0 

.~! DATE,OCTOBER '74 
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J 
Observations and Analysis 

Events were r~garded as seismic in origin if they appeared 

on two or more stations with time differences corrP.sponding to 

. I seismic velocities or if they were similar in appearance to 
i I 
U other larger events which were well recorded. Seismic ev'!nts 

i · were considered local if they had S-P times of less than four 
L. 

I ' I I 
i._ _ _l 

I ' 
' ' ' l i 

seconds. 

The S-P time is a characteristic indicator of distam'e to 

the epicenter of an event. The S-P time is the difference 

betwee11 the arrival time of the S or ahear wave and the P or 

compressional wave. The two body waves propagate by differ6nt 

mechanisms and at different velocities dependent on the para-

meters of the transporting medium. The S-P tiw~ is thus a 

function of the distance traveled. 

An example of a local event near Adak is ahown in Figure 5. 

Regional and teleseismic (distant) events with s-r times greater 

than four seconds, were considered outside the scope of this 

i ,. survey and therefore no attempt was made tc locate them. The 

four-second S-P time cut-off for local events is an arbitrary 

limit chosen by the interpreter. 

Local eveats timed on four or more stations were located 

using a generalized inverse computer program. This progrrun 
I 
l 1 assumes a velo~ity model and least-squares fits calculated 

I 

Jl: 
I C' 

I I \ 

travel times to the observed ~rrival times. The velocity 

stru~ture in the project area can be estimated from a layer~d 

cr·..tstal vslocity model of the Ada:t region developed by the USGS 

(Engdahl, 1974). Figure 6 illustr11tea the USGS model and two 

.·· L_O~~'"·'·""- . ___ ,.,,,c.,, ...•.. ~~---'-···~-~--- __ ~---~~· .. ·'·-~--- -·-- ·'' ·-·-'-~- --·~"''"" ~-~-~ _,, , ____ ~- _,_,,_, ____ ·-·- ,_ 
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other velocity structures, a half-space model and a linear 

L velocity··increase .with··depth model. The half-space modul was 

used to test the picked arrival times and the sensitivity of 
\ i 
L... the locations to velocity changes. The constant velocity model 

obtained good fita with no anomalous station residuals. The 

velocities obtained with the half-space model agree with the 

. · averaged velocitie~ of the layered model. The model that 
L' 

produced the best fits and lowest residuals in the project area 

was the linear velocity-increase-with-depth model. Thia model 

is in general agreement with the layered model and it produced 

station restduals on the order of the picking error <:t-.-03 sec). 

Figure 7 .shows all located events and ilJ.ustl:ates that the 

local seismicity is conf~ned to two areas. Events from these 

two areas were identified by u~ing S-P times and signature 

similarities and were classified as "type A" or "type B" events. 

Fiqure 8 shows a plot of the cumulative number of events record

ed dt·, ·ing the survey of each type. Ty!Je A events were recorded 

a·l a rate of four events per day, type B events at a rate of 

three per day when there was activity. 

Type B events were located 30 to 40krn southeast of Adak. 

Due to the distance from the array, the epicenter location 

precision is about :!:_4km. Becaue"! these events arc~ \'ell outside 

the area of interest, no further analysis was perform.,d. 

Twenty six events denoted as type A were located in the 

project area. The precision of locat.i.on for thene events is 

about +lkm in plan and :!:_2km in depth. The events occur within 
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u 
Andrew Bay, west and northwest of Mount Adagdak, The located 

U type A events are shown in Figure 9, The least-squares-fit 

I!J 
! l j I . 

ll 
I, 

il 
II 
t I 

I I 
' I ! ' 

I I 
I ' 
I I 

I ' 
I . 
I 

fault plane of the event location is shown in Figure 10, The 

least-squares-·fit solutlon is arrived at in the following 

manner. After the surface fault trace is plotted in plan view, 

an auxilary or cross section view is taken perpendicular to 

the strike of the fault trace (to Fhow the true dip of the 

fault plane). The depth perspecti\•e of the fault is found by 

plotting the depths of epicenters (bypocenters) in the auxilary 

view. After allowing for uncertainties in the depth parameter 

from the velocity model (~2km), a fault plane can be fitted to 

the cross section. The fault plane strikes N60"E and dips NW 

at 7o•. The dotted line is the expected precision of the fault 

plane solution. 

