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NOTICE
This compilation of papers was prepared for publication
by Sandia Laboratories, a prime contractor to the United
States Atomic Energy Commission. Neither the United
States nor the United States Atomic Energy Commission
nor any of their employees, nor any of their contractors,
subcontractors, or their employees, makes any warranty,
express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe
privately owned rights.

2

CONTENTS

Preface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

SESSION I

7

- Internal Structure of Volcanoes
Chairman: Takeshi Minakami

9

Paper 1 - Imagery from Infrared Scanning of the East and Southwest Rift
Zones of Kilauea and the Lower Portion of the Southwest Rift
Zone of Mauna Loa, Island of Hawaii
Agatin T. Abbott, University of Hawaii at Manoa . . . . . .

10

Paper 2 - Hydrothermal System and Seismic Activity of Hakone Volcano
Yasue Oki and Tomio Hirano,
Hot Spring Research Institute. . . . . . . . . . . .

13

Paper 3 - Geophysical Exploration on the Structure of Volcanoes: Two
Case Histories.
Augustine S. Furumoto, University of Hawaii

41

Paper 4 - Geophysical Evidence for the Availability of Geothermal Energy
in New Britian
William A. Wiebenga, Bureau of Mineral Resources,
Canberra, Australia and
Augustine S. Furumoto, University of Hawaii

59

Paper 5 - An Estimation of Potentials for the Hatchobaru Geothermal Area,
Northern Kyushu, Japan
and
Geo-Electrical Indications at the Otake Geothermal Field in the
Western Part of the Kujyu Volcano Group, Kyushu, Japan
Seibe Onodera, Kyushu University. . . . . . . . . . . . .

75

Paper 6 - Research Drill Hole at the Summit of Kilauea Volcano, Hawaii
George V. Keller, Colorado School of Mines. . • . . . . .

107

Paper 7 - Foci of Volcanoes
Izumi Yokoyama, Hokkaido University.

113

SESSION II - Locating Magmatic Reservoirs
Chairman: John S. Rinehart .

153

Paper 8 '- Seismic Noise Surveys in Geothermal Areas
H. M. Iyer, U. S. Geological Survey, Menlo Park
(Presented by P. L. Ward)
.

154

3

CONTENTS (Cont)

The Use of Microearthquakes in Prospecting for Geothermal
Areas and Magma Chambers
Peter L. Ward, U. S. Geological Survey, Menlo Park and
Robert Koyanagi, U. S. Geological Survey,
Hawaiian Volcano Observatory . . . . . . . . . .
Paper 9 -

Potential Utilization of Heat Energy from Philippine
Volcanic Areas
Arturo Alcaraz, Philippine Commission on Volcanology

Paper 10 -

160

169

Physical Nature of Source Parameters of Volcanic Earthquakes
Takeshi Minakami, University of Tokyo. . . . . .

191

Paper 11 - Alaskan Volcano Studies, with Special Reference to
Augustine Volcano
Jiirgen Kienle, University of Alaska

. . . . . . . . .

205

Paper 12 - Anomalous Microseisms in Surprise Valley, California
Kenneth Eng and Robert W. Decker, Dartmouth College.

225

Limitations of Elasticity Theory in Interpretation of Ground
Surface Deformation
Robert W. Decker, Dartmouth College, and
James Dieterich, U. S. Geological Survey, Menlo Park

226

Paper 13 - The Behavior of Kilauea Volcano and Its Bearing on Possible
Utilization of Volcano Energy
Donald W. Peterson, U. S. Geological Survey,
Hawaiian Volcano Observatory . . . . . . . .

229

SESSION III - Measurements of Volcanic Energy
Chairman: S. On dera

237

Paper 14 - Instability of the Magmatic Transport
Naoyuki Fujii, Stanford University and
Seiya Uyeda, University of Tokyo . . .

238

Paper 15 - Influence of Mechanical Stressing on Heat Flow
John S. Rinehart, HyperDynamics

251

Paper 16 - Preliminary Estimate of Global Volcanic Production Rate
Kazuaki Nakamura, University of Tokyo.

. . . . . . .

273

Paper 17 - Thermal Properties of Basaltic Magma: Results and Practical
Experience from Study of Hawaiian Lava Lakes
Dallas L. Peck, U. S. Geological Survey, Washington, D. C.

287

Paper 18 - Geothermal Fields and Self-Sealing Cap Rock
George Kennedy, University of California at Los Angeles
(written paper not submitted)

4

299

CONTENTS (Cont)

Paper 19 - Thermal Field on and around Active Volcanoes in Hokkaido,
Japan
Sachio Ehara and Izumi Yokoyama,
Hokkaido University . . . . . . .

307

SESSION IV - Present State of Volcanology - A Discussion
Co-Chairmen: K. Yukara and D. L. Peak
Transcript of Discussion

329

330

Wednesday Field Trip to Hawaiian Volcanoes and
Hawaiian Volcano Observatory
Director/Guide: Donald Peterson, Hawaiian Volcano Observatory
Color Photos from Field Trip

365

SESSION V - Possible Methods for Power Generation and Associated Problems
Chairman: Dallas L. Peck. . . . . . . . . . . . . .

369

Paper 20 - On the Conversion of Volcanic Energy to a Synthetic Fuel
Howard Harrenstien and Robert Adt,
University of Miami . . . . . . . . . . . . . . . . .
Paper 21

370

- Morphological, Hydrological and Thermal Characteristics of
Active Volcanoes Having No Geothermal Areas; and Artificial
Hydrothermal Systems for Utilizing Their Latent Internal
Heat Energy
Kozo Yuhara, National Research Center for
Disaster Prevention, Japan. . . . . . . .

391

Paper 22 - Artificial Geothermal Reservoirs in Hot Volcanic Rock
R. Lee Aamodt, Los Alamos Scientific Laboratory .

415

Paper 23 - The Total Flow Concept for Recovery of Energy from
Geothermal Hot Brine Deposits
G. H. Higgins
Lawrence Livermore Laboratory

431

Paper 24 - Thermodynamic and Hydrodynamic Properties of
Hydrothermal Systems
Henry J. Ramey, Jr., William E. Brigham,
H. K. Chen, Paul G. Atkinson, and
Norio Arihara, Stanford University . . . .

509

Paper 25 - Problems Waiting Solution to Utilize Volcanic Heat
Takeichi Hayashida, Nagasaki University

587

5

CONTENTS (Cont)

SESSION VI - Possible 1\lethods for Power Generation and Associated Problems
Chairman: K. Yuhara . . . . . . . . . . . . . . .

595

Paper 26 - Hydrogen as a Possible Intermediate in Developing the
Geothermal Resources of Volcanoes in Isolated Locations
Robert W. Rex, Republic Geothermal, Inc.

596

Paper 27 - Geothermal Power Generations in Basaltic Provinces,
Lanzarote (Canary Islands)
Vicente Arana, Ramon Ortiz, Eduardo R. Badiola, and
J. Yuguero, University of Madrid
.
Paper 28 -

603

The Penultimate Geothermal System in Legal Perspective
George M. Sheets, University of Hawaii

.

617

Paper 29 - Experimental Resistivity Electrode Emplacement for
the Hawaii Geothermal Project
Glen E. Brandvold, Sandia Laboratories . . . . .
Paper 30 -

633

Characteristic Geotectonic Environments of Some
Geothermal Fields Related with Quaternary Volcanic Zones
Tatsuo Yamashaki, Kyushou University
(Paper not Presented Orally) . . . . . . . . . . . . . .

643

SESSION VII- Conclusions of the Seminar - A Discussion
Co-Chairmen:

T. Minakami and A. S. Furumoto

Transcript of Discussion

651

652

APPENDIX
Comments and Conclusions, A. S. Furumoto

664

Conclusions, R. W. Decker

668

Conclusions, V. Arana

669

Recommendation, G. Higgins

670

Recommendation, D. Peterson

671

Recommendations, K. Nakamura

672

Recommendations, A. S. Furumoto.

673

(Above conclusions and recommendations taken from Final Report to the U. S.
National Science Foundation Office of International Programs by A. S. Furumoto,
dated March 22, 1974)

6

Biographies of Speakers

674

List of Attendants

679

PREFACE

The world wide petroleum crisis of 19731974, which made all of us aware of the acute
necessity of diversifying our energy base, was
only a preview of the impending energy shortage
the world will face in a few decades.
To forestall the energy shortage as much as possible,
men have been going about searching for alternate
sources of energy.
The U.S.-Japan Science Seminar
on Utilization of Volcano Energy, held during the
week of 4-8 February 1974 in the city of Hilo,
Hawaii, has been part of the effort.
The seminar
was jointly sponsored by the Japan Society for
Promotion of Science and the United States
National Science Foundation.
Volcano energy utilization should be distinguished from the form of geothermal energy that
is being exploited today.
Geothermal energy
utilizable by contemporary technology must exist
in an unusually favorable geological arrangement,
with an aquifer heated from below and capped by
an impermeable layer.
The relatively small number of productive geothermal fields throughout
the world atteststo the rarity of such an
arrangement.
On the other hand, scores of active volcanoes,
especially in the circum-Pacific seismic belt,
dissipate tremendous amount of heat.
Every volcanologist has, at one time or another, dreamed
of ways to harness all of that seemingly wasted
energy.
The seminar was convened to bring volcano
energy utilization from the realm of aspirations
to the world of critical discussions and formulation of practicable plans.
The coordinators of the seminar wish to
acknowledge the sponsors, Japan Society for
Promotion of Science and the National Science
Foundation,for accepting the seminar proposal as
early as 1972 and of supporting the seminar at
the most opportune time.
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The coordinators also wish to thank the
Mayor of Hilo, the Honorable Shunichi Kimura,
for his gracious hospitality.
The seminar with its limited budget could
not have been successfully carried out without
the services of the Division of Continuing
Education and Community Service of the University
of Hawaii at Hilo.
The coordinators wish to thank Sandia
Laboratories at Albuquerque, New Mexico for
underwriting the printing of the present
volume of the Proceedings.

Coordinators of the Seminar:
Augustine S. Furumoto (U.S.)
Takeshi Minakami (Japan)
Kozo Yuhara (Japan)
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SESSION I
Internal Structure of Volcanoes
Chairman:

Takeshi Minakami
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Imagery from Infrared Scanning of the East
and Southwest Rift Zones of Kilauea and the Lower Portion
of the Southwest Rift Zone of Mauna Loa, Island of Hawaii
Agatin T. Abbott
INTRODUCTION
From July 31 through August 4, 1973 night time flights for
obtaining infrared imagery along the east and southwest rift zones
of Kilauea and the southwest rift zone of Mauna Loa were undertaken
on the island of Hawaii.
Flights were also made on Hualalai and
Kohala volcanoes but because of inconclusive results are not included in this report.
Ground control stations had been established
during daylight hours several days prior to starting the flight
program.
Students stationed at the ground central points guided
the aircraft on predetermined flight paths by the use of directional
lights which were visible to the plane's navigator.
Results of the
infrared scanning program are considered to be very successful.
Events leading up to the final imagery on 8 x 10 color prints will
be discussed below.
The sum of $23,900 was designated by the NSF to be expended
on aerial photogeologic work on the Hawaii Geothermal Project.
Infrared scanning was the only aerial technique employed in this
phase.
A firm specializing in infrared surveys, Dadaelus Enterprises
of Ann Arbor, Michigan was selected as best equipped and experienced
in Hawaiian conditions to accomplish the infrared imagery survey.
Towill Engineering Corporation of Honolulu provided the aircraft, pilot
and navigator and submitted a report with maps and black and white aerial photographic mosaics.
These firms earlier the same year had
flown paths for Dr. George Keller of the Colorado School of Mines,
who was engaged in locating a deep drill hole near the summit of Kilauea.
FLIGHT PATHS AND DESCRIPTIONS
(1)

East Rift Zone of Kilauea

Two long parallel flight paths were flown along the East rift
zone from points outside the boundary of Hawaii Volcanoes National
Park to Cape Kumakahi.
Shorter paths crossing the two long parallel
lines were flown at the intersection of the rift zone with the main
highway between Pahoa and Kalapana.
Approximately 35 line miles of
usable record was obtained.
From this the following strips were
selected for reproduction in infrared false color imagery:
Three miles of flight paths high on the rift zone at an average
ground elevation of 2100 feet provide excellent examples of rift
lineation and temperature aureoles.
The DIGICOLOR prints showed a
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temperature range of 14°c to 20°C.
Numerous sites along the rift
showed spots of white color indicating the temperature exceeded
the highest range on that temperature set.
This is not surprising
in view of the fact that wisps of steam are issuing from some of
the vents probably as a result of meteoric water coming in contact
with residual heat of lavas from the 1966 eruption in this area.
Downslope from the steam vents, a fairly extensive area shows a
slightly higher surface temperature than its surroundings, by an
average of 1°C.
The area for the second set of DIGICOLOR prints in the Kilauea
east rift zone was selected from a flight path of approximately two
miles in length across the area of intersection of the rift zone
and the Pahoa-Kalapana highway at a ground elevation of approximately
1000 feet.
The temperature range of this path is 16°C - 25°C or 1.5°C
per color.
Again numerous sites showing white along the rift zone
indicate hot spots and an aureole of decreasing temperatures are distributed outward from the rift.
Fine ~xamples of surface temperature
zones are demonstrated in this imagery.
(1)

Southwest Rift Zone of Kilauea

A flight path 12 miles long was followed from the point of
intersection of the western boundary of Hawaiian Volcano National
Park and the main highway between Kilauea summit to Pahala to a
point on the sea coast approximately 4 miles east of Punaluu.
The altitude maintained was about 3000 feet above ground level.
Throughout most of the strip a thermal anomaly was evident along the
Great Crack.
The temperature range on the flight path was 18°c 22°C.
Of unusual interest on this path is a thermal anomaly in a
target-like pattern near the southern end of the Greak Crack approximately 1 1/4 miles from the coastline at an elevation of 300 feet
above sea level.
The target-like pattern is 1200 feet wide 1600 feet
long.
The roughly circular pattern of thermal anomaly lies 600 feet
northwest of a splinter extension of the Great Crack.
The highest
temperature within the target area reaches the red color or 22°C in
two small spots, and within the Great Crack extension, small local
spots reach white, or off scale.
The anomaly appears to be associated with the lower slopes along
the south side of Puu Kolekole, a prehistoric cinder cone, and with
the extension of the Great Crack.
This surface thermal anomaly as registered by infrared scanning
imagery should receive careful attention as a potential area for further geophysical investigation and possibly research drilling.
(3)

The Southwest Rift Zone of Mauna Loa

A flight path with the total length of approximately 22 miles
followed the southwest rift of Mauna Loa from an elevation of approximately 7000 feet above sea level to the tip of South Point.
Only
the lowest five mile section of this path to the tip of South Point
showed any significant thermal anomalies.
This portion has been reproduced in DIGICOLOR and prints developed.
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The temperature range on one sub-set is 16°C - 22°C.
Thermal
anomalies appear along the cliff face of the Kahuku fault as clusters
along the base of the cliff and as linear features possibly indicating bedding planes in the lava flows.
Numerous spots along the
cliff register red and a few local areas show white, or off scale.
The cause of these anomalies is not known at the present time.
The Kahuku fault scarp, which reaches 400 feet in height in this area,
faces west,
Consideration must be given to the possibility that the
anomalies result from residual late afternoon solar heat.
The imagery
was taken at 0030 hours in order to reduce the effect of residual
heat.
The physical distribution of the warmer areas does not appear
to show a pattern that might be caused by residual heating, none the
less this factor must be kept in mind.
Another, more intriguing possibility lies in the concept that
heat may be rising from depth along the plane of the Kahuku fault
and issuing at the base of the cliff and along bedding planes of the
lava flows.
The Kahuku fault is a major structural feature of Mauna
Loa shield volcano.
It extends ten miles inland from the coast and
has been followed out to sea for a distance of over 15 miles.
Depth
recordings made on board the R/V Valdivia in 1973 while steaming
past the extension of the fault 4 miles off shore registered a vertical displacement along the fault plane of 1900 meters.
Further geophysical and geological work should be concentrated
in the section of the lower portions of the Kahuku fault.
This may
have promise as an area in which to locate an array of research drill
holes.
Also of interest along the South Point shoreline as registered
by the infrared imagery is the temperature distribution in the sea
water.
Directly offshore a large patch of water shows as a white
area indicating that its temperature is greater than 22°C.
It is not
recognized at this time whether this is a bay of warm surface water
brought in by ocean currents or wind or whether the warming is caused
by some other process.
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Hydrothermal System and Seismic Activity of Hakone Volcano
by
Yasue OKI and Tomio HIRANO
Hot Spring Research Institute of Kanagawa Prefecture
Yumoto 997, Hakone, Kanagawa, JAPAN
Abstract
The structure of the Hakone hydrothermal system and geochemistry of thermal waters are described. The subsurface temperature map and the zonal distribution of thermal waters strongly suggest that thermal energy of the Hakone system is essentially supplied by dense volcanic steam rich in sodium chlo~
ride coming up through the volcanic conduit, from which subsurface streams of sodium chloride waters are derived.
Tne seismic activity of Hakone mostly takes place at relatively
shallow depths in the central part of the caldera. The chemical and physical properties of the dense steam are examined
assuming that the phase transformation of water to steam is the
major cause for volcanic earthquakes. The CI-S0 4 chemistry
permits estimation of sodium chloride content of 0.5 to 1 % in
original dense steam responsible for sodium chloride waters.
Thanks to the work of Sourirajan and Kennedy(1962) temperature
pressure condition of volcanic dense steam at depths of 1 to 2
km below sea-level is estimated to be about 385°C and 230 bars,
dissolving 0.5 to 1 % of sodium chloride in steam. Below the
depth of 4 km, earthquakes seldom occur, the hydrothermal system is saturated with solid sodium chloride, resulting in lowered vapor pressure.
This implies that the permeation of meteoric water to the volcanic steam system mostly takes place at a
depth less than 4 km. The analogy of hot eyes(centers of geothermal fields) and cold eyelids(surroundings of low temperature area) is emphasized for better understanding of hydrothermal systems.

,
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Introduction
Hakone belongs to the FUji volcanic zone on the northern
extension of the Izu-Mariana Island Arc. There are 11 Quaternary volcanoes in the Izu-Hakone district including FUji,Hakone,
and Yugawara volcanoes. About 40 geothermal fields entirely controlled by the "Hot Spring Business" are known in this district,
extending 80 km north-south by 30 km east-west. The hydrothermal activity is intense along the east coast of the Izu
peninsula.
The total energy discharge from the area amounts
to 11 x 107 cal/sec, of which Hakone has 27 %, discharging
3 x 107 cal/sec. Atami is the second largest followed by Ito
(Fig.1).
Here is briefly described the structure of the Hakone
hydrothermal system and geochemistry of the thermal waters.
The main discussion is given to the chemical and physical properties if high temperature and pressure dense steam directly
responsible for the seismic and hydrothermal activity of Hakone.
Geologic history
Figure 2 is the geologic map of Hakone by Kuno(1950).
The following short comment on the geology of Hakone is given
mostly based on the works of Kuno. Hakone is a triple volcano
composed of two overlapping calderas and seven post-caldera
cones. The volcanic eruptions began about 400,000 years ago
(Suzuki, 1970), and built up a huge strato-volcano reaching a
height of 2,700 m above sea-level. The first caldera was formed
about 200,000 years ago.
The caldera was entirely filled with
a thick pile of fluidal lava flows and a shield volcano appeared in it.
A catastrophic eruption with outpouring of pumice
flows took place about 40,000 years ago and just after this
event, the second caldera was formed.*
*The western wall of the second caldera is obscure probably
because of overlapping of the major fault with that of the
first caldera.
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The seven post-caldera cones successively appeared along the
Kintoki-Makuyama tectonic line. The seventh lava dome, KamiFutago, appeared 5,000 years ago. A violent steam explosion
took place at the northern part of Kamiyama, which collapsed
about 4,000 years ago. Extensive solfataric activity is still
taking place at Kamiyama and Komagatake.
Distribution of thermal wells
There are more than 300 deep wells for thermal waters.
Their average depth is about 500 m, but several reach a depth
of 1,000 m.
Most of the wells are in the eastern half of the
Hakone caldera.
In the period of Edo age, about 200 years ago, natural
orifices of thermal waters were known as the seven sites of
hot springs of Hakone, which were mostly located along the
deep valley Hayakawa. There is an old saying about the occurenee of hot springs in this district. "We can't expect hot
springs where we can see Mt.Fuji." Kuno proposed a new saying
that hot springs are expected where the Yugashima formation,
the basement rocks of the Izu-Hakone district, is exposed.
We will demonstrate that the two sayings are valid in the
light of our work on the hydrothermal system.
Isothermal structure
Figure 3 is an isothermal map of Hakone at sea-level
(Oki and Hirano, 1970 and 1972). Temperature is the highest
in the central part of the caldera, decreasing outward with a
concentric pattern showing a correlation with the structure of
the caldera.
The interval between the isothermal lines of the
western side are narrower than that of the eastern side. The
isothermal lines are expanding toward the east, suggesting a
flow mechanism of thermal water from west to east.
Figure 4 is an east-west cross section illustrating the
geologic structure and isothermal profile.
Basement rocks of
the Hakone volcano are the Yugashima formation and the Hayakawa
tuff breccias.
The Yugashima formation of lower to middle
Miocene is mostly composed of submarine pyroclastic sediments
15

hydrothermally altered to dark greenish compact rocks.
The Hayakawa tuff breccias, upper Miocene to lower Pliocene,
are also hydrothermally altered. Both of the basement formations
are at relatively shallow depth.
The old and young somma lavas
are rather thinned and sometimes are missing in the bottom of
the caldera(Kuno et al.,1970).
A thick pile of pumice falls
and flows is recently recognized under the central cone deposits(Oki and Odaka, 1972).
This fact implies that the engulfment responsible for the appearance of the Hakone caldera was
not so large, but that a huge amount of the volcanic edifice
was blown away by catastrophic explosions.
The pumice layers
and the basal part of central cones provide a major reservoir
for thermal waters.
Hydrology of thermal waters
The hydrology of the Hakone system is essentially controlled by the water level of Lake Ashi in the west and by that
of Hayakawa valley in the east.
The water table is gently inclined to the east.
An interesting fact is that with increasing depth in drilling operations, the water level of perched
water appeared in the drilled hole declines and finally stops
when the hole reaches the major reservoir.
A comparison of
the water levels of deep wells suggests again the presence of
subsurface flow from west to east.
Temperature in the body
of the old somma is relatively low, which means that the body
of the strato-volcano is just like a sponge partly filled with
cold groundwater.
Zonal mapping o~ thermal waters
Zonal mapping of thermal waters is mostly based on the
relative abundance of major anions such as Cl, S04' and HC03 •
Four zones are recognized, as shown in Figure 5(Oki and Hirano,
1970).
Zone I, characterized by acid-sulfate waters associated with
solfataric fields, is found at the highest part of central
cones Kamiyama and Komagatake.
Zone II, characterized by bicarbonate-sulfate waters with mode16

rate temperature and pH, is widely distributed in the western
half of the caldera. The distribution and mode of the occurenee of zone II waters strongly suggest that the major part
of HC03 is supplied by the decomposition of fossil plants,
which are commonly intercalated in the volcanic deposit.
Zone III, characterized by sodium chloride waters with high
temperature, occurs as subsurface streams starting from a depth
of 300 m beneath an active solfatara, Soun-jigoku, trends to
the east, and finally appears as hot springs on steep slopes of
Hayakawa valley.
Zone IV,sometimes refered to mixed type waters, is widely distributed in the eastern side of the caldera, which is deeply
dissected by the two drainages of Hayakawa and Sukumogawa.
Zone IVa is mixed type waters restricted to the basal part of
the central cones.
Zone IVb is waters restricted to the basement rocks of the Hakone volcano.
Table j shows the chemical composition of each type of
';hel .al waters.
Water of zone I is low in pH and Cl, but high
in SO., Ca, Mg, and Al. Water of zone II is also low in Cl,
but high in SO., HC03 , Ca, and Mg. Water of zone III is qUite
high in Cl, Na, and Si02 , but low in SO. and HC03 • Water of
zone IV contains appreciable amounts of the major anions.
Compositional trend of thermal waters
Figure 6 is a triangular diagram of the three major anions
illustrating the compositional trend of the Hakone thermal waters.
Zone III waters are in the Cl corner and zone I waters are in the
SO. corner. Groundwater infiltrated through central cones tends
to be richer in bicarbonate with increasing depth of burial.
Cold groundwater restricted to the bottom of the caldera, having
no obvious relation to the geothermal activity, is quite high
in bicarbonate(Table 1, Hirano et al.,1971). This may suggest
that bicarbonates dissolved in zone II waters are formed by the
decomposition of fossil plants in the volcanic edifice. Zone
IV waters are well explained by mixing of zone II and zone III
waters.
The trend of zone IV waters in the diagram is convex
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toward total CO 2 apex, suggesting the formation of bicarbonate
during mixing and flowing of thermal waters.
The content of
bicarbonate in zone III waters is extremely low. If volcanic
gases from the magma reservoir contain considerable amounts of
CO2 , the zone III waters should be richer in bicarbonate than
observed.
However, the bicarbonate content of zone III waters
is very low, especially those of high temperature. This supports the conclusion that bicarbonate is formed by decomposition
of fossile plant instead of being of volcanic origin.
Genetic model of Hakone hydrothermal system
Figure 7 is a genetic model of the Hakone hydrothermal
system(Oki and Hirano,1970).
Asymmetric patterns of the isothermal structure and zonal distribution of thermal waters as
well as the eastward inclination of water table all suggest the
following mechanism for the genesis of the Hakone hydrothermal
system.
Groundwater which infiltrates through the western side of
the caldera is flowing eastward, passing through the basal part
of the central cones, and then contacts high temperature volcanic steam coming up through the volcanic conduit. At a depth
of a few kilometers below the central cone Kamiyama, temperature
and vapor pressure are high enough to dissolve a considerable
amount of sodium chloride in steam. By mixing of low temperature groundwater with high temperature dense steam, high temperature streams of sodium chloride water are formed that run
through the permeable zone and mix with groundwater percolating
down from the surface, and then finally appear as hot springs
on the steep slopes of Hayakawa valley.
At the top of the major reservoir being penetrated by the
steam vent, the thermal water boils. The confining pressure
on the thermal water decreases as it approches the surface.
This means that most salts dissolved in the gas phase are left
behind in the liquid phase. Condensation of secondary steam
derived from depth may take place repeatedly within local layers
of thermal waters in the body of central cone above the major
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reservoir.
With repeated processes of vaporization and condensation of thermal water, volatile components such as hydrogen sulfide and carbon dioxide are enriched in the gas phase,
which finally appears as volcanic gases in solfatara. We should
like to propose a term "volcanic cone effect" for this process.
The physical and chemical properties of the high temperature
steam will be given in a later section.
Seismic activity of Hakone
Local seismic activity sometimes takes place in the Hakone
caldera. Since the earthquake swarms of 1959 to 1960, seismic
observations have been made by Minakami,and more recently by
Hiraga of our institute(Minakami,1960, Minakami et al.,1969,
and Hiraga et al.,1971,1972,1973). Minakami reported that the
Hakone earthquakes are of A type occurring in a narrow area bounded by the isothermal line of 100°C at sea-level. Depths of the
foci are generally shallower than 4 km, mostly 1 to 2 kID below
the surface(Fig.8). The generation of Hakone earthquakes may
correlate with boiling of thermal water at various depths within the central cones.
Ward et al.(1969), Ward and Bjornsson(1971), Ward(1972)
and Hiraga(1972) emphasized the occurrence of micro-earthquakes
in the major active geothermal fields, suggesting large output
of thermal energy at depths of a few hundred meters.
Sodium chloride waters
White(1957) emphasized the importance of sodium chloride
in the origin of volcanic thermal waters. Special attension
will be given to the genesis of the Hakone sodium chloride waters
and temperature-pressure conditions of dense steam rich in sodium
chloride. As shown in chemical analyses, zone III waters are
extremely rich in sodium chloride, but poor in S04 and HC03 •
The content of 804 seems to reflect the degree of dilution with
low temperature groundwater. Figure 9 is a Cl-S0 4 diagram of
zone III waters. For convenience of description, subscripts
a, b, and c, are put to each branch of zone III(Fig.10). Zone
III waters of each branch are placed on each individual straight
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line on this diagram. Precipitation of Cl-bearing minerals is
unlikely to occur in thermal waters of Hakone. Neither is precipitation of sulfates such as gypsum and anhydrite expected
from thermal waters, because they are unsaturated with calcium
sulfate.
By extrapolating the best fitting lines to S04 equals
zero, a possible content of sodium chloride in the original
steam can be derived. Alternately, the extrapolation of CI to
zero yield a possible content of S04 in meteoric groundwater.
It is seen from the diagram that the CI content of original
steam for zone DIa is 6.010 g/kg, which is equivalent of 9.907
g/kg of sodium chloride. Similarly, that for zone IIIb is
3.406 g/kg, corresponding to 5.615 g/kg of sodium chloride.
Thus, the sodium chloride content of volcanic steam responsible
for zone lIT waters ranges from 0.6 to 1 %, and the contribution
of volcanic dense steam can be evaluated at 50 to 30 %.

