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ABSTRACT

Lualualel Haval Magazine is located in. the northeastern
corner of the Lualualeil Valley, 2ahu, Hawailil. Tt has an area
of approximately 12 square miles (between latitudes 21%29"
and 21°24125" north and between longitudes 158009’ and
158005'US" west}, with an elevation of.about 250 feet above
sea level. Shear cliffs of the Walanae Range bound the area
to the north, east and south, and alluvial plans of the
Lualualel Valley extend all tﬁe way to the Pacific Ocean to
the west. During late 19274, studies were carried out %o
determine the geothermal potential. Anomalously low values
of electricnl resistivities were mapped in the southwesﬁ
part of the afea. In addition, shallow (1'meter) tempera-
ture measurements showed that the area with anomalous resis-

tivities was characterized By a temperature of 26.3°C, about

- 2% above the norma! temperature in the surrounding area.

Several water wells drilled in the 1950's alseo indicate that
subsurface temperatures in the Lualualel Valley are unusually
warm. A shailow hole, drilled deep enocugh to penetrate the
hasalt below the alluvium, would provide a more coneluslve

evaluation of the prospect.
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INTRODUCTICN

The islands ol Hawaii are shield-shaped basaltic domes;
therefore, thermal water on these islands owes 1ts heat to
volecanic sources. It may well be that the rocks in Hawéii
are too permeable to permit steam to accumulate under pres-
sure at levels c¢lese to the surface, and the abundance of
cold ground water makes unlikely the occurrence of steam at
a temperature appreciably above the boiling point (Macdonald
and Abbott, 1970); A borehole was drilled at the summit of
Kilauea Volcano during the summer of 1973 (Keller, 1974).
This study proved that commercial gquality steam could be
obtained at a practical depth. Undoubtedly, a tremendous
amount of veolcanie heat exists at relatively shallow depths
in the islands éf Hawaii,

‘The Waianae caldera on the island of Oahu is a late

'3

Tertiary volcanic center which exhibited resurgent activity

’during Quaternary period. The study area 1s located in the

Lualualel Valley whizh is situated to the west of the Waianae
Range (see Figs. 1 anu 2}. Despite the possibility of exist-
cnce of a heat source, there are no geothermal surface mani-
festations such as Beysers, hot springs, fumaroles, solrfatras,
etc. Considering the conditions given ahove, this geophysiegl
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, magnetlc and seismic

information helps define the gecleogic envircnment of the
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Figure 1. Map of Ochy showing location of the study arec.
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study area and its relationship to the velcanic center and
the rift =zones. |

Electrical resistivity methods have been successfully
used to locate geothermal reservoirs in dlfferent parts of
the world for a number of years (Keller, 1970)}. 1In ﬁrder to
cover the area in detail and 1n a short pericd of time the
dipole mapping technlgue (Furgerson, 1970) was chosen as the
main =xploration technique. This technique is very effec-
tive in mapplng lateral resistivity variatlon and gives a
general idea of the vertical variations. Use of one dipole
source 1s not enough to determine best apparent resistivities
and anisotroples can cause false ancmalles. 1In order to
determine the possibility of ohserving a false anomaly, two
dipole scurces at about right angles tc each other were set
up in the saﬁe area, Data from both of these gources were
treated together usiné thgrrotating—qgadripole method to
compute the best apparent'resistivities. The purpose was to
delineate an area wilth low resistivities, inasmuch as geo~
thérmal reservolrs contain water and steam at high tempera-
tures and pressures and dlssclved salts; they have higher
conductivities than the surroﬁnding rocks.

During the Sﬁrveys, a relatively conductive zone was

discovered. A shallow temperature study was carried out and

the results correlated well wiii the rotating-quadripole data,

inereasing the likelihood of there being a sealed gecthermal

reservoir present.
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GEQOLOGY OF THE AREA

The Hawalian Islands are a chain of basaltic shield vol-
canoes built over a fissure 1600 miles long In the ocean
floor between 154°%0 and 171%75'w 1ongitudé and 18954 to
28"15'N latitude. Recent gravity, magnetic and selsmlc stud-

ies convineingly showed that the lavas which built the

Hawaiian islands were extruded primarily along faults orilented

elther east-west and assoclated with the Molokai fracture
system or northwest-southeast and associated wilth the %trend
élong which 1ie the Koolau dike complex and the Musiclan
Seamounts. The volcanlce pipes may have formed at polnts of
intgrsection of ri'ts of the two fracture systems. Whether
the NW~SE fracture syste? is a strike-slip fault, a simple
tension crack or a tear éiong the crest of.a fold 1s not
known. To the soﬁthwest of Hénolulu‘at abéut 1700 feet below

sea level, some fosslls and shallow-water corals of late

Miocene agé were discovered (MacDonald and Abbott, 1970).

Therefore, the Hawailan Islands might have been bullt on an
vialr ridge, perhaps contemporanecus with a chailn of 1slands
that existed in mlddle and early Tertiary time further north-

west. The NW-S5E fracture system probably has been existent

.Since early Tertiary (Stearns, 1966).

it

Sl opawolisn Islands were bullt by extrusive materials

from v it centers during late Tertiary and Quaternary,
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The welght of the extruded lavas caused the ridge to sink in
order to reestabliéh i1sostatic equilibriuni, Since the depth
to Moho is about 15 km on the Ridge and about 11 km in the
normal ocean basin, a thickening of the cruét of some B km
1s indicated (Strange, Woollard, and.Rose, 1564). Along with
volcanism, erosion has taken place. Sea 211ffs and dralnage
systems have been developed. The islands have continued %o
submerge. The older lslands to the northwest are belleved to
have submerged up to about 9000 feet (Stearns, 1966). Con-
currently, a new epoch of volcanism began and secbndary out-=
breaks continued into Recenf time. The eruptions occurred on
all the malor islands except Lanal in GQuaternary pericd., Com-
plex submergences and emergentes continued. Because of the
rapid alterations of these events very little reef formation
tock place. T

Recently drilled wells in Luaiualei Valley penetrated
1200 feet of stream-deposited alluvium before entering lava
rock. Since the bottom of the valley 1s 1200 feet below sea
level and the valley had to be cut above sea level, 1t was
concluded that the 1Island must have sunk at least 1200 feet

since the alluvium was deposited (MacDonald and Abbcett, 19703,

0ahu is a volcanlc doublet with an area of 604 square
miles and has four major geomorphblc provinces., They are:
1) Koolau Range, 2) Walanae Range, 3) Schofileld Plateau, and

4) Coastal Plain (see Fig. 3).
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The Kcolau Range 13 the younger of the two ranges on
the island and it 1s located to the east. 7Tt was built
principally by eruptions along a northwest-trending rift zone.
The rocks of the Koolau Voleano ~re malnly tholeiitic
basalts and olivine basalts with small amounts of oceanite.
They have been divided Into two groups. The XKallua Volcanic
series are the eroded rocks of the ancient ¥oolsu rsldeapg,
These rocks are altered by hydrothermal actlicon due to steam
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. Afteh the KXoolau
volcano ceased activity, a period df eroslicn and depoczition
started lasting ahout 2 million years. Then voleanic
actlvity resumed on the southeastern end of the Koolau range. é_
About 30 vents have erupted and they are called the Honoclulu
volcanic serles. The vents are aligned chiefly along
NE-SW fissures and the 1évas include hephelinites,.
basanites, and alkallc ollvine basalts.

The Waianae Range 1s located to the west of the island.
The Walanae Volcanic serles, erupted in Tertiary time, is
dividedAinto lower, middle and upper memvcrs. The lower
member nullt the maln mass of the Waianae shleld volcano,
It « =prises the tholeiftic lava flows and assoclated DYTG-

clastic rocks. The middle member consists of tholeiitie

rocks that accumulated in the caldera, gradually filiing it,

Alkalic basalts begin to appear toward the tep of the middle
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member. The upper member 1s the relatively thin cap that

appears to have covered the entlire top of the shield late in

its history. It 1s largely hawaiite with lesser amounts of

alkalic olivine basalt. See Table 1 for stratlgraphic rock
units and thelr ages {Stearns, 1966). Some postérosional
eruptions ocrurred on the Walanae Range, during the Pleisto-
cene, near the anclient caldera. These alkaliz olivine
baszalts are called Kolekole volecanies and they are prcbably
correlative with the secondary eruptions on the Koolau Range,
The Schofield Plateau was formed by the lavas from the
¥oclau Range banking against the already-eroded slope of the
Waianaelﬁolcano to form the gently sloping sur.ace of the
Schofield Plateau. An erosicnal unconformity between the rocks
of the.tWO volcanos is visible along Xaukonahua CGulch at the
eastern foot of the Waiaﬁae Range (MécDonald and Abbott, 1970},
The coastal plaln lles mostly on the ponded lavas cf the
Keolau Volcano north and south of the Schofield Plateau. The
plaln 1Is composed mainly of marine',;dlments deposited on
the lavas when the sea stood higher in mid-Pleistocenc tlue.