The direution of movement on the fault plane is obtained 

by the use of a first moti<;>n study, This solution is shown on 

Figure 11. The first mot~on, compression for vertical motion 

up and dilatation for vertical motion down, is plotted on \:he 

upper hemisphere of a sterographic projection. A fault plane 

is then fitted to the d~ta by divid~ng the plot into four 

quadrants, The shadetl region on Figure 11 represents compression 
I ·; 
1 : and the unmarked region represents the dilatation quaclrnnte. The 

first-motion method producee two orthogonal solutions. If you 

chose the fault plane solution ~hich ~trikes N70°E with a NW 

I: dip of is• the relative motion of the fault is right-lateral, 

strike-slip with a small component of thrust. Tho i:ault plane 

Ll 
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solutions from the two methods agree 

well within reaeonable limits of 

accuracy. 

To estimate the level of aeis-

micity some attention mu~t be paid 

to the size or magnitude of an 

earthquake. In this survey an 

amplitude versus distance plot (see 

Figure 12) waa constructed for two 

local events (Gctober 30 at 5h57m 

and at ahlSm). The magnitude of 

these events was determined by uaing 

curves established for microearthquakes 

• 
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MAGNITUDE VS DURATION CURVE 
3 fig 13 . / f 

10-28-11-04~ 

~l0-3o-a- 3 

10-30··6-57 
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10 20 50 100 

DURATION (S~c) 

by Brune and Allen (1967), Magnitudes from two other larger 

events (October 28, 11ho4m and October 30 at ahoJm) were supplied 

by the NOAA Adak Observatcry. These four events were then usee 

to determine a magnitude versus duration curve (see Figure 13). 

To correct for local geologic effects all durations \vera measured 

at station 3. 

From the magnitude versus duration curve, cill detected 

events were assigned a magnitude. The resulting cumulative 

recurrence curve (a plot c•f the log of the number of events 

of a given mr...\rnitud(o versus the magnitude) is shown in Figure 14. 

t/) 
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The slope of this linear relationship is often called the b-slope. 

A b-slope of -0.8 is shown with the data for refere;nce. 

Figure 15 shows the relationship between Poisson's ratio and 

the veloci.ty ratio • The often assumed valu.a of Poisson's ratio 

of 0.25 is sho·wn, but an increase of up to 0.1 often occurs when 

a rock is fractured. The velocity ratio is defined as the ratio 

of the compressional wave velocity (Vp) divided by the shear wave 

velocity (Vs). Poisson's ratio is defined as the ratio of the 

transverse contraction to the longitudinal extension of a rod 

subjected to an axial load. Poisson's ratio is also a qualitative 

measure of the amount of fracturing present in a rock mass. 

Thor<>fore a map indicating variations. of Poisson' a ratio or the 

velocity ratio may indicate areas or volumea ~ith anomalous 

fracturing and resultant high permeability. 

Figure 16 is a plot of arrival time versus S-P times for 

eight events recorded by this survey. This relationship, ofte-n 

called the Wadati diagram method, has been discUF;eed by others 

(Semyenov, A.N., 1969; Nersesov, et.al., 1971; Kieslinger, 

Engdahl, 1973). These eight events showed goods-wave breaks 

and were well recorded across the net. Figure 16 givea two values 

for each slope. The A parameter is the slope of the linear re

lationship '"hich indirectly gives the velocity ratio and a gives 

the corresponding Poisson's ratio from Figure 15. 

Figure 17 is a plot 0£ the ·Jelocity ratio with time. 

Variations from a constant velocity ratio have been used to 

study premonitory phenomena for large earthquakes with some 

. ' 
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succE•sa (S~myenov, l969t Nersesov, 1971; Kisslinger,Engdahl,l974). 

The short time-sampling period of this survey precludes any pre

diction from this data but the spatial distribution of Poisson's 

ratio can be interpreted. 