An alternate check on the sodium chloride content of
original volcanic steam can be obtained by a study of the total
discharge of thermal energy and sodium chloride. The total
discharge of sodium chloride by thermal waters directly related
to the hydrothermal activity of Kamiyama is measured to be
0.22 kg/sec. The contribution of zone I and II waters to the
discharge of sodium chloride is fairly small, about 0.01 kg/sec,
and can be neglected. The most majority of sodium chloride is
transferred by means of the zone III and IV waters. Most sodium
chloride is therefore supplied by high temperature dense steam
coming up through the .~volcanic conduit.
Yuhara and his colleagues(1966) measured the thermal discharge from the solfataric fields of Kamiyama to be 0.7 x 107
cal/sec, not including thermal waters from deep wells. We measured the energy discharge by thermal waters from deep wells
directly related to the hydrothermal activity of Kamiyama(zone
III and a part of zone IV) to be 1.5 x 107 cal/sec. The total
energy discharge by thermal waters and solfataric activity in
Kamiyama thus amounts 2.2 x 107 cal/sec.
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If the enthalpy of steam is assumed to be 600 kcal/kg as
the first approximation, the steam discharge of 36.5 kg/sec
can provide the energy of the Hakone hydrothermal system. One
third of thermal discharge is liberated through solfataric fields,
and the other two thirds are provided by the hot water system.
The quotient of the total discharge of sodium chloride
(0.22 kg/sec) by the calculated steam(36.5 kg/sec) is close to
0.6 % of sodium chloride in steam, which gives good agreement
with the sodium chloride content of 0.56-0.91 % estimated by
Cl-S0 4 chemistry.
Estimation of temperature-pressure condition of dense steam
Thanks to the work of Sourirajan and Kennedy(1962), we
can estimate the temperature-pressure conditions of the volcanic
dense steam, based on the following assumptions.
The phase
transformation of liquid to gas is the major cause of Hakone
earthquakes. This means that the system has two fluid phases
and the thermal brines are unsaturated with sodium chloride.
In figure 11, superheated dense steam at around 385°C and 230
bars can dissolve about 0.5 to 1 % of sodium chloride. When
temperature decreases down to 374°C, the critical temperature
of water, sodium chloride is hardly dissolved in steam, but mostly
remains in the liquid phase. With minor variation of temperature
and pressure at around 385°to 374°C and 230 to 220 bars, about
1% of sodium chloride can be allowed in the gas phase or alternately in the liquid phase.
The variation of depth of earthquake
foci may be related to the variation of dissolved salts in thermal brines.
At depths of 1 to 2 km below sea-level, temperature and
pressure of the hydrothermal system may be 385°C and 230 bars
or slightly larger. Assuming the pressure to be caused by the
water column, pressure at a depth of 4 km, the lowest limit of
Hakone earthquakes, is 400 to 500 bars. On the diagram(Fig.11),
isotherms of the two fluid phases at 400 to 500 bars should
range from 450° to 480°C, with several percent of dissolved
sodium chloride. Sourirajan and Kennedy(1962) also indicated
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that the vapor pressure of the system NaCI-~O never exceeds
400 bars at any temperature, provided that the system is in the
gas-solid-liquid equilibrium, in other words, is saturated with
solid sodium chloride. Below depths of more than 4 km, the hydrothermal system must be in the three phase region of gas-liquidsolid sodium chloride, resulting lowering of vapor pressure.
This implies that the permeation of meteoric water to the volcanic steam system mostly takes place at depths of less than 4
km.
The orlgln of thermal waters has long been a major problem. We have suggested that the infiltration of meteoric water
is going on at depths of less than 4 km in the central part of
the Hakone caldera. Therefore, the original dense steam which
we have estimated from the chemistry of zone III waters is not
simply juvenile water, but instead is a high temperature and
high enthalpy steam containing a mixture of juvenile water and
meteoric water. We still cannot explain the ultimate origin of
the thermal waters and sodium chloride.
Hot eye and cold eyelid
Figure 12 is an isothermal map of Hakone and the adjacent
areas at 400 m below sea-level and Figure 13 is a north-south
cross-section of isotherms(Oki et al.,1974 in preparation).
It is seen that Hakone is an extremely large geothermal area of
12 km in diameter. The map suggests that an important tectonic
line extends along the east coast of the Izu peninsula, through
which a large amount of thermal water is discharged. The center
of the geothermal activity is circled with many isotherms, reminding us of hot eyes which discharge thermal waters. The hot
eyes are surrounded by low temperature zones which may well be
compared to cold eyelids, that cover the hot eyes, where the
temperature gradient is very small, sometimes less than 3 deg/
100 m(Fig.12). It is also important that many of the hot eyes
appear in the bottoms of the dissected calderas as described in
the old saying. The cold eyelid actually lies on the caldera
rim and high mountains, from which infiltration of groundwater
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is going on to compensate for the water discharged from the hot
eyes. The combination of hot eyes and cold eyelids seems to required for the development of the hydrothermal systems.
The young volcanoes like Fuji and Asama, composed of thick
piles of volcanic materials, do not display hydrothermal activity on the surface, because the thick piles perform the role
of the eyelid and prevent the activity of the hot eye. A large,
deeply dissected caldera will be the best for the developement
of hydrothermal systems. When the geothermal activity is very
strong, separating the vapor dominated hydrothermal system from
the hot water system(White et al.,1971), the hot eye will appear
,
in central cones like Hakone. If thermal waters are discharged
faster than the water balance of the system permits their replacement, the hot eye will be closed by the invasion of the
cold eyelid as the cold surface water replaces the hot thermal
water.
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Table 1
zone
No.
Type
Temp. C
pH
Ev.Res.ppm
H

Li
Na
K

Ca
Mg
Fe
Al

I
1

A.S.
49.7
2.9
1076.
1.18
0.0
42.7
8.90
87.4
24.3
0.099
22.6

Mn

CI
HS0 4
SO
HC03

C03

7.15
52.4
526.
O.

B02

HSi03

~Si03

HB02
CO2

Total
Li/Na

KINa

B/CI
Total CO2 /CI
S04/CI

I5ePttie£f
A.S.
S.B.
NaCI
M.
G.W.
B.
H.S.
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Chemical analyses of Hakone thermal waters(ppm)

301.

1074.
0.21
80.8

H.S.

II
2

S.B.
57.5
8.1
1269.
0.068
88.5
12.1
140.
84.9
0.56
0.22
0.0
19.8
381.
590.
1. 72
0.34
5.87
238.
5.79
14.2
1583.

IV

III

3
NaCI
91.5
7.7
4940.

4

M.
65.5
8.4
1851.

G.W.
5
M.

56.6

8.0
1201.

2.43
1490.
154.
114.
0.0
0.105
0.12
0.007
2568.

0.27
441.
39.8
106.
16.8
0.257
0.05
0.44
617.

0.042
348.
3.40
53.9
0.0
0.00
0.03
0.00
549.

81.5
29.7

226.
287.
2.11
2.34
13.9
282.
16.1
2.75

85.1
36.7
0.26
0.70
1.74
67.2
20.6

3.58
4.09
411.
122.
2.19
4983.

2054.

6

B.

8.23
2.06
19.1
5.59
5.80
2.03
13.0
108.

54.5
5.34

1167.

224.

0.0016
0.0006
0.00012
0.00077
0.01
0.10
0.14
0.09
0.01
0.012
0.007
0.076
0.016
0.009
22.5
0.35
0.366
0.155
0.032
19.2
506m
650m
30m
351m
525m
Analyzed by T.Hirano and Y.Tajima

acid-sulfate water
sulfate-bicarbonate water
sodium chloride water
mixed type(sodium chloride-sulfate-bicarbonate water)
groundwater
bicarbonate water
hot spring
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Geophysical Exploration on the Structure of Volcanoes:
Two Case Histories
by
Augustine S. Furumoto
University of Hawaii

ABSTRACT
Geophysical methods of exploration were used to determine the
internal structure of Koolau Volcano in Hawaii and of Rabaul Volcano
in New Guinea.
By use of gravity and seismic data the central vent
or plug of Koolau Volcano was outlined.
Magnetic data seem to indicate that the central plug is still above the Curie Point.
If so,
the amount of heat energy available is tremendous.
As for Rabaul
Volcano, it is located in a region characterized by numerous block
faulting.
The volcano is only a part of a large block that has subsided.
Possible geothermal areas exist near the volcano but better
uotential areas may exist away from the volcano.
INTRODUCTION
Over the past decade, I have been involved in geophysical
exploration to determine the internal structure of two volcanoes:
one a basaltic volcano called Koolau Volcano located on the island
of Oahu in the Hawaiian Archipelago and the other an andesitic one
called Rabaul Volcano in the island of New Britain in the new nation
of Papua-New Guinea.
These projects involved all geophysical techniques that were relevant:
gravity, magnetic, seismic refraction,
seismic reflection, monitoring of microearthquakes.
This meant the
cooperation of numerous specialists from various disciplines.
In
particular, the investigation of Rabaul Volcano involved many institutions from Australia, Papua-New Guinea and Hawaii.
Most of the results of the studies have already been published
in journals, hence, in this paper a summary of the work will be
presented to give a coherent picture of the investigations, and to
compare a basaltic volcano to an andesitic volcano, as seen by geophysicists.
First we shall treat the Koolau Volcano, as this study was
completed before Rabaul Volcano was attempted.
KOOLAU VOLCANO
Koolau Volcano is an extinct volcano on the northeastern coast
of the island of Oahu in the Hawaiian Archipelago.
Roughly the remnants of the caldera include the areas marked off as Kaneohe, Kailua
and Kaelepulu Pond in the lower map of Figure 1.
Probably the central
vent of the volcano was located under Kawainui Swamp, which is the
swampy area beneath the label Kailua in Figure 1.
The last eruption,
a flank eruption, occurred many tens of thousands of years ago and
erosion has removed most of the original shape and size of the volcano.
Studying an extinct volcano is useful, just as an anatomy student
can learn much by dissecting corpses.
Besides, the proximity of the
volcano to Hawaii Institute of Geophysics, University of Hawaii, provided a most convenient testing ground for exploratory instruments and
techniques.
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The exploration project started out conventionally with gravity
surveys.
As Oahu is a densely populated island with excellent network of roads, there was no difficulty in making hundreds of readings.
The resulting Bouguer anomaly map is shown in Figure 2 and an analysis
attempted by Strange, et al. (1965) is shown in Figure 3.
During the years 1964 to 1966 a series of aeromagnetic surveys
were carried out over the Hawaiian Islands (Malahoff and Woollard,
1966).
The results showed that extinct volcanoes had a high degree
of magnetization over the central vents while active volcanoes were
much less magnetized.
An exception was Koolau Volcano which showed
a lower magnetization than surrounding rocks (Figures 4 and 5).
This
property of lower magnetization is a pivotal point of this paper and
will be taken up later.
Seismic refraction and reflection surveys lasted several years
from 1964 to 1969 because these surveys required a lot of men in coordinated team work.
Usually explosives were set off at sea as close
to shore as safety and environmental protection allowed, and seismic
arrivals from these shots were recorded by parties on land and at sea
on small ships.
Small shots were sometimes fired in creeks and swamps
in the caldera area (Figure 6).
At other times, to study the crust
offshore from the island, the two ship marine seismic refraction method was used.
The results were published in several papers:
Adams and
Furumoto, (1965); Furumoto, Thompson and Woollard, (1965); Furumoto,
Woollard, Campbell and Hussong, (1968); Furumoto, Campbell and Hussong,
(1971).
In the caldera area seismic reflection surveys were carried
out to determine depth to reflecting boundaries that could be interpreted as high velocity material or residual high temperature.
The
shot locations and geophone spreads are shown in Figure 6.
The depths
to various layers as interpreted from seismograms are given in Figure
7.
The reflection data have been published here for the first time.
The results of the various surveys using seismic refraction
techniques can be compiled in a form as shown in Figure 8.
The crust
on the northeastern side of the island of Oahu is thinner by 6 km than
the southwestern side.
The difference in crustal structure is given
further evidence by ocean bottom topography, as a trench or deep exists
on the northern side of the islands but not on the southern side, except for a section around the southern tip of the island of Hawaii.
This difference in crustal structure is significant in trying to understand the fundamental volcanic processes of the Hawaiian Islands.
Ryall and Bennett (1968) have also posited a crustal mismatch across
Mauna Loa volcano on the island of Hawaii.
It may be that volcanoes
have erupted through faults or cracks in the crust and mantle that
extend very deep.
Let us now discuss the caldera and the central plug.
Malahoff's
magnetic surveys revealed that the magnetic intensity over the plug
was low.
There are three possible explanations:
first that the plug
is reversely polarized; second, the plug is hot enough to be above the
Curie Point; and third, that the-material is diamagnetic.
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The third possible reason should be discarded.
The other volcanic plugs in the Hawaiian Chain are magnetic, and Koo1au hardly
seems unique from other properties.
The rocks on the flanks of Koo1au
are magnetic; it is hardly possible that the plug which is the source
of the rocks on the flanks is diamagnetic.
The first explanation does not seem to be a good one either.
The
last epoch of reversed polarity of the earth's magnetic field occurred
during what is known as the Blake Event (Strangway, 1970) about 100,000
years ago.
Meanwhile, eruptions from Koo1au Volcano occurred as late
as 31,000 years ago, and the Honolulu Series of volcanics, which poured out from the southwestern side of the caldera, has been dated at
66±3 thousands of years old (Gramlich, Lewis and Naughton, 1971).
As the remnant plug structure has been estimated to have a radius of
about 8 km, the Honolulu Volcanic Series erupted above the plug structure, and the lavas could very well come from the plug itself.
Hence
there is much weight of argument that the Koo1au plug did not cool
below the Curie Point during the Blake Event but that the plug is
still above the Curie Point.
The Curie Point for rocks in Hawaii have
been determined to be 325°±10°C (Belshe, 1965).
This temperature is
far below observed lava temperatures which ranges from 900°C to 1150°C.
This leaves the second explanation as the most plausible; that
the plug at present has a temperature above the Curie Point.
Assuming that the plug is above the Curie Point, an attempt was
made to calculate the amount of heat energy available.
The size of
the plug can be estimated from Strange's analysis:
a cylindrical
shape with density 3.2 g/cm 3 , 8 km in diameter, extending from a depth
of 2 km to the Moho discontinuity at 12 km.
We assumed that temperatures in the Hawaiian area outside of volcanoes at the Moho discontinuity
was 300°C and that ground surface temperature was on the average 30°.
It is assumed that the energy will be used up when the plug has a
temperature distribution same as the surrounding rock.
The specific
heat of the plug material was taken at .2 ca1/g0C.
With these parameters, it was found that the heat available in the plug amounted
to 2 x 10 7 megawatt years.
The conclusions is that, if technology for hot rock development
comes into existence, on the assumption of 1% efficiency, there
is
ample energy in the Koo1au Plug to supply the present city of Honolulu
for 100 years.
RABAUL VOLCANO
The exploration program over Rabau1 Volcano was an extensive
project that involved many institutions for several years.
Gravity,
magnetics, geologic and seismic refraction surveys were carried out.
In particular the seismic refraction surveys of 1967 and 1969 involved scores of men in the field.
For most of the work the coordinating
agency was the Bureau of Mineral Resources of Australia, while the
1970 marine seismic survey was coordinated by the Hawaii Institute of
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Geophysics.
The University of Queensland participated in all of the
Jrojects while the following institutions participated at various
times:
Australian National University, University of New England,
Department of Lands, Surveys and Mines of Papua-New Guinea, PapuaNew Guinea Geological Survey.
As the paper by Wiebenga and Furumoto (1974) in this set of
proceedings provide the details of the exploration, the discussion
here will refer to the figures and results given in that paper.
The results of seismic refraction surveys are given in the form
of an east-west profile across the northern tip of New Britain and
an northwest-woutheast profile across the same island (Figures 3 and
4, Wiebenga and Furumoto).
The profiles show that the structure in
that region is in the form of crustal blocks and these blocks are
reflected in the depths to the mantle.
Whether these blocks are
differentiated even in the mantle, we have no way of saying at the
present time.
Upon examining the east-west crustal profile (Figure 3, Wiebenga
and Furumoto) one notices that Rabaul Volcano, by its size, is only a
small feature in a crustal block that is 50 km wide in the east-west
direction.
Thickness of the block is 33 km.
The volcano sits in the
middle of the crustal block.
The crustal blocks immediately to the west of the Rabaul crustal
block are about the same thickness as Rabaul, but the crustal block
under the Bismarck Sea abruptly thins to 20 km.
To the east, the
crustal block under St. George's Channel is no thicker than 15 km.
From one crustal block to another, the change is rapid.
The inference is that in this region fracturing of the crust and upper mantle
by tectonic forces is the characteristic feature.
The crustal block in which Rabaul Volcano is located is a sunken
block, with crustal material extending to a depth of 33 km.
It might
be surmised that because of extrusions from Rabaul Volcano the whole
block submerged to replace the void.
However there is no calculation
of the volume extruded from Rabaul Volcano to check whether such a
hypothesis can be substantiated.
The caldera of Rabaul Volcano is very small compared to the
crustal block.
Furthermore, whether by gravity data or seismic refraction data, the ca~dera does not have a characteristic expression.
That is, there is nothing in the gravity maps or seismic refraction
results, to show that the caldera area is different from the rest of
the crustal block.
Robin J. S. Cooke of Rabaul Volcano Observatory has been monitoring earthquakes in Rabaul Caldera for the past several years
(Cooke,
1974).
Seven seismographs are deployed around Rabaul Caldera with on
line data telemetered to the central station at the volcanological
observatory (Fig. 9).
The epicenters of the earthquakes are rapidly
determined by time difference methods.
Calibration explosions had been
set off in Rabaul Harbor a few years ago to develop tables for this
rapid method of epicenter determination.
Depth of foci, however, are
not well determined.
The results showed that ,earthquakes occur in
rather limited areas in the caldera, marked of' as A and BCD in
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Figure 9.
The area BCD is along the southeastern rim of the caldera
and the earthquakes here may represent a continual subsidence of the
caldera.
The earthquakes in area A may represent intrusive making
its way to the surface.
In area A, especially in the northern section,
can be found fumaroles and hot springs
The purpose of investigating Rabaul Volcano was to determine its
internal structure so that eruptive activity could be predicted to
save lives and property.
The sum results of the investigations were
that the internal structure remained elusive as ever, that Rabaul
Volcano is only a part of a large crustal block, that the region is
an area of tectonic activity characterized by conspicuous block faulting.
Volcanoes are only a part of these tectonic activities.
Attempts
at labeling the region as an area of subduction do not harmonize with
an abundance of grabens, horsts and normal faulting.
The existence of normal faults point to areas where there may be
geothermal resources.
Especially the Keravat and Baining Faults
(Figure 5, Wiebenga and Furumoto) seem the likely area.
The area there
is mantled by tertiary limestones, which can form cap rocks.
The fumaroles and hot springs in Rabaul Caldera itself indicate thermal sources,
but these are exposed to the rather temperamental behavior of nearby
volcanoes, which have been in explosive eruptive activity in historic
times.
CONCLUSIONS
For the investigat10n of Koolau Volcano, which is quite typical
of Hawaiian volcanoes, a straightforward application of geophysical
techniques resulted in outlining the internal structure.
The difficulty resided in organizing teams to carry out the field surveys and
to master the obstacles of logistics.
Proper interpretation of geophysical data delineated the central vent or plug.
With the model for Koolau Volcano as a prototype, the structure
of other Hawaiian volcanoes can be readily inferred.
With gravity
data the dimensions of the central vents of other volcanoes can be
determined, by using the density parameters obtained from Koolau
Volcano.
In regards to Rabaul Volcano, geophysical methods failed to outline vents or plugs.
However the relation of regional structure to
volcanoes became clear.
Although the internal structure of Rabaul
Volcano remains elusive, possible geothermal sources became apparent,
a benefit which Koolau Volcano did not provide.
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Discussion of Furullloto's Paper
Unidentified
Gus, just this one comment,

I did the quartz alteration in the Koolau crater,

The oxygen in

that quartz, which came completely from the hydrothermal secondary quartz, looks like hightemperature silicate oxygen,

In other words, it is not the ordinary shallow hydrothermal quartz

which you would ordinarily expect,
temperature water,

It looks like it's intensively equilibrated to very-high-

It's been swept out completely by the silicate oxygen equilibration at very

high temperatures.

Furumoto
That means it favors the possibility of very hot material,

Unidentified
Yes, it supports your idea,

Peck
I have a question on the Koolau crater,

got two points I want to make,

That is the interpretation of the magnetic low,

I've

One question is whether it could be hydrothermal alteration of the

plug area,

As I remember, MacDonald describes a rather pervasive alteration that oxydized the

magnetite,

The second question is this,

Although the very latest volcanism was quite young, as

I remember from MacDougall's dates, the bulk of the Koolau was built several million years ago,
I wonder whether that very late Koko Head-Diamond Head volcanism really is related at all to the
upper part of that plug,

So I wonder whether you can really, convincingly, say it is not mag-

netically reversed,

Furumoto
The fact that it is 2 million years ago--did he have the plug material itself at that age? We
do know, certainly, that the flank material is 2 million years old,
5 million years old.

The Blake event occurred 100,000 years ago,

Some of the flank material is
Granted that there is not,

necessarily, only the Diamond Head, there are also some closer flows to the plug than Diamond
Head,

Peck
But there's that study by Jackson and Wright where they were looking for nodules, and I
think there is some postulation that these were drilling up through the Koolau magma chamber and
sampling it, and the magma underneath it, as it came blasting through,
a much deeper source than the shallow Koolau plug,
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They were coming from

Furull10to
True.

It could be reversely polarized, but I still maintain it's--fromthe point of view that

these recent volcanics occur all around, not just on one side of the Koolau plug.

It's a funny

thing that we really don't have, once the volcano starts cooling down, more flank activity rather
than central plug activity.

Peck
It's rather like Mauna Kea: after the central activity, you get the cinder cones all over the
place.

Blasting up, maybe, from a greater depth.

As I remember, MacDonald hypothesized that,

if there was a magma chamber, it was much deeper.

Unidentified
What is the Curie temperature of the rocks?

Furumoto
It's 325 0
from 1000

0

•

So it could have flowed 2 million years ago, but when you cool that thing down

to what's normal now, you should have, if it's reversely polarized, one which is much

higher than this is.

Peck
Of course, it could be almost nonmagnetic because of alteration.

Rex
It still is a loss of magnetite, even in the altered material.

When I did mineral fraction

separations on it, there was still a substantial amount of magnetite that had survived the alteration.

Unidentified
It's still a low.

Rex
No, it's more than a low; this thing behaves like hole.

You see, that's the point; the calcu-

lation makes it look like a magnetic hole, much more than a simple reversal, or an ordinary low.

Peck
I don't think you can rule out the reversed polarizing.
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Furumoto
The only solution is to drill down there, so I'm proposing to drill down there.

Now, based

on the fact tha,t this is still above the Curie point, and if we assume a reasonable temperature
gradient from the flank rocks to the mantle, a simple calculation shows that there is heat in the
7
amount of 2 x 10 megawatt-years. At an efficiency of 1 percent, this would support the city of
Honolulu for 100 years, so we are just hoping that that;"s hot enough.

Of course, we don't have the

"hot rock" technology to exploit that yet, but when we finally do, I think we'll have a source for
Honolulu right in its own backyard.

I hope we get money to drill, as it's crucial that we drill at

least to a 2 kilometers depth.

Peck
If nothing else, you'll have a reversely polarized hole in basalt.

Kienle
In your gravity model, the base of the plug was at what level? Was it a semi-infinite cylinder, as a gravity model?

Furumoto
It had a bottom to it at 12 kilometers depth.

Unintelligible Question

Furumoto
I can't answer that, as I haven't studied that problem.

Unintelligible Question

Furumoto
That's a big question in Hawaiian petrology.

It's just that the gravity data is such that, when

we try to put models there, we've got to come up with this high density to explain the gravity data.
We'll leave it up to the petrologists to explain how we have this high-density material.
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Geophysical Evidence for the Availability of
Geothermal Energy in New Britain
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Canberra, Australia
, and
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ABSTRACT

This paper combines some of the results and interpretations of
geological mapping, seismic refraction, marine seismic, and gravity
surveys to show that large tracts of New Britain could be favourable
targets for geothermal power development.
It is shown that the fractured and faulted lithosphere is assocaited with grabens and rifts in which mantle material has risen to
within 10 to 15 km from the surface.

The grabens and rifts are marked

by volcanism in which the dominant volcanic rocks are olivine - and
tholeiitic - basalts, with a,sprink1ing of more acid volcanics ranging from dacite to andesite.
Following A. Rittman the basalts are believed to have originated
in the asthenosphere when the lithosphere was broken up under a tensional stress regime;

the acid volcanics were formed by magmatic

differentiation within the crust.

It was argued that ideal geothermal

reservoirs are capped with altered ash deposits or other nonpermeab1e
volcanics.

To feed such reservoirs conduits are required which are

nat-ural1y located on fault or shear zones.

The two areas selected

as favourable for future geothermal power development are located
between Ta1asea and Lolobau Is., say around Hoskins; and near Rabau1,
between Matupi Harbour and Matupi.
As a type area, the rift between the Gazelle Peninsula and New
Ireland resembles the Afar triangle, at the northern end of the Great
Valley Rift system of Africa.
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INTRODUCTION
This paper outlines the geological and geophysical features
which are

~elieved

to make New Britain an attractive target for

geothermal power development.
In support of the above proposition the paper discusses:
(a)

geological and marine seismic investigations with special
references to fracture and fault patterns, and

(b)

the results and interpretation of seismic refraction and
gravity surveys.
Finally, the ideal properties of a geothermal reservoir are

discussed.

The region between Lolobau Island and Talasea, and the

Rabaul volcanic area are recommended as possible areas for geothermal power development.

GEOLOGY
The geology, summarized by R. J. Ryburn in Brooks (1971) and
in Wieberiga (1973) need not be repeated.
However, of particular interest is the system of parallel block
faults that characterized the area (some of the faults are shown in
Figure 5) •• Many of the fault lines are dotted with basic rocks,
indicating that melted rock has leaked upwards through the fault
and fracture zones.

Seismic reflection surveys in the Bismarck Sea,

St. George's Channel, and Solomon Sea show much the same pattern
(Brooks, et al.

1971) suggesting that the region has been subjected

to a tensional stress regime which kept the conduits along the fracture zone open.

The fault system

wh~ch

created the Rabaul Caldera

and its associated volcanics will be discussed later.
Generally the composition of volcanic rocks ranges from tholeiitic basalt to andesite or tonalite.
the occurrence of alkali volcanics
of islands,

north~ast

However, Taylor (1970) reported
(alkali basalts?) on the string

from New Ireland, located on the boundary of

the Ontong Java Plateau (Wiebertga, 1973).

It is generally accepted

that alkali basalts originate in the asthenosphere; hence it may be
concluded that the basaltic material leaked to the surface along the
boundary of the Ontong Java Plateau.
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SEISMIC SURVEY RESULTS
Data and methods for the seismic survey refraction surveys
carried out around New Britain and New Ireland during 1967 and 1969
have been reported by Brooks (1971) and Finlayson et al.

(1972).

Figure 1 shows the shots fired and the recording stations deployed
during those two surveys.

Figure 2 shows the detailed surveys within

Rabaul Caldera that were attempted as part of the overall survey.
As yet no satisfactory interpretation of the apparent inconsistencies of the data has been given.
The results presented here were obtained by a method of analysis
devised by the senior author.

The method,called the BMR

metho~

re-

sembles the well known time term method, but one characteristic is
that it is easier to apply.

The BMR method deserves a separate paper,

which the authors are presently preparing.

In this presentation, only

the results of the analysis will be given as the topic is existence
of geothermal energy in the context of Rabaul Volcanics.
The crustal structure of the region including New Britain, New
Ireland, Bismarck Sea, St. George's Channel, parts of the South Pacific Ocean is given in Figure 3.

That area of the South Pacific Ocean

which is denoted on the map of Figure 1 as S6 contains a shallow
ocean bottom topographic relief known as the Ontong Java Plateau.
The plateau is about 2 km below sea level and is about 400 km wide
at its widest portion.
The profile of S3 - S4 of Figure 1 which cuts across New Britain
in the middle is given in Figure 4.

The structure covering Solomon

Sea, New Britain and Bismarck Sea is given.
From the crustal profiles the following features can be distinguished:
(a)

A shallow subsurface ridge northeast of New Ireland, through

Green Island, Feni Island and Lihir Island Group, formed by extrusives
along the western fault boundary of the Ontong Java Plateau.
(b)

Volcanic subsurface ridges in the Bismarck Sea and St.

G~orge's Ch~nnel

(c)

associated with graben structures or rifting.

A horst-like feature between Doilene and Kilinwata, bounded

by block faults.
(d)

A graben like structure between St. George's Channel and

Baining Fault.

(For locations of Baining Fault, see Figure 5).