See Figure 4 for the geologic map of the island of Cahu,

Geolory of the Study Area

After the Walanae Volcano ceased actlvity, stream erosilon
began and great vaileys were carved, especlally on the south;
west slde of the VWalanae Range.where the streams were older
and the rocks wealker. Then the island went through a complex

cycle of submergences and emergences (Stearns, 1966). The
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b Table 1. Stratigraphic rock units in the island of Oahu (after Stearns, 1966).

L . |
ff Age Walanae Range Xoolau Range

Historic Coral fill Coral i1l "

b :

;. Recent Younger alluvium and consolidated Younger alluvium, unconsolidated
g calcareocus beach and dune deposits beach and dune deposits, and

¢ younger rocks in the Honolulu

3 . volcanle serles

. Local Unconformity

g Pleistocene Lithified calcareous dunes, - ‘Lithified calcareous dunes,

o emerged marine limestone, older emerged marine llimestone, older
: alluvium, and XKolekole volcanics alluvium, and older rocks 1in the

Honolulu voleanle series

Greathrosional Unconformicy

A , .. Pliocene Waianae volcanic serles; upper, Koolau and Kiil"a'volcanic series
) ang Older lower and middle members .

Tt
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great submergence resulted in deep drowning of the great
valleys and their subsequent sedimenﬁaticn. Re-emergence of
Oahu exposed the great valleys to efosion once more, with
their nearly flat alluvial plaias. The area is located at
the northeast corner of one of these valleys, namely.the
Lualualel Valley.

The study area 1is covered wilth alluvium. " The exact
thickness of aliuvium in the vicinity of the anomaly 1s not
known} ﬁcwever, it 1s 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 Lualualel Valley (MacDonald and Abbott, 1970). It is
expected to get thinner towards the steep walls of the valley,
to the east, £h¢ north and the south, OQOuterops in the east-
ern and the northeastern part of the area are belleved Lo be
from the Lower Member of ;hérwaianae lecanic Series, Xole-
kole ﬁolcanics whiéh was the result of renewed volcanism in
the Pleistocene time is located three miles to the northeast
of the anomaly (Fig. ). The caldera of the Walanae Volecano
was located in the area immediately west of Kolekole Pass,
anrd extanded from the northern side of Makaha Valley to the
head of Nanskull Valley (Fig. 5). This puts the study area
close to the center of ﬁhe caldera. Near tﬁe area whers the
Lower and the Middle members of the Walanze Volcanic Series
are exposed, there are numerous dikes. Thelr sizes vary
between a few inches and 15 feet. and most of them are nearly

vertical with a general trend paralliel to the rift zones.
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There are no faults large enough to Justify individual
descriptions in or near the study area. Numercus dikes cof
different sizes suggests lateral displacement and jointing
of the host rock with each injection. Puu Kallioc, which is

a hill located at the head of Lualualeil Valley, was a place

“of 1ntense volcanlec activity; therefure, 1t was decided that

the Kailic syncline was merely a sag in the flows produced
by local withdrawal of support (Stearns, 19€6). The anomaly
18 located about 2.5 miles south-southwest cf thls syncline

(Fig. 2).
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.was passed through an asymmetrically-timed switching circuilt
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SURVEY TECHNIQUES

Rotating-Quadripole Survey

Déscription of the Method: The rotating-gquadripole tech-

nigque 13 an electrical resistivity method which makes use of
two dipole sources oriented at approximately right-éngles to
each other. In fact, convehtional dipole mapping procedﬁres
were used in the field (Furgerson, 1972. and Jordan, 1974);
however,.the data were treated diffevently, |

A suitable locatlon was selected to set up a fixed d-c
current source, keeping in mind the boundaries of tne study
area. Then, two holes 800 meters apart,'were dug to bury
two tin sheets, 3 feet by U4 feet. In order to reduce the
contact resistance, sa1£ and water were used. These twe
source electrodes were connected with #12 insulated, copper ii
wire. To generate an electric field, a 2.5 kw generator was

used., The l-phase, IZOVfEFé, £0 hz output of the generator

and then rectified to d-c¢ current, The asymmetrle sgquare-wave
output of the rectiflier was fed into the soﬁrce wire. The
relative polarity of the voltage drop along recelver wire was
determined by observing the asymmetry e¢f the square-wave output.

The field measurements were made a quarter of a milé apart
from each other along the roads and near the amnunition maga-
zines. At every station, two components (prefef&bly ortho-
gonal) of the earth pctentlal were measured. To do this,

two non-polarizing recelver electrodes were placed 30 meters

e T L R e e B el e
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apart and connected to a d-c amplifiler with #12 Ilnsulated
copper wire. The outputb of the amplifier was recorded with
a potentiometric chart recorder. A Brunton Compass was used
to determine azimuths of both components. Measurements were
made at 103 stations around the first source. Then the
second source was set up at a 96o angle to the first source.
Measurements were repeated occupying the same statlons.

Two voltage components for each source were divided by
the recelver length (30 m) to obtain electric fleld components
and added vectorially to determine the total electric flelds
for both sources. If both socurces were turﬁéd-gﬁ, there would
be only one total electric field and it can be obtalned by
orthogonal addition of the total electric fields of the two
sources. The [ields from the fwo sources can also be added
with apprepriate welghts to rotate the total electric fleld
180°. A set of apparent reSistivities for every station was
calculated using the-rotating.quadripole equatlion {see Appendizx
A-1 for the eduation, and Appendix A~2 for the data obtalned
in the field). Out of 10 resistivity values the best {the

highest) value was selected for every station.

Interpretation of Fleld Data

Best Apparent Resistivity: The dipole mapping technique

has been used extensively to determine lateral resistivity
variations due to conductive bodles at depth, such as geo-
thermal reservolrs. This fast d-c resistivity method also

reveals Information about the geologic structure of an area

b oo ¥ 5
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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 the region with
moderate resiséivities and another region with high resis.
tivities will cause "false" anomalies to be observed at

specific locatlons 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

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 electrle field, the highest value was picked for every
station. Theée values are:selieved to be the closest to the
true resiétivities; therefore, they were called the best

apparent resistivities. In almost all cases_thé hest resis-

tivities are higher than the resistivities obtained from the

ceriginal dipole_source.

10 M S R b

Figure 7 shows the best apparent resistivity map of the
study area. The 75 ohm-m contours and high reslstivities
indicate the presence of a resistive basement at depth..'The

resistive basement 1s believed tc be the velcanic plug of the

a2 KRR T ek

Walanae Volcano. A closed 35 ohm-m contour near the scurces

Aok P

indicates the presence of a thin conductive surface layer.

e et B i B L bt s s S o e KR (O e e gttt i

o




Y - ;‘;:\h I3 —— — , . N
SN e ) f“‘\\ ; \ ~ild - |
. ' . H - . /
19
/
/ .
/ y False 4
/ - conductor
/ -,
/ \ Nz
/ \\‘_\t//
// e —— —— //‘/'
Source - 7 .
)y o
-~ \ zdl
- ~— o
- o
Sel $90.1
insulator
Figure 6. Observed false conductoer along the fault like boundary

{after Grose and Keller, 1974)

T A R P

s SR

R e T




.. ..n.,cv..._r.lf_\_”\.”z,_.\ ,Jum,. ,I.:fpum...\.__ " lm _9
O st SR R T2 |
e ?.\ IR\ WS P . ey R:
AT ,J . B 3

R LAY 2 - TN 2

TN E

' “ b

[

=

i-

-
-
05

idxbest apparent resistivity (chm
0

Ve

ivity mop of the Lualuclei Naval Magaz

At e« L

i i
b ;
) b

b i
4= b T3
c o -
te

(=3
2a
&

W B
Q2 L
o o H
~
Q

=

>

ey

tia

i I o Rt TR S N S S e

n
- e e — e - e - e ;
- S U R SN o3 1 T e a3 [T




21

.
1

f

. i

The 35 and 30 ohm-m contours to the scuthwest of the sources ?
> .

mizht be caused by a conductive body at depth.

A histogrém showing the distribution of best resistiv-

ity values 1is presented in Fig. 8. A deviatlion from a normal

distribution occurs between 28 and U4l.4 ohm-m, and these
anomalous values were measured mainly in the conductive zone
located to the southwest of the two sources (Magazines 11 and

12).