1.8 
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To locate an anomalously fractured zone, a map of the 

observed Poisson's ratio (plotted at the epicenter) was made Ll 
(see Figure 19). Note that the form lines indicate trends in 

[I the data and are not contour lines. The .i'ois11on's ratio "Jaa 

assumed to be more heavily influenced by the source r~gion and I i 
u 

[_] 

0 
l1 
u 
[1 

mechanism th:m by the travel path, therefore the value \~as 

assigned to the epicenter. Assignment of the value to the travel 

path would compUcate the display, but the same conclusion would 

be derived from the alternate display. Figure 18 produces a 

consietent picture of Poisson's ratio increasing to the west and 

with depth along the fault. 
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The anomalous distribution of PoisE>on'lil ratio and its 

spatial relation to the geologic features can be explained by 

a theor€tl.cal model. This model is calculated by assuming a 

Volterra-type dislocation fo~ the fault mechanism. Fer this 

model, the volume strain or dilation can be calculated around 

the fault given the spatial geometry of the fault plane. The 

V•~:i.terra-type diulocation model assumes that a homogeneous half-

s~ace is broken along a distinct plane and, after displacement, 

is welded back together. The half-space, which was initially 

stress free, now is subjected to a regional stress (manifested 

by the ~olume strain, which can be contoured) created by the 

dislocation at the "fault plane". The dilation or volume strain 

aro<.1nd such a dislocation model has been calculated i1y Yeatts 

(1975). Figure 19 shows a plan and cross sec~ion view or the 

dilation around a right-lateral, strike-slip fault dislocation. 

DILATION MODEL 

CONTOI!lt H.AI' ~r VOLt•KE STRAI~ 

fig 19 

A 

POTENTIAL GEOTHERMAL 
AREA 
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The shaded areas represent areas under dil~tation and unshaded 

areas are under compression. The region of most severe volume 

expansion can be expected to exhibit microfractur~s, demonstrated 
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RQsistivity Survey 

A resistivity survey was carried out in the Mount Adagdak 

peninsula area during the period October 25 to November 5, 1975, by 

a party under the supervision of Dr. Paul Donaldson of the colorado 

School of Mines. The ro<;ating dipole technique, as descrlbed by 

1 i Tasci in Appendix A of this report, was used. Operations in the .. 
l j 
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I 
I_ , 

f 1 

!1 
I I 

u 
[1 
'I 
L1 

L 

field on Adak in late Fall are fraught with difficulties, largely 

induced by the cold, wet, and windy weather. Relatively few meas-

urements were made before the sutvey had to be terminated, and the 

resistivity survey must be considered to be only preliminary in 

nature. 

In the rotating dipole method, field data are obtained by mak-

ing measurements of electric field intensity around a pair of bipole 

sources located at a single site, but with different orientations. 

For the Adak survey, a pair of sources, each 700 meters in length, 

was placed on the southwest slope of Mount Adagdak, as shown on the 

map in Figure 21. Currents of a few amperes were used to excite 

these two eource b.:.poles. This is less than normally used in dipole 

mapping surveys, but only a small motor generator set was available 

for the survey, and grounding resistances were surprisingly high. 
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Figure 21. Apparent resistivities measured on Mount Adagdak ! · 
in 1974. F' 
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Measurements were made at the receiV·3r sites indicated en 

Figure 21, using receiver linea 100 meters in length. Voltages 

were recorded on paper-tape recorders. Values of apparent resistiv

ity were computed for each source independently, and fo: various 

cornbir.ations of the two sources to yield resistivity values as a 

function of current flow til!"ect.ional at each receiver site. The 

maximwn value of apparent resistivity is pJ.otted ,'\nd contoured on 

Figure 21, because this value is relatively immune to problems 

caused by false anom;:lies. 

The roughly elliptical pattern of contours shown en this map, 

with high values of appa~·ent resietivi ty being observed close to 

tho: source, is charact.edstic of an earth in which l'esistivity 

decreases with depth, It appears that at distances of less than 

1 kilometer from the source, current hae not pen~trated deep enough 

to be controlled by the properties of rocks bl!low sea leve!. 1\t 

the greater distances, beyond 1 kilometer, apparent resistivity 

values decn•ase to less than 20 ohm-meters, or values whlch are com

patible with the existence of geothermal fluids at depth. However, 

ll'.Uch more detailed coverage of the a~·ea will be required before 

the el;,istence of any potential geothermal re~<mrvoir cnn be indicated. 
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Interpretation 

A seismically active zone exists near Andrew Bay, north 

and west of Mount Adagdak on Adak Island, Aleutians Islands, 

Alaska. This zone is interpreted as a right-lateral, strike

slip fault with a small component of thrust. The surface trace 

of this fault should be apparent on the west side of Mount 

Adagdak. 