The

Rabaul volcanic complex and caldera are associated with this graben.
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(e)

Whenever positively detected, the areas where the interme-

diate layers

(6.7 to 7.1 km/sec refractors) appear to be shallow,

are located on fault or shear zones.
(f)

Shallow mantle material appear along rift zones, faults,

or shear zones, or in areas marked by volcanism; e.g. graben or rift
zones in St. George's Channel, in the Bismarck Sea, in central New
Britain (Au'una), along the trench, and in the volcanic zones between
Ta1asea and Doi1ene, and at the Rabau1 volcanic complex.
(g)

The region from St. George's Channel eastward to the Ontong

Java Plateau (S6 of Figures 1 and 3) form a series of horsts and grabens.
(h)

Ridges in mantle topography in central New Britain.

GRAVITY INVESTIGATION
On a topographical and geological map the Rabau1 Volcanic complex, caldera walls, and caldera seem to form a separate unit.

However,

on the Bouguer anomaly map (Fig. 5) the caldera area is only a small
part of a large 30 mga1 Bouguer gravity low area.

The gravity anomaly

between the Baining Fault and Keravat River Fault, and St. George's
Channel suggests the presence of a northwest-southeast graben open to
the southeast but closed towards northwest.

Figures 5 and 6 show

various gravity profiles perpendicular to the graben axis.

Arbitra-

rily, but also because it fits "the local conditions, the gravity
regional value is assumed to be +100 mga1, and this value is used as
the local gravity zero reference level.
a plot of
of

~S.~g

~S~g

for various cross-sectional areas.

where C is a constant,
axis

~g

~M

=

•

~g

~S

the area,

The plot shows that along the graben

is a maximum for profile A.

that the positive

~S

a 2-dimensiona1 anomalous mass,

the gravity anomaly.
~S~g

The significance

appears from Gauss' relation:
C"~M

and

The inset in Figure 6 shows

anom~ly coincidin~

The Bouguer gravity map suggests

with the southwestern caldera wall

can be explained by an intrusion parallel to the graben axis.
The total gravity profile is the effect of various superimposed
anomalies which are modelled by masses (blocks with a specified density differential using geologic and seismic information controls).
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Density of blocks can be inferred from seismic data by using
density velocity relation such as one by Woollard (1962).
From these considerations, the following interpretations were
arrived at:
(a)

The major negative anomaly is caused by the Rabaul block.

and possibly by the block just west of the Rabaul block.

The south-

western and northeastern boundaries are formed by the Keravat River
and Matupi faults

(see Figure 5).

A 2 km down throw of the graben

floor will account for the gravity anomaly.
(b)
t/m

3

Southwest from the Baining fault,

the blocks with +0.07

density differential can explain the gravity increase and steep

gravity gradient.
(c)

Under St. George's Channel a steep gravity gradient can

be explained only by a heavy layer (+0.3 t/m

3

density differential)

close to the surface, probably immediately underneath the sea bottom.
(d)

Sharp positive gravity anomalies near Matupi Fault can be

explained by higher density intrusions.
From the above interpretations, the hypothesis presently favoured is that the Rabaul graben or block formed gradually, between the
Keravat River and Matupi Faults, and filled with volcanics as the
process continued.
Whereas the graben formation requires fault throws in the order
of kilometers, the Rabaul Caldera is a recent collapse structure superimposed on the graben and associated with faults of very much smaller
magnitude.

The southwestern or western boundary of the caldera coin-

cides with a sharp positive anomaly which is explained by an intrusion
into a zone that is still active as shown by recent eruptive activity.
The eastern or northeastern caldera boundary coincides with the
Matupi Fault zone, also still active as indicated by a series of volcanoes with intriguing local names as the Mother, North Daughter and
South Daughter.
From the viewpoint of exploration for thermal energy, the Rabaul
gI"a-ben cou-ld -be a favourable structure.

There is every chance for t-he

presence of layers of lava flows and volcanic ash. Some of the lava
flows could form a suitable cap rock to prevent steam and volcanic
gas from escaping to the surface.

Conduits on faults or fractures
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from lower levels within the crust are partly open as shown by
contemporary volcanism.

Suitable targets for further exploration

are located in many places in and around the Rabau1 area.
GEOTHERMAL RESERVOIRS
Ideal conditions for geothermal reservoirs are much the same
as those for oil reservoirs, i.e. the reservoir rock should have
sufficient permeability and porosity.

In the instance of oil reser-

voirs rapid escape of oil and gas is prevented by an impermeable
caprock above an anticline, or oil and gas are locked in stratigraphic traps.

Sometimes oil and gas are prevented from migrating

because caprock and fault-clay blocks further migration.

In the in-

stance of geothermal reservoirs, the impermeable cap formations may
consist of altered ash deposits or any volcanic material of low
permeability.
To feed geothermal reservoirs, there must be
matic material, steam and gases.

~onduits

for mag-

Basaltic volcanoes are generally

located on crustal fracture or fault zones.

Hence, geothermal re-

servoirs with their associated conduits are located on or near these
fault zones with basaltic volcanism.
In New Britain the area between Ta1asea and Doi1ene (see Figure 1)
is a favorable area for geothermal reservoirs:

grabens and fracture

zones are common, mantle material is located at relatively shallow
depth, and basaltic volcanism is dominant (Fisher, 1957).

According

to Johnson (1970, 1971) there are olivine and tholeiitic basalts,
believed to have originated in the asthenosphere, and rhyolites and
dacites, generated by magmatic differentiation within the crust
(Rittman in Runcorn, 1967).
A second favorable area is located near Rabau1.

Fisher (1957)

describes the volcanic activity of Vulcan, associated with andesitic
pumice, and the Matupi complex, associated with olivine basalts.
The Matupi compfex is located on faults,
major graben.

shtiwfr to be a part of a

Hence, the area between the Matupi and Matupi Harbor

may be considered a favorable drilling target for geothermal energy.
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CONCLUSION
Geological and seismic refraction surveys showed central New
Britain and the adjoining Bismarck Sea to be areas of fracturing and
faulting, characterized by basaltic volcanism.

Following Rittman

it is believed that the basalts represent partly molten mantle material,
generated in a tensional stress regime.

In the area, mantle material

has been located within 15 km depth. The area was shown to be a favourable region for geothermal reservoirs.
Geological, seismic refraction, marine reflection and gravity
surveys proved the existence of graben or rift structures, near Rabaul,
Gazelle Peninsula, and in St. George's Channel.

Within the graben is

the Rabaul caldera, marked by basaltic and andesitic volcanism.

Seis-

mic refraction surveys showed that in the rift area mantle material
comes within 12 km depth.

A favourable drilling target for geothermal

reservoirs was indicated at the foot of Matupi Volcano, close to
Matupi Harbour.
Finally, the zone between the Gazelle Peninsula and New Ireland
resembles in many respects the Afar Triangle at the northern end of
the Central African rift system.
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Locations of Shots and Recording Stations of the Rabaul
Crustal Experiments. XI s are shots of 1967 experiment;
radiating circles are shots of 1969 experiment.
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Gravity Sections across Rabaul Graben.

SOUTHEAST

Discussion of Wiebenga Paper

Higgins
I think there's a point here.
being said.

If I may, not being a geologist, let me comment on what I hear

If there is extreme topographic relief, as there is -in these areas where volcano

deposits are found and there is normal strike/slip faulting caused by very-long-range compressional force, and if you exanline on a very small scale the elevation and mineralogical differences,
it seems to me you could very easily interpret or overinterpret what was lateral motion as a
horst/ graben type of formation.

I don't mean to say that's bad geology; it's very hard with basalt

that is out of sequence to find marker beds and things-.

It's not like the sedimentary or other

kinds of areas where you can say, "Yes, I know that one is up with respect to that one." We can
just look at the topography and velocity profiles.

Furumoto
In this area, we are leaving plate tectonics alone because it's a hot topic that's very
emotional.

They claim this area is in compression because you have trenches.

it could be compression; but, in this small area, it could be tension.
tensional forces seem to crack open these things.

Fine.

In general,

That's what we think;

In Rabaul, we've had negative anomalies; in

other places, there are very high positive anomalies.

Higgins
I didn't want to bring in causative arguments, but only the interpretation of the details of
the geologic and topographic features on a very small scale.

How small is small, that's the real

question.

Furumoto
We are concentrating now on what a volcano is on Rabaul.
people who like to move continents.
to get out of there.

We are leaving alone all these

We have to give an answer to the people of Rabaul as to when

Also, there is the question, "Do they have energy for a new nation?" They

don't have oil; they haven't found any oil.

They have to import all their oil.

For example, you

- -t-hink--it's baa arc:lUna here. -In some ot-the-towrrs in New-Guiftea,-theyfurri off the-generators if10:00 PM because that's all the oil they have; and they've been doing this ever since lights came to
them.

So they need a source of energy.

We're concentrating on this and on the question.

"Can we

predict when it's going to erupt so they can get the people out of Rabaul?" We're looking at minor
problems and not worrying about moving continents.
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An Estimation of Potentials for the Hatchobaru Geothermal Area,
Northern Kyushu, Japan
Seibe ONODERA

Professor at Kyushu University, Exploration Geophysics

I. Introduction
In the estimation of the out-put in kW!h produced by the geothermal power generation, it is required to know the well characteristics, the heat cycle in the power plant, the out-put characteristics and the efficiency.

Of these three in the latter are

seemed to be constant in the present power plant, while only the
well characteristics varies in the wide range.

One of great im-

portance in the measurement of well characteristics is the determination of the steam flow rate from a well at a given well head
pressure.

It is, at present, well-known that the corresponding

out-put in kW based on the steam flow rate is defined as the poten tial for the geothermal area involved.

Specifically, in the

case of hydrothermal systems the separate system must be equipped
in order to know the steam flow rate.
According to the theoretical equation proposed by SEKOGUCHI
(1967), it is possible by repeat process in calculation, that is,
a trial and error method to estimate the steam flow rate against
pressures at the top of well in atg.

This theory is based on

the assumption that steam-water under-goes isenthalpic change,
and at present this procedure should be evaluated highly and is
supported by the author.

However, practical calculation is cum-

bersome in general, although numerical values to be calculated is
not so different from

t~at

in adiabatic change.

II. Relation between Corresponding Out-Put and Steam Flow Rate
To find a simple estimation on the potential for geothermal
field, here several graphs were prepared on the Otake

&~d

Hatcho-

baru well data, together with heat flow data, water table, temperature gradient, shut-in pressure, and the like.
~-~ Fig. 1 shows-~the- ;e-l~t-i~~ between steam flow rates and corresponding out-put or ejection velocity of steam for the Otake production wells.
We find easily from this graph that linear relations hold the
out-put and the steam flow rate or its velocity.
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Fig. 2 is the graph of various physical quantities for the
steam flow rate at the well head pressure of 2.1 atg.

We see

from this graph that the relation between ejection velocity of
steam and the steam flow rate satisfies a linear equation.

Other

quantities, particularly the temperature gradient denoted by TG
in °C/m, heat flow denoted by Q in xlO- 6 cal/cm2 ·sec or Q/HFU have
not linear relations.
And also, similar data in Hatchobaru are shown in Fig. 3.

In

this case too, no relations were obtained, excepting the water
table.
In fact, measurements carried out are almost poor.

It may be

explained further by continuing researches that whether these
data are mainly due to the conditions of measurements nor no relation among these physical quantities hold theoretically.
I do not yet possess the key factor to evaluate directly the
corresponding out-put of geothermal power generation before a
bore goes down.
From an observationally technologic poin t

of view, the establi-

shment of the subject involved should be stressed particularly in
handling the development of heat energy in the earth.
III. Estimation of Potential Using Actual Result
As was stated in the author's paper (1974), resistivity measurements have indicated the promising geothermal area of 500,000
m2 in the wide area of Hatchobaru potential zone indicated by
self-potential measurements.
By making use of the actual result, as shown in Fig. 3, of
production wells in Hatchobaru, the average corresponding out-put
per one production well is given by 7,800 kW.
Supposing that mutual intervals of wells are 150 m, then a
total number of wells to be drilled in the

saw~

area becomes 20.

Therefore, we find that the entire potential for the Hatchobaru
Geothermal Area is 156,000 kW o
---- ------------ _._--In practice, the potential will be
-~-

-

-

--

-

~-

give-n-by--the--raiige--o-rTO-g-~2-0-0--

to 202,800 kW, by considering both the reduction ~nd increased outputs of 30 per cent

o

The estimation is in the range of 2 times

to 4 times as large as the potential for ordinary geothermal areas
in Japan.
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Geo-electrical Indications at the Otake Geothermal Field in the
Western Part of the Kujyu Volcano Group, Kyushu, Japan
Se ibe ONODERA*
This paper deals with an effect of geothermal fluid flow to
I

self-potential curve and self-potential and resistivity indications
at the Otake Geothermal Field including the Hatchobaru Area, where
the geothermal power plant with a capacity of 50 MW will be constructed by the Kyushu Electric Power Co., Inc. at the end of 1975.
1. Introduction

The Kujyu Volcano Group lies in the north eastern part of the
Kyushu Island, Japan.

The geographical position is in latitude
0
33005' North and in longitude 131 10 1 East.
Elevation is in the

range from 850 m to 1787.9 m above sea level.

The distance from

the City of Beppu is 60 km approximately along the Trans Kyushu
Highway, usually called the Yamanami Highway.
In the area occupied by Kujyu Volcano Group,

of more than 10 cones and domes.

there are a group

These can be divided into two

groups according to their topographies.
The eastern group consists of domes and stratovolcanoes such as
Mimata-yama (1288.4 m) Heiji-dake (1642.8 m), Taisenzan (1787.1 m),
Kuro-dake (1556 m) and Hanamure-yama (1173 m), of which rocks are
pyroxene-olivine basalt, mafic pyroxene andesite, biotite-bearing
hornblende-pyroxene andesite, quartz-hornblende andesite and pyroxene hornblende andesite.
The western group consists of lava dome volcanoes such ,as Waitayama (1499.5 m), Misokobushi-yama (1310 m), Ichimoku-yama (1287.4
m), Ryoshi-dake (1423.2 m), Goto-yama (1386.8 m), Kuroiwa-yama
(1502.6 m) and Sensui-yama (1296 m), and of cones such as Hosshozan (1764 m), Kujyu-zan (1787.9 m) and Inaboshi-yama (1765 m), of
----whicJL_r_o_ck~r._e__lIla.i.nly-p_~oclasticlava

of hornblende andesite and

pyroxene andesite.
The Otake, the Kano-jigoku and the Bogatsuru basins lying in
the western group and the Senchomuta basin form geothermal area
manifested by many geysers, hot springs, active solfataras and
from geophysical point of veiw.

*

Of)

Professor at Kyushu University, Exploration Geophysics

The Otake and Hatchobaru Geothermal Areas are located in the
western part of the Kujyu Volcano Group.
2. Effect of Geothermal Fluid Flow on Self-Potential
For basic investigations, a continuous recording of SP was
carried out near No.7 production well at Otake.

As shown in

Fig. 1, an interesting phenomenon is presented in the indication
of concave rightward on the diurnal variation curve of SP, when
the head valve of the same well was closed and opened.

This

-.

probably seems to be effected by a change in streaming potential
of super-heated water in geothermal reservoir.

The maximum and

minimum values are respectively 32 mV at 10h34 and
Consequently, the difference becomes 28 mY.

4

mV at 12h52.

The dome type in-

dication on the diurnal variation curve of SP appears to be re1ated to the tidal phenomenon.
3. Self-Potential Measurements
Toward the end of Summer in 1964, self-potential method was
applied to the Otake Geothermal Field, northern Kyushl.l, Japan.
From geo-e1ectrica1 points of view, the SP measurement showed a
possible existence of new geothermal area.

Afterward, successive

dri11ings have furnished us with useful informations for the development of geothermal resources.
3.1. Procedures and Stations
Measurements are made in the customary manner with non-polarizable electrodes at 150 m interval of grid-stations which are the
same as those occupied by gravity observations.
3.2. The Distribution of SP
The base station of SP measurements is located on the road at
40 m north from Kawahara Bridge.

The result of self-potential

measurements is given by equi-potentia1 lines of 50 mV in contours,
as shown in Fig. 2=----..

_

Apart from the generation mechanism on the SP, distributions of
self-potential in this area are divided into three parts:

(a) Otake,

(b) Hizenyu-Sujiyu-Komatsuike, and (c) Hatchobaru Potential Zones.
(a) Otake Potential Zone
This zone showing negative potential anomalies is extended in
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the direction of N 23
lines in 0 mY.

0

W, and is sandwiched in two equi-potential

In this zone, the equi-potential line of 0 mV

distributes surrounding sites of KD Nos. 3 and 5 wells and occupying Otake Bridge, and also a negative center given by -100 mV
contour is in turn located in the latter.

Further, we may find

the distributions of two positive anomalies given by 0 mV contour
in the direction of NW and SE from the double negative center, and
other positive potential zones of +50 mV exist in the east side of
the same negative center.
(b) Hizenyu-Sujiyu-Komatsuike Potential Zone
This zone is in the direction of N 30

0

W as shown in Fig. 2,

and is get in two equi-potential line of 0 mY.

In this zone,

there are 8 positive centers with small and comparatively large in
shape, and 5 negative centers with 0 mV contour.

And also, we

may find a negative potential zone near Hizenyu.

In part icular ,

it should be noteworth that a double positive center extends slenderly in alpha direction.
(c) Hatchobaru Potential Zone
This potential zone has a wide distribution from the west boundary of (b) to the east part of Mt. Ichimoku-yama, which is called
the Hatchobaru Potential Zone.
An equi-p~tential line of -100 mV
(the minimum potential is -162 mV.) is located at 400 m from the
Kujyu Training Center for National University in Kyushu.
There are 3 negative anomalies (-100 mY) in the south-east direction of Hatchobaru area, and also 3 positive potential zones given
by 0 mV contour in the east of Mt. Ichimoku-yama.
In north, east and south slope of Mt. Ichimoku-yama,

the form

of an equi-potential line of -50 mV centering around the top of
Mt. Ichimoku-yama coincides roughly with its topographic contour,
which shows the so-called "Topographic effect of self-potential
distribution. "
-----"13 . 3-.-V-a-lue-s-o-f'-0bse-rvea-8e-l-f-I!-o-ten-t-i-a-ks--------------

Relative values of SP potentials required for the interpretation
are listed in Table 1 for hot-springs, fumaroles, production

wells,

test wells, the top of mountains and various places.
Kawahara Fumaroles and Otake Hells in the potential zone of (a)
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and Hizenyu in (b) give the same nagative anomalies, while Sujiyu
and Komatsuike Hell located in (b) occur in positive potential
zone.

These are probably due to chemical properties of hot

springs, fumaroles arid soils.
Test well, Tl shows the SP potential of +138 mY, which is the
maximum within all drilling sites.

The mixture of stearn and hot-

water from Tl would not eject by making use of swabbing.
On the contrary, the value of SP potential at the well drilled
by the Development of Electric Power Resources Co., Ltd. is -109.5
mV, which shows the lowest potential.

This well has produced the

ejection of steam intermittently, hut we now left it alone without
the ejection of steam as well as KD Nos. 3, 5 and 6 wells, of
which No.6 was converted into an injection well.
As shown in Table 1, SP potentials in Otake production wells are
in

the range of 0 to -13 mV, while those in Hatchobaru production

wells vary in the range of 0 to -58 mY, excepting H3.

Therefore,

we may find that SP potentials appearing in Hatchobaru production
wells, which situate in the south part of the geothermal field, are
lower than those in Otake group.

In fact,

area are higher than those in Otake.

altitudes in Hatchobaru

It should be

see~~d

to show

the effect of topography on the SP potential in geothermal field,
in which the SP potential gradient is given by -0.3 mV/m.

This

value is one-third of the normal SP potential gradient.
3.4. Qualitative Interpretation
As shown in SF potential distribution map (Fig. 2), KD Nos. 5
and 6 and Otake Nos. 7, 8, 9 and 10 production wells drilled in the
Otake Potential Zone of (a) are located in the direction of SE and
SSE from the negative center of -100 mY, which distributes in the
vicinity of the south part of the Kawahara Fumaroles.

From this

geothermal surface manifestation, it follows that the Otake Potential Zone of (a) is an electrical indication of Otake geothermal
--re-s"e-rvo-rr-,-a:rrd---a1-s--o--tJle fact seems

t--o~hat

the fault line exists

of running to the direction of alpha-dash.
In general, it is well-known that a negative center indicates
the existence of sulphide ore deposits.

This theory is based on

oxidation of pyrite, transformation from ferrous sulfate to ferric
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sulfate, and on hydrolysis, by which ferric sulfate changes to
hydrous ferric oxide.

The sulfuric acid formed in this process

is neutralized by the carbonates in the adjacent formatimls.

The

application of this theory in virtue of surface geothermal manifestation such as fumaroles, hot-springs and wells at the Otake
area brings a bold category in the interpretation of SP data that
a possible geothermal area exists in the direction of SE and SSE
from the negative center in -100 mY.
The positive anomaly lying south part of potential zone of (a)
divides the potential zone into two parts, namely (a) and (b), and
is caused by the flesh lava.

Tl is in the equi-potential line of

+100 mY, and was drilled down to the depth of 1,000 m from the
surface.

As a result, no ejection of geothermal fluid was gained.

From this fact we may conclude that non-producing area is indicated
by the positive anomaly in SP.

In other wards,

this brings a

negative information concerning the selection of drilling sites for
the development of geothermal resources.
Hizenyu-Sujiyu-Komatsuike Potential Zone extending to the direction of N 30

0

W is due to the existence of fault line called

Komatsuike-Sujiyu-Hizenyu-Waita.

In this potential zone,

there

are Hizenyu indicated by the negative anomaly, Sujiyu and Komatsuike
Hell characterized by the positive anomaly, and Test well, T2, from
which the flow rates of steam and hot-water were 22 tlh and 30 tlh
respectively.

By these geothermal manifestations, the potential

zone of (b) is also already known as promising geothermal area.
In the Hatchobaru potential Zone, the existence of the negative

center of -100 mV in contour is noteworthy.

If the category of

geo-electrical interpretation in the case of Otake area is applied
to this negative center, then it follows that a possible geothermal
area lies to the south-east and south-south-east of the negative
center.

This is a conclusion of self-potential measurements.

_____________AfLer the SP measurements, the fact was proved by the successive
drilling of HI, H2, H3, H4 and H6 performed from August in 1968.
3.5. Problem of Corrosion
Self-potential methods are used for the determination of the
zone of egress, when the corrosion of wellhead apparatus, pipe lines
and production casing are of chemical nature.
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A typical example was shown in the H2 production well at Hatchobaru geothermal area: the destruction of wellhead, pipe line
and casing have occurred within two months.

The evidence is that

pH's of steam and hot-water ejected from H2 were 3.9 and 3.4 respectively,

fu~d

that, as shown in Fig. 2, the site of H2 is located

at 150 m north-east from the center vf SP contour line of -100 mV,
establishing a corrosion zone by the negative potential.
3.6. Concluding Remarks
The general conclusion to be derived from this measurements is
that the self-potential method can be exceedingly useful in geothermal exploration indirectly, determination of corrosion zone and
negative informations in the development of geothermal resources.
In the Otake Geothermal Field, the self-potential measurements
indicate three potential zones, namely (a) Otake, (b) HizenyuSujiyu-Komatsuike and (c) Hatchobaru Potential Zones.

Of these

(a) and (b) are, when SP measurements were carried out, already
known as geothermal area from the evidence of Otake No. 7 production
well and from geothermal manifestations such as fumaroles (Kawahara,
Otake and Komatsuike) and hot-springs (Otake, Hizenyu and SUjiyu).
In this case history, at first,

considering the relation between

the site of production well No.7 and the form of the negative
center given by -100 mV in contour, and the author established the
category in geo-electrical interpretation.

The application of

this category to a negative center obtained by SP measurements in
new field results in the discover of the Hatchobaru Geothermal Area,
where the construction of the Hatchobaru Geothermal Power Plant,
50 MW in output, will be completed at the end of 1975.
4. Resistivity Indications
During the past ten years, resistivity methods of geo-electrical
exploration for the objects of exploration of geothermal energy
resources in volcanic type, particularly the depth investigation to
geotnermaI reservoir, were carried out at the Otake Geothermal Field
including the Hatchobaru Area, Takenoyu and Haganoyu areas and the
west part of the Otake Geothermal Area in the western part of Kujyu
Volcano Group.
As shown in Fig. 3, a total length of surveying lines is 94 km,
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and a total number of the observed RS curves becomes 259 curves.
From a geo-electrical point of view, it is of character in the
reconnaissance,

Regardless of the rank in geophysical exploration,

as will be described in the later, geo-electrical resistivity
methods stand almost alone in depth investigations and evaluation
of physical quantities after the observation as compared with other
geophysical explorations carried out at the earth surface.
4.1. Electrode Array Used and Station Intervals
Resistivity sounding curves were measured by introducing the
Schlumberger Array with L/2=1,000 to 2,000 m in length against
several values of 1/2.

The station interval for each line is 200

m in length on the almost straight surveying line, of which the
length is 6 km in standard, and the interval of surveying lines is
in the range of 300 to 1,000 m.
4.2. Interpretation Precess of Resistivity Data
The process of interpreting resistivity data
electronic computer.

is

handled by an

The sequence of operation can be visualized

more clearly with the helps of a flow chart as shown in Fig. 4.
We first plot RM-curves, which are resistivity curves with constant electrode separation of combining 1/2 and L/2.

The values

of apparent resistivities with logarithmic scale in ordinates are
plotted against the positions of each station along a given line
in abscissas.
From the form of these curves for a given line, we may find a
layered earth, lateral effects of resistivities due to geologic
bodies and

topographie~,

the existence of faults, and the like.

Useful data obtained here are forwarded to the next step entitled
"Drawing Section of Resistivity Layer."
Secondly, topographic corrections are made, in which recomputations of apparent resistivities within short electrode spacings
are made by making use of the correct electrode separation and the
evaluation and check of resistivity jumps or sudden falls are
examined for several 1/2's and L/2's.
After finishing the preparation described above, the method of
curve matching is applied.

If the best fit is obtained, then

physical quantities involved, that is, resistivities of formation
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and depths of interface of it are determined, and data are removed
to the next operation called "Drawing Section of Resistivity Layer."
On the contrary, if the curve matching is not good, then immediately the calculation of standard curves is repeated.
In the process of determining the section of resistivity layer,
of course, data obtained in all of the previous steps are inserted
into the resistivity section, and these are also discussed. Through
this step, it is valuable to find blind faults, which are indicated
by resistivity discontinuities

below the successive stations.

Finally, we must consider the resistivity of formations involved
by evaluating moisture, temperature and pressure effects of resistivities, the relation between resistivities and thermal conductivities.

Assuming here the temperature gradient, we may get heat

flow values which are one of physical quantities to determine thermal areas.

By making use of the value of heat flows, in general,

we may determine whether a possible geothermal area exists in deep
or not.

If the existence of promising geothermal reservoir is

assumed, then it is written down by the notation in the section of
resistivity layer.
4.3. Case History
As an example, resistivity indications at the Otake Geothermal
Field including the Hatchobaru area are taken:

the resistivity

measurements carried out in this areas were useful to determine the
subsurface structure in the western part of the Kujyu Volcano Group.
4.3.1. Results of Interpretation of RS Curves and its Correlation
Fig. 5 shows the location map of the Otake Geothermal Field.
The resistivity sounding'curve obt~ined at the station LOS14 in the
Otake Geothermal Field is shown in Fig. 6 by small circles.

The

result of interpreting this field curve measured with Gish-Rooney
apparatus is given by the resistivity step distribution and standard
curve used for interpretation is shown by the solid line.

The firs t re s is tiY.it-¥_1.a*er-w-i-th-~-s-i-s-t-i-v-i-t-Y-01'-5-00-ohm=m-an-d---------thickness or depth to the first interface from the surface of 4.8
m corresponds to the surface soil, the second resistivity layer
with resistivity of 104 ohm-m and depth to the second interface of
62 m to pyroxene andesite, the third layer with resistivity of 10
ohm-m and thickness of 348-488 m to, of course, altered andesite,
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and the fourth resistivity layer with resistivity of 300 ohm-m
and depths of 410

III

in minimum and of 5')0 m in maximum corresponds

to pyroxene andesite of Lower Pleistocene (I stage) Hohi volcanic

.

complex (Y. Matsumoto 1963) .
Fig. 7 shows the resistivity sounding curve gained at LOS24 in
the Hatchobaru Area and the result of its interpretation by the
curve matching method.
The second resistivity layer with 4600 ohm-m in resistivity and
36 m in thickness corresponds to hornblende andesite, KUjyu complex
(Hayashi 1973), the third resistivity layer with 77 ohm-m in resistivi ty and 940 m in thickness to the a1 te.l.'nation of pyroxene andesite (Hohi Complex) and tuff breccia (Hohi Complex), and the fourth
resistivity layer with 270 ohm-m in resistivity and 1000 m in depth
corresponds to Kusu formation, Miocene (Yamasaki et a1. 1970).

It

is known from resistivity drop on the resistivity sounding curve
that altered andesite situates on the Kusu formation.
In comparing these results with the drilling logs

at the Otake

and Hatchobaru production wells, we may conclude that the results
of resistivity exploration agree with the subsurface structure producing geothermal fluid.
4.3.2. Section of Resistivity Layer
The results of analyzed resistivity data are in general given
by the section of resistivity layer.
Fig. 8 shows the section of resistivity layer for LO, which is
the base line at the Otake Geothermal Field.