Te 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

b current penetraticn. The resulting scatter dizgram {(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 nc% be 1imited to the

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

O i it oo

fumaroles, sulfatraé and hot springé. A reservoir of moder-
ate size with an upper surface at 2 km depth would approxi-
éj mately double the normal geothermal gradient over an area
fi of a {ew sqguare kllometers (Banwell,.1970). Therefore,
detection of a sealed reservoir with no convection to the
i surface 1is notldifficult. surface Lemperature and heat flow 2
measurements at 1 to 2 m depths have been successful in
lﬁ mapping high temperature zones and in evaluating the hqof water f 
'y distribution below the surface. Such observations provide a

rapid and direct way of making an estimate of the size and
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energy potential of a system. When making or interpreting

a shallow temperature survey, hydrological conditiens in

- the arca including .rate and direction of ground water move-

ment have 0 be ccnsicdered. Because movement of ground

water can carry away the conductive heat flow from a

thermal anomaly, it can displace the surface temperatuare
patternz, Instrumental errors may'result from using thermis-
tocr probes for temperature measurements; the overall errbr
has been estlmated to be between 0.01 and 0.05°C for meas-
ﬁraments at a depth of 2 m (Dedkova, et al, 1970). ©Seascnal
and weather changes and varlatlons in surface cover are

believed to have random effects on shallow temperatures.

Description of the Method: A shallow (1 meter deep)

temperature study was-ca?ried out in the Lualualeil Naval

Magazine in order to detefmine the shallow temperature dls-
tribution and lgcate areas with ahomalous tempevature gra-
dients. A simple mechanical device called a dongeyknocker

made of mild steel was used to punch heles in the ground,

_A precision thermistor teflon probe was placed at the beitoms

of these ﬁoles using a wooden red, The re. lstance of the
probe was measured with a digital multimeter. These
resistances were convertéd_to temperatures (OC) using a con-
version table. The measurements were spaced closely (800
feet apart) over the resistivity anomaly tc provide detall

in that area. A wilder spacing of 2000 feet was used for the

measurements over the resistive zone., 4 total of 70 measure-




ments was made including 7 to the west of the Fence Road

where there 1s no resistivity Information.

Interpretation of the Fileld Data

Ground Temperabture: Measured t=mpeorature values repre-

sent ground temperatures and Fig. 10 shows the ground tem-

_perature {at 1 meter depth) pattern of the area. Refore

making an attempt to interpr=t the data, some impocrtant fac-

25

tors should be considered. Surface cover in the area 1s allu-

vium and major varlatiens likely to cause false anomalies are
unlikely. Since there 1s a difference of 2% 1in temperatures
between the cold and the warm zones, 1nstrumental errors

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

_enough to dilstort the temperature pattern. Wher:c ground wate

"1s confined between dikes, it is under statiz conditions.

This 1is true for the basalts w;th aumeroils dikes below the
alluvial £ill; however, the alluvial section itself is
believed to contain water under dynamic conditlons.

Tt was discovered that the area with anomalous resls-
tivities (iess than'30 ohm-m) had, in general, a temperature
of 26.3°C. Since %he resistive zones had lower ground tem-
peratures (as low as 24.3%C), 1t was concluded that the low
resistivities to the southwest of the dipoles were caused by

high tecmperatures at depth, possibly a sealed geothermal

“reservolir. The other temperature anomalles 1in the area

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

be surficial features caused either by varlations in the

™
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Figure 10. Ground temperature mop of the Luclualed Nava! Magazine, based on
measursments made a! 1 m depth
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surface cover or by the movement of the ground water 1in
alluvium or both, and they are not supported by low resis-

tivities except where there is no resistivity information.

uelf-Po‘ential Surveg

Gecthermal reservolrs contain ground water of differing
temperature and chemlcal compcsition. Thermal gradients in
pore witer electrolytes and contact potentials between bodies
of ground water of differing temp:rature ana chemical com-
position may glve rise to measurable electrical ancmalles.
In the course of résistivity surveys of thermal areas, hlgh
natural electrical potentials have been commonly observed
(Banwell, 1970). These natural potentials may form 2 dlag-
nostlc pattern over the area. Such a survey would be valu~
able since it would have some depth penetration and polnt by
point observations would be possible wilth smail electrede

spacings. R

Description of the Method: A self-potential survey was

carried out in order to determine if the area with low
resistivities and hilgh temperatures had anomalous sell poten-
tials. The measurements were made with a digital voltmeter
using two non-polarizing electrodes with an electrode spacing
of 200 m. A starting polint with aﬁ assipgned opotentlal of
zepro was plcked in an area with high resistivities (Fig. 11).

Patential drops were measured alons a continuous line, across

e
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ikl

the area of interest, ending in an area with high resistiv-
{ties. A loop was made around the anomaly to distrilbute the

total error among individual measurements,

ke | St et R A

Interpretation of Field Data

Self Potential: Aftes error distribution (2 mv/200 m},

potential drops with respect to the initlal point with zero %
potentlial were calculated. Contoured self-potential values i
are shbwn in Fig. 1l. Self-potential over the area decreases,

in general, to the north and there is no indication of an

anomalous pattern in the area wlith low resistivitles and high

temperatures.
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CONCLUSIONS AND RECOMMENDATIONS

Does the ar=a where the Lualuzlei Naval Magazlne 1s
jocated have a geothermal reservoir? If so, does it contain
high enthalpy water at an economical depth? These were the
questlons under consideration during the course of this study.

The area 1is locdted_near a center of intense volcanlsm
(Puu Kailio) inside the volcanie vent zone of the Walanae
Caldera. Even though the Walanae Range was bullt in late
Tertiary, the volcanlsm contlnued during the Quaternary period.
Young volcanism in the area suggests the presence of a strong
and active heat source. All geophyslcal work dene in the area
indicates the presence of a dense body of rock extendlrng frem
shallow deﬁths {800 m from the surface) to 2 depth of 5.5 km
under the Waianaé Caldera. It 1s probable that ollvine and
perhaps other heavy crystals Ebat have laggeﬁ pehind in
basaltic magma rising toward fﬁe surface, 3nd have accumu-
lated to form a plug of peridotite that resemvles mantle rock
in its physical properties. The drill hole at the sumnnit of
Kilauea penetrated rocks with low permeability and densitles
around 3.2 gr/cc. The volecaniec plug under the Walanae Cal-
dera is believed to be made up of rocks similar to the rocks
found under the.Kilauea Volcano. Low permeability probably
minimized the heat escape from the heat source; thus, maintaln-
ing its heat content over the years. The geologlcal condi-

tions in the area indicate the presence of a heat source.
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The rocks lcocated above the volcanic plug are belleved
to-be highly fractured due to a high number of dlkes of 4if-
ferent zlzes. Since these ﬁighly permeable basalts are
1ocated aﬁove the possible heat source, and since the area
has abundant groundwater due to high rainfall, the sectiocn

between the volcanie plug and the alluvial fill has the prop-

The area where fhe anomaly 1s located may have up to lOOOrfeet
of alluvium on the surface. The alluvium (Pleistccene) is
belleved to be partially consolldated and inasmuch as it 1is
located above the permeable basalts, and there 1s a possibli-
ity of-hydrothermal aiteration, the alluvium could behave like
a caprock because of 1ts reduced permeazbllity. Preszence of a’
| zone.with low permeability 6ver the reservoir minimizes the
heat escape to the surface, kégping-most qf the heat in the
reservolr, thus increasing thé'temperature of the groundwater.
From the discussion above, it can be concluded that the geo-
logic environment 1s suitable for presence of a geothermal
sSystem.
To locate the area with anomalous geothermal graaient,
a rctating-quadripole survey was carried ocut. Anomalous low

resistivities were discovered to the southwest of the dipole

Sources. A shallow temperature study which was done after-

wards confirmed that the low resistivities were caused by

high temperatures in the area. Beecause there 1is no surface
activity, chemical analyses to determine the reservoir tem-

perature were not avallable. Temperature measurements made

erties to behave as the reservoir rock for a geothermal system.

B |
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at a meter depth coﬁld not be used to determine the trus geo-
thermal gradient.

As a result of this study, it 1s concluded that the area
where magazlnes 11 and 12 are located may have a sealed
geothermal'reservuir at depth. However, the vertical resls-
tivity distributlion and the temperature gradlent in the afea
are not known. A test hole which 1s deep enough to penetrate
the basalts below the alluvium should be drilled to determine
the temperature gradient and also to obtaln valuable 1nf6rma-
tion about the rocks in the area. Perhaps a number of linitlal
test holes with intermediate depths (20 m) could te drilled to

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

DERIVATION OF APPARENT RESISTIVITY EXPRESSION FOR

THE ROTAYING-QUADRIPOLE ARREAY
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Take two dipole sources at approximately richt angles to
each other., Even though 1t 13 desirable, they do not have to

have a common electrede.