A zone of relatively high Poisson's ratio mapped in this 

area indicates that a fractured or dilated region exists in the 

area. Consideration of the microearthquake s~ation locations 

and the travel paths from the l'ecorded events indicates the 

dilation zone probably exists eoutn of and on the west efid of 

the active fault zone. 

Reconciliation of the theoretical model wlth the field 

observations also indic3tes that a dilated zone should be found 

n<Jrth of and on the e;1stern end of the active fault plane. Due 

to the array geometry and location of the active seismic region, 

no data was obtained to confirm or deny the existance of this 

second anamolouo zone, 

Due to the increased permeability caused by the fracturing 

aasocL~ted with the mechanism of faulting in the region, the 

hypo~heaized tones of volume expansion along the active trace 

of the faui <. a .. ·e interpreted as ha·.ring the highest poter.tial of 

producing corruercial earth steam. These areas are shown in 

Figure 20. '.l'he interpretation is of course, subject to 

clarification when reconciled with additional geological and 

geophysical data in the project area, 

I 
I 
I 

I 
I 
I 
H 

: _, {, 



-- --~ 

I! 

- / 

REFERENCES 

Brune, J,N., and Allen, C.R., 19671 A microee.rthquake survey of 
the san Andreas Fault system in Southern California; BSSA, 
v.57, no.2, p.277-296. 

Engdahl, E.R •• 1973· Relocation or intermediate depth earthquakes 
in the central Aleutians by seismic ray tracing, Nature 
{Phys, Sci.), 245 {141): 23-25. 

Kisslinger, c. and Engdahl, E.R., 1973. The interpretation of the 
l'ladati diagram with relaxed assumptions, Bull, Seismol. Soc, 
Am.,63: 1723-1736, 

Kisslinger, Carl and Bngd~thl, E.R., 1974. A test of the Senzyenov 
prediction technique in the central Aleutian Islw1ds. 
Tectonophys!c~, v.23 1 237-246. 

Glover, D., Personal communication, 

Hamilton, R,M,, and Muffler, L.J.P., 1972, MicroearthquaJ;es at the 
Geysers geothermal area, California: JGR, v,77, p2081-2086, 

Lange; A.L., and Westphal, W.H., 1969, Microearthquakes near the 
Geysers, Sonoma. County, C~lifornia.: JGR1 Vo74 1 p43T{-4378 

Nersesov, I. L. 1 Semyenov, A. N. and Si;,lbireva, I. G., 1971. Space-

31 

time distribution of the ratio of travel-times of compressional 
tra.nsvern~ waves in the Garm region. In: M.A. Sadovsky (Editor), 
Experimental Seismoloey, Nauka 1 Moscow, pp.334-348 (in R~ssian), 

Semyenov, A.N., 1969. Variations in the travel-time of transve•se 
and longitudinal ~:aves before violent earthquake fl. Izv. Acad. 
Sr:l, U.S.S.R. {Phys. Solid Earth), 4: 245-24t:l (English edition). 

Ward, P.L., 1972 1 Microearthquakes: prospecting tool and possible 
hazard in the developmen~ of geothermal resources: Geothermics, 
v.l, no,l, p.3-12. 

Ward, P.L., and Bjornsson, 1971, Microearthr_uakes, swarms, and 
the geothermal areas of Iceland: JGR, v,76, p.3953-3982, 

Ward, P.L., and Jacob, K.H., 1971, Microearthquakes in the 
Ahuacha.pan geotherrral field, El Salvador, Central America: 
Science, v.L73, p.328-330. 

Yeatts, - In press (1975) 

l 
! 

I 

I 
I 
I 



' ,........:..____ - :_ 
L __ --..._ ,-;-.,/ 

' \ 

\ 

..---- __ _ _,_,_ 