Marking remarkable

breaks in resistivity continuity which appears between S22 and S23,
the resistivity structure may be classified into two patterns,
namely (1) the northern part from S22 and (2) the southern part
from S23.

The former consists of a series of multiple structures

with the maximum attainable depth of 550 m, and the latter shows
--~'t-he-s-ame-pe-s-:i-s-t-:i-v-i-1Ty-s-tFuc-tu-:pe--w-i-th-the-max-im:UlI1-a.Ltain.ah1f:LJLe_p_t.h~

of 1,000 m.

It is natural that the remarkable break in resisti-

vity corresponds to a great structural fault.

Simi1ari1y, we may

presume the existence of 5 inverse faults as shown in Fig. 8.
The subsurface of the Otake Geothermal Area can be represented
by resistivity layer for LOS14.
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The depth of reservoir is 410 m

_

in the case of analytical solution in minimum and 550 m in maximum,
which gives good coincidence in contrast with the drilling depths
(400 m in No.7, 497 m in No.8, 550 m in No.9 and 600 in Noo 10).
Of LO-line the north part from L0822 shows a promising geothermal
area.
At Hatchobaru the subsurface may be characterized by the resistivity layer of 82) and 824.

As shown in Fig. 7 and was described

in the foregoing section, the fourth resistivity layer with 270
ohm-m in resistivity and 1,000 m in depth corresponds to Kusu formation, which is of importance in the development of geothermal
resources.
Fig. 9 shows the resistivity section along L)-line.

The inter-

val between LO and L) is 450 m approximately.
Low resistivity layers with below 100 ohm-m in resistivity exist
below 814-82), and relatively high resistivity layers with resistivity of more than 2,000 ohm-m are in the subsurface of the stations,
815, 820, 821 and 824.
These parts will exclude from a possibility
of dveloping the geothermal energy resources.
The test well, T2 was drilled at 1)0 m nearly east from L)8l).
Its projection is writte:n in the
layer.

same section of resistivity

From the correlation of resistivity layer with drilling

sample records, it is easy to know that the resistivity of tuff
breccia in Hohi Complex is in the order of 1,500-1,800 ohm-m or below.
Further, geologic section for H4, which was drilled at 1)0 m
east from L)822 , is drawn down roughly in the same Figure, but it is
difficult to correlate the relation between the well section and the
resistivity structure given by a horn type.
Tne Hatchobaru production wells were drilled inside a rectangular
area formed by L082l, L082) , L)82) and L)82l, with the exception of
-H2-tF -rg-;--S)

.

Let us present the section of 822 for each surveying line.

Fig o

10 shows the same section, from which the consistency between
upper depth of tuff breccia given by drill hole data and the interface of resistivity layers increa.ges the reliability of the result
of resistivity explorations.
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Assuming that drillhole data hav8 enough accuracy, the accuracy
on the depth of Kusu formation given by the interpretation of RS
curves falls within 5 per cent in relative error.

In addition,

taking the inclination of Kusu formation into account, it becomes
15 per cent.
Fig. 5 shows the location of surveying lines near and at the
Hatchobaru Geothermal Area, the sites of production wells and the
existence of faults, of which one fault denoted by R-R was determUled by the indication of radioactive method, and others by making
use of apparent resistivity jumps and falls for a half electrode
spacing of L/2, excepting Koma.tsuike-Sujiyu-Hizenyu-Waita fault.
Lastly, a possible area of the Hatchobaru for the development
2
of geothermal energy is estimated by 500,000 m approximately.
4.4. Concluding Remarks
As was described in the case history, a careful analysis of RS
curves by the method of curve matching gives in general a good
result and usually it is able to correlate between resistivity
layers and geologic horizons, but in the case of complex topography
and spec ial :311bsurface condition, the resistivity method has naturally no resolving power and depth determination of realization.
For the development of geothermal resources in the Kujyu Volcano
Group, Particularly it should be stressed to carry out the resistivi ty exploration for Kusu format ion.
In conclusion, it is need to investigate geophysical methods of
exploration for hot rocks to utilize volcano energy for power generation, although geo-electric explorations described in this paper
will be applied to the 'search for hot rock systems in active volcanoes.
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Table 1. Values of Self-Potentials

I
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Places

Zones

,Kawahara fumaroles

~ (/J
oM j
>-t,..,

I,Otake-Jigoku

(a)

i Hizenyu

(b)

I'SUjiyU

(b)

I

~~

I

+' '0

~ §

(a)

SP mV

Date of Drilling
-=f::..;l:::;:'n=i.::::s;::.h::;:e..:::d::...-

-50mV contour
- 4
-30
+10 -

+30

_ _ _!KOkatsuike-JigokU

(b)

+23

KD No.3
Kyu
Den
KD No. 5
wells
KD No.6

(a)

-37.5

March, 1955

( a)

- If 8 •5

Dec.,

1955

(a)

-11.5

Feb. ,

1964

(a)

-109.5

May,

1964

Nov. ,

1964

The well drilled by the
Development of Electric
Power Resources Co., Ltd.
Otake No.7
Pro- No. 8
duction No.9
Wells,No. 10

I

( a)

- 4
o

(a)

o

March, 1965

( a)

-13

March, 1966

+138

March, 1965

( a)

Test I Tl
Wells T2

(c)
(c)
(c)
(c)
(c)
(c)

No.1

Hatchobaru
Production
Wells

No.2
No.3
No.4
No.5
No. 6
Ichimoku-yama, l287.4m

1966

-58

Feb. ,

1969

-50mV contour

August ,1969

+35

July,

1970

-49

Oct.,

1970

-58

Oct.,

1971

o

August ,1971

- 9

l3l0.0m
Otake Bridge

Nov.,

-103

I Misokobushu-yama

___I

o

(a)

-114.5

KD Chemical test room (a)

-31.5

Emerald Buddha( Suj iyu) (a)

+10

~DPO 9lil+,--e.5=5=2~-m------------:-+~1-;:;:0-.-::;5------------------

i Recreation

house
(Mi tsubishi)
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Appendix
Table 2. Place Index
Roman letters

tm

~

Goto-zan

A0

R~

L1J

Haganoyu

tIJ~

/

>~

Hatchobaru

)\..

T

W.

Hizenyu

m

•

>~

§

Ichimoku-yama

L1J

Jizobaru

tm

liZ W.

Kanno-Jigoku

~

tm

Kawahara

50J

KD No. J well
KD No. 5 well

JL~=

Komatsuike Hell

+t~~tm~~

Kujyu-zan

JL

=111

Kuroiwa-Yama

~

w....

::a

L1J
L1J

Kusu River

I)z

I$:

) II

Makinoto

1)(

/

P

Mimata-yama

--

1~

L1J

Naka-dake

~

Otake hot spring

::*:fli >ljjb~

Otake Bridge

::*:

fli

t'''''

Ryoshi-dake

1*

iSiP

fli

~~

W.

JL~liJ.5-*

fli

IQ)

7J, L1J

Sensui-yama

7~

SUjiyu hot spring

r{fj>~>Mb~

Takenoyu

fli

/

>~

W-a-i-t"a=ya-ma

5ffi

oj[

tb

This index is applicable to Figs.
2, J and 5.
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Figure 1.

Diurnal Variation Record of SP
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Figure 1 (continued)
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Figure 1 (continued)
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Figure 1 (completed)
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Fig. 5. Map of the Qtake and llatchOh aru Geothermal AreaS.
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Discussion of Onodera Paper
Rex
Is there steam vapor underground, or is it hot water only?
Onodera
It is hydrothermal.
Rex
Is there any evidence of deep

high-pressure steam?

Onodera
No, hydrothermal only.
Rex
And the maximum temperature?
Onodera
About 200
Rex

0

centigrade.

.

What is the steam pressure? How many kilograms per square
centimeter?
Onodera
It is 2. 1 .
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RESEARCH DRILL HOLE AT THE SUMfllIT OF
KILAUEA VOLCANO, HAWAII
George V. Keller
ABSTRACT
An exploration hole has been drilled to a depth of 1262 m
beneath the summit of Kilauea Volcano on the Island of Hawaii
in order to obtain information about the potential for the occurrence of geothermal energy in a basalt environment. The hole
was started at an elevation of 1102 m, and bottomed at an elevation
of -160 m. Short intervals were cored, but the principal information obtained from the hole was in the form of physical measurements.
The temperature profile through the hole was complicated, showing
several reversals, and reached a maximum value of 137°C at the
bottom. Geophysical logs indicate that rocks are fully water
saturated to an elevation of about 500 m above sea level, and
that the water in the rock has a salinity about equal to or
slightly greater than that of sea water. This result supports
the pre~drilling hypothesis that there should be a convection
cell formed of warm saline water above a shallow magma chamber
at Kilauea Volcano.
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Discussion of Keller Paper

Unidentified
What was the frequency of the noise you measured?

Keller
That was the total power in a bandwidth of from 1 to 10 Hertz.

It's not the normal way one

presents data on seismic noise.

Unidentified
Do you have spectral data on the noise?

Frequency data?

Keller
This was a graduate student's study, and he is very careful and factual on the presentation
of his data.

Unidentified
All the data are there?

Keller
Yes.

Kennedy
Did you get cuttings from the interval of 1060 to 1610 feet?

Keller
We did get cores.

Not a lot of cores, but several from the whole interval. Well, if you want

one core for every 200 meters or something like that.

Kennedy
Sure.

Higgins
On the last two slides you showed of the well logs, I notice there seems to be a correlation
between washout or caliper size and density that almost looks to be in the inverse ratio.
seem to see high densities associated with washout areas rather than the inverse.
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You

Keller
In detailed interpretation of density logs, one must be careful because this is not the scattered gamma radiation reported directly, but an analog corrected value.

There is a trace on the
i

log, which I haven't referred to, which is the magnitude of correction.

You get a washout; the

correction becomes too large to be made accurately, and you say that ...

Higgins
You've anticipated my next question and answered the whole thing.

Thank you.

Keller
Well, there's a lot of story to well logging , as you well know, but I think this was done by
very competent people.

Kennedy
Can I ask a question on the interpretation of your logs? On this high-resistivity layer-you were saturated with water- -did you try to pump this?

Did you produce any substantial amount

of water? Was water moving into it, or was it very tight?

Keller
That is a very complicated question to answer.
Schlumberger wire line formation tester.

We tried to produce water locally with a'

That is a gadget that you jam up against the wall, open

a vacuum, and you have all of the hydrostatic pressure to squeeze water out of the rock.

We got

not one drop of water any place we tried to do this.

Kennedy
How do you interpret this? What does it mean?

Keller
Absolutely no permeability at the locations where we sealed against the formation over intervals of about a foot.

There is no intergranular permeability--this is only during the bottom 2000

------'feet--of-the-s·ectron.

Kennedy
What you are really saying is that the rock is really tight--that you are making no water
down there.

Keller
We're making no water from short intervals where we could test.
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Kennedy
Any sign of chert alteration?

Keller
Yes.

Unidentified
The porosity improves below sea level?

Keller
If you look at the logs in detail, one of the last members we drilled through was a massive

flow that was some tens of feet thick, with a low porosity and very high thermal gradient.

The

porosity in that was only 2 percent, but beneath it, the last few feet of the hole, we were again in
high -porosity rock.

Unidentified
What about permeability?

Keller
The permeability, as indicated by departure between the two resistivity logs, was nil. We
never had circulation, but we felt we were losing circulation higher in the hole. We have a great
deal of inforrm tion on fracture permeability from the microseismogram logs, which haven't been
evaluated yet.

Unidentified
What kind of water did you find in the hole?

Keller
We did not recover any water samples, despite all of our attempts.

The determinations of

salinity are based on the geophysical logs.

Unidentified
In the temperature profile you have shown, is the bottom temperature stabilized?

Keller
What I have shown you is a continuous temperature profile obtained 32 days after completion
of drilling, at which time the temperature seems to have stabilized to within a degree of the final
temperature.
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Unidentified
Have you repeated these measurements?

Keller
Many times.
time.

We have 50 temperature logs as a function time.

These wiggles change with

This doesn't change the same way with time, but the small structure of the temperature

profile through the permeable rocks does change every time we run a log.
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Foci of Volcanoes

By Izumi YOKOYAMA
Department of Geophysics, Faculty of Science,
Hokkaido University

One may assume a centre of volcanic activities beneath the
edifice of an active volcano, which is here called the focus of
the volcano.

Sometimes it may be a " magma reservoir ".

depth may differ with types of magma and change with time.

Its
In

this paper, foci of volcanoes are discussed from the viewpoints of
four items.

1. Geomagnetic changes related with volcanic aLtivities

The researches of the changes in geomagnetic field related
with volcanic eruptions as well as those with earthquakes have
been one of the aims of the geomagnetic surveys throughout Japan
which were commenced by A. TANAKADATE in 1893.

Many observational

data accumulated since that time have given a large effect on the
images of physical mechanisms and energetics of volcanic act ivities in this country.

At the time of the 1940 great eruption of

Miyake Volcano, a few geophysicists observed the anomalous changes
in geomagnetic field independently each other.

These observations

convinced Japanese geophysicists that the geomagnetic changes accompanied by volcanic activities might be expected on basaltic
volcanoes such as Miyake and Oosima Volcanoes,

Izu.
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On

the occasion of the 1950 great eruption of Oosima Volcano,

Rikitake ( 1951

) made the geomagnetic studies at its early stage:

from the observations of the changes in magnetic dip, he deduced

that a spherical part of about 2 km in diameter at a depth of about 5.5 km beneath the volcano was heated above the Curie temperature and lost its magnetization.

Since 1951, a continuous obser-

vation of the changes in geomagnetic declination has been made at
a point on the western coast of OOSlma Island in order to detect
the relation between volcanic activities and geomagnetic changes.
This observation point is deemed adequate for the purpose because
declination there is expected to be prone to change in connection
with the changes of magnetization of the volcano as seen from the
distribution of declination on Oosima shown in Fig. 1.

The magne-

tometer which has a magnet suspended with a fine phosphor-bronze
ribbon is installed in a cave.

The semi-monthly means obtained

from hourly values and from daily means successively are plotted

in Fig. 2.

In the figure, also the active periods of the volcano

are shown by the columns, but the 1950-51 eruption was very large
comparing with the other activities:

about 5 X 10

were erupted by this eruption and about 1 X 10
the 1953-54 eruption.

6

7

ton of lavas

ton of lavas by

In the figure, the differences between

Oos i-ma--zrn-d-Ka-ki-oka-M-a-gn-e-t-i-e-8b-s-e-r-va-t-eF-y-w-fl±-G-fl-i-s-s-i-t-u-a-t-@Q-a-t-a.--_ _
distance of 180 km north-east from Oosima, are obtained in order
to eliminate the effects of geomagnetic disturbances of outer origin.

Declination at Oosima has changed eastward after the climax

of the eruption in 1951, repeating small oscillatory changes and

reached asymptotically a certain level about 1957.
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The double cir-

cles in Fig. 2 denote the semi-monthly means which are calibrated by
the absolute observations by means of a Go So
vey Institute) type magnetometer.

10

Geographical Sur-

From this figure,

it may be con-

cluded that the declination at the western coast changed

gradu~lly

about 7 minutes of arc eastward for 6 years 1951 to 1957 as the aftereffects of the 1950-51 eruption.

Taking into consideration the

difference of the rate of the secular changes in declination between Oosima and Kakioka, i.e. 0.25 and 0.15 minutes of arc per year
for 1950 and 1960 respectively according to the G. S.

I., we may say

that the anomalous change amounted about 5.5 minutes of arc per 6 years.
If the changes in geomagnetic field during 1951 to 1957 is approximated by a dipole field,

its moment and depth can be deter-

mined by the results of the continuous observation of declination
and the temporary ones of dip on Oosima.

Thus, the depth of the

dipole is estimated at 1 ~ 2 km and the increase in moment as the order
13
of 3 X 10
emu.
As already discussed by the present author { 19
67 ), the magnetic dipole which approximates the geomagnetic anom-

alies observed on Oosima Volcano, is situated at

a

depth of about

2 km below sea level at the centre of the island and has the moment

of about 7.1 X 10
alous changes for

14

emu.
6 years

The above dipole interpreting the anom1S

about 4 % in

mo-

ment of that corresponding to the geomagnetic anomaly there.
In the following, a possible cooling process to interpret the
observed increase in dipole moment will be discussed:
sume that the normal temperature at a depth of 1

~

If we as-

2 km beneath

0

this volcano is 150 C and it had been elevated not so much, say by
0

100 C by 1951 when the activities were highest, and it recovered to
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the almost normal stage after 6 years as the activities declined,
the rocks there would restore magnetization about 2 X 10 -2 emu/g
according to the result of the measurement of the Oosima lavas
by Nagata ( 1951 ).

If we substitute the above dipole by a sphere

in the sense of a very rough approximation, its radius is 0.9 km
.
15
and its volume amounts to 3 X 10
cc.
This volume is very large
13
as compared with that of the overflowed lavas ( about 2 X 10
cc )
but the magma which intruded into the fissures in the sphere might
be not so voluminous.

And its actual shape may be rather oblate

vertically along the conduits and its position is approximately
the same to that of the dipole interpreting the geomagnetic anomalies on Oosima Volcano as shown in Fig. 3 which was proposed by
the author ( 1969 ) as a schematic structure of the volcano.

Taking

density and specific heat of the lavas as 2.5 g/cc and 0.2 cal/gOe
respectively, we get the total heat necessary to change the mean
temperature of the lavas by 100 0 e as about 1.5 X 1017 cal.
The activities of magma beneath the volcano would be highest
almost at the same time as the highest surface activities in 1950
or 1951.

For 6 years after the climax of the eruptions, the mean

temperature of the lavas at that part might have recovered by nearThe molten magma which had filled the vents and fissures

earth surface or retreated back to the depth and hence, the heat
source of high temperature has diminished in accordance with the
decline of the activities.

The temperature might have decreased by

0

100 e for 6 years not only by heat conduction but by steam emissian;

116

the most probable heat source of low temperature at a depth

of 1

rv

2 km must be meteoric water.

about 300 cm in a year.
the caldera ( about 10 km

At Oosima Island, it rains

If we assume that the rain water within
2

in area) contacts with the lavas and

evaporates, the heat absorbed for 6 years amounts to about 1.1 X
10

17

cal.

This is approximately equal to the heat required for

the cooling process as before-mentioned.
pa~tly

The evaporated water

expands through the crater into the air as volcanic clouds.

Though a more quantitative discussion of the above cooling process is not impossible, it will be not completely successful because it necessarily needs a few assumptions concerning the concrete structures and physical conditions beneath the volcano.

Thus,

it may be safely said that the mean temperature of the spherical
0

part corresponding to the dipole could be lowered by 100 C in 6
years.
In a summary, the geomagnetic changes related with the activities of Oosima Volcano are interpretable by the possible thermal
processes at about 2 km deep beneath the volcano.

2. Crustal deformations related with volcanic activities

Crustal deformations associated with great eruptions of both

rough approximation, and deformation analyses on some volcanoes
such as Hawaii and Sakurazima have given some clue to the processes
of the volcanic activities and their subsurface structure.

In order to interpret the crustal deformations observed around
volcanoes, alreadyMOGI ( 1958 ) presented a model of pressure
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source of explosive or implosive types.
author ( 1971

On

the other hand, the

), for the same purpose, proposed an alternative

model with pressure source of thrust type.

The former model has

pressure distribution expressed in spherical harmonics P~ ( cos ~)
and reminds us of magma reservoirs while the latter has P~ ( cos ~
distribution symbolizing the points of dikes.
the semi-infinite

el~stic

The deformations of

body caused by an internal pressure

source of both types were already calculated by YAMAKAWA ( 1955
and SOEDA ( 1944 ) respectively.

The displacement curves of the

two models shown in Fig. 4 are not substantially different from
each other.

However, the vertical displacements of the surface

right above the sources depend upon 3/4 ( a

322
If ) and 5/6 ( a IF

respectively, where "vV'a denotes radius of the source sphere, ..-....
f and
F depths of the pressure sources of both the types.

If we take f

"""""

~

="""'F" = lOa
and
-..,

the other conditions remain the same, the latter is

about 10 times larger than the former:

In other words, to cause

the same vertical displacements, P~ model needs the source pres-

o

sure only one tenth of Po model.
By curve-fitting to the observed vertical displacements in
Fig. 4, the depths of the pressure sources can be determined.

And

also the distributions of horizontal displacements enable us to
estimate approximately the depths of the pressure sources as the
radial distances where the horizontal displacements take maxima.
o

0

Whether one adopts Po model or PI model, one must prefer a
sir.gle model to superposed

plural models because the mutual

effects of the plural boundary conditions are not always negligible
in the latter case.

1 1 Q

Example 1:

the 1914 eruption of Sakurazima, Japan

The remarkable depression around Sakurazima in its 1914 eruption is shown in Fig. 5.

Mogi ( 1958 ) interpreted this depres-

sion by a model of po type and got the depth of pressure source as
o
10 km assuming the maximum depression to amount to 150 em at point
A in Fig.

The author

5.

o
applied a model of PI type to

1971

the above depression and obtained the depth of pressure source as

6 km.

In Fig. 6 the degrees of fitness of both the theoretical

curves for the observed values are almost indiscriminate.
The pressure change at the source is determinable when the
vertical displacement at the surface right above the pressure
source and the depth of the source f

~

model with f

"""-

= lOa-..-. = 10

km and 10

11

or F are known.

=

o
For the PI model wi th

6 km and the same rigidity as the above,

is 3 Kbar.

On the other hand,

For the po
o

c.g.s. as rigidity of the crust,

the pressure change amounts to 20 Kbar.
lOa

"""""",,"0'

~

=

the pressure change

the pressure of explosion of Sakura-

zima may be approximately estimated by the maximum horizontal arrival distance of the projected fragments.

Strong showers of pro-

jected incandescent stones, dragging behind them threads or tails
of grey vapors,

like meteors, are said to have fallen hot, abun-

dan t ly and his s in 9 in t o t h e
the vent.

Hence,

se~LG..-a-disiance-Q£-~-'§-k-m-.f-r-em'-------'

the initial velocity is estimated at 170 m/sec.,

and the pressure of explosion as about 300 bar.

The difference

between the estimation by P~ ~odel ( 3 Kbar ) and that of the explosion pressure ( 300 bar) may not be unreasonable.
The horizontal displacements of the triangulation points on
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and around Sakurazima during the period 1898 to 1914 after its
eruption are shown in Fig. 7 where line AA denotes the fissure
~

line with crater lets and ellipse BB does the convergent area of
"""-

the displacement vectors which is indentical with the centre of
depression found by the precise levels along Kagosima Bay shown ln
Fig. 5.

As mentioned before, one may estimate the depth of pressure

source at about 3 km beneath the volcano from the displacements at
sides of fissure line AA.

both

~.

Though the fissure already ap-

peared at the earth surface and therefore, strictly speaking, the
elastic theories are not appicable, the range of maximum horizontal displacements may be approximately determinable from the result
of triangulation.

Example 2:

the 1967-68 eruption of Kilauea, Hawaii

The 1967-68 eruption of Kilauea was discussed by FISKE and
KINOSHITA ( 1969 ) from the standpoint of geodetic observations.
During the period January, 1966 to October, 1967, they repeated 14
surveys of level and tilt and 7 geodimeter surveys and found the
migration of the centre of uplift as

sho~~

in Fig. 8, by determin-

lng the successive centres assuming the po models.
o
The migration of the centre of uplift may be the wandering

of

the upward thrusts in sills and dikes which are approximated by
o
0
the PI model better than Po model.

Two examples of the vertical

displacements of bench marks around Kilauea for the periods January
,,-,July, 1966 and AugustA./ October, 1967 are analyzed by the po
1

models.
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The results are shown in Fig. 9 ( a ) and ( b ), respec-

tively, where the double circles denote the reference points.

In

both the cases, the depths of the pressure sources are obtained
as 2

~

3 km beneath the respective points in Fig. 8.

FISKE and

KINOSHITA ( 1969 ) drew a highly stylized diagram of the Kilauea
magma reservoir as shown in Fig. 10 where the reservoir would consist of dense sills and feeder dikes.
The pressure change at the source of the deformation during
the period January~July, 1966 is estimated at 640 bar for a P~
model with F

~

=

2 km.

From the horizontal displacements of 20 geodimeter lines during the period Jan. 6 to Feb. 21, 1967, FISKE and KINOSHITA ( 19
69 ) estimated the depth of the pressure source at 2 km which is

equal to the results obtained from the vertical displacements in
the above.

In a brief summary,

the pressure sources causing crustal de-

formations at several volcanoes are located at the depths of 2

rv

6

km.

3. Magma transfer through volcanoes

The idea of magma reserVOlrs is a necessity of a working hypothesis which interpret differentiation of magmas beneath volcanoes.

The existence of magma reservoirs, the author thinks, has

not been proved beyond a possibility of doubt in field studies
though several papers have discussed it from the standpoints of
~ttenuation

and conversion of the seismic waves through magma res-
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ervoirs.

In this Section, this will be discussed by magma transfer

through volcanoes, in other words, by dynamics of magma.
One may estimate the order of magnitude of energy release from
a volcano, if the discharge rate of ejecta from the volcano is
known by historical records or geological studies.

To estimate en-

ergy transfer by knowing mass transfer, the following formulae are
applied according to the types of ejecta:
essential lava:
E ( solid

=M(~TXC+H)J

= M

0

1000 C X 0.25 cal/oC + 50 cal) J

10
M ( g ) erg,
= 1.2 X 10
where v"\.·
M• denotes mass, ""V'\.
T temperature difference, V'V'
C specific heat,
H latent heat, and J heat equivalent.

0-'

Volatile material contained

\IV

in lavas, which is almost all water vapour and amounts to 5 % in
weight, also carries thermal energy:
E ( wa t e r

) = Mw (6 T X Cw + Hw ) J
= M X 0.05 ( 900 0 C X 0.5 cal/oC + 639 cal) J
= 0.2 X 10

10

M (g

erg.

Adding both the energies, we adopt the following formula:
10
E ( lava) = 1.4 X 10
M ( g ) erg,
pyroclastics ( fragmentary ejecta ):
E

(-fra-g~-=-M-(-A--I'-----X-E---j---d----------
0

= M ( 500 C X 0.20 cal/OC ) J
10
= 0.4 X 10
M ( g ) erg.
In the following discussion, all volcanic ejecta are classified into lavas and pyroclastics, and energy releases by them will
be calculated by the above formulae.
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In other words,

the energies

mean thermal ones transferred by ejecta and are proportional to the
masses of the ejecta.

Example 1:

Oosima.

One may refer to the historical records of the eruptions of
this volcano up to the 7th century but these records are neither
complete nor quantitative.

NAKAMURA ( 1964 ) estimated volume of

the ejecta at each periOd since 500 A.D. by laborious stratigraphical studies:

He made the calculations on the basis of the distri-

bution maps of twelve members, which comprise two elements, i.e.,
isopach contours of the fall deposits and distribution of lavaflows and scoria cones.

Applying the same formulae as previous to

the volume of each ejecta, he got the release rate of thermal energy as shown by the twelve steps in Fig. 11.

Roughly speaking,

the figure may represent that the volcano has constantly released
energy at a rate of about 6 X 10

24

erg/100 years during these 1500

years or since the caldera formation;

exactly speaking, the re-

spective rate of energy release at each period in the figure remains unknown.

In Fig. 11, since 1876, energy releases are far

smaller than former;
lows:

NAKAMURA ( 1964 ) referred to them as fol-

these eruptions may probably be regarded as a mere episode

rather than a part of constructive activity in the long history of
this volcano, but it may be possible that the mode of activity has
changed after 1876.
According to the present principle, the energy transfer corresponds to the mass transfer;

8 X 10

25

erg correspond to 6.2 X 10

9

ton
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during these 1500

Example 2:

yea~s.

Vesuvius.

,
G.IMBO ( personal communication) has already investigated the
volumes of ejecta at each period of the activities of Vesuvius
since 1631.

Referring

th~historical

records, he classified the

activities into the three tYf?S, i.e., lava effusion, pyroclastic
explosion, and forma-rion of cones in the craters ( Strombolian
type ), and calculated the volumes of the ejecta precisely on the
topographical maps.

On the basis of his results, the rate of ther-

mal energy release is obtained as shown in Fig. 12, where the righthand ordinate approximately represents the corresponding mass.
The eruption in 1631 occurred after 490 years' quiescence and is
not known well quantitatively.

Therefore, the first step of large

amount of energy release probably may be smoothed for a longer periode

By a glance, the rate of energy release from Vesuvius seems con-

stant since the middle of the 18th century to 1944.

By a minute ex-

amination, it gradually increased since 1631 and attained the maximum and then has decreased asymptotically to zero.

In fact, one

shall be able to determine the recent tendency after accumulation
---o-r-t-h-e-.f-u-t-ure-eb-s-e-r-v-a-t-i-0F1-S".. - - - - - - - - - - - - - - - - - - - - - - - - - - - - Summarizing the two features of energy release observed on
Oosima and Vesuvius, one may get two schematic diagrams as shown in
Fig. 13.

At both the volcanoes, the respective chemical composi-

tions of the lavas effused throughout the periods have. shown Ii tt Ie
variation, which suggests that magma reservoiLs, if any, have not
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been emptied, but been

~nder

the same cycles of differentiation.