X, 9
,! 4:'4 )
~
~
A
~
.
\\
(xpv2) | & —P(X.Y)
——————— —— rd
- s
+ s
Fa
I rd
Fd
s’
rd

The noteontial expression for apparent resistivity assum-
ing :-heraical cuﬁrent spreading from siﬂgle electrode in a
homogeneous earth is u = gI/27R (Van Nostrand and Cook, 1366).
The potential at point-P due to all four electrodes can be

writrten.
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. wl (e, 12 24172

Uy =0T /2n (x-x;) +Hy-y1)7]

Uy = 40Ty /20l (x-x) 24 (y-y )71/ 2

Uy = —pI, /2n[ (x-x )2+(y-y )212/2

3 2 3 3

Uy = +oIy/2nl (x-x,) %4 (y-y,)211/2

-+ - .
Sirice E = -vU, Ex = -gU/3x and Ey = ~3U/3y
X and y components of the electric field at point P due to all

four electrodes:

Bix = 0Ty (x=x))/2n] (xoxy )24 (y-y, )213/2

Ely = pll(y-yi)/2w[(x»x1)2+(y—y1)2}3/2

E2x =-le(x-x2)/2ﬂ[(x-x2)2+(y—y2)2]3/2

Bay =PIy (3=¥,)/2n0 (x-x,)24(y-y,)213/2

Byx = 0Tp(xox3)/2nl (xmx ) P (y-y ) ?13/2

3x'

E3y'= plz(y—y3)/2w[(g;x3)2+(y—y3)2]3/2

Enx =5pIz(x—xu}/gﬁ{(x_xu)2+(y_yn)2]3/2
.Euy é-pxz(y_ya)/2#[(x_xq)2+(y_yu)2]3/2

The total elecfric fields in x and y directions are:

I, (x-x,)
Il (x-xl) 1 2

E - -
[(x~xl)2+(y~yl)2]3/§- [(x-x2)2+(y-y2)él3/2

= 2.
Tx 2m {

I, (x-x3) I,(x-xy)

+ - =75}
[(x=x3) %45y %1572 7 [ (e )2 (5my 221572
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B P g I, (y-yy? . I, (x-x,)
TR Lex ) y-yT2 T [aexy) P (3-y,) 21 2
I, (y-y3) I G-y }
[(x-x) 24 (y-y 02352 [(xoxy) 24 (y-y1235 2
3 3 b 4
The amplitude of the total electric field at point P 1is:
2 2 1/2
ETQT = (E5. + Er )

TTx Ty
Let: |
Ry, = [(x-x)2 + (y-y;)21*?

Ry = [(x-2,)% + (y-y,)21}/?

X
i

= [(x=x9)% + (y-y;)?1M/2

[(X'xu)2-+ (y—y;}ell/z

=3
&
4

Substitute four equations above in the equaticn for Emgp |

Il(x"xl)'.ﬁll(x—XE) Ia(x-x3) Iz(xnxu)jg

p
E =-—-{[ e + -
TOT 2n : 3 3 3
Rl R2 R3 Rn
+ tIl(y-ylj _ Il(x—xg) Ig(¥'¥3) IE(Y“YH)}Z}l/g
3 3 K - 3
Ry R” Ry Ry




2 2 .2 2 2 2
£ . Lo {Il (x«xl) . i (x-xg) . Ig{x-le" Iz(x-xu) i
BB 1 2 3 4 .
fj_[g . . 2112(X—X1>(X-X2) 21112(x-x1)(x—x3)
1 2 13
3 J _ -21112(x4x1)(x—xn) .-2I112(x-x2)(x—x3)
SR 35 3 - 3n 3
. , 24T xox) Gxy) 2T 2 (xmx) (xoxy)
U | Ry7Ry Ra7Ry
: Ilz(y—yl)2 Ilz(y—y?)2 Iez(y-y3)2
2 + + —= —— +
R, ° R.° R,°
. : e} _ 2 3
L . Izzcy;m 21,2y ) (5-y,)
s | -‘ 3R 3
: J Ry R, °R,
1 2Ty Y mg) - 2L, I (y-yy ) (y-yy)
- ' 35 3 . 3,5 3
i Ri7Ry Ry "Ry
;o 214 1,(y~y,) (y-v5) . 21, I (y-y, ) (y-yy)
- 35 3 35 3
] R, R, R, 3
1 21, 2(y-y.) (y-y,) :
L _ 2 3 k }1/2
3 3 '
; R3 Ry :
o i
ly
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1 2 ‘ 2

I
Epor ™ %; {;lg [(x—xl)2+(y—yl)23 + Elg [(1-x2)2+{y-y2)23_
1 2

12

+ ;33 [(x-xy) 24 (y-y )71 + 535 [x-x,) 24 (y-5)°]
3 it

v 2
21 .
- Sl Lex)) ey + (y-7)) (9-))
Ry7Ro

)

21112
- E—;;—§ [(x-xl)(x—xB) + (y—yl)(y-y3)}-
173

+

- §I§E;§ [(X“Xl)(X-xh) (Y"Yl)(Y“Yu)3

2Ly I,

3
RyR

+

7 [(x—xz)(x—x3} (y-y?)(y—y3)]

3
21112

+

[(xmxp) (x-xy) + (3275 (5-,)]

R, Ry

2
21, | 1
- ;;§g:§ [(X-33)(K—K&) + (Y"¥3)(Y'Yg)]}

/2

Let: C = 11/12 and substltute this eguation in the last equa-

tion Jov ETOT ahove,

[P

et Sk AR e = ot 1




p12 {02 2
TOT 2%

+

- —"§ﬂw§ [(‘-A )(x*‘ ) (Y*yl)(Y~y2)]

e

+ —3%—-§ I(x-xl)(x~x3) (y»yl)(?-yq}]
Hi R3 2

e

- ”“?""* [(x-x ) (x=xp,) (y-yl)(y-y#)]
2C

3
Ry7Rs

’ R2§R'3 [(x-xp) (x=xy) + (y=35) (y=9y)]
2 4

1/2
5 [lxmxgy (xexy) ¢ (y=y ) (3=y) D)

R3 R

£l -

Ccall that part of the equétion tn parentheses K,

pI2 ) 2“ETOT

Epgr ™ 37 ¢ P % TIK

The expression for apparent resistivity 1s
_ 2By
P T

where K 13 the geametric factor. To find the apparent resis
t4vity expresslons for dipolea one and &wo individually, let
I,= ¢ and I, = 0 respectively 1in the composite equation for

the rotating-quadrijole array above.
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Let:
I, =0
pI 1/2
s D 1 _2 _ 3 ) Y
Eqor o {—g + - C— [(x xl)(x x2)+(y yl)(y yz),l
1 Ry R, R, °R
ETOT = :il X
1
33;2%3; Apparent resistivity equation for ths first
p & : aren re 1 Y. u os 2
™M
source.
Let:
I, =0
P 1/2
2 1 1 2 ¢ ] _ .
Epqp. ® 750 (F + = = T3l (x-xg) (xmx )t ly ¥y y-y) 7}
2 R R, R,°R
| 3 k4 3 U
pI,
Eor, = 27 K,
27EToT) B |
. P =K : Apparent resistivity ejquaticen for the second
2™
source.
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ROTATING~QUADRIPOLE MAPPING FIELD DATA
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N : Statlon number

S P RPN NS - |

R ! Distance from measuring polnt to the origin (tke inter-
section point of the two sources){km}

REAR: Azimuth of the line between the origin and the recelver
station (degrees)

Bl : Azimuth of the first receiver line (source #1)(degreés)
B2' : Azimuth of second receiver line (source #1)(degreeﬁ)
BR1 : Azimuth of first receiver 1line (source #2)(degrees)

BR2 : Azimuth of second recelver line (source #2)(degrees) !