Fig. 13 ( a ) shows constant release of energy or mass as
observed on Oosima, which means constant rate of magma supply to a
volcano from the deep.

Magma reservolrs, if any, beneath the vol-

cano do not effect apparently the release of magma.

A system of

the volcano including magma reservoirs is stationary and therefore
is open to the outside, or bigger sources such as the mantle.
Fig. 13 ( b

) shows a curve of energy release, of which rate

takes a maximum and thereafter tends asymptotically to zero, as
observed on Vesuvius.

In an open system,entropy production rate

depends mainly on the external supply, while in a closed system it
tends to zero approaching equilibrium.

In Fig. 13 ( b ) the former

stage does not represent a closed system, but the latter stage is
possible to represent a closed system.

When once the system is

closed, its rate of magma release to the craters depends on the
residual volume in the reservoir,

and consequently decreases with

time.

The present discussion is concerned with the closed system

only.

If one assumes that the latter stage in Fig. 13 ( b ) re-

suIts from a closed system, one may estimate the initial condition
of the system.

In Fig. 12,at Vesuvius, the volcano system might be

isolated from the deep in the beginning of the 19th century and af_t_eTw_aTds_i-t-_ha-s_Q_e-e_Fl_G ±-0s-ee-1;-e-1;-M-e-s-u-pp±y-s-ourc-e-.--g in c e
of isolation, the volcano has released about 1.6 X 10

9

t-n e

pe r iod

3
m of ejec-

ta, which is equal to a sphere of about 1.5 km in diameter.

This

may represent the minimum volume of the magma reservoir which has
formed a closed system:
in future.

still it may hold residua and release them

Therefore the true volume of the reservoir may be larger
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than the above value.

In this interpretation, the magma reservoir

can be replaced by a magma conduit.

Example 3:

Kilauea, Hawaii

As for the magma supply rate at Kilauea Volcano,
SWANSON ( 1972 ) denoted that the three longest eruptions lasting
4.5 months or longer during the period 1952 to 1971 produced lava

at an overall constant rate of about 9 X 10

6

3
m per month when re-

calculated on a nonvesicular basis and this eruption rate might represent the rate of magma supply from a deep source, probably the
mantle.
To verify that this rate of supply from the mantle is essentially steady, he mentioned the following evidences:

Noneruptive

periods are typically characterized by sW2lling of Kilauea's summit
area, which indicates storage of an increasingly large volume of
magma and Kilauea's eruptions usually end when the summit is reinflating after initial deflation, which shows a continued movement
of magma into Kilauea's conduit system.

4. Subsurface structure of calderas

Almost all the calderas in Japan, about 15 in number, have
been surveyed gravimetrically by the author.

The results of these

surveys afford us a basis for quantitative discussion about the
subsurface structure of the calderas and will improve our understanding of the mechanism of caldera formation.
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According to

the present author ( 1963 ), the calderas in Japan may be classified into two types from the standpoint of gravity anomaly:

the

calderas of a high gravity anomaly Lype such as Oosima ( Fig. 14 ),
associated with the effusive eruption of basaltic magma, to which
Kilauea Caldera also belongs, and the calderas of a low gravity
anomaly type such as Kuttyaro, Hakone and Aso, formed by explosive
eruptions of siliceous magmas.

In 1968, gravity surveys on the

Krakatau Islands In the Sunda Straits and on Batur Caldera, Bali,
were carried out by the author and D. HADIKUSUMO ( 1969):

the

former proved to be of the low gravity anomaly type and the latter
of the high gravity anomaly type.

As for the high gravity anomaly

type, the present author ( 1969 ) already discussed the subsurface
structure of Oosima.

Therefore, in the following,

the discussions

will be confined to the low gravity anomaly type i.e., Kuttyaro
and Sikotu Calderas in Hokkaido.

Example 1:

Kuttyaro Caldera

Kuttyaro Caldera, measuring about 20 km in diameter,
of the largest calderas in Japan;

lS

one

and its western half is a lake

of which the average depth is about 40 m.

Pumice which was ejected

--a-t--t-he-t-ime--e-:f-t-he--e-a-t-a-s-t--r-ophe-o£--~t-h-e-c-a-ldera-furma-t-run-(-20
'"'-"

30,000 years B.P.

) is fund widely spread around the caldera.

A

gravity survey on the surface of the frozen lake was carried out by
the author ( 1958 ), and thereafter supplemented repeatedly.
The distribution of Bouguer anomalies on this caldera is shown
In Fig. 15 where the dashed square contains about 100 gravity
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points measured for prospecting in 1963.

The gravity anomalies

were already analyzed and a schematic profile of the subsurface
structure of the caldera was presented by the author
shown in Fig. 16, where the density contrast

(So - J

1958 ) as
)
1

was assumed

to be 0.3 b/cc.
In 1963, a drilling 1000 m deep for

developing steampower was

made inside the caldera ( at the centre of the dashed square in
Fig. 15 ).

NISHIDA and the author ( 1965 ) studied several physi-

cal properties of the cores from this drilling.

Some of them, such

as density and thermal conductivity, together with the distributions of temperature and heat flow value along the drilling, are
shown in Fig. 17.

At the drilling site, the depth of coarse mate-

rial which is responsible for the observed gravity anomaly is expected to be less than 2 km as shown in Fig. 16.

Therefore, almost

all material to the depth of 1000 m must be coarse caldera deposits.
In fact,

there are many parts which consist of very coarse material

as indicated by dots in the first column of Fig. 17.
of the cores are agglomerate tuff.

The majority

Density increases from 1.7 to

2.2 glee with depth inside the caldera, while it may usually in-

crease from 2.0 to 2.5 glee outside the caldera.

Therefore, the

before-mentioned density contrast 0.3 glee may be reasonable.
for the heat flow through the caldera, it is not continuous but

has a sink and a source:
depths.

Example 2:
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Sikotu Caldera

As
i~

some heat may flow laterally at the two

Lake Sikotu is a caldera lake, measuring about 15 km in diameter and 368 m in its maximum depth.
typical caldron shape.
cene:

The bottom profile is of

This caldera was formed in the Pleisto-

the age of carbonized wooden pieces found in the Sikotu

welded tuff was determined by the radioactive method as about 18,000
years B.P.

A gravimetric survey was carried out by means of a land

gravimeter around the lake and a shipborne survey of total magnetic
force was made on the lake in order to fill the gap in the gravity
survey.
The distribution of Bouguer anomalies around the lake is shown
in Fig. 18.

In the eastern half of the lake, a residual positive

anomaly in total magnetic force amounts to about 400) corresponding
to a residual low gravity anomaly of about 20 mgal.

The subsurface

structure of Sikotu Caldera deduced from the results of the above
surveys is schematically shown in Fig. 19 where also the structure
of the eastern neighbouring district obtained by a seismic prospecting is shown.

The basement ( the Palaeozoic

in this district

rises towards the east and is about 2 km deep beneath the caldera;
and the depth of the caldera deposits is estimated at the same value.

According to geological observations, one may find the Palaeo-

zoic fragments in the pumice-flow deposits around the caldera.
---------------------------------

This means that the violent explosions might occur below this depth
prior to the caldera formation.

In a summary, caldera bottoms are usually composed of fallJacks of caldera ejecta or post-caldera ejecta which cause low residual gravity anomalies.

The depth of caldera deposits ranges 2 " J
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4 km according to djameter of the calderas.

At these depths, gi-

gantic explosions might occur and a large amount of pumice and ash
was extruded forming a circular conical depression.

In conclusion, it may be summarized that the foci of volcanoes
are situated at the depths 2

~

6 km beneath them and the sources of

volcanic energies probably may be concentrated at these depths.
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Figure 16.

A schematic profile of Kuttyaro Caldera.
Po - P = 0.3 glee
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Seismic Noise Surveys in Geothermal Areas 1
H. M. Iyer
U. S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025

Some evidence suggests that high seismic noise levels are
associated with geothermal systems.

Clacy (1968) and Whiteford

(1970) found that large seismic amplitudes, in the frequency range
of 1-10 Hz, occur in the vicinity of known geothermal areas in the
North Island of New Zealand.

In Imperial Valley, California, Goforth,

Douze and Sorrells (1972) found a seismic noise anomaly that nearly
coincides with a thermal anomaly near the southeastern shore of Salton
Sea, and Douze and Sorrells (1972) found high noise levels over the
Mesa thermal anomaly.
The U. S. Geological Survey (USGS) made seismic noise measurements
in Imperial Valley and Long Valley, California, and Yellowstone National
Park, Wyoming, tJ evaluate whether seismic noise can be used as a prospecting tool in geothermal exploration.

One Hz seismometers with slow-

speed tape-recording systems were used.

About 50-80 stations were

occupied with average spacing of 0.5-1.5 km, and each station was

on average noise amplitudes computed using playbacks of several sections
of data recorded at night when wind-generated noise was absent.

1 Presented by Peter L. Ward
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At Yellowstone, high noise levels were found to be associated
with all the major thermal areas in the park (Iyer and Hitchcock,
1974).

Noise levels in the Upper and Lower Geyser Basins and Norris

Basin are 10-50 times higher than the background value outside the
basins (see bottom and center left of Figure 1).
many surface expressions of geothermal phenomena.

These basins have
Noise measurements

were made close to Old Faithful Geyser to determine whether the surface
activities produced the high noise field.

Analysis of data recorded

during several eruption cycles shows that high-frequency noise
above 8 Hz increased during eruptions whereas noise in the 2 to 8
Hz band remained fairly constant.

Since most of the seismic noise

energy at all geyser basins in Yellowstone is in the low-frequency
band, we postulate that it is generated at depth, probably by
convection systems that cause the surface phenomena.

Mammoth Hot

Springs, though cooler and relatively more passive than Norris, Lower,
and Upper Geyser Basins, seem to generate significant noise levels (see
top of Figure 1).

High noise amplitudes are associated with the water-

falls in the canyon of the Yellowstone River (see center right of
Figure 1).

Waterfall noise has a frequency of about 2 Hz and is

clearly different in appearance from the noise observed elsewhere
in Yellowstone.
-

-

The noise level remains high for about 15 kID to the

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

south of the waterfalls, whereas to the north and west it decreases to
a small value within 4 km.

Geothermal activity is associated with

the Mud Volcano towards the lower part of the traverse.

The region

to the south of the waterfallfis covered by unconsolidated sedimentary
deposits, and at present we are unable to separate the contributions
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from the river, ground amplification effects, and geothermal sources
to the seismic noise observed here.
Long Valley, about 40 km south of Mono Lake, in California, is a
resurgent caldera with a history of active volcanism prior to about

100,000 years.

There are some hot springs and geysers in Long Valley,

but the surface activity is on a much smaller scale than in Yellowstone.

Our survey revealed an extended noise high covering the

entire northeast section of the caldera (Iyer and Hitchcock, 1973),
almost coinciding with the unconsolidated sedimentary basin to the
north of the region where most of the surface geothermal phenomena
exist.

Studies using earthquake waves show that seismic signals are

amplified by about five times by the basin.

Noise amplitude at the

peak of the anomaly in the basin is higher than that outside the anomaly
by a factor of 25.

A possible interpretation is that either a noise

source is present under the basin or the geothermal activity at depth,
which produces the hot springs to the south, excites the basin much
more than the harder ground near the springs.
There are several thermal anomalies in Imperial Valley, California.
The one at Mesa to the east of Holtville is particularly interesting
as two test wells have been drilled over the anomaly by the U. S.
Bureau of Reclamation.

Unfortunately, it is situated close to a

----busy-f-re·eway-and-ag-r-i-cul-tu-~a-l-~eg-ion-.--0u-r-s-1:l-~vey-showecl-0nly-the

presence of cultural noise from these sources in the region.

If

a geothermal noise anomaly is present, it is masked by the high cultural
noise, and hence it is only possible to guess an upper limit for noise
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amplitude in the anomaly (Iyer,' 1972).

Douze and Sorrells (1972),

however, found a noise anomaly to correspond to the Mesa thermal
anomaly.

The difference between these results is probably due to

the ambiguity in separating cultural and natural noise.
We conclude from these experiments that seismic noise in the
frequency range of 2-8 Hz seems to exist in geothermal areas and is
probably generated at depth by convection systems.

Considerable

caution should be exercised in interpreting a noise anomaly as the
existence of cultural noise sources and unconsolidated sedimentary
deposits can complicate the picture.

-----------
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Map of Yellowstone National Park showing the variation of
average seismic amplitude. The numbers are in units of
ground velocity, millimicrons/sec. The contour intervals
represent doubling of seismic level. Broken lines show
uncertainty in contouring.
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The Use of Microearthquakes in Prospecting for
Geothermal Areas and Magma Chambers
by
Peter L. Ward
U.s. Geological Survey
Menlo Park, California 94025
and
Robert Koyanagi
U.S. Geological Survey
Hawaiian Volcano Observatory
Hawaii National Park
Hawaii 96718

Microearthquakes have been observed in nearly all major geothermal areas
where detailed recordings have been made (Ward, 1972).

These small earthquakes

when recorded over a period of months are primarily confined within the geothermal areas.

Such observations suggest that microearthquakes are an important

part of those geothermal areas where sufficient heat transfer is taking,place
to allow economic production of geothermal power under present technology.
These earthquakes seem to occur on the fracture systems that allow convection
of heat to the surface.

The tectonic stress shown by the earthquakes may be

necessary to continue creating fresh surfaces for sufficient heat transfer.
The strength of the rocks in major geothermal areas may also be reduced when
the hot water leaches silica and other elements allowing the local tectonic
stress to be released as small earthquakes.

Whatever the explanation, studies

of microearthquakes in major geothermal areas seem useful for trying to understand the subsurface structure of these areas and thus locating regions of
convective heat transfer.
Research in the United States for locating magma chambers is still inadequate.
Some evidence of magma chambers in the Katmai area of Alaska was reported by
1 flO

Kubota and Berg (1967) and Matumoto (1971) on the basis of earthquake locations,
absence of some S-waves, and attenuation of high-frequency waves.

Work on the

unique Hawaiian volcanoes has failed so far to show clear seismic evidence of
magma chambers even though deformation data imply that magma is stored at
shallow depth in the summit and east rift areas.

S-waves are not recorded

sharply at most stations, and attenuation of high-frequency waves is observed
in some areas.

No significant gaps in earthquake distribution with depth

have been clearly identified yet.

Magma chambers in Hawaii may be plexuses

of small conduits rather than large chambers.
The studies of earthquake locations and lateral changes in seismic-wave
attenuation appear quite useful for studying the subsurface structure of areas
of value for utilization of volcano energy.

Caution must be used, however, in

interpreting the data for use in siting drill holes.

Locations of earthquakes

to an accuracy of 1 km in position or depth, for example, is very difficult,
particularly in a volcanic region where lateral changes in velocity can be
significant (Ward and Gregersen, 1973; Hill, 1969).

Considerable effort will

be needed to locate earthquakes in these areas with an accuracy of a few hundreds of meters.
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Discussion of Ward Paper

Unidentified
I'm bothered by something that is implicit in what you've said, but you haven't come out and
said it.

Let's take Long Valley.' The forcing function could be at some substantial distance from

the forcing mechanism, yet you pick up your signal by signal amplification many miles away in
some sort of resonant body.

Is that correct?

Ward
Yes, that's a very strong possibility. If you drilled in a high-noise region, you may be miles
from where you should be.

Unidentified
And the other thing is that the same may be said for the Mesa anomalies.
Centurion published data on their anomaly is quite distant from the roads.
does not in any way coincide with any points of cultural activity.

The position of the

Their noise maximum

The Centurion data, which the

Bureau of Reclamation published, does not show any real relationship to the cultural patterns
but cuts across them.

There is some tie to the roads in their data but I think what you are saying

is a very important thing.

That is that natural resonant bodies may be the dominant factor.

In

many ways I think we are looking at something which we saw in an extreme case in the lunar data.
As far as noise goes, the ground rings and these are ringing bodies and ringing mechanisms.

I

think that this whole aspect of it has really been treated almost in a humorous vein, in a sense.

Ward
I think that the seismologists who have had experience in the field setting out seismometers
know that if you set a seismometer here instead of over there, you may increase the gain by a
factor of two, four, or even eight.

Unidentified
Yes, but those are local coupling impedance features.

What we are getting at here is a much

br.clader.-iS_s_uR.__Tha.Li.s the whole issue of body -.!'esonance ~

_

Ward
Yes, remember that I was pointing out that we do not have significant low-frequency responce
with these instruments.

The major source of background noise in the earth is 6 to 20 seconds.

High noise amplitudes are a combination of both this driving force which is generally present
around the earth at like 6 to 20 seconds, and then there's the fact that the main sedimentary basins
seem to have resonances in terms of a cycle per second.

This can grossly complicate the issue.

If you just run out and do a simple noise' survey, and do not worry about the details, you could
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easily be recording a local resonance of the ground, which has no relation whatsoever to geothermal prospecting.

And you could make the argument, if you wanted to be hard-headed, that all

geothermal noise seen so far is related to there being extra soft ground in geothermal areas,
causing its ground amplification.
take that angle if you wanted to.

Now, that would be grounds for a great argument, but you could
It would be hard to prove you wrong.

Unidentified
You spoke of only the magnitude of the amplitude of ground noise.

This isn't much used,

is it? Isn't the frequency used more?

Ward
The numbers I showed of amplitude were filtered amplitudes in a narrow frequency passband.

Decker
I'd like to say that these are high amplitudes at something like 2 and 3 seconds, and when you
get outside a geothermal area there are lower amplitudes of more normal frequency microseisms
of, say, six or seven cycles.

This shift is apparent because the higher frequencies are masked

by the high -amplitude noise in the middle.

So it you just look at the apparent frequency without

taking into regard the amplitude, that would make it appear to shift to the lower frequencies.

Rex
One of the things we have observed at the Geysers is that as you get a substantial distance
away from the production there is a tremendous time variation.

In other words, this periodicity

of quiet periods and then very activ.e periods is showing up in some of the survey work.

Unidentified
What are the time constants?

Rex
----~-j\bout-1-4-d-ays-tD-~a-month--=--It-taKes-a]jolirtnis]ong
to

see

rf:-~You

can sit there for a week

and be in a period of great quiescence and then, two weeks later, be in a period of much greater
activity.

This is when you get far enough away to be away from the field production, totally beyond

any reasonable' probability.

Ward
The points shown for Yellowstone are based on 24- to 48-hour observations and then on taking
selected points, looking at the record, and saying here is a typical period.

Then this is digitized.
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If 'you an' looking for large variations and your survey at eaeh point must take several weeks, then

you may not be able to cover much area.

1t is a very complicated matter.

Higgins
1 think there is another complication in this whole issue of soil amplification.

That is that

you can get a resonance in the soil structure such that there is a kind of wave guide effect.
for a particular spectrum, you really get very little attenuation over quite long distances.

Thus
As

everyone probably knows who has been in the business, there is this wave guide between the Nevada
Test Site and Las Vegas that has very little real attenuation.

There is little attenuation in that

resonance or frequency, whereas at right angles the attenuation is very pronounced in the same
frequency band, but at lower frequencies you see almost no attenuation.

If you wanted to map the

region, knowing the source of the signals, you'd end up with big anomalies in some areas and none
in others.

Ward
Soil basins will certainly act as a selective filter for particular frequencies.

Decker
That has been called ground amplification by the soil.

In some of the cases that I've seen,

these may be Rayleigh waves that are very slow, like maybe 100-200 meters per second.
slow waves.

Extremely

At frequencies of 2-3 cycles you are dealing with some feature that is probably on the

order of 50 to 100 meters in thickness.
complications, I admit.

Now that's just a rule of thumb.

There are all sorts of

So maybe soils is a poor way of thinking about it.

Ward
Roger Borcherdt and others at the USGS have looked at recordings of nuclear shots and other
events in the San Francisco Bay area to see what the soil amplification is and do find many changes,
but 1 can't cite them right off.

It's an important thing in discussing seismic risk--the amplification

of earthquake waves and what their relationship is to damping.

1 think that before this type of work

and before the geothermal noise work, there had been very little effort to understand the differences
in whether you put a seismometer here or over there or what the selective attenuation is at one
._-------

station as opposed to another.

Yet most seismologists recognize that these effects exist.

Unidentified
Would you define what you are calling microearthquakes in the slides of Iceland?

Ward
We define microearthquakes rather liberally as "small earthquakes ": From magnitudes of
3 to 4 and down to magnitudes of 0 to maybe in some areas down to -1 or - 2.
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They are very small.

Those that you can locate are usually magnitude 1 and greater.
in Iceland ranged primarily from magnitude 0 to 2.

The earthquakes that we mapped

The real advantage of studying microearth-

quakes is that for every unit lower in magnitude there occur approximately 10 times more earthquakes.

That means that in geothermal studies we can report the occurrence of thousands where

you might not get one earthquake you could feel over many years.

Oki

You explained that the microearthquakes occurring in the geothermal area provide stress
relief of some kind of regional stress. What kind of regional stress are you assuming? Also,
how do you explain the depth of focus of the microearthquakes in geothermal areas by your model?

Ward
First of all, if you locate microearthquakes in a geothermal area and you determine focal
mechanisms that show the same stress system, as shown by the regional earthquake pattern, you
can assume that the same kinds of stresses are operating as those reported in the near region
but outside the geothermal area.

Oki
Yes, I understand that.

But microearthquakes are always of a very shallow type, and you

must explain this in your model.

Ward
The data include microearthquakes to a depth of 10 or more kilometers, not just in the top
kilometer or so.

Oki
But you have so many of the shallow ones.

Ward
In most areas where we have recorded with a larger number of instruments we find very few,

- - - if-any;-e-artlrquakes-af-deptliSOrless-Uian nan a-kIlometer; most -of them are deeper than 1 to 2
kilometers.

To say that it is regional stress is based simply on the observation that the fault

mechanisms from first-motion studies show the same kind of stress system related to those
earthquakes as are related to the regional earthquakes.

The decrease in microearthquakes with

depth largely results from the instruments' being too far away to record them.

Oki
Is geothermal activity always associated with this type of microearthquake ?
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Ward
Not necessarily.

Where the correspondence can be found is between major areas, those

which are thought to be commercially developable. Where the line is drawn between those major
areas and minor hot springs on the other end, we don't know,

If, indeed, microearthquakes are

important to continually fracture the rock, allowing the heat to be taken out faster than by conduction, then microearthquakes are indeed necessary,

This hypothesis means that areas you think

are important geothermally but that don't have microearthquakes may not be that important in the
long run,

Now, that's building a house of cards, but at the moment the observations that we have

are that those areas that are considered major geothermal areas have microearthquakes with the
exception of the Broadlands area in New Zealand. Of course there are many areas that haven't
been studied yet,

The detailed studies are primarily in the United States and Iceland; there are

some in New Zealand, with one small one in EI Salvador,
I think you can consider these ideas as hypotheses that really should be looked at in some
depth,

I would think that the earthquakes that have been shown in Hakone may be considered to be

related to the geothermal area even though they go to some depth,

Unidentified
Just one data point you might be interested in, We set up an array for something like 25 days
in an area where we know there is geothermal activity, We recorded a half-dozen strong swarms
of microearthquakes at distances of up to 20 miles, All of these swarms that we monitored were
investigated subsequently and turned out to have a very high geothermal potential.
There are some geothermal areas that we know about that did~'t show up,

Possibly because

these microearthquake swarms have periods longer than the time we had instruments set up.

Some

of them apparently have swarms occurring every ten days, two weeks, three weeks or longer, so
we may have missed some.

In this particular case, every swarm that we have located was in an

area that later had quite strong supportive evidence for being a geothermal field.

Ward
Could you say where this case is?

Unidentified
No, not at this time,

Ward
For example, Long Valley is an area where there is not a tremendous number of microearthquakes,
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Unidentified
What do you think the evidence is of the size of a magma chamber in Katmai? What do the
data show?

Ward
Both Kubota and Berg and Matumoto present rather detailed analyses showing at least four
magma chambers, in one case, and 10-15 in another--magma chambers of varying shapes at
varying depths,

I really don't think the data are anywhere good enough yet,

data were from just a few stations.

Kubota and Berg's

Matumoto's were based on tripartite array locations that I

can show, by error analysis, simply are not very accurate, especially with depth,

Depth is the

most important thing at the distances the earthquakes are from the tripartite arrays,
know.

So I don't

The widths they give on the order of 10 kilometers are better numbers, particularly with

the tripartite array data,

I think the order of 10±5 kilometers is probably good,

But the depth is

questionable,
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POTENTIAL UTILIZATION OF HEAT ENERGY FROM
PHILIPPINE VOLCANIC AREAS
Arturo Alcaraz*

Abstract
The ~eneration of power from indigenous sources to meet the
needs Gf industrial gr.wth and dispersal has been made an inte~ral
part of the long-term strategy for economic development of the
Philippines. This calls for gee thermal enerr,y resources tG supply
about a fourth ef the country's power generation. Fortunately, the
Philippines apparently is endowed with ample potentials of this
energy resource. A brief exposition why this is so was made.
In the review of the geologic settin~ of the Archipelago it was
out that three primary-arc chains of peridotite all convex
facing the Pacific constitute the framework of the Philippines; that
between the western and eastern primary arcs are several plutonic
and volcanic arcs of Tertiary acid to intermediate intrusive rocks;
that within and on this inner region are belts of Quaternary volcanic cones and plu~s of andesites and dacites; that the numerous hot
sprin~s and other surface thermal manifestations are spatially confined to the region in-between primary arcs; and that this is the
same region that embraces the whole of the Philippine Archipelago.
brou~ht

The sequence of volcanic rock units formed in each epoch from
the Tertiary to the Recent was next reviewed. It was noted that
these units in general consist of acid to intermediate lava and pyroclastic flows, laharic deposits, intercalated with thin clastic sedimentary formations and occasionally reef limestone lenses.
The geothermal implications of the structural and lithologic
development of the Archipelago were then analyzed. The more salient
implications are: That rhilippine geology offers favorable locale for
a sizeable geothermal resource; that the reservoir rocks in general
will consist of altered and/or porous volcanic units capped by lava
flows or relatively impermeable clastic sedimentary layers and piedmont deposits; that arcuate faulting, and in _som~cases_,_~wreI1~L_ _------ ----rauH:ing-wIIl delineate the reservoirs; that the productive horizons
will probably lie between 3,500-5,000 feet; and that most of the
geothermal fields will be hot-water systems, that is, the wells will
discharge a mixture of hot-water and steam.

_

* Officer-in-Charge, Philippine Commission on Volcanology.
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Geothermal areas of the Philippines presently in various stages
of exploration and development were reported on, and the role of
geothermal energy in the overall electric power development of the
country was considered. Other potential uses of raw geothermal steam
or hot-water, such as salt-making, grain and fiber-drying, and
certain industrial processes were also briefly discussed.
Introduction
In the light of the present energy crisis that grips many countries of the world today, attention has been focused on the deve1opment and utilization of non-fossil energy sources.

The Philippines

is an energy-deficient country and has to rely on oil importations
for her. raw energy.

Thus she, more than ever because of a fast-

growing economy and accelerated development, is endeavoring to utilize indigenous energy sources.

Fortunately, there is the promise

of numerous and extensive geothermal areas within her national
territory that could be developed as energy sources.
The government since 1964 has encouraged and supported geothermal investigations and studies with the initial effort being concentrated in the Tiwi geothermal field of southern Luzon.

This field is

now under development and hopefully the first commercial geothermal
power plant unit of 10.5 MW will be operative by mid-1976.

Other

areas under various stages of study and development are the Tongonan
thermal area of Leyte, those of Negros Island, and the Los Banos
----------------

region of Luzon.

It is projected that by the 1990's geothermal power

will account for 23% of the country's total power generation and with
the help of substantial increases in hydro and nuclear power plants
reduce dependency on oil-fired plants from the present 76% to just
25%.

170

The geologic and structural development of the Philippine
archipelago provides the right locale for the presence of worthwhile
geothermal possibilities.

Situated as she is in the borders of the

Pacific, a recognized belt of active vulcanism and seismicity, and
considering the island-arc development of the Islands, it is not
surprising that scattered throughout the length and breadth of the
Philippines are to be found thermal areas of varying magnitudes and
intensities.

In the light of information so far gathered on some of

these thermal areas, the geothermal energy contained in them is recoverable and of the character usable in present day geothermal power
generation technology.
Geologic setting of the Philippines
The Philippine archipelago is a complex and tectonically active
portion of the Pacific basin.

Willis (1937) was among the first in-

vestigators to suggest that plutonic activity was the dominant process
that developed the framework of the Philippine Archipelago.

The idea

was espoused later by Alcaraz (1947), Irving (1950, 1951) and Teves
(1953).

Santos-Ynigo (1966) subsequently recognized that the archi-

pelago exhibits many features characteristic of island arcs (Figure 1).
More recent regional studies show that at least two geotectonic
.. c~cles.were--responsible-- for. i ts.developments--(Gervasio,--Fernandez,-(1967).

The older geotectonic cycle, represented by the baaement com-

plex consisting of undifferentiated amphibolite, quartzofeldspathic
and mica schists, and phyllite-slates frequently associated with marble and quartzite, is presumed to have commenced its geosynclical
stage during Early Paleozoic with deposition of ophiolitic lavas and
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graywackes.