EX1

P S L LT Y

et

-

Voltage measured along firast receiver line (source #1)(mv)

EYl : Voltage measured aicng second receiver line (source #1)(mv)

SR LN

EX2 : Voltage measured along first recciver line (source #2) (mv)

EY2 : Voltage measured along second receiver line (source.#z)(mv)

CURi: Total step current on source #1 (amperes) Py

e | CURZ2: Total step current on source #2 (amperes) ‘

: XL : Length of recelver line (meters) 4
?f _ R1 : Resistiviﬁy due to soif&e #1 (ohm-m) 5
h "R2 : Resistivity due to source #2 (ohm-m)

ii Rmax: Maximum resistivity (ohm-meters) | é
( Rmin: Minimum resistivity {chm-meters) ' o

RTO : Ratlo of maximum to minlmum resistivity_

,.__._,
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I
Ty

e b b i i




N R 4EAR Bl B2 BR1 BR2 EX1 EYl EX2 E¥Y2 CUR1 CUR2 XIL. Rl R2 R R_

_ max fmin 130

;. 1 0.071 112 186 287 180 256 ~18500 ~ 5000 -6500 =12500 4.5 3.5 30 26.5 34.3 35.0 26.4% 1.3

2 1,047 351 174 76 175 75 3200 -140 266 - 400 4.5 3.5 31.3 58.9 51.0 27.0 1.9 i

4 3 0,541 8 167 74 76 170 =-9040 -10100 775 1300 4,5 3.5 23.2 33.2 32.0 14,0 2.3
2 4 o.7h7 75 174 75 171 75 ~1200 225 650 -2100 4.5 3.8 41.1 35.5 62.2 26.4 2.4

1 & 0,34 57 350 100 353 8% 9240 -1200 -6B0CO0 -10500 4.5 3.5 70.9 70.9 118.7 71.1 1.7

i & 0,8 52 172 84 171 85 -1300 -1750 1750 1000 4.6 3.8 71.0 53.7 82.0 19.1 4.3 .

¥ 7 1.0¢3 35 20 329 326 20 -675 -625 -1650 ~500 4,6 3.8 25.1 116.6 113.9 17.7 5.8
& 8 1.4/ 21 350 78 389 T2 -240 240 =260 40 4.6 3.8 21.8 h49.4 s2.4 19.6 2.7
3 9 1.3¢* 30 172 78 172 74 -60  -800 260 -70 4,6 3.8 52.4 35.8 60.2 34.6 1.7

% 10 1,716 28 75 1C¢9 158 67  ~580 50 230 -80 4.6 3.8 71.5 63.0 84.4 61.4 1.4
i 11 1.97% 22 330 355 11 342 -90 =150 =180 -160 4.6 3.8 31.9 T74.6 76.1 4.0 19.2

¥ 12 1.39% 43 238 1 348 358 260 130 -300 =320 4.6 4.0 6.7 32.8 51,7 3.7 13.8
;| 3 1.30 6G 350 72 350 75 640 -220 -265 -470 k.6 4.0 54,1 28.8 s4.5 28.0 2.0
3 14 1.0% 79 349 BO 75 348 48o 55  -650 65 4.6 4.0 36.5 29.2 41.3 28,4 1.5
5 15 1.37: 218 32% 353 32R 353 -60 50 170 140 4.6 4.0 22.3 19.0 23.2 10.9 2.1 -

5 16 1.11¢ 99 173 180 175 180 -275 =350 ~-370 -300 4.6 4.0 7.3 52.8 60.8 7.4 8.2 .
& 17 1.3» 82 355 35 6 353 350 290 -7 45 4,6 k.0 54,3 26.3 61,4 21.9 2.8 L
El 18 1.4 64 143 173 182 149 -360 -320 142 20 4.6 4,0 57.3 25.9 60.2 14,3 4.2 o
ko 19 1.6" 50 169 180 180 167 =250 =160 42 120 4.6 3.9 g2.0 28.1 83.9 10.5 B.0 C
¥ 20 1.7t k0o 169 84 168 82 45 - -270 270 =105 4.6 3.9  50.2 75.0 B84.2 50.4 1.7 L
£ 21 2,197 31 171 76 75170 . 90 -200 -65 165 4.6 3.9 53.6 75.1 77.6 46.2 1.7 A
" 22 2,37 25 1 101 9% 10 -1%0 . -50 20 -95 4,6 3.9 50.9 62.3 63.9 46.3 1.4
3 23 0,80 111 350 6 5 349 376 560 850 1075 4.6 3.8 30.6 41.9 53.1 29.9 1.% :
i 2k 1,105 129 349 89 343 77 - -180 460 k8O ~40 4.5 3.8 30.0 39.5 46.5 25.4 1.6 \
ki 25 1.457 137 289 211 295 203 =170 -15 5¢ -185 4,5 3.8 23.1 38,6 60.0 17.8 3.4
B 26-1.1¢%, 148106 18 105 12 =350 =125 60 345 h,5 3.8 25.3 39.5 47,1 24.7 1.9
- 27 ¢.97% 161 105 120 107 118 460 590 390 300 4.5 3.8 27.7 47.1 87,9 25.7 1.9
& 28 0.8%: 178 2Bb4 299 285 298 925 300 -460 -370 4,5 3.8 62.4 29.7 68.1 23.. 2.9 e

‘ 29 1.257 168 310 20 22 312 -950 =900 425 625 h.5 3.8 131.4 102,0 122,1 71.3 1.7 '

30 1.62F 162 345 65 345 65  ~250 -30 85 210 4.5 3.8 39.7 69.6 77.0 38.9 2.0
312,111 163 343 7h 34B 77  -130 -15 65 150 4.5 3.8 42,7 111.2 120.0 40.2 3.0
32 1.8u) 159 345 77 346 80 . -180 L5 60 160 4.5 3.8 6.7 86.0 107.6 29.4 3.7
33 2.11° 144 139 246 140 246 110 -50 -19 -65 4.5 3.8 38.9 k2.7 83.4 12.2 6.8 ;
34 2.38:1 135 45 BT 43 85 3 60 50 15 4,5 3.8 29.4 43,2 72.2 20.9 3.5 ~
35 2.17¢L 155 190 235 232 196 70 4 =110 -90 4.5 3.8 32.5 75.2 B81.4 33.3 2.4

1 4
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3 N R {:EAR Bl B2 BR1 BR2 EX1 EY1l EX2 EY2 CUR1 CUR2 XL Rl R2  Rp.. Ry, RTO '
: 36 2.4 142 300 200 300 202 - 40 -12 -20 - ~70 4.5 3,8 30 24,3 71.1 94,5 18,3 5.2
i 37 2.6~ 127 239 216 263 239 ~-45 ~-35 11 -7 4,5 3.8 bo.5 4o.7 B5.6 12.0 7.1 :
i 38 0.4% - 176 183 99 92 181 8250 -850 1900 -1550 4.5 3.8 -23.8 '31.7 33.1 17.0 1.9 e
" 19 0.3%7 . 134 182 101 179 90 2900 8300 <4700 1800 4.5 3.8 23,6 31.2 41.3 14,4 2.9 \
3 Lo 0.3 351 171 181 170 180 -8G00 -T7700 1800 1150 4.5 3.5 26.1 3.1 62.9 1.8 34.8 :
- 41 2,440 163 HOo 53 61 L6 -20 -12 130 120 4.55 3.8 22.5 134,8 151.7 7.1 21.5
= ho 2,71 171 227 2ub 229 24l -50 . =80 -75 -85 4.55 3,8 79.9 120.9 147.4 8.5 17.3
: hy 1,100 196 - 55 140 149 58  -530 110 250 220 4,55 3.7 31.6 25.4 43.7 19.1 2.3
2 gy 1,37 360 189 198 198 188 1150 1100 90 150 4.6 3.5 38.9 72.8-111.2 9,9 11.3
t e 2,110 352 141 33 124 35 330 =300 - 100 10 4.5 3.5 66.3 73.7 77.5 53.9 1.4
_% ChE L.T71 354 342 68 382 72 ~730 -35 «190 240 4.5 3.5 58.2 124.5 125.9 50.2 2.5 v
5 Y7 2,07 33 190 105 105 189 190 490 280 -60 4.5 3.5 81.5-210.1 212.2 bo.7 5.2 A
- g 2,43 347 1Bg 205 205 188 120 28 -850 D 4,5 3.9 6.7 175.0 233.2 43.3 5.4 :
i kg 2,001 344 121 79 120 79 275 140 52 90 4.5 3.9  111.8 121.0 143.2 65.3 2.2 j
: 50 2,87 asu 227 200 204 230 80 115 7 -25 k4.5 3.8 59.4 108.7 115.5 10.0 11.5 |
3 51 2.66% U8 281 255 281 255 90 ~12 ~42 ~35 4,5 3.8 90,1 77.4 151.3 13.8 10.9 '
52 3,1 357 127 65 126 66 85 =60 18 - 12 4.5 3.8 79.6 39.1 99.9 33.2 3.0
53 2.71¢ 360 306 325 312 336  -145 -167 -48 -32 4.5 3.8 69.5 71.7 PRz.1 38.1 2.2
5ho2,3%7 6 3r4 334 315 333 ~130 =170 -99 =75 4.5 3.8 51.9 89.3 82,0 21.4 3.8
5h 2,3%¢ 16 186 215 217 238 155 180 30 -28 4.5 3.8 55,7 115.7 125.2 19.4 6.4
56 2,397 335 114 129 100 116 145 170 g0 60 4,5 3.7 53.5 130.6 143.8 45.5 3.2
57 1.2%71 313 168 81 172 77 950 1850 =145 220 4.5 3.7 92.6 27.8 91.5 3.3 27.6
58 1.727 318 145 55 145 &7 300 360 -12 140 4.5 3.7 55,1 h4.6 69.4 18.5 3.8
59 1.73% 328 150 235 235 146 280 . =430 -210 15 4.5 3.7 52.0 79.4 87.2 25.6 3.4
60 1.774 338 192 280 191 275 450 =80 70 a0 4.5 3.5 4h,0 s50.9 53.2 34.5 1.5
61 1.329 330 G3 & 80 6 1675 =350 480 220 4,5 3.7 75.0 100.8 104.5 57.3 1.8 e
£2 2.61% 331 202 101 198 84 85 250 -60 70 4.5 3.7 108.9 96,0 114.4 94,1 1.2
€3 2.120 330 324 50 51 325 =140 130 100 -7 b4 3.7 3.0 67.1 T74.3 24,5 3.0
€4 2,257 323 146 55 144 A0 290 210 -10 105 4,4 3.7 97.0 T76.8 123.4% 38.7 3.2
€5 2.857 325 174 80 173 80 110 120 . ~35 55 4.4 3.7 5.5 94.9 143.4 18.5 7.8
66 3.015 329 178 109 1065 18} 70 150 50 =25 4.4 3.7 96.9 121.9 157.5 55.7 2.8
67 1.4%% 190 345 9 8 3K6 - =200 =240 ~30 -80 4.5 3.7 20.% 25.6 44,7 13.8 3.2
€3 2,177 183 77 159 77 160 -390 50 140 g 4.5 3.8 41,0 92.8 117.9 21,9 . 5.4
€% 1.76¢: 181 160 70 171 75 8o  -175 3 170 4.5 3.7 38.9 62.8 B81.9 19.2 4.3
4.4 3,6 31.7 26.0 48.1 18.9 2.5