Flysch deposition characterized the Carboniferous to

Early Permian and was

~hen

followed by platform formation marked by

synorogenic emplacement of quarzdiorite and post-orogenic emplacement of granitic rocks and acid to intermediate hypabyssal rocks
during Later Permian and Early Triassic.
The period from Late Triassic to Early Cretaceous was one of
transition from the platform building stage of the Paleozoic to the
early geosynclinal stage of the younger geotectonic cycle.

Interme-

diate and basic volcanic activity largely submarine in character occurred at this time.
The younger geotectonic cycle commenced during Middle or Late
Cretaceous with renewal of ophiolitic volcanic activity. and progressed through Cretaceous and Early Paleocene with ultramafic and
basic intrusions.

Towards the close of Paleocene. flysch sedimenta-

tion once more took place and this extended variably through Late
Eocene. Early Oligocene and Middle Miocene.

Meanwhile. dacitic and

andesitic volcanism also occured during Late Eocene to Early Oligocene. and synorogenic emplacement of diorite and quartz diorite
during Early or Middle Oligocene.
General reversion of geosynclinal basins accompanied by emplacement of quartz diorite batholiths and stocks took place during the
Midd1:-e-to-Early-Upper-M-iocelle-.-T-hios-was-~hen--fol-lowed-by---post--plat""-------form intrusive activity during Pliocene to the Recent.

The activity

was archipelagically extensive and becoming more basic in compositiell.
Philippine vulcanism
Thermal areas of the Philippines are apparently related to
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Tertiary to Recent vulcanism.

It would, therefore, help understand

better the geothermal potential of the archipelago, if a review of
vulcanism that took place during this period is made.
In general, the arcuate features of the Philippine Archipelago
are closely tied up with the distribution of three major igneous
rock groups (Santos-Yfiigo, 1966) namely, (1) peridotite and associated ultramafic rocks (that make up the backbone of three primaryarc chains), (2) Tertiary acid to intermediate plutonic rocks (that
mark the inner plutonic and volcanic arcs), and (3) Quaternary volcanic rocks (a prominent belt of which roughly coincides with the
Phil£ppine Fault zone* formed close to the inner

concave side of

the eastern primary arc).
There are no known thermal spots connected with the peridotite
and associated ultramafic rocks.

However, there are numerous ones

directly and indirectly tied up with the heat still contained in
Tertiary to Recent acid and intermediate plutonic and near-surface
volcanic rock masses.
The volcanic rock units formed during each epoch from Paleocene
to the Recent, and as shown in the geologic map of the Philippines,

*c. R. Allen (1962) expressed the opinioIL!:h~~_th~_~hilillP_ine
-- --- ---fs:uTC---zone-nas-iio-oDvious-geolog::Lc- rela-i{onship to active volcanoes,
but the parallelism and proximity of the fault to the Mindanao
trench suggest a close casual relationship. Irving (1951) believes
that the axis of the Mindanao trench (Philippine Deep) coincides with
the trace of a great thrust fault which dips westward under the Archipelago. In the light of plate tectonics, it is reasonable to
consider the Mindanao trench as the submarine feature that marks the
presence of a sudduction zone off Mindanao (Alcaraz, 1972).

-------
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are briefly summarized as follows:
Paleocene (1) - Eocene:

Limited dacite and andesite flows

and dikes generally intercalated with and/or intrude Eocene
clastics.
Oligocene - Essentially keratophyre and andesite flows
together quite often with pyroclastics and sheet of volcanic
origin.
Oligocene-Miocene - Mostly submarine andesitic and/or
basaltic flows intercalated with pyroclastics and clastic sedimentary rocks and/or reef limestone lenses.

These are largely

confined with the axial zones of Luzon, Visayas and Mindanao.
Upper Miocene-Pliocene - Principally dacite and/or andesite flows with associated pyroclastics.

These are sporadic in

north Luzon, while locally thick and associated with reef
limestone lenses in southern Zamboanga.
Pliocene-Quaternary - Non-active cones generally made up
of pyroxene andesites and dacitic and/or andesitic plugs, e.g., Mts.
Arayat, Pinatubo, Natib, Bataan, Makiling, Banahao, Isarog,
Iriga, Malinao of Luzon, Mts. Nandalagan, Cuernos de Negros,
Janagdan of the Visayas region; Mts. Apo, Makaturing, Katanlad
of Mindanao.

Also volcanic plain and piedmont deposits made up

chiefly of pyroclastics and volcanic debris at the foot of volcanoes.

Belonging to this period is the plateau basalt seen in

Pagadian and Lanao regions of Mindanao, and those associated
with pyroclastics north and east of Laguna de Bay, Luzon.
Quaternary - Active volcanoes (those with eruptions within
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the last three-and-a-half centuries) such as Smith, Didicas,
Taal,

~layon,

Bulusan, Canlaon, Hibok-Hibok, Ragang, and

Parker volcanoes.
Geothermal implications
From the foregoing exposition of the geologic setting of the
Philippines and the vulcanism that had occurred in the archipelago
since Tertiary time with its consequent resulting volcanic rock
units, the following

~eneral

evaluation of their geothermal impli-

cations may be considered:
1.

The potential geothermal areas of the Philippines

will be found in the inner plutonic and volcanic arcs bounded
by three primary-arc chains of peridotite.
2.

The vicinity of non-active volcanoes of Pliocene or

Quaternary age like

~linao

(Tiwi geothermal field), Banahao

and Makiling (Los Banos geothermal field), Cuernos de Negros
(southern Negros geothermal field), Arayat, Isarog, Iriga, and
many others that dot the archipelago from north to south offer
the most promising areas for geothermal exploration and developmente
3.

The crystalline rocks and their derivatives that will

p~ed~m_i:I1~~~__a~_~the_g~~~h~rm~!

ar~~~Lwill. ~ost_lik~ly_

be_acid

_

to intermediate in composition and will in general be intercalated with relatively thin normal clastic sedimentaries and/
or reef limestone lenses.
4.

The reservoir rocks will be found either in hydro-

thermally altered pyroclastic and clastic sedimentary beds,
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highly fractured formations, and andesitic or dacitic pyroclastic flows.
5.

Lava flows will invariably provide capping over the

reservoir rocks.

Geophysically, therefore, many geothermal

reservoir areas will be characterized by resistivity lows
underneath high resistivity values that are correlatable to
relative magnetic highs.
6.

Arcuate faulting breught about by the amassed weight

of the volcanic edifice, and/or recession of magmatic material
or pressure will provide to some degree the structural control
that may delineate the reservoir areas.

In some cases, as

geothermal areas located close to the Philippine fault zone,
structural control may be provided by the zone itself or
secondary faults formed as a consequence of major fault displacements.
7.

Except where the geothermal area is the result of

convective heat transfer from the magma chamber itself as is
the case with volcanic craters, the geothermal area will
most likely be the result of groundwater circulating in porous
formation being heated upon contact with hot rocks overlying
the magma chamber.
8.

Most, if not all, of the potentially major geothermal

areas of the Philippines in consequence will be hot-water
systems in accordance with the concept worked out by White
(1973) •

9.
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Considering the thicknesses of Tertiary and recent

volcanics in studied areas of the archipelago, and based on
thermodynamic considerations, the productive horizons will in
general be between 3,500-5,000 feet.

Minor steam horizons may

exist at much shallower deposits, however.
10.

The rate of recharge of geothermal fields in the

Philippines will be high considering the Island's high annual
rainfall.

This condition will insure a long productive life

of the field.
Distribution and potential of geothermal areas
G. W. Grindley (1964) made the observation that the occurrence
of numerous hot springs throughout the Philippines indicates that
the country is well endowed with geothermal resources and suggested
that all possible methods of utilization of this energy be investigated.

Scattered throughout the length and breadth of the archi-

pelago (Figure 2) are some forty-one (41) thermal fields of probable
geothermal importance, and thirty (30) so far little known thermal
spots that could have geothermal significance.
Geothermal fields under varying stages of exploration and
development are Tiwi of Albay Province, Tongonan of Leyte Province,
Palimpinon-Dauin area of Negros Oriental Province, Mandalagan Vol_______ cano__ (SilayJ _andJ1amb_ucaL_areas__of__Negros__Occidental

Pro~ince,-and

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

the Mt. Makiling-Mt. Banahao area of southeastern Luzon (Alcaraz,
1973).
Tiwi, Albay Province - This geothermal field was the first to
be investigated by the Commission on Volcanology (COMVOL) with
financial assistance from the Nation Science Development Board
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(NSDB).

It is a hot-water geothermal system (Alcaraz, 1973) in

Quaternary andesite end subsidiary dacites with structural control
being provided by arcuate faulting formed on the eastern slopes of
Mt. Malinao, a non-active volcano.

After the field has been studied,

its potential established and a pilot power plant set up in Tiwi,
the National Power Corporation (NPC, the government-owned utility
charged with the power development for the country), then took over
the field for commercial power generation.

For this purpose NPC

entered into a service contract with Philippine Geothermal Inc.
(PGI), a subsidiary of Union Oil Company which calls for PGI to drill
geothermal wells and install pipelines to feed electric turbine
generators of the NPC (C. Otte, 1971; J. B. Koenig, 1973).
Four productive wells have been drilled to date inside the 150
square kilometers Tiwi geothermal reservation.

On

the basis of

favorable steam flow and quality tests, the NPC had firmed up plans
for a 10.5 MW power plant to be operative by mid-1976.

It is

planned that additional units of 50 MW will be installed, one each
succeeding year until the full potential of the field is realized.
The field has been assessed a potential of more than 600

~M.

Tongonan, Leyte Province- Preliminary geologic, geophysical,
geochemical and thermal studies of the area were conducted by the
_.

-

_.- _. -------_.- ---

._-~-_.

-----

_._- ---------------.----

-- ---- ---- -- --.-

-

-------~-------~-~------------------

Bureau of Mines (Fernandez, 1968; Abiog, 1969) and the Commission
on Volcanology (Tan Cardoso, 1973; Vasquez and Tolentino, 1973;
Fajardo and Tansinsin, 1973).

The field which has been made the

focal area of a 500 sq. kms. government geothermal reservation
extends along the Philippine fault zone.
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The reservation includes

-

-~--

the thermal area of Burauen in the same province.
The Tongonan field from all indications will be another hotwater geothermal system associated with Quaternary andesitic lava
flows, pyroclastic flows and laharic deposits.

Structural control is

provided by the Philippine fault zone and secondary fault systems
formed as a result of movements along the major fault.

Surface

thermal manifestations are in the form of steam vents, mud pools,
hot hydrothermaly altered spots, hot springs and sinter deposits.
Th~

field is very promising and may even be larger than Tiwi.
Drilling has been started at Tongonan with assistance extended

by the New Zealand government through the Colombo Plan, with the
first hole scheduled to be completed by January of 1974.

It is

planned to drill seven exploratory holes with an inner casing of
3-1/2-inch diameter to depths of about 1,500 feet.

It is hoped

majority, if not all, of these holes will bring up steam so that
it will be possible to initially put up a small power generating
unit in the area.

The National Power Corporation, as in Tiwi, is

charged with the exploitation of the geothermal field.
Geothermal fields of Negros Island - The Commission on Volcanology
has begun the

preliminary studies of three thermal areas of Negros

I_s~aE~__!I! ~()()e~~~tj.o~_~~~ll _~Il_~!inaIl_~~_a} _ass~_~~al1~e "-~_ t~~_ ~~~ion~~

_

Power Corporation.
1.

Palimpinon-Dauin Thermal area - This area is located

at the southeastern extremity of Negros Island and is considered the most promising in the island.

The thermal manifes-

tations observed and studied in the area are essentially
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controlled by geologic structures, such as faults, fractures,
and probably buried subsurface permeable channels.

At

Palimpinon, the hot-water seepages, mudpools, and warm grounds
are located inside a graben and along obvious faults and fault
intersections.

At Dauin, a large area showing some thermal

anomaly was found by one-meter probes.
Heat source of the area is considered to be two contemporaneous dormant Quaternary volcanoes, namely, Cuernos de Negros
and Balinsasayao.

Rock types are generally andesitic, although

younger extrusives and pyroclastic flows have a dacitic make up.
II.

Mambucal thermal area - The area, located at the

central northern portion of Negros Island, has been developed
as a spa.

No definite control has yet been established anent

the surface thermal manifestations at Mambucal.

However, the

area apparently sits on a nearly circular depression that bears
the character of a collapse structure.

Other features of simi-

lar nature are notably present at the southwest upper reaches
of the area.

In the absence of surface indications that could

point to a direct volcanic cause, an alternative plausible
explanation as to their origin is hydrothermal alteration and
leaching at depth.
--------------

---

Mechanism controlling directed flow may be

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

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

related to buried permeable channels through whiCh -fluicfs- from-~--- -~--

the still hot rocks of Canlaon Volcano flows.
The area is considered promising, though perhaps not as
large as Palimpinon-Dauin.
III.
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Mandalagan (Silay) thermal area - Perhaps Mandalagan

---------

(Silay) thermal area has the most impressive surface thermal
activity of the three places studied in Negros Island.

To-

gether with the strong steam vents and blowholes are obvious
structural controls, the same features that gave birth to this
youngest seat of volcanic activity inside the deeply-dissected
Mandalagan Volcano.

However, these outstanding thermal and

geological attributes of what otherwise could be a promising
geothermal area are negated by the high acidity of the field's
thermal fluids.

It is anticipated that this condition will

pose tremendous corrosion problems.
Mt. Makiling-Mt. Banahao thermal area - This area is in southeastern Luzon and only about seventy kilometers southeast of Manila.
Preliminary field investigations of the subject area disclosed the
presence of favorable geothermal parameters.

It is suspected that

the best sections of the large area may be "blind", that is, there
are no adequate surfaces leakages to indicate their presence underneath.

However, detailed geophysical survey techniques will help

detect such blind geothermal reservoirs.
The area between the two dormant Quaternary volcanoes Mount
Makiling and Mount Banahao is studded by several diatremes or maars.
-.This _was__one_of__ the_eons-ide-ra~ions--

~aken- in~e

the geothermal possibilities of the area.

-aeeeunt--in-assessing--

Subsequently, it was

gratifying to have learned that G. Marinelli (1969) earlier had
tied up the Larderello geothermal area to past phreatic explosions
that have occurred in that productive Italian geothermal field.
Other areas - For the other thermal areas of the Philippines
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with geothermal importance or significance, plans are now being
drawn up in consonance with the power development progrmu of the
government by the National Power Corporation, the National Science
Development Board, and the Commission on Volcanology to accelerate
the exploration and exploitation of the more promising of these
areas.
Future role of geothermal energy in the power development of the
country To date, there is as yet no commercial geothermal power plant
in the Philippines.

However, the first of such plants of 10.5 MW

will, hopefully, be operative by mid-1976 in Tiwi, Albay.

Additional

units of 50 MW will then follow until full utilization of the field
is effected.

Close at the heels of the Tiwi geothermal development

will be that of Leyte, followed by Negros and southeastern Luzon.
The geothermal areas of the big island of Mindanao will also be
studied and developed in this decade.
The overall geothermal energy resource development of the
country has been considered and plans have been made to tap this
indigenous energy source for an appreciable share in the total power
generation of the country.

If plans do not miscarry, it is en-

~~"ision.e~:Ltha~t~. geothe~rma~ .pow~e:r'W.illa&~QJ,J,DJ:; ~fQ~t'~I!~% (~Q{t . MWJ_ J)f

total power generated by the 1980's, and increased to 22.2%
(2790 MW) by the 1990's (Figure 3).

This is indeed a very bold

projection, but it does reflect the steeply growing demand for
electric power by the country and the need to have it generated from
indigenous energy sources as much as possible.
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Other uses of geothermal energy
In Tiwi, Albay the production of salt by utilizing geothermal
energy instead of solar energy is now being fully explored.
advantage of this method is that salt

can~

The

produced continuously

throughout the year and not be dependent on natural evaporation of
seawater from salt beds.
Also under study is the use of geothermal steam or hotwater for
drying of grain, copra, fibers, and in industrial processes that
require the use of steam.

As

it is turning out, there is an

increasing demand for raw steam by establishments that plan to set
up their industrial plants at or close to geothermal areas to take
advantage of cheaper geothermal power.
Summary

The Philippines which has long been affected by volcanic eruptions has now awakened to the fact that vulcanism is not altogether
reprehensible.

While it is true that active volcanoes are poten-

tial sources of danger, the ones that are no longer so, however,
could be the source of energy that could light homes, run factories
and do other worthwhile things for man.

In the light of the energy

crisis, the Philippines now look at her old volcanic area with
appreciation and a hope born of an awareness that in them lie vast
potentials of geothermal energy that can be tapped to sustain her
economic growth and well-being.
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INTRODUCTION
We are interested in making clear the geological and geophysical
structure beneath calderas and their physical and geothermal behavior,
seeing that the source of volcanic energy must be located at places
between the caldera floor and the upper mantle.

In fact, we have a

lot of calderas in which mechanical phenomena such as eruptions,
earthquakes of various types and crustal deformations have frequently
originated.
Here,

the problem will be reviewed mainly from the pattern of

hypocentral distribution of earthquakes originating in and around
several calderas.
THE 1959-1960 AND 1966 EARTHQUAKE SWARMS IN THE HAKONE CALDERA
In the Hakone caldera, we have experienced earthquake swarm
almost every several years in which quite strong ones were included and which resulted in damage to houses located on the caldera
floor.
Judging from the seismometrical investigations of the 1959-1960
and 1966 earthquake swarms, it will be remarked that the epicenters
of the past Hakone earthquakes must be concentrated in the central
part of the caldera.

With respect to the mechanism of occurrences

of the Hakone caldera quakes, Y. Oki has discussed it from the standpoint of hydrothermal process.
Although deeper quakes outside the caldera rim take place often
independently of_ the Hakone caldera quakes, they have, it seems,
originated from the tectonic process, and not from the Hakone volcanic
activity.
THE 1968-1969 KAKUTO CALDERA QUAKES, KIRISIMA VOLCANO
Among the many Kakuto caldera quakes during the period from
February 1968 toward August 1969, several ones were very strong,
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giving serious damage to wooden houses and other constructions
located on the caldera floor. though it was limited in a narrow
area.
The localities of the earthquakes were studied by a series of
seismic net works which cover the Kakuto caldera and its surrounding
area.

As will be seen in Fig. 2. the epicenters are densely located

in the central part of the caldera. similar to the Hakone caldera
swarm quakes.

Their hypocentral depths distribute from 3 km to 9 km.

a little deeper than those of the Hakone quakes.

It will be neces-

sary to mention that the earthquake swarms took place in 1913 and
1961 in the same place of the caldera and their development of
seismic activity also showed the similar pattern.
Judging from the

orific~

from the caldera floor.

t~mperatureof

hot springs issuing

the geOthermal temperature under the caldera

is abnormally high as well as the Hakone caldera.
Seeing

th~t

there is abundant supply of water from River Sendai-

gawa which runs through the caldera floor.

the mechanism of occurrences

of earthquakes may be reasonably explained by the same model with that
of Hakone. though the locality of the heat source in the Kakuto caldera
is estimated deeper than that of Hakone from the comparison of hypocentral depths in the two

~alderas.

THE 1970-1972 ACTIVITY OF

P~ZZUOLI

In Fl,graean Field

wh~ch

IN FLEGRAEAN FIELD (CALDERA)

is located at the north-western side

of Bay of Naples. there are a series of dormant volcanic cones.
fumaroles and solfataras.

Of these volcanic formations. Monte nuovo

is most famous as a newly formed mountain in September 1538.

As it

is well know. Pozzuoli area near Monte nuovo has experienced frequently
upheaval

and subsidence of large scale in historical time.

-'tn· Fe brua ry -1970, -however, inhab-itarrts-- I-iv i-ng--in-Pozz u-oli· -beac hnoticed a'marked rise of land in comparison with the sea level of the
Bay of Naples.

At the same time. they felt slight earthquake shocks

at Pozzuoli. but'they were not so serious not only in intensity. but
also in frequency.
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Rising of Pozzuo1i developed markedly with a high speed in a
dome shape till the end of 1972 at least, without showing any striking seismic activity.

In this respect, the Pozzuo1i event is much

different not only from those in the Kakuto and Hakone calderas mentioned above, but also from the serious seismic activities followed by the
outstanding upheavals in the 1944 Usu and 1930 Ito events, both of
which took place in the course of intrusion of the magma towards the
earth's surface.
Therefore, it will be interesting to make clear why the present
swelling at Pozzuo1i was not followed by a suitable seismic activity
which was reasonably expected from the similar phenomena mentioned
above.
For the purpose, it is necessary to touch upon briefly the geological structure of F1egraean Field including Pozzuo1i area in
comparison with those of Hakone and Kukuto calderas.
Hakone, the hard formation (Misaka)

In the case of

is located at the depth of a few

hundred meters just below the caldera floor according to the results
of borings.
Judging from the distribution of the propagating velocity
beneath the Kakuto caldera, the formation from the caldera floor
down to five or six km depth consists of hard rocks which show 4.3
km/sec in average of the P velocity.
It will be natural to assume that in those formations, dynamical
stress will be accumulated in a large scale showing a strong resistance
against their destruction, and a remarkable seismic activity will be
resulted in accordance with a limit of the respective intensity of
destruction.
On the other hand, the F1egraean Field consists of a series of
loose accumulation of pyroclastic products, of which the total thickness is estimated at two or three km accorcling to the geo1oKica1
survey and the result of boring made by Prof. Penta.

Therefore, it

may be said that the crustal deformation in such region will develop
easily without receiving a big resistance, and as the result, a big
elastic stress will be not accumulated there.
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SEISMIC ACTIVITY IN AND AROUND KILAUEA CALDERA
During the period from July to December 1963, Japanese geophysicists and geologists including D. Shimozuru, S. Aramaki and
myself carried out seismometrical survey of Kilauea in cooperation
with the staff of Hawaii Volcano Observatory:

J. G. Moore, D. L.

Peck, J. P. Eaton, R. Y. Koyanagi, W. Kinoshita and L. Krivoy.

A

result of our mentioned cooperative research works will be introduced
here.
In order to give precisely the locality of hypocenters of earthquakes originating in Kilauea, especially its caldera, we set, besides
the permanent seismic net of H.V.O., temporarily a series of transducers
on and around the Kilauea caldera.
In the period of the above observation, we have experienced two
earthquake swarms at Kaoiki, another one near Ohale which is located
outside of the south rim of the caldera and the other one near Devils
Throat along chain of craters.

Besides the above quakes

(A type)

which are not so shallow or deeper than about one km, many a number
of extremely shallow ones (B type) were observed not only in the
caldera floor, but also in the upper crust of the 1961 lava pool in
the Kilauea-iki crater, which was cooling at the time.
The geographical distribution of the localities of the mentioned
earthquakes are illustrated in Fig. 5 for their epicenters and in
Fig. 6 in the form of a profile of a zone in which the caldera, chain
of craters and the northern Kaoiki are included.
At the time of our cooperative work, as a result of seismic
observations of H.V.O.

for long years, it was believed that earth-

quakes originate at the depths from 20 km to 30 km beneath the caldera.
In recent years, however, J. P. Eaton, R. Y. Koyanagi and E. T. Endo
made clearer the locality of earthquakes by use of the newly established and improved network covering the Big Island of Hawaii.
to the results o-f their r-ece-nt --1-nvesYigatT6ns, -the

According

earfhquakesoi'igin~f:"

ting in Kilauea took place predominantly at places from the south rim
of the caldera toward the shore of Kilauea and their hypocentral depths
were found deeper toward the south.

On the other hand, they made clearer

with the aid of the improved network that a series of earthquakes
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occurred in the upper mantle beneath the caldera in a range from
about 20 km to 50 km.

In this respect, their recent results harmo-

nize well with those of 1963 in the general trend of the hypocentral
distribution.
As will be seen clearly in these figures, no earthquake is
found in the depth from about 1 km to almost 10 km just beneath
the caldera floor, notwithstanding the fact that a series of quakes
are localized around the non-earthquakezone described above.

It is

indeed a remarkable character of the Kilauea caldera absolutely
different from that of the other calderas mentioned already.
Summarizing the results concerning the patterns of the hypocentral distribution of the calderas, the non-seismic zone of Kilauea
caldera must be in an unusual physical state, such as partially molten
state or high temperature.
In conclusion, it must be added here that the above non-seismic
zone harmonizes well with the existence of the lava-reservoir and its
locality which were proposed by the staff of Hawaii Volcano Observatory
and others.
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closed circle: the 1959-1960 quakes.
open circle: the 1966 quakes.
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The hypocentral distribution of the 1968-1969
Kakuto caldera swarm earthquakes. Kirisima
Volcano.
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The remarkable upheaval at Pozzuoli area for the
period from June 12, 1970 to August 12, 1972.

The upheaval at Pozzuoli during June 12,1970-Aug.12.1971
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The epicentral distribution on the around the
Kilauea caldera for the period from July to
December 1963.
closed circle : Kaoiki quake,
open circle : volcanic A quake,
smaller circle : volcanic B quake
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Kaoiki, for the period from July to December
1963.
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Discussion of Minikami Paper

Peck
I'd like to ask a question, not so much of Dr. Minikami, but of John Unger and the boys at
the Hawaii Volcano Observatory.

Do the quakes that have been recorded since the cooperative

program in 1963 follow that same pattern?

Unger
I think these are a couple of high points to consider.

In 1963 there was the magnitude 6.1

Kaoiki quake that might have affected the frequency of quakes there.

We do not see many, if any,

of the deeper events that he showed in the Kaoiki, down to 20 kilometers.
emphasize is that caldera earthquakes are very episodic, in swarms.
hundred per day in normal times.
has a very episodic nature.

One thing we should

Generally we record a few

Then, occasionally, we see up to many thousands per day.

It

I think the places at Kilauea that have been seismically active including

the caldera, the Koae fault zone, and the Kaoiki fault have about the same activity as what he
showed.

The places that had high activity have remained high.

Nothing new has showed up.

Peck
How about the absence of quakes between 1 and 6 kilometers beneath the caldera floor?

Because we now have more stations and better locations, the way I would divide the caldera
earthquakes up is like this: We have quakes down to 2 or 3 kilometers beneath the caldera floor.
Then there is a gap between 3 to about 8 or 10 kilometers.

From 10 kilometers to about 17

kilometers we get the LP quakes (a sort of low-frequency earthquake) and a few normal earthquakes.

There is another gap from 15-17 kilometers down to about 25 kilometers.

35 kilometers we get deep, sharp, tectonic quakes.
that there is magma there.