7O 1. B 206 1260 35 14 112 ~105 ~200 ~100 i70
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1.518

N R  SEAR Bl B2 BR1 BR2 EX2 EY1 .EX2 EY? CUR1 CUR2 XL. Rl R2 R, Rmin RTO
71 2.07¢ 190 274 201 1234 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 2,277 207 14 58 16 58 -37 -45 -3i0 8 4.4 3.65 21,6 12.% 21.9 8.8 2,5°
74 2,797 210 90 129 B85 165 ~30 =12 0 15 4.4 13,65 35.3 14,0 37.7 1.1 2.7
5 2,977 195 229 322 322 228 35 -5 ~-30 -10 4.4 13.65 33.8 44,8 T1.5 23.2 3.1
76 1.79: 194% 80 169 167 80 =130 72 65 120 4.4 3.7 34.0 41.6 65.6 20.2 3.2
77 2.33 194 200 218 194 213 80 100 0 -20 b.4 13,65 52.5 k1.0 56,0 19.7 2.8
78 1.1%% 0534 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%% 225 170 185 170 185 7 30 140 170 4.4 3.7 16.4 21.2 22,2 2.9 7.7
80 1.215 254 263 168 279 175 85 =170 430 300 4.8 3.7 21.6 22.3 28.6 19.9 1.4
81 1,570 251 6 302 350 4 75 . 100 ~30 -60 H.4 3.7 25.1 12.0 35.4 9.03 3.9
82 1.6u03% 235 352 264 353 262 50 85 =100 B0 4.4 3.7 21.5 13,4 28.6 13.3 2.1
83 ¢.39% 253 T2 87 86 72 -17°% =23060 12000 12000 4.6 3.5 24,2 13.5 25.8 2.3 11.1
84 0.732 248 318 194 184 270 300 140 2900 40oOO 4.4 3.6 37.9 12.9 42.5 12.9 3.3
85 1.01° 213 130 233 230 144  -260 725 30 480 4.4 3.6 37.4 17.5 43.0 18.0 2.4
86 0.7E 275 172 80 175 83 -875 148 -1150 =675 4.3 3.7 33.6 11.0 75.6 2.5 29.6
87 0.6%, 313 260 271 258 272 ~2025 -1600 -900 =775 ‘4.3 3.7 25.2 21.7 120.2 17.8 6.7
88 1.1y 287 51 75 60 82 k&0 516 60 =120 bL.3 3.7 33.5 18.9 32,7 10.1 3.2
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 1i.707 267 175 81 170 83 ~100 35 0 -115 4.3 3.7 32.4% 14,7 36.5 13.2 2.8
91 1.8a7 242 200 128 128 203 13 -65 5 80 4.3 3.7 2k,6 13.0 34,5 11.5 3.0
92 1.91t 231 97 174 175. 95 -70 =15 65 -4o 4,3 3.7 24,8 17.1 28.3 17.2 1.6
93 2.41% 217 125 197 126 199 -25 15 10 13 4.3 3.7 21,1 7.5 31.7 6.2 5.1
g 2,01, 216 7 265 6 231 -15 35 A5 565 4.4 3.7 30.5 16.3 33.1°1s.4 2.1
95 1.74% 284 139 205 138 192 -15 =155 =120 -390 4.4 -3.75 §y. 4 21.8 Uu6.1 18.5 2.5
. g6 2.28G 305 B1 173 82 173 190 -20 30 ~40 4.4 3,75 69.0 27.1 B80.0 19.2 4.2
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 85 131 85 45 110 50 32 4.4 3.70 67.0 54,0 97.0 22.8 4.2
99 3.04% 318 340 53 68 343 -45 35 30 k5 4,4 3,70 45,3 88,2 114.3 2.5 45.5
100 2,357 314 175 281 180 276 15 =175 -60 -50 4.4 3,75 61.1 57.2 B84.3 35.3 2.4
101 1.97¢ 306 12 348 334 354 125 u8 65 B85 4,4 3.75 48.1 34.% 63,7 T.4 B.6
102 1,774 300 300 215 213 3i0 =175 =250 -65 o 4.4 3.75 55.6 16.7 60.1 1,2 uB.9
103 284 286 190 286 175 -70 -180 100 ~100 4.4 3.75 34,9 12.7 35.0 12.7 2.8
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APPENDIX A-3

TEMPERATURE STUDY FIELD DATA

P RS PPN P St

N: Station number ‘ - :
R: Resistance (ohms)

T: Temperature (°¢)
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e

N R T
b 972 25.8
2 920 - 27.3
3 1009 24,
4 933 26.9
5 1007 24.8
6 961 26.1
7 943 26.6
8 889 28.2
) 979 25.6

10 977 25.6

11 959 26.1

12 1016 24.6

13 973 25.7

15 966 25.9

15 1015 24,6

16 1005 24,9

17 65 26.0

18 998 25.1

19 982 25.5

20 a89 25.3

21 1027 . 24.3

22 978 25.6

23 999 25.0

24 993 25.2

25 988 25.3

26 908 25.0

27 988 25.3

28 1014 24.6

29 947 26.5

1022 24. 4

31 984 25.4

32 gi5 26.5

33 958 26.2

34 glig 26.4

35 953 26.3

g

N R

36 952 26.3
37 855 26.2
38 921 27.2
39 983 25.5
ko 950 26.4
41 977 25.6
42 966 25.9
43 970 25.8
4 954 26,3
45 971 25,8
46 ouT . 26.5
il 852 26.3
L8 g70 25.8
by 971 25.8
50 959 26.1
51 1000 25.0
52 1010 - 24,7
53 961 26.1
54 951 26.4
55 975 25.7
56 960 26.1
57 989 25.3
58 1313 17.7
59 989 25.3
60 974 25.7
61 995 25.1
62 $597 25,1
63 978 25.6
64 960 26.1
65 935 26.8
66 27’ 27.1
67 930 27.0
68 972 25.8
69 962 26.0
70 1022 24,4

47
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APPENDIX A-Y4

SELF-POTENTIAL STUDY FIELD DATA

Station number

Potentlal drop along a 200 m line (millivolts)
Corrected value of V (aftef erroy distribution)
(millivolts) e

Potential drop between a sfation and the initial

point with assumed zero potential (millivolts)
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7 /FHNDIX B

EXPLORATIOH ON ADAK ISLAND, BLASKA
by

David L. Butler and George V. Keller

Appendix B accompanies a report entitled "Geothermal Energy
in the Pacific Region® by L. T. Grose and G. V. Keller,
May, 1975. This project has been supported by the Office
of Naval Research Contract Number 1N00014-71-A-0430-0004.