From 25 to

The red zone at 30 kilometers doesn't mean

We think there is magma at two places in Kilauea, very near the

surface about two kilometers down and then, perhaps, very deep, perhaps between 60 kilometers
and 80 kilometers.
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ALASKAN VOLCANO STUDIES, WITH SPECIAL REFERENCE TO AUGUSTINE VOLCANO
Jurgen Kienle
Geophysical Institute
University of Alaska
Fairbanks, Alaska 99701
A b s t r act
The 60 Recent volcanoes in Alaska constitute a substantial energy resource
if utilization of volcano energy should become a reality in the future.
The remoteness of most Alaskan volcanic centers poses a challenge to developing
their potential energy resources and explains the fact that volcanological
studies in Alaska are in their infancy. The University of Alaska has in the
last years begun to investigate a few selected volcanoes, including Wrangell-,
Redoubt-, Augustine-, Pavlov- and the Katmai volcanoes. Amongst these,
Augustine was studied in greatest detail. Since the last major eruption in
1883 it has developed three new central lava domes. Shallow microearthquake
swarm activity is triggered by both, maximum earth tidal acceleration (equivalent to volume dilatation) and maximum ocean tidal loading.
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I n t rod u c t ion

And

T e c ton i c

Set t i n g

The 60 Recent volcanoes in southeastern and southern Alaska and the
Aleutian chain constitute an impressive energy resource if man should succeed
in the future to utilize volcano energy. Fourty one volcanoes are known
to have been active in the last 200 years (Figure 1; Macdonald, 1972;
Stone and Kienle, 1974). The Aleutian volcanoes are part of the circumPacific belt of andesitic volcanism and deep earthquake zones which are
believed to be associated with large-scale lithospheric plate interactions.
Buldir, the westernmost Quarternary volcano in the Aleutians, marks the
transition point between underthrust motion of the Pacific plate relative
to the North American plate to the east and strike-slip motion between the
two plates to the west, suggesting a causal relationship between subduction
and the generation of calc-alkaline magmas (Coats, 1962). The easternmost
Aleutian volcano is Mt. Spurr, located about 130 km east of Anchorage. The
small circle distance between Buldir and Spurr is 2400 km. Though these
volcanoes are basically aligned along a small circle, in detail they are
arranged along a number of straight line sections at small angles to one
another. There is, however, a conspicuous kink of about 36 0 in the trend
just south of Augustine volcano at Cape Douglas (Figure 2b). This may
reflect an important change in the stress geometry of the Pacific lithospheric
plate in the Augustine region of the Aleutian arc structure.
The volcanoes of the Wrangell Mountains and Mt. Edgecumbe in southern and
southeastern Alaska have a distinctly different and poorly understood
tectonic setting, complicated by large scale right-lateral offsets along
major strike-slip faults. The calc-alkalic nature of their eruptive
products, however, suggests that these volcanoes may have been the product
of earlier, more northeasterly directed, subduction of the Pacific plate
under the North American continent.
Tertiary and Quarternary volcanic centers, which have erupted large
quantities of Alkalibasalts, are located north of the Recent volcanic belt,
in western Alaska. Sporadic alkalic volcanism has also occurred along a
zone on the continental side of the Cordilleran orogenic belt as defined by
many small cones and eruptive fields, an example being Mt. Prindle near
the Canadian border (Figure 1).
One of the major difficulities in trying to harness energy from Alaskan
volcanoes is their remoteness. This remoteness also explains the fact
that we have very little detailed knowledge about their eruptive style,
internal structures and thermal regimes. Of the volcanic centers in Alaska
several stand out as having considerable potential for geothermal development
···-fo-r--r-easons-o-f-ac-cessabi-lity-,·-c-loseness to popu1a t ioncenters-and-s ta teo f
activity. Prime examples are the Wrangell volcanoes and Augustine Island
and two major Aleutian calderas, Aniakchak on the Alaska Peninsula and
Okmok on Umnak Island (Figure 1). The two calderas average about 10 km in
diameter, both have warm springs (Byers and Brannock, 1949), their crater
floors are at elevations of only about 300 m and both are located relatively
near to dock and airfield facilities. Amiakchak caldera lies 50 km east
of Port Heiden and is presently being proposed as a National Monument.
Okmok caldera is located 15 km west of Fort Glenn, which was abandoned
following a major eruption in 1945 (Robinson, 1948).
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VOlCAHOES OF ALASKA
A LIST OF ALL THE YOLCANOES Of ALASKA WIUCH HAVE BEEN ACTIVE
SiNCE 1700. WITH SELECTED EXTINCT OR DOR~HT VOLCANOES.
COL. 1. NAI1E; eDlS, 2 & 3. LAT. AND LONG,; COL, 4. HElr,HT IN
FEET; COL. 5. NlI"BER Of RECORDED ERUPTIONS SINCE 1700; COL. 6.
TYPE OF ERUPTION (l. LAVA; .... ASH; D. OOf'lE GROWTH; S. STEM);
COL. 1. Il.lTE Of LAST ERUPTION.
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1. Location of the main volcanic centers in Alaska showing
volcanoes active in the last 200 years and other important
Recent volcanoes of the Aleutians, Recent volcanoes of
southern and southeastern Alaska, and alkalic Tertiary and
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AUGUSTINE ISLAND
o.'_ _II:::::===-'_
<'
J
4
_11II:'==::::1'

5 KM

'

Figure 2. Topographic map (top) and location (bottom) of Augustine
Island. Stars indicate volcanic cones; contours are in
feet; AUl through AUS indicate seismic stations; the area
largely composed of Mesozoic and Tertiary (?) marine sediments
is stippled.
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Stu d i e s

It is only recently that the Geophysical Institute of the University
of Alaska has begun to investigate the geology and geophysics of a few
selected volcanic areas. These include Wrangell -,Redoubt -,Augustine -,
Pavlov-and the Katmai volcanoes.
W ran g e l 1: On the summit of Wrangell volcano, elevation 4,317 m, is
an ice filled caldera, about 4 km in diameter. The volcano itself is
mantled by active glaciers and perennial snow fields. Three small craters
are situated on the caldera rim. Glaciological, petrological and cosmic
ray research have been conducted on its summit beginning in 1953 (Wharton,
1966; Bingham, 1967; Benson, 1968; Furst, 1968). High ash temperatures and
high heat flow in volcanic soils on the caldera rim have been reported by
Wendler (1967) and Bingham and Benson (1968).
One of the three small craters, the North Crater, has shown remarkable
warming and melting of ice in the last few years accompanied by the development
of fumaroles. The heat flow, estimated from the amount of ice which has
melted from 1965 to 1973, is three orders of magnitude greater than the
average global heat flow and amounts to 1150 ~cal cm- 2 sec- l (Benson,
personal communication). Mud volcanoes and warm springs occur on the flanks
of the Wrangell Mountains in the Copper River Valley. The Wrangell Mountains,
being located in south central Alaska, are close enough to Alaskan population
centers to have a good potential for development of geothermal and magmatic energy.
Red 0 u b t a n d
P a v 1 0 v: The only volcanoes which are
presently under continuous seismic surveillance are Redoubt and Augustine
in Cook Inlet, and Pavlov on the lower Alaska Peninsula. Redoubt erupted
turbulent ash clouds in 1966/67/68 which were observed on infrasonic pressure
wave sensors at College, 550 km distant (Wilson et al., 1966; Wilson and
FQrbes, 1969). Pavlov erupted on November 13, 1973. Strong harmonic tremor
was recorded at a station 7 km southeast of the crater during the eruptive
phase when lava fountains were observed through dense black ash clouds.
Numerous low-frequency microearthquake (B-type) swarms proceeded and
followed the eruptions.
Kat m a i: Various studies, including seismicity, gravity, magnetics
and seismic refraction, were conducted in the Katmai National Monument and
Valley of Ten Thousand Smokes in the summers of 1965 through 1967 and 1969
through 1971. The main results were thickness determinations of the ash
flow in the Valley of Ten Thousand Smokes (Gedney et al., 1970; Kienle,
1970; Stone et al., 1971), a crustal structure of the Aleutian Range and
evidence for magma under the Katmai volcanoes (Berg et al., 1967; Kubota
. _a_n.d Berg, 196Z;.Kienle., 1968), petrologic studies· of andesitic magmaserupted from Trident volcano (Ray, 1967; Forbes et al., 1969), and magnetic
field measurements (Anma, 1971;- Trible, 1972). Research conducted in the
same period by Columbia University concentrated on the regional seismicity,
the location of magma chambers and ash flow thickness determinations
(Matumoto and Ward, 1967; Matumoto, 1971; Sbar and Matumoto, 1972).
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Augustine volcano stands out as a potentially unique geothermal laboratory.
It is an island volcano of moderate height (1312 m), readily accessable
by boat or plane from Homer, some 110 km distant. Its slopes can be
navigated relatively easily by all-terrane vehicles. At present, it is
the most intensely studied Alaskan volcano. Seismological and magnetic and
magneto-telluric experiments to determine the conductivity structure have
been conducted since August, 1970.
Augustine is a symmetric composite cone dominated by andesitic flows,
pyroclastics and subordinate deposits of dacitic and rhyolitic tephra. These
rest on a basement of !-1esozoic and Tertiary (?) marine sediments, which
underlie Cook Inlet at very shallow depth.
Uplifted and outward-dipping Jurassic and Cretaceous sandstones and shales
form much of the southern slopes of the volcano (Figure 2a), with dips
ranging from 20° to 30°. Marine sediments are not seen in the northern
half of Augustine Island. Aeromagnetic evidence also suggests different
basement configurations under the northern and southern halves of Augustine
volcano, probably separated by an east-west striking local fault. The uplift
of the sedimentary sections of the southern half of the volcano was most
likely associated with the initial stages of the development of the volcano.
Evidence that this process may still be continuing can be seen along the
western and northern sides of the island, where a series of elevated beach
ridges and wave-cut sea cliffs are found inland from the present beachline.
An uplift of 30 to 33 em around the shoreline of the northwest lagoon was
observed after the Prince William Sound earthquake of 27 March 1964 (Detterman,
1968).
In 1883, a violent explosion destroyed a former central lava dome
(Beaglehole, 1967; Dall 1884), generating a series of tsunami waves which
damaged coastal dwellings on the Kenai Peninsula, some 100 km distant
(Davidson, 1884). Two new domes (A and B, Figure 3) emerged between 1895
and 1961, most likely during eruptive activity in 1902 and 1935 (Becker, 1898;
Coats, 1950; Powers, 1958). Renewed explosive activity in 1963/64 (Detterman,
1968) culminated in the extrusion of a new dome, 230 m in height (C,
Figure 3), which now completely obscures the former south peak (SP) of the
volcano, a landmark prior to 1963 (Forbes and Kienle, 1971). This central
lava dome, with its possibly incandescent core, could constitute a
cylindrical magmatic heat source easily accessable to the drill.
In August 1970, the University of Alaska established a remote short-period
seismic station at the 500 m level of the volcano (AUI in Figure 2a) to
________moni tor- -micI"oea-rthquake- ae-t-ivi ty-.- --A- seconds ta tion-wasadded in the-sumrn-er- - - -of 1971 at the 200 m level (AU2 in Figure 2a). Three additional stations
became operational in November 1972 (AU3, AU4, ADS in Figure 2a). All
signals are transmitted via VHF radio to Homer, 110 km northeast of Augustine
Island.
!-1uch microearthquake swarm activity has been observed since 1970.
During swarms, the number of events per day can increase by two to three
orders of magnitude compared to the background level. Better location of
the hypocenters is now possible, ahd this information substantiates the data
from the first two stations which suggest that most seismic activity 1S
confined to extremely shallow depths. Plots of the hourly frequency of
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Figure 3: Historic photographs taken from the west showing the
development of three lava dones (A, B, C) at Augustine
since 1895; reference land marks are 2 hills, H and I, and
the former south peak SP.

microearthquakes often show a diurnal peaking of activity, discussed
below.
Plots of the logarithm of the frequency versus of logarithm of
the amplitude for eight individual swarms were drawn and fitted with
lines of the form
log N = a - b(log A)
where N is the number of earthquakes with amplitudes larger than A and a
is a constant depending on the magnification of the instruments and the
general seismicity of an area. With the exception of one swarm of deeper
origin on 2 - 6 September 1971 (b = 1.35), b values ranged from 1.7 to
2.5. Minakami (1960) observed high b values (between 2 and 3) for volcanic
earthquake swarms originating at focal depths of generally less than 1 km.
This seems to confirm the postulated shallow origin for most recorded swarms
at Augustine volcano. Mogi (1963) has attributed the tendency toward high
b va~ues for volcanic earthquake swarms to both the heterogeneity of the
medium and a concentrated stress situation. Scholz (1968) has concluded
that the high b values (2 to 3) of volcanic earthquake swarms are attributed
to a nonuniform stress field; that is, the heterogeneity of the stress
field rather than the heterogeneity of the medium has the most profound
influence on the b value. The extrusion of domes through the heterogeneous
composite cone of Augustine volcano, in reality, produces conditions
conforming to both Mogi's and Scholz's hypotheses.
Another indication of the shallow origin of Augustine microearthquake swarms
is the characteristic attenuation patterns of body waves, which have been
observed consistently across the seismic net. Figure 4 illustrates this
pattern schematically. In case A an earthquake occurred in the immediate
vicinity of station AUl; the same event was recorded in highly attenuated
form at station AU2 only 3 km distant. The angle of incidence of the wave
front to the outward-sloping low-velocity pyroclastic layers is very shallow,
and thus the geometry is conducive to the trapping of much of the seismic
energy. Case C shows the reverse situation for a microearthquake occurring
near station AU2. Case B is an intermediate situation in which an earthquake
occurred about equidistant from both stations, somewhat nearer to station
AUI. Similar patterns have been observed across the entire array of five
stations, an indication that large volumes of the volcano above the sea
floor undergo small-scale fracturing during swarm episodes. The magnitudes
of the individual events in a given microearthquake swarm vary only slightly.
On the basis of a method of estimating microearthquake magnitudes of Brune
and Allen (1967), most of these events range in magnitude between 0 and 1.
The conspicuous diurnal peaking of microearthquake swarm activity at
Augustine has recently been studied by Mauk and Kienle (1973): Earth
-t4.des wi th---ampli-t-ua-es--cha-r-ac t-e-r-ist-ica-ll-y-o-f--the -order-of-l0 3 -Newton -m ':':f_
are the largest short-period cyclic stresses in the earth's crust. It has
long been thought that they may act as a trigger for the release of tectonic
or volcanic stress, but a convincing demonstration of such a cause-andeffect relationship has been elusive. The results of most investigations
~Knopoff, 1964; Morgan et al., 1961; Allen et al., 1965; and Simpson, 1967)
1nto correlations between tectonic or volcanic events and earth tides have
been either inconclusive or negative. A possible exception with respect to
earthquakes was reported by Ryall et al. (1968) who found a significant
correlation between microearthquakes in an aftershock sequence and the
principal diurnal tidal component.
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Figure 4: Schematic cross section of an andesitic composite cone.
Seismograms of 30 November, 1971, from station AUl near the
summit and from station AU2 on the lower flank of the volcano
show characteristic attenuation effects of the body waves on
thei-r paths to -t-he two st-ati:uns-;-
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With respect to volcanoes, Eggers and Decker (1969) have suggested that
semiannual and annual clustering of worldwide volcanic activity may be
related to corresponding tidal periodicities. Johnston and Mauk (1972)
in a more detailed study, found a definite correlation between the periodicity
in the eruptions of Mount Stromboli, Italy, and the fortnightly component
of the tides. A similar relationship was reported by ¥~uk and Johnston
(1973) on the basis of an investigation of a nearly complete catalog of
volcanic eruptions from 1900 to 1971. The imprecise determination of eruption
times, however, precluded an analysis with the use of diurnal or semidiurnal
tidal components.
On the basis of these earlier investigations, it appears that three
important conditions must be satisfied if tidal triggering of stress release
is to occur or to have a reasonable probability of being discovered, or
both: (i) the tectonic stress level must be sufficiently great, and the
rate of accumulation of tectonic stress must be sufficiently smaller than
the periodicity of the tides in order for the small-amplitude tidal perturbations to act as a triggering agent; (ii) the geographic distribution
of events should be small so that there is likely to exist a spatially
homogeneous mechanism that will respond in a similar manner to the repetitive
tidal perturbations; and (iii) the events should be of sufficiently shallow
focus so that the brittle fracturing nature of the rock is maximized. All
of these conditions may prevail in aftershock zones and volcanic regions.
Since most microearthquakes at Augustine occur at very shallow depths,
are of very small magnitude and are related to deformation and fracturing
within the small volume of the composite volcanic cone above the sea
floor the likelihood of detecting tidally triggered seismic strain release
at Augustine appears to be good.
Two ~ypes of tidal data were used in the analysis: calculated theoretical
earth tidal accelerations and high- and low-water predictions in standard
tide tables.
The vertical and horizontal components of earth tidal acceleration
and the magnitude of the total earth tidal vector as functions of time
and location were computer-generated by means of a modification of the
methods outlined by Longman (1959). Computations were made at I-hour
increments for every day on which significant microearthquake activity
was recorded.
In addition, the corrected maximum and minimum amplitudes of the ocean
tide for Iliamna Bay, Alaska, were determined from the U.S. Coast and
Geodetic Survey Tide Tables for the West Coast of North and South America.
Although Iliamna Bay is only 14' in longitude and 06' in latitude from
Augustine Island, the tides in Cook Inlet have such large spatial gradients
___ tha_t __any -correlation-of--the--ac tiv-it:-yof Augustine-volcano With tlYe-ocean
tidal extrema at Iliamna Bay may have some apparent phase differences.
Swarms during four disjoint time periods at Augustine either before or
after mild eruptive activity on 7 October 1971 and the calculated magnitudes
of the earth tidal acceleration are shown in Figure 5. All of the swarms are
characterized by high b values characteristic of shallow foci. The visual
correlation of both pre- and post-eruptive microearthquake activity with
the magnitude of the total tidal vector is quite good. The only low b value
swarm (1.35) was recorded 2 - 6 September, 1971,preceeding the eruption.
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Figure 5: Four separate micro earthquake swarms with high b-values at
Augustine in 1971 and corresponding calculated magnitudes of
the total earth tidal vector.
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The swarm had a deeper or1g1n than the high b value swarms. It is interesting
to note that this swarm showed little visual coherence with respect to the total
tidal vector.
A prolonged shallow focus swarm~ which occurred in January, 1973, showed
a strong correlation with that part of the earth tidal sequence which is primarily
diurnal (Figure 6). Swarming began when the diurnal peaks in the tidal
acceleration became dominant over the semi-diurnal peaks and ended when
the tide became again largely semidiurnal.
Two dominant phase relationships of nearly equal frequency of occurrence
can be seen if we compare high b-value swarm activity versus total tidal
vector magnitude. The slightly more frequent condition is one of no
obvious phase shift and is exhibited in the activity of 22-23 January and
28-30 November (Figure 5). The second relationship, a phase delay in the
microearthquake activity by approximately 5 to 6 hours from the time of
the maximum tidal perturbations~ is exhibited in the activity of 5-7 ~~rch
(Figure 5). No significant systematic temporal variation of the swarms
either before or after the eruption of 7 Octbber 1971~ was observable.
This finding suggetst that the phase relationship of the microearthquake
activity with respect to the tidal accelerations is independent of the
pre-or post-eruptive tectonic stress condition of the volcano.
As a check on the validity of the visual correlation~ microearthquake
distributions and corresponding tidal computations were compared using the
cross covariance technique described by Blackman and Tukey (1954). Four
important observations emerged: (i) the cross covariance technique confirmed
the existence of both of the phase relationships; (ii) operating on the
entire swarm catalog~ the technique defined~ with little variance, the
phase delays of the two swarm types at 1 hour and 5 hours, respectively;
(iii) the swarm with low b value also exhibited a I-hour phase delay~ but
with greater standard deviation than the other swarms~ and (iv) some of
the swarm distributions exhibited both patterns~ suggesting that the two
distribution types are not mutually exclusive events.
A comparison of the predicted times of high and low water with the
theoretical tidal accelerations indicated that the predicted maximum
amplitude ocean tides were nearly always phase-delayed from the calculated
maximum gravitational accelerations by 5 hours. The two swarm distribution
relationships~ therefore, coincide well with the times of maximum tidal
acceleration and the times of maximum ocean loading. The more complex
distribution of the September microearthquake swarm may possibly reflect
an increased and perhaps non-linear tectonic stress rate (that exceeded
the tidal stress rate) preceding the eruption.
In summary, it appears that both the cyclic change of volume dilatation
_~l;~~elL as_co~astal __ocean_loading __ can__trigger_ seismic--st-rain--release- at - --Augustine. It may possibly trigger eruptions too as evidenced by minor
eruptive activity on the evening of October 7~ 1971 which occurred at the
time of an earth-tidal maximum (Figure 7).
A c k now 1 e d gem e n t s
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j)i~Cllssion

or h:il'nh' Paper

Peck
Again, this question is directed to Dr. Unger of the lIawaii Volcano Observatory.

Is there

any suggestion that there is a relationship between shallow Kilauea earthquakes and earth tides?
Or has anybody looked at this?

As far as I know, no one has looked into it very systematically.

Peterson
I think there has been some slight work done and they have found that they couldn't see any
pattern right off.

It needs more study.

Peck
Wasn't there a study back in the 1920' s?

Peterson
Many have been interested - Jaggar was very interested in it.

Unidentified
Back in 1907 it was observed that the level of the Kilauea lake went up and down at solstices.

Kienle
Shimozuru presented a model of the Halemaumau lake where he is essentially postulating a
large magma chamber, say two kilometers in diameter, with some kind of a pipe feeding the lake.
AI:; the earth tide is at a minimum, the lake level will rise.

He showed period fluctuations which,

peak by peak, correlated with the earth tides.
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Anomalous Microseisms in Surprise Val ley, Cal ifornia
Kenneth Enq
R.W. Decker
Dartmouth College
Hanover, N.H. 03755
Known and potential geothermal power fields are generally areas of high
seismic noise. This 1-10 Hz seismic tremor has high ampl itude compared to
the regional microseismic background and is possibly generated within the
geothermal reservoir. During 1972 we located 3 areas of apparent geothermal
ground noise in Surprise Valley, Cal ifornia. These areas have characteristic
2 to 3 Hz microseisms with velocity amplitudes up to 10 times the background
microseisms. All 3 areas are on alluvium or lake sediments. In 1973 we
investigated the Fort Bidwell anomaly with arrays of seismometers and
explosions. The anomaly is consistent in space and time. Wind, waves on
the lake, irrigation pumps, and trucks and cars are not the cause of the
seismic noise. Livestock contribute to the noise but are probably not the
entire cause. Some of the microseisms are coherent and occur in bursts of
surface waves comin9 from specific directions with velocities as low as
100 m/sec. The coherence is consistent over distances of 300 m but not over
distances of 2000 m. The source direction of the coherent bursts suggests
they originate north of the apex of the anomaly. Explosions produce surface
waves in the anomalous area of very low velocity and of the characteristic
'2 to 3 Hz frequency, and indicate some ground ampl ification. Power spectra
~f teleseisms recorded in the anomalous area compared to the same earthquake
recorded on nearby bedrock also indicate ground ampl ification of amplitude
by about a factor of five. Most of the microseismic anomaly can be explained
by ground ampl ification, but this does not explain the bursts of coherent
vibrations at some array locations. The possibil ity of a diffuse source of
vibrations from the subsurface cannot be ruled out. This work was supported
by NSF Grant GA-35080 and the U.S. Geological Survey's National Center for
Earthquake Research.
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Limitations of Elasticity Theory in
Interpretation of Ground Surface Deformation
R. W. Decker
Dartmouth College
Hanover, N.H. 03755
James Dieterich
U.S. Geological Survey
Menlo Park, CA 94025

Magma chambers which increase in pressure or volume cause surface
deformations.

Measurement of the ground surface deformation thereby allows

some interpretations of the shape and depth of the magma body.

A review of

point source and I ine source analytical solutions, and finite element
solutions for irregularly shaped bodies, suggests that more accurate
theoretical interpretations of ground surface deformation will have to
consider models in which the elastic moduli are not uniform or models in
which elasticity is not the only restoring s~ress.

One possible app~oach

is a modified finite element model in which gravity is a major vertical
restoring force.

The fact that gravity would have less effect on horizontal

deformations may be a reason why horizontal movements generally exceed
their expected value compared to vertical movements.
--------------
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Discussion of Decker Paper

Ward
The large number of fractures observed at the surface and the presence of eruptive vents
which must be followed by dikes would suggest that the horizontal deformation isn't as elastic as
the vertical deform ation.

Do you think that by closing up these fractures and dikes and such that

this would explain the very great discrepancy between the horizontal and vertical data in the models?

Decker
Yes, I think that is possible.
as well as the discrepancy.

I think that is a reasonable explanation for some of the scatter

The scatter in the hard ground is pretty hard to explain.

Ward
Has anybody tried to pin down those points of scatter relative to the geology of what that line
crosses?

Unidentified
Not around the caldera.

At other places they have tried to look at actual displacements along

cracks where there are large enough deformations.

I expect that the vertical cracks might actually

lower the amount of horizontal change.

Ward
You see a lot of cracks with no vertical motions.

You go into the Kaoiki or the southwest

rift and there are lots of cracks but no evidence of vertical motion at the surface.

You wonder if

that might explain the discrepancies in the models or whether the models really have that much
promise.

Decker
My opinion, although I have no hard data, is that perhaps what's happening in the subsurface
is not so much a change in pressure as it is a change in volume.
-~-~------------_._-_.~--------

..

Tl:~_pl~~u~_o~J~!Da1:eri~s_l~

---------------_._-_._-----_._~---~--_ --------_._-----------~

sort of like a Mickey Mouse balloon where you squeeze one ear and the head blows up, squeeze the
other ear and the body blows up.

In other words, a slight accommodation which will allow changes

in volume will allow migrating centers with very, very small differences in pressure.
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The behavior of Kilauea Volcano and its bearing on possible
utilization of volcanic energy
Donald W. Peterson
U. S. Geological Survey, Hawaiian Volcano Observatory
Many schemes for extracting energy for generating power from Hawaii's
active volcanoes have recently been advanced and supported by various
individuals and by public and private organizations. Such research
proposals have included the possible utilization of steam and hot water,
of hot solid rocks, and even of magma itself. All of the proposals
require a large, steady source of heat, and some require directly
tapping a stable magma reservoir. Ongoing investigation of related
problems by the Hawaiian Volcano Observatory staff indicates that
significant problems will be associated with locating and utilizing
suitable geothermal regimes. These problems, though likely to be
difficult, should not be regarded as insurmountable.
Systematic studies of seismicity and ground deformation at Kilauea
Volcano have greatly improved our understanding of its internal structure and magma-conduit system. Most of the several thousand earthquakes recorded each year reflect strain release associated either
directly or indirectly with the movement of magma, and three-dimensional
plots of hypocenters suggest that a major conduit lies below the south
part of Kilauea's summit area, plunging vertically to steeply southward,
and reaching a depth of about 40 kID. Analysis of ground deformation,
as measured by tiltmeters and by leveling and Geodimeter.surveys,
shows that the summit region inflates during periods between eruptions
and deflates abruptly during some eruptions. At other times, including
some prolonged eruptive periods, the ground remains relatively stable.
The ground deformation is interpreted to be caused by movement of magma
into or out of near-surface reservoirs. Studies show a relation between
the state of inflation of the volcano, as revealed by measurements of
ground deformation, and the time to a new eruption; consequently,
measurement of deformation has become an important predictive tool.
Repeated measurements of deformation indicate that centers of inflation
migrate from place to place beneath the central and southern parts of
Kilauea's summit area. The migration apparently reflects differential
filling of various sections of a very complex reservoir system,which
from three-dimensional analysis of deformation measur"ements is estimated
to be 1_t_o_4_kllLhelow_the-surface.---Sw:a~s--G£-ea±'-thEiuakes-t,hat--EleCaS±0n~-~~
ally accompany periods of accelerated inflation are roughly centered at
the same locality and depth.
Although deformation and seismic studies can yield information on
the approximate location of magma reservoirs below the summit and on the
state of readiness of the volcano to erupt, they are as yet unable to
pinpoint the specific time and place of an eruption. For exampl~ between
1967 and 1973, Kilauea summit tumescence preceded eleven different eruptions
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from widely scattered sites, including the southwest rift zone and about
a dozen different places in the summit area and upper east rift zone.
Preceding each of these eruptions, the center of tQmescence lay within an
area of a few square kilometers in the southern part of the summit area.
Therefore the position of the centers of tumescence provided no advance
notice as to where the eruptions would be located. Positive detection of
local tumescence along rift zones in advance of eruptive outbreaks has
G3nerally not been possible because points in the deformation network
have been repeatedly buried by lava. Nonetheless, incomplete measurements suggest that local centers of swelling may at times lie on Kilaueafs
east rift zone. In order to improve surveillance capabilities, networks
for monitoring ground deformation are being reestablished in areas of
recent east-rift eruptions.
Short-term warnings are sometimes provided by seismic activity.
Prior to some, but not all, of the 1967-1973 eruptions, premonitory
harmonic tremor commencing 1 to 4 hours before the eruption was accompanied by earthquakes distinct enough to enable observatory seismologists to identify the area in which an outbreak was likely, and on a
few occasions observers reached the site in time to witness the start
of the eruption. Few earthquakes, however, are specifically associated
with movement of ma~aa between the summit reservoir and eruptive sites on
the east rift zone; this suggests that the conduits essentially constitute
an open system. And because quakes associated with movement of magma
here are few, studies have revealed little about the size, shape, or
depth of the conduits that feed rift eruptions. Other geophysical studies
such as magnetic, electromagnetic, and resistivity surveys are in progress,
and some of these methods show promise in locating shallow magma bodies
and possibly in tracking near-surface movement of magma. Much additional
work is needed before the full scope of the utility and reliability of
these techniques will be known. But if their promise materializes, they
may be added to the program of regular surveillance of the volcano.
The observatoryfs studies continue to improve our understanding of
the behavior of Kilauea, but many important questions remain unanswered.
The most significant are questions on the actual nature and location of
magma bodies and causes and direction of maG~a movement. Methods now
available are capable of dealing with these questions only indirectly and
crudely, yet the location, size, and mobility of magma are the questions
of greatest concern in the extraction of energy from the volcano.
Techniques for finding magma must be improved before realistic attacks
----ean--Be-laaneflecl-en-receveT:i:-ng-eneTgy~---------

Projects searching for energy in Hawaii must not only be concerned
with improved techniques but must also face certain legal and practical
limitations. The summit areas ardlarge parts of the rift zones of both
Kilauea and Mauna Loa lie within a National Park and are not available for
commercial development. Although seemingly hampered by this legal restriction, developers should be aware of an even more compelling and practical
restriction, the high risk factor in locating a plant on or near an active
volcano. The geologic map of Hawaii shows that large parts of the summits
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and rift zones of Mauna Loa and Kilauea have been covered by lava during
historic time. Even if the problems of finding magma are successfully
solved and energy sources are located, nearby areas will have to be
regarded as high risk zones. Plans to extract energy from any volcanic
source must include seeking a safe loca~ion for the plant, and technology
may have to be developed to operate the plant at a considerable distance
from the energy source. The widely scatte~ed eruptions of Hawaii's
volcanoes point to still another problem. Not only might magma rise
up and overwhelm the plant, but a heat source or magma body could move
laterally or downward to some other location. Such movement would not
endangerfue physical safety of a plant, but it would destroy its usefulness and constitute an economic disaster.
T~le problems briefly reviewed here are by no means insoluble, but
they must be recognized. Efforts to solve them must be included in any
program that seeks to harness volcanic energy in Hawaii. The problems
are pointed up here because many statements regarding the potential
for extracting power from volcanoes practically disregard them, and
those who plan the projects are cOffinonly unaware of complexities such
as the mobility of volcanic heat sources and the difficulties involved
in locating them. Finding solutions to these problems will challenge
the creativity and ingenuity of a wide spsctrum of scientists and engineers and will likely be both time-conslli~ing and expensive. If these
problems are solved, however, not only will important benefits be
realized by the people of Hawaii, but the knowledge gained can be applied
elsewhere in volcanic areas in the United States and throughout the
world.