APPENDIX B - BXEPLORATICOH ON ADAK ISLAND, ALASKA

David L. Butler and Georqge V. Keller

Introduction

As pointed out in ths body of this report, the Alesutian Isiands
comprise an area of active to recently active.volcanisx -nich should
ha favorable for the occurxence o. geothermal energy. Adak Naval
Base is an excellent candidate for the usae of geotharmal energy,
inasmuch as Adak Island is located toward the western end of the
active portion of the Aleutian Islands. Because of this, some ex?
ploration was cafried out on Adak Island in an attempt to evaluate
the geothermal potential. Seismicity 2ad resistivity surveys were
carried out on Mount ARdaydak, on northern Adak, rear the Naval Base
(see Figure 1).

The area of interest, the morthern mountainous part of adak,
is the remnants of thres historically inactive volcanoes. Frem east
to west, the volcanoes are Mount Adagdak, Andrew Bay Volcano, znd
Mount HMoffet. Although no extensive'faulting has béeﬁ mapped in
this area, some evidence of faulting is present on the rortk slope
of Mount Adagdak. The lithology of this area includes volcanic and
intrusive rocks of.Paleozoic age, Tertiary tO Quaternary volcanic
rocks and Quaternary alluvium, The alluvium unit conasists largely
of glacial drift and other unconsolidated materials, inclnding]vol—

canic ash.

sSeismicity Survevsa

More thar 1000 ko®

near Adak Island was surveved from Cect. 22
to November 1, 1974, for microearthquakes to aid in the evaluation

of the geothermal pctential of the area. The survey was carried
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3
out by Microgaophysics, Inc., under coentract to the Colorads School
of Mines. The size of the 1000 km2 area is based on a detection
threshold of magnitude 0 or less with at least one staticn record-
ing an event within the area. fThe objective was to deétect and

locate microearthquakes and thereby map tectonically active struc-

tures.

Figure 2 is an historical seiemicity map of the area
around the Adak Island. The Aleutian Arc 18 an active gelsmic
province, howaver, a large number of the events shown on Fligure
2 occur on or near the subduction or Benloff Zone of the
Aleutian Island arc-trench ﬂystem. The gubduction zone is the
postulated tectonic feature occurring where one crustal plats
is being forced under another. In the Aleutian Islands, the
North Pacific Plate ia being moved in a northwesterly direction
under the American Plate. |

The subduction zone strikes east-west south of Adsk and
dips to the north to a depth of 100 to 150km beneath the island.
The seismic sctivity associated with the subduction zone securs
at ton great & depth to be of interest in this survey but the
tectonic activity at depth i3 a manifaatatién of the regional
gtress. ‘I'his peme gtress pattern m&y influenca surface faulting
and the shallow microselmmicity of intereat in this survey.

- The spacific project srea contains no historical epicenters
although ﬁ@?@ral eplcenters are northeest of the area of Interest.
In early #March, 1974, 13 amall earthqguakes were detected by the
NOAA Selsmological Obssyvatory on Adak and located near Andrew
Bay and Mount Adagdak (Mr. D. Glover, personnel communication,
1974). _Thega events are of small magnitude (m<¢3) and are not

plotted on the historical selsmicity map (Flgure 2).
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buring the course of this survey, assistance and dats wefe

supplied by Mr. D. Glover, cbeervatory director of the Mational
Oceanic and Atmospheric Administration (NOAA), Seismological

Obaervatdry, Adak, Alaska. The data supplied includes arrival

~times, 5~P times and magnitudes of several laocal earthguakes.

His enthusiaatic agsistance is gratefully acknowledged.

The next section of this paper outlines the instrumentation
and operational methods employed in the field work. The ohger=
vatione and analysis are given in & section and are followed. by
an interpretation of the results. Recommendations are listed
in the last section of the body of the report. Th= appendix is
a listing of times, 1ocations and'ﬁagnitudes of the local earth-

quakes detected duving this survey.

Instrumentat*an and Operatienal Summary

Seven Qprenanethar Instrument Co. Mdg-aoe B portable
seismic systems were used for this survey. Each system zon-
siste of a Mark Products model IC-4, l-hz haturalefrequency
vertical seismometer, gzin-stahle amplifier, integral timing

system, and smoked paper recording with 0.025mm stylus width

-and 120mm/min recording speed. The frequency characteriatics

of the Instrument are summarirzed in Figure 3 (note that both
the velocity response and the displacement rasponse are plotted;
displacement response at a particular frequency, £, is obtained
by multinlying the velocity rec ‘ponse by 2«£), Gain changes are
by 6db gteps from the typical operating level of +%64b ﬁlottad

in the figure.
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.were operated by MicroGeophysics Corporation;

Clocks were synchronized Gally with a master cloék

was sgynchronized with wwv,

» which
Clock drifts between synchronizationg

were below expected record reeding errors, therefore no Correct-

ions were hecessary. Records were read to +0.03 sec for p

arrivals and *0.10 sec for S-P times. Amplitudes, peak to peak,

were read to the nearest millimeter, and durationes to the

nearest 0.5 gec,

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 limit allowed by ambient background noise.
Station locations of the array operated for ten days are illus-

trated in Figure 4 and listed in 7Table 1. Statiorns 1 through 9

zl«z5 and ADS by
NCAA. Details of the oparation of stationsg
in Table 2,

1 through 9 are ghown

The NOAA stations, which are Gparated continuously,

are part of the permanent tsunami-warning network of NOAA. The

operation schedule (Tabls

2) shows the gains and the time pericds
of individual station occupations,
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gtation

1
2

g%

z2
23
z4
25

ADSB

E]

- STATION COORDIHATES

TABLE 1

The origin is located at

176.69°W) .,

Pozitive X an

X* in km

Y* in km

ptation 8 (latitude 51.38°R.‘10ngitude

1.33
6.62
5.38
5.15%
4.80
4.15
7.31
0.00
3.70

1.70

0.05

-1.60

0.15

5.60

7.50
4.95
6.03

11.75

11.40
.42
8.58
0.00
4.60

0.35
1.0
0.15
0.05

11.00

Z* in km

9.00
0.00
0.03
0.09
0.09
0.03
0.05
0.09
0.03

0.06
0.03
0.09
0.09

0.24

d ¥ are east and north respectively.

7 is *he gtation height above sea level ({altitude).

S A s e




OPERATION SCHEDULE
| table 2

al2=gain/one miilion at 20 Hertz
fiters at 530Hz

gl . g.24

8

i
o
6

STATION |
O 0 N O O b W -

g1.9
g.28

22 23 24 25 26 27 28 29 30
DATE , OCTOBER '74




Observations and Analyais
" Evente were regarded as éeismic in origin ;f they appeared

on two or more stationz with time differences corresponding to
seismic velocities or if they ﬁere similar in appearance to
other larger events which werxe well recorded. Seismic events
were considered local if they had S-P times of less than four
seconds. _

The S-P time is a characteristic indicator of distance to
the epicenter bf an event. The S~P time is the differenca

between the arrival time of the S or shear wave and the P or

compressional wave. The two body waves propagate by different

mechanisms and at different velocities dependent on the para-
meters of the ¢transporting medium. The S5-P time is thus a
function of the distance traveled.

" An example of a local event near Adak is shc#n in'Figuxe 5.

Regional and téle@aismic_(distant)'events with S~ times greater

“than four seconds, were considered outside the scops of this

survey and therefore no attempt was made tc locate them. The
four-gecond S8-P time cut~off for local eventas is an arbitrary
limit chosen by the interpreter. -

Local events timed on four or more stations were located
using a genaralizeﬁ inverse computer program. This program
assumes a velocity model and least-gguares fits calculated
travel times to the cbessrved arrival timsg. The velocity
structure in the project area can be estimated from a layerad
crastal veloeity model of the Adakx reglon developed by the USGS

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

S ot S A S e s o i e B B i e e St o b 2o
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other velocity strvctures, a half-space model and a linear
velocity-increase .with.-depth model. The half-~space mbdel was
ugsed to test the pickéd arrival times and the sensitivity of
the locations to velocity chénges. The conatant veleocity model
obtained good fits with no anomalcus station residuals. The
velocities obtained with the half-space model agree with the
averaged velocities of the layered model. The meodel that
preduced the best fits and lowest residuals in the project area
was the linear velocity-increase-with-depth model. This model
is in general agreement with the layered model and it produced
station residuals on the order of thelpicking error (+.03 sec).
Figure 7 showe all located events and illustrates that the
local éeismicity is confined to two areas. Events from these
two areas were identified by using S-P times and sigrnature
similarities and were classified as “type A" or “"type B" events.
Figqure 8 shows a plot of the cumulative number of events record-

ed Au-ing the survey of each type. Type A events were recordad

~at 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 40km southesast of Adak.
Due to the distahce from the array, the epicenter location
precision is about +4km. Because these events arz well outsids
the area of interest, no:further analysis was performed.

Twentyi ziz events denoted as type A were located in ;he
project area. The precision of location for these events is

about tlkm in plan and 12km in depth. The events occur within

.
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Andrew Bay, weast and northwest of Mount Adagdak. Tﬁg located
type A events are shown in Figure 9, The least~squares~fit
fault plane o2 the event locatior is shown in Figure 10. The
1ea5t-squares;fit Bolution is arrived at in tha.fellcwiaq-
manner. After the surface fault_traca is plotted in plan view,
an auxilary or cross section view is taken perpendicular to

the strike of the fault trace (to rhow the true dip of the
fault plane). Tha depth pefspective of the fault_is found by
plotting the depths of epicenters (hypocenters) in the auxilary
view. After allowing for uncertainties in the depth parameter
from the valocity modal {+2km), a fault plane can be fitted to
the cross section. The fault plane strikes N60®E and dips NW
at 70°. The dotted line is the expected precisgicn of the fault
plane solution.

The direution of movement on the fault plane is obtained

| by the use of a first motipn study. This sclutlon ig shown on

Figure 11. The first motion, compression for vertical motion

up and dilatation for vertical moticn down, i3 plotted on the
upper hemisphore of a sterographic projection. A'Eault plane

ig then fitted to the data by dividing the plot inte four
guadrants. The shaded region on Figure 11 repzesenﬁg compression
and the unmarked region represents the dilastation guadrants. The
flrst-moticon methed produces twe orthogonal solutiona, If'you
chose the fault élana golution which strikes N70°E with a ﬁﬁ

dip of 75° the rslative moticn of the fault is right-lateral;

strike-slip with a small component of thrust. Thae fault plane
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fig 1

golutions from the two methods agree
well Qithin reagonable limits of
accuracy. o
To estimate the level of seis-
micity sbme attention must be paid
to the size or magnitude of an
eatthquake. Ia this survey an
amplitude versus distance plot (see
Figure 12) was constructed for two

local events (Gotober 30 at ghg7m

and at 81157}, The magnitude of

these events was determined by using

curves established for microearthguakes
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MAGNITUDE VS DURATION CURV
35 fig 13
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by Brune and Allen (1967}. Magnitudes from two other larger

events (October 28, 11h04M and Octcber 30 at 8h03M) were supplied

by the NOAA Adak Observatery. These four events Qere then used

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

To correct for local geologic effects all durations wers measured

at station 3.

From the magnitude versus duration curve, all datected
events wvere assigned a magnitudéQ- The resulting cumulative
recurrence curve (a plot of the log of the number of events

of a given magnitude versus the magnitude) is shown in Figure 14.
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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 reference.

Figure 15 shows the felationahip between Poisson's ratio and
the velccity ratio . The often assumed valua of Poisson's ratio
of 0.25 is ghown, but an increase of up to 0.1 often gccurs whéen
a rock ig 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. Poissen's ratio is alsc a qualitative
méésure of the amount of fracturing present-in a rock mass.
Th;refcre a map indicating variations of Poisson's ratio or the
velocity ratio may indicate areas or volumes with ancmalous
fracturing and resultant high permeability.

Figure 16 is a plot of arrival time versusg 8-P times for
eight events recorded by this suiﬁey. This relationship, often

called the Wadati diagram method, has been discugsed by others

- (Semyenov, A.N., 1869; Nersesov, et.al., 1971f Kisslinger,

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

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

for each slope. The A parameter is the slope of the linsar re-
lationship which indirectly gives the velocity ratio and o gives
the corresponding Poisson's ratio from Figure 15.

Figure 17 is a plot of the velccity ratioc with time.

Variations from a constant velocity ratio have been used to

‘study premonitory phenomena for large earthquakes with some
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success (Semyenov, 1969; Nersesov, 1971; KisSIinger,Engdahl,1974].

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

Y - diction from this data but the spatial distribution of Poisson's
L ratio can be interpreted.
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To locate an anomalously frééfure& Zeone, a map of the

e observed Poisson's ratio (plotted at the epicenter! was made

-(see Figure 18)., Note that the form lines inaicate trends in

l the data and are not contour lines. The roigeon's ratio wag

assumed to bs more heavily influenced by the source recion and

-mechanisn than by the travel path, therefore the value was

~} © assigned to the epicenter. Assignment of the value to the travel

pPath would complicate the digplay, but the same conclusion would

| be derived from the alternate display. Figure 18 produces a

“ congistent picture of Doissgon's ratio increasing to the west and
|

with depth along the fault,
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The anomalous distribution of Peisson’'s ratio and ifs
spatial relation to the geologic features can be explained by
& theoretical model. This model is calculated by assuming a
Volterra~type dislocétion for the fault mechanisem. For this
model, the valume strain or dilation can be calculated around
the faﬁlt given the ppatial geometry of the fault plane. The
Volterra-type disloégtion model assumes that a hdmogeneous half~
swace ig broken aloﬁg a diétinct plane and, after displacement,
is welded back together. The half-space, which was initially
stress free, now is subjectéd to a regional stresg (manifested
by the yolume strain, which can be contoured) created by the
dislocation at the "fault plane". The dilation or volume strain
around such a dislocation model has been calculated by Yeatts

(1975). - Figure 19 shows a plén and cross section view of the

 dilation around a right-lateral, strike-élip fault dislocation.
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The shaded areas represent areas under dilitation and unshaded
areas are under compression. The region of most severe volume
expansion can be expected to exhibit micreofractures, demonstrated

by ar increase in Poiescn's ratio, leading to increased perm-

eability.

Resistivity 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
Schocl of Mines, The rolating dipole technique, as described by
Tasci in Appendix A of this report, Gas vsed. Operations in the
field on adak in late Fall are frought with difficulties, largely
induced by the cold, wet, and windy weather. Relatively few meas-
ureménts were made before the survey had to be terminated, and the

regsistivity survey must be considered to be only preliminary in

‘hature.

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

ing measurements of electric field intensity arocund a pair of bipole
sources located at a single zite, but with different orientations.
For the Adak survey, a pair of sources, each 730 msters in length,
wag placed on the southwest slope of Mount Adagdak, as shown on the
mép in FPigure 21. Currenta of a few amperes were used to excite
these two source blpeles. This is lesa 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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Measurements were made at the receivar sites indicated con
rigure 21, using receiver linea 100 meters in length. Voltages
were recorded on paper-tape recorders. Values of apparent registiv-
ity were computed for each source independently, and fos various

combinations of the two sources to yield resistivity values as a

. function of current flow directional at each receiver site. The

maximum vaiug of apparent resistivity is plotted and'contoured on
Figure 21, because this value is relatively immune to.problems
caused by false énomnlies. _
Thé‘roughly.slliptical pattern of contours shown cn this map.
with high values of apparent resistivity being observed close.to
th- source, is characteristic of an earth in which resistivity
decroases wizh depth, It appears that at distances of less than
1 kilometer from the source, current hag not penatrated deep encugh
to be contrelled by the properties of rocks beslow sea level, At
the greater distances, beyond 1 kilometer, apparent resistivity
values decrease to less than 20 chm-meters, or values which are com-
patible with the exietence of geothermal fluids at depth. However,
much more detailed coverage of the avea will be reguired before

the esistence of any potential geothermal reservoir can be indicated.

“




Interpretation

A peismically active zone exists near Andrew Bay, north
and west of Mount Adagdak on Adak Islend, Aleutlans Islands,
Alaska. This zone is interpreted as a right-lateral, strike-
slip fault with a small component of thiust. The surface trace
of this fault should be apparent on the west side of Mount
Adagdak. | .

A zona of relatively high Poisson's ratlo mapped in this

‘area indicates that a fractured or dilated reglon existe in the

area. Consideration of the microearthguake station locations
and the travel paths from the recorded e#ents indicates the
dilation zone probably exists south of and.on the west ernd of
the active fault zone, . _ .
Reconciliation of the theoretical model w{th the field

observations alsp indicites that a dilated zone should be found

north of and on the eastern end of the active fault plans. Dus

to the array gadmetry and location of the active seismic region,
no data was obtained to confirm or deny the exiéﬁance of this
second anamoloug zone, o :

Due tc the increased permeability caused by the fracturing
associated with the mechanism of faulting in the reglon, the

hypothesized zones of volume expantion aleong the active trace

of the fauit sve interpreted asg ha?ing the highest pqtential of

producing comnercial earth steam. These areas are shown in
Figure 20. 'The interpratation is of course, subject to

clarification when reconciled with additional gecloglcal and

geophysical data in the project area.
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