-~---_.- .. _--~_._---~------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _ .
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Discussion of Peterson Paper

Unidentified
What is your opinion of the work on monitoring of magnetic changes at Kilauea by Frank
Stacey's group from the University of Queensland, Australia?

Their experiments were designed

to detect piezomagnetic changes associated with shifts in the stress field.

Peterson
The results have been rather difficult to interpret.

There have been a few changes, most of

which were not associated with any deformation changes.

Then, during periods of pronounced

deformation changes, the magnetic field remained stable.
including a lot of equipment problems.
of the equipment.

There have been some other problems,

The moisture and corrosive fumes have taken their toll

About the time appropriate events seemed ready to happen, the equipment

would go on the blink.

Then the event would happen while the equipment was still out of order.

This has happened a number of times.
ation when events were happening.

But even so, there have been long enough periods of oper-

The Queensland group has concluded that the results were

reliable enough to make some preliminary conclusions.

They have a paper in press at the present

time.

(Additional Discussion Unintelligible)

Rex
Under your comments on the S- P work, do you think there is steam potential- -fluids moving
underground?

Peterson
I think I'll ask Charlie Zablocki to answer.

Zablocki
I think that is the most probable mechanism for developing these large potentials.

Rex
Do you have any contact problems in making these measurements?

Zablocki
No problems whatsoever except on very recent flows.

Rex
So it's an easy variable to measure.
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Zablocki
Indeed It's easy.

Rex
What kind of electrode spacings do you need?

Zablocki
Although in practice we measure a potential difference or gradient with an electrode separation typically 100 meters, the data is reduced to a potential referenced to some arbitrary
location.

There the spacing is irrelevant.

Rex
Is this something that is relatively new in your awareness of it?

Zablocki
Some of our Japanese colleagues have presented results of some S. p. studies, but, as
shown, they don't appear diagnostic of thermal zones.

Rex
I'm wondering if this is something we know of in other volcano areas of the United States
and Alaska.

Zablocki
Only in the last year has the U. S. Geological Survey been using the S. p. method in
California, in Long Valley and in the Geysers area.

The magnitudes I understand they have been

getting are much smaller as compared to those I have measured here on this island.

Ramey
Some years ago you used to run a magnetic susceptibility log with the induction resistivity.
---It-never-reaily-s-howed-very-much-;-s-o--Tt-di-ed-a---natural-deatn;--On one occ asion-;--s ometwenty y e a r s - - - ago, we used it as a temperature log.

We found that it was a good indication of the maximum

temperature of heating of a mineral species.
minerals were present and not in others.

It would work in some areas depending on what

I wonder if anyone has considered using magnetic sus-

ceptibility along with some kind of resistivity? It wouldn't seem to be too difficult to do.

Zablocki
We have measured magnetic susceptability in Dr. Kellers drillhole, and found that the values
simply correspond to the quantity of ferromagnetic minerals, with no suggestions that they are
related to the temperature profile in the hole.

233

Unidentified
The other night you mentioned that the fact that you felt the transfer of magma from beneath
the summit area of the rift zone was probably a very deep-seated kind of transfer, if I've interpreted your comments correctly.

Is there any bearing with what you have shown of the distri-

bution of your dots and the lack of a cylindrical body of magma beneath the surface? It wasn't that
simple a model.

Are these two things related?

Peterson
This is getting into one of the highly speculative areas. We don't really know very much about
it.

But one of the remarkable things in many of the rift eruptions is that there does not seem to be

a progression of earthquakes down the rift in advance of an outbreak.

However, an earthquake

swarm may occur at the scene of the outbreak shortly before the eruption starts.

One might think

that if the conduits were relatively shallow and that the magma had to work its way through to get
tothe site of the eruption, then we would be able to follow a sequence of earthquakes down the rift
prior to the outbreak.

We don't see this, so one interpretation is that we have a sort of an open

conduit system and maybe magma is stored at some depth waiting to get out. When new magma
surges in from below, resulting in stored magma flowing out on top.

Petrologic evidence for this

has been compiled by Tom Wright and others in support of such a model.

The whole story gets too

involved to explain here.
There is another interesting theory that is associated with the May 5th eruption of 1973.
intrusive episode was associated with that eruption.
westward into the Koae fault system.
northwestward toward the caldera.

An

Magma actually migrated from the east rift

In the upper part of the east rift, the chain of craters bends

The Koae fault system lies on a continuation of the east rift

trend, and is an area where there have not been any historic eruptions.

A migrating swarm of

earthquakes accompanied and preceded the eruptive outbreaks, suggesting that magma was wedging
its way into the Koae fault system.

This is highly speculative, but possibly the Koae fault system

is getting ready to be a site of future eruptions.

Earthquakes and deformation provide possible

evidence that magma is intruding into the zone.

Unidentified
The corollary of this: if there are not shallow earthquakes indicating a near-surface transfer,

----

are there any deep earthquakes indicating a deeper movement?

Unidentified
I don It think so.

Are there?

Peterson
Correct.
rift zone.

234

This again supports the concept that the magma conduits are rather open along the

Peck

Is the idea that it is being fed from the summit chamber at fair depths but that once you get
down the rift zone four or so miles the conduits are rather shallow? It is in that upper four or so
miles where there haven't been any historic eruptions between Kilauea TId and the Koae fault zone-a kind of a gap--where conduits might be very deep',

Unintelligible Question
Peterson
It's been some time now since we have had lower east rift eruptions.

The last time the

seismic network did not have the capabilities it has now, so it's probably not fair to comment on its
future activity,

Unidentified
I think that unless the perspective of that photograph you showed of the rim outbreak was very
bad, just intuitively, the material that reached the rim had a very easy way to come instead of
going directly into the crater,

The crater appeared to be very much closer. With any kind of

normal elastic model of forcing its way through, it would have gone into the crater itself much
more easily,

Peterson
That's one of the more remarkable things about it,

We are always wondering why, when

there is a crater a couple of hundred meters deep, sometimes the lava does erupt from the crater
bottom but very often it forces its way all the way up to the rim or the surrounding area.

Why

this is, is a good question.

Tilling
Don, I'd like to point out that during both the May 1973 eruption and the November 1973
eruption, the eruption did start in or near the bottom of the crater and migrated upward.

Peterson
That's right,

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

---

~---------

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

----~~----

Both did start in the crater bottom and then spread laterally outside,

However,

in another recent event in August 1971, Halemaumau, the main vent of the volcano nearest the
magma source just fumed away quietly while 10 million cubic meters of lava were erupted from
fissures in the caldera floor nearby, at the time about 50 meters higher in elevation.

Why it

picked those fissures to come out of instead of the established vents of Halemaumau is a difficult
question,;
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Peck
I might make a comment on your discussion of the problem of safely locating power plants
in the area of the rift zone.

I think Gordon Macdonald did a very nice job summarizing the

geothermal potential of the island and discussing solutions to that problem.

He suggested, for

example, that power plants might build on several fairly large cinder cones along the rift so that
they would be above the level being flooded by lava.

Peterson
That would help the flooding problem as long as the cinder cones themselves did not become
reactivated.

Rex
The other solution is the obvious one.
can skid them out in a hurry.
operation.

Keep your powerplants and skid-mount them, so you

This is an industry solution that is being proposed for this type of

I really think you are putting up a straw man to a pretty large extent.

I think your

comments about finding these things is really the crux, A lot of us tend to get into engineering,
and I think these problems are being handled and some of us are not aware of them.

Peterson
I don't know very much about the engineering aspects, I'll have to admit, but all of the estab-

lished geothermal plants I've seen look like you have to do more than skid-mount them.

Rex
Yes, but the point is that the average geothermal plant would provide twice the amount of
electricity that is needed by this island.

Electrical requirements in this area are very low com-

pared to the current design of typical plants.
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I

The process of upward transport of magma would be of fundamental
importance in understanding the volcanic activity or the energy discharged from volcanic areas.

To estimate the potential magnitude of

volcanic activity and its time variation, one of the indispensable
factors will be a rate of magmatic supply to the reservior from below
or a discharge rate of volcanic materials.

The flow of magma is a

dissipative process in which thermal feedback may take place under some
conditions.

The idea of thermal feedback was first demonstrated by

Gruntfest (1963), using heat conduction

equation with nonlinear viscous

heating for steady flow of viscous liquid under constant plane shear
stress (Cuette flow).

Shaw (1969 , 1973), Shaw et al. (1971), and

Anderson and Perkins (1974a,b) applied the idea of thermal feedback
to the large-scale flows in the tectonic processes and episodic volcanisms.

Previously McConnell (1967) pointed out that a balance

between internal heat generation and heat loss from dikes may control
the propagation and widths of dikes.

Fujii and Uyeda (1974) suggested

that thermal feedback process would explain the width of intrusive
dikes and the discharge rate at the very beginning of eruptive history
of volcanoes.

The present paper is largely a recapitulation of Fujii

and Uyeda (1974) with some added explanations.
As illustrated in Fig. 1, the simplest geometry of volcanic conduits

--- may--be a

plpeoi

a-dike-.-The

---------- -

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

former can represent central vents of

volcanic cones and volcanic plugs (or necks) including those of kimberlites.

It may be worthwhile to demonstrate the changes in the velocity

distribution and flux with the growth of instability during upward flow
of magma in volcanic conduits.

Following the mathematics used by
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Gruntfest et a1. (1964) for flow in pipes, the conditions for the
instability in the case of Poiseui11e flow of magma in a two-dimensional
vertical dike with a thickness 2B are obtained as follows.

The basic

energy equation, neglecting inertial terms because of high Prandt1
Number, and boundary conditions are,

(1)

T(x, 0)

= T

T(B, t)

=

0

aT
( ax )x=O=
where p, c, K,

~

TO

(2)

0

T, t and cr are density, heat capacity, thermal conduc-

tivity, temperature dependent viscosity, temperature, time and shearing
stress in the direction of flow, respectively.

TO

is the constant

initial and wall temperature. cr in the Poiseuil1e flow in the present
geometry is expressed by
cr

where

= yx'

(3)

y is the constant pressure gradient in the direction of flow.

the exponential form (Gruntfest, 1963)

n = nO e
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-a (T-TO)

(4)

where

nO

is the viscosity at

TO

non-dimensional reduced temperature
~

=

a(T - TO)

~

=

x/B

T

=

2
(K/pcB )t

}

and

a

is a constant.

~,distance

~,

By adopting

and time T as,

(5)

the equations are non-dimensionalized to contain one non-dimensional
parameter F as

(6)

F

=

where

~(~,

0)

=

~(l,

T)

= 0

a~

_

( ~ )~=O-

0
(7)

0

The solutions of (6) with (7) were obtained by numerical integration
for various values of F.
__________As __the_ momentum conservation-equation can be considered-as s-teaayat each moment because of high Prandtlnumber, the velocity distribution
V(~,T)

and the flux Q(T) are obtained by integrating the expression of
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shear stress (3):

= 0,

-n@ v/d~) =

YB2~ with the boundary condition vel, T)

Le.
V(~,T)

2
YB
--.-

=

Q(T)

no

2B

1

{

1

x' e~ dx'

1
v(~,

T)

d~.

}

(8)

0

Here we only show some examples of the solutions in Fig. 2, in which
reduced temperature

~

at x

= 0.5B

is plotted against reduced time T.

Steady temperature is attained for F smaller than, say, 5.5, but the
temperature shoots up boundlessly for F greater than this value.

]n

the case of pipe flow Gruntfest et al. (1964) found the similar result
that the instability takes place when a similar quantity (F = ay2R4/4KnO
where R is the radius of pipe) exceeds about 8.0
As seen in Fig. 2, for F
at about unit reduced time.

~

6.5, the instability seems to take place

It can be shown readily that the same insta-

bility occurs for both fluid velocity and flux.
in flux Q/Q

O

Fig. 3 shows the changes

as a function of T for various values of F, where

the initial flux (= 2YB 3 /3n )'
O

Q is
O

Physically speaking, the temperature

rise due to viscous dissipation reduces viscosity and enhances velocity
and flux in a regenerative fashion.
and velocity vIvO

In Fig. 4(a) and (b), the distri-

butions of

~

in the dike are shown at various T,

where

is the maximum ve1oCiEyat-tne-TniTial-sn:rte-(-=-,B2l2TTO-)-;-----

As discussed in Fujii and Uyeda (1974), the pressure gradient Y is
assumed to be due to the buoyancy force and if we put some likely numbers to the quantities concerned, namely,
K
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=

4
-1 -1
-1
20 x 10 [erg'cm 's 'deg ],

Y

105 [poises] at

a

TO - 1100°C ,

O.l[deg

-1

]

for the case of basaltic magma ascent in a dike, it is found that the
values of Band Q which make the non-dimensional quantity (F) critical
O
are of the order of one meter and about 700 cm2 /secrespectively.
As McConnell cited, the average width of basaltic dikes is about a few
meters (Table 1), which is roughly in agreement with tbe abovE:: conclusion.

It seems reasonable that if the sizes of volcanic conduits

gradually increase during upward transport of magma, the instability
would take place at a slightly supercritical value of F and then the
width of dikes might be controlled by this process.
more acidic magma with nO - 10

13

For the case of

poises, the critical thickness of

dikes would be of the order of 100 m.

It seems to be generally observed

that dikes of acidic rocks tend to be much thicker than those of basic
ones.
Although the production of magma at depth may be expected to be
regarded as stationary (for example, Kilauea volcano by Swanson (1972)
and mantle plumes by Morgan (1972», the elementary process of eruption
should be discontinuous if the present argument is valid.

This view

appears to be in harmony with the generally held, though not explicitly
stated, view of volcanologists.

The description of Paricutin volcano

by Forshag and Gonzalez (1955) yields some information about quantitative variations of discharge rate in the
---------- -_._---

episode.

ea~!_~es~_stage_~_~__,:,_ol~~nic-_--

_

---,---_.--_.~---------

Fig. 5 shows the map of Paricutin volcano which formed a

volcanic cone in a farm in Mexico in 1943, and the development of the
central cone, Cuiyusuru, in the eross section.
in the earliest stage were basaltic.

The lavas discharged

From the chemical composition

(Quitzocho lava, Table 1, in their paper), it may be expected that the
viscosity of the lava could be higher than 105 poises.

From these data
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we tentatively estimated the volume discharge rate. Assuming that the
majority of the discharged

material~

can be represented by the volume

of the cone, the shape of the cone was a frustum with the top and bottom
radii ratio of 1/4, and the cone grew similarly with a slope angle of
30°.

Using these assumptions and the observations of height of the

cone, the average discharge rate in each observation interval was calculated and illustrated in Fig. 6.

The results are consistent with

the two reported estimations of the volume at 1 p.m. on Feb. 21 and
2 p.m. on Feb. 26, 1943.

In the first 2 - 3 days or so, the rate in-

creased more than two orders of magnitude and attained its maximum value.
After one week the rate decreased, though not shown in Fig. 6.

If

these figures were the reflections of thermal instability, it would
suggest that the size of the conduit for this volcano might be of the
order of several meters.
In conclusion, we would like to emphasize the need of further
studies about the sizes of volcanic conduits and thorough measurements
of discharge rates at volcanic eruptions, as well as the petrological
and physical properties of magma.

---~---

- - - - - - ~ - - - - ~- - - - - - - - - - - - - - - - - - - - - -

------------
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The Widths of Basaltic Dikes

Locality
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(eruption fissures)
Hawari------

246

Width(m)
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Figures
1.

Highly simplified models of volcanic conduits.

2.

Reduced temperature vs. reduced time for various F-va1ues at x

3.

The flux Q/Q

O

vs. reduced time for various

initial flux (= 2YB 3 /3n ).

o

= O.5B.

F-va1ues, where Q is the
O

The arrows indicate the time of instability

(Fujii and Uyeda, 1974).

4.

(a) Distribution of reduced temperature at various reduced times for

F

= 6.5.

(b) Distribution of velocity vivO at various reduced times for F
6.5, where

V

o

=

2
is the maximum velocity at initial state (= YB /2n

o)'

(Fujii and Uyeda, 1974).
5.

(upper) Map of Paricutin volcano in Mexico.
(lower) Cross section of the cone showing the development of central
cone (rearranged from Forshag and Gonzalez, 1955).

6.

Eruption rate at the earliest stage of Paricutin volcano activity
estimated from data in Forshag and Gonzalez (1955).

Though not shown

in the figure, the rate decreased after Feb. 26, 1943.
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Influence of Mechanical Stressing on Heat Flow

John S. Rinehart
HyperD,ynamicS, P.O. Box 392, Santa Fe, New Mexico, 87501

Volcanic areas, in general, are heavily fractured and
mechanically disturbed rock masses wi th a vast range in size and
distribution of the fractures.

Any alterations in the fracture

network, especially dimensional changes, will in tum alter the
porosi ty' and hence the rate of movement of the fluids.

Mechanical

stressing could and does appear to produce such alterations in
certain geothermal areas.

These effects must be reckoned with

in the exploitation of volcanic areas for geothermal purposes.
The bulk of the extractable energy in a volcanic area is
brought up close to the surface by mass transfer through the flow
of hot lava, the streaming of hot gases, especially eteam, or the
circulation of hot water which might be artificially in3ected.
The movement of these hot fluids

is regulated by the prop,erties

of the nuid, particularly Viscosity, the geometrical pattern
and dimensions of the passageways, and the locations and intensi ties
-eff-the heat sources and their associated temperature gradients.
Both internal and enernal agents affect the flow, wi th mechanical
stressing being of great importance as regards its influence on
the rate at which energy can be extracted from a volcanic area.
There are three obvious ways by which nature appl1es varying
mechanical forces:

loading by the air mass resting on the surface,
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variations in graVity caused by earth tidal forces, and tectonic
stresses, frequently associated with earthquake actiVity.

The

air pressure at any particular location depends upon the air
mass distribution which varies from day to day.

In general, the

pattern of variation is qui te complex but a prominent feature is
an annually recurring low and high average presSl.lre.

The annual

component varies in both phase and amplitude with latitude and
long!tude (Wahl, 1942).

At Yellowstone National park, Wyoming,

and Calistoga, California, lIbere the effect of barometric pressure
on geothermal activity has been examined, the pressure ranges from
a high of about 768 mm of Hg in the winter to a low of 756 mm of Hg
in the summer (Rinehart, 1972a).

The earth tidal forces arise fram the graVitational attraction
between the earth, moon, and sun.

They cause the ebb and flow of

the ocean tides, and in addition, deform the solid part of the
earth, producing strains of the order of 10-7 or 10- 8 which v&rT
in synchronization w1 th variations in the tidal forces.

The maximum

variation in graVity, about 200 microgals, due to lunar and solar
attraction is about one part in 5 million times the acceleration
of gravity.

Since the earth rotates on its own axis, the moon

revolves around the earth, and the earth around the sun, the tidal
force is constantly changing.

Its magnl-tuae atany--on-e-pi:-ace-on---

the eartb, lIbich is readily calCUlable, depends upon the relative
posi tions of the earth, moon, and sun (Longman, 1959).

In general,

the Variations have the following approximate frequency components:
semidiurnal and diurnal, due to the rotation of the earth on its
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own ans; fortnightly, due to the moon revolving around the sun;
4.4, 8.8, and 18.6 year, due to the inclination of the orbital
planes of the earth and moon, about 5 degrees wi th respect to
one another.

A parameter that correlates well wi th changes in

geyser actiY! ty is the total variation in graY! ty due to tidal
forces.
The tectonic stresses associated 1d. th earthquake activity
are the least understood.

Recent seismological studies have

clearly demonstrated that each earthquake is preceded by stressing
of the region before the earthquake occurs (Scholz, Sykes, and
Aggarwal, 1973).

The length of time during which this prestressing

is operative is closely related to the magnitude of the resultant
earthquake, being longer for more severe earthquakes.

In general,

the effect of the prestressing is to change pore pressure either
by creating new fractures or modifying existing ones.
The effects of all three of these mechanical forces are
clearly discernible in variations in geyser activi ty (Rinehart,
1972a) •
The three main elements of a geyser are its reservoir, water
supply, and heat source (Munby, 1902).

A reservoir of water, as

a result of being locally heated, becomes unstable when its heat
cllIrtlnrt--r-eacHes some critical level and di stri bution.

At this

time, abrupt and vigorous generation of steam occurs 111 thin the
geyser, greatly modifying both temperature and fluid distributions, forcibly tbro1d.ng water out of the geyser.

After the

agitation ceases, the reservoir becomes stable, all set to begin
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a new cycle of instability.
The principal geyser areas in the world are in Yellowstone
National Park in the United States (Allen and Day, 1935), Iceland
(Barth, 1950; Thorkelsson, 1940), Rotorura in New Zealand
(Elder, 1966), and Kamchatka in USSR (Gippenreiter, 1969),
although there are numerous other geysers scattered around.

B.1

far the. most, a few hundred, are located in Yellowstone.
Geysers are usually found in quaternary and tertiary volcanic
areas, usually in a well marked drainage basin or valley floor
(Allen and Day, 1935; Barth, 1950; Fischer, 1960; Waring, 1965;
Keefer, 1972).

The basin is a mass of loose gravels sitting on

heaVily fractured and fissured rock several kilometers in extent
which in 'blrn apparently 11es over a plug of hot magnatic rock
(Elder, 1966; White, 1967) (Fig. 1).

In the Upper Geyser Basin

in Yellowstone, which is occupied by many major gsysers:

Old

Faithful, Beehive, Grand, Riverside, Lion, Giantess, drilling
has indicated that the siliceous sinter is about 6 m thick,
below which there is about 70 m of glacially emplaced rhyolite
gravels underlain by fractured rhyolite (Fenner, 1936).
The geyser basins are excellent collectors of meteoric water
some of which percolates through the rocky mass where it is

-n eatea,Decomes

r1: ~ter,

ana,d-r1:vellD1-r-t-s~Duo18Zlcy,----rnunrs-to

the surface to heat geyser reservoirs and hot pools or escape as
steam through f'ulLaroles.

!Ibese hot waters are generally clear

and alkaline, containing in addi tion to several hundred parts per
million of si11ca, substantial amounts of bicarbonates and
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chlorides that have been leached out below.

When the water

surfaces and cools, much of the silica is redeposited as siliceous
sinter to build exotic cones,

ter.rac~s,

reservoirs, cavities,

and ducts (White, Brannock, and Murata, 1956; Nogochi, 1956;
Iwasaki, 1962; Mahon, 1966).
Most geysers are basi cally continuously flowing warm water
springs with the flow maintained at a more or less constant
rate, but varying f'rom geyser to geyser.

When a reservoir is

either partially or totally emptied by an erup tion, it then refills
until it erupts again.
Knowledge of the precise natures of geyser reservoirs is very
limi ted simply because they reside mostly out of View underground.
probings to any appreciable depth are difficult because of
internal obstructions.

All the evidence indicates that the usual

reservoir is a compact, well defined cavity or an interconnected
arrq of' cart ties, the walls of which are, for the most part,
lined with an impervious lqer of siliceous sinter or geyserite
that has been deposited by the geyser waters.
Heat is supplied to a geyser by the in3ection of hot water
or steam directly into the reservoir of warm water.

~is

injected

bot water is primarily trapped meteoric water which follows a
-long ctrcU1-tous p"h downward through heavily fractured and aJ. tered
rock where it is heated and then convected back to the surface.
The total contribution of' the deeper, penetrating, hotter waters
to the waters of' the geyser is not known and there appears to
be no ready way of' determining it.

Deep down temperature
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measurements are the most defin1 tive indicators that the
are intermittent and sporadic.

in~ections

In Fig. 2, temperature plotted

as a function of time for the 270 m level of Solitary Geyser,
Yellowstone,'the temperature of the injected water, about 170 0 C,
is not especially high, certainly well below the boiling point

ot about 230 0 C for a hydrostatic head of 270 m.
Intermittently erupting geysers fall into two distinct classes:
fOlmtain or pool; and columnar or cone.

The eruption of a

fountain geyser consists of a series of steam exploSions resulting
from blobs of superheated water r1 sing to the surface and flashing
into steam.
even t.

~e

..

ibe eruption of a columnar geyser is a much different
water is stored between eruptions in a fairly narrow

tube e%tending down a few to hundreds of meters.

Circulation is

essentially prevented by the small diameter of the tube.

The

water at some particular depth will eventually exceed the boiling
poin t for that depth, determined by the hydrostatic head, and a
steam bubble will form.

At first these bubbles collapse in the

cooler ,,!ater above, but later they lower the hydrostatic head
because of the large volume they occupy.

Lowering the head

accelerates steam formation and soon the whole tube cataclysmlcally empties itself out as a powerful, frequently spectacular
jet of steam and hot water, usually plqing for several minutes
and often to heights of several tens of meters.
Bunsen's (1847) temperature measurements (J'1g. 3) made down
the Great Geysir, Iceland, show clearly the heating and eruption
process in a columnar geyser.
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The temperature distr1.bution

progresses from Curve 4 in tbe figure to Curve 2 and it is easy
to visualize that Curve 2 would soon penetrate the boiling
point ourve at about the 10 m level.
nae geyser prooess is very' delioately balanoed and it bas
been found that the frequency of eruption of a geyser is an
extremely sensitive indioator of tbe rate of beat flow from the
geotbermal area in which the geyser resides.
The infiuenoe of barometrio pressure on geyser performanoe
manifests itself prominently and obviously at Old Fai thf11l.
(California) Geyser, Call stoga.

Hlgh barometrio pressure, whlob

oocurs In the winter, shortens the interval, and low barometrio
pressure ooourring in the summer, lengthens it, the usual range
being from 40 to 49 minutes (Fig. 4).
70 days seems reasonable.
~~rocess

nae response delay of about

now through porous media is a sluggish

and the prlmary' heat souroe for most geysers probably

lies at oonsiderable distanoe from the geyser reservoir.

Any

ohanges in heat ou tpu t at the souroe must be transmi tted by mass
transfer to the reservoir before it

~an

affeot the geyser.

Individual geysers respond differently to the various
oomponents of the tidal foroe.

In general, geothermal areas are

so meohanioally sluggish that the semi diurnal and diurnal oomponents
are-filtered out.

For example, the performanoe of Riverside

;ayser, Yellowstone, is obviously influenoed by the fortnightly
md semiannual tidal oomponen ts, an inorease in variation in
~raV1 ty

oausing the geyser to erupt more frequently (Fig. 5).

l'he high oorrelation between eruption interval and the variation
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in earth tidal forces during May and early June and again trom late
July through August occurs when the fortnightly components
associated with new moon and full moon is especially eVident.
During september and October it is obscured by the semiannual
component.

Buildup of tectonic stresses preceding two sizable

earthquakes, 4.2 and 4.0, occurring in late July, overrode the
tidal effects during late June and early July.
Even the 18.6 year tidal component, which accounts for only
a 10 percent variation in tidal force, can influence dramatically
the action of a geyser (Rinehart, 1972b) (Fig. 6).

The interval

between eruptions of Grand Geyser, Yellowstone, has varied from
8 to 40 hours, with two periods of dormancy
of observations.

over some 4 decades

Dlr1ng times of high tidal force, around

1930, 1955, and 1970, it erupted 2 to 3 times daily, only to
become almost dormant during the years 1943 and 1960 ldlen the
tidal force was the lowest.
As early as 1200 A.D., Icelandic chroniclers were aware that
earthquakes influence geyser activity (Einarsson, 1967).

Geo-

thermal areas, which are notably unstable, respond observably to
buildup and release of strain.

Over the 100 years during which

observations have been kept on Old Fa! thful Geyser, Yellowstone,
it has responded to every

ma~ or

l-ocal-ear-tnqu-ak-e-by-d-e-cre-a-s1ng----

its interval between eruptions before the quake and increasing
it afterward (Rinehart, 1972a) (Fig. 7).

The 7.1 Hebgen Lake,

Montana, earthquake of August 17,1959, provided a rare opportunity
to see what effects a large, nearby earthquake would

258

be.,,::",:,

(U.S.

Geol. surv., 1964; Marler, 1964).

In 1956, the interval between

eruptions began decreasing steadily and rapidly until the time
of the quake three years later (Fig. 8).
increase.

Then it started to

After taking several weeks to adjust itself, by the

summer of 1960 Old Fai thful' s interval reached 67 minutes, a much
higher period than the previous 64 minute average for 1950 to

1956 (Rinehart and Murphy, 1969).
More recently Old Fa.! th:ful has responded to a series of
smaller local earthquakes.

During the period from May 1972

through June 1973, its average interval between eruptions went
through a pronounced minimum.

The downward trend began in

August 1972, the monthly average decreasing from 66.4 to 63.2
minutes, and reaching the minimum in February 1973.
it was up to 67.5 minutes, a 11 ttle above normal.

By June,

A series of

earthquakes, 20 to 30 kIn from Old Fai th:ful and near Yellowstone
Lake, began with a magni tude 3.4 quake on 25 March.

All told

9 quakes of measurable magni tllde from 5.0 to 3.4 occurred during
the period from 25 to 31 March.
a 4.4 quake on 21 April.

The series was terminated by

!Ibis pattern of temporal change is

consistent with the results of recent studies (Soholz, Sykes and
Aggarwal, 1973) relating to changes in the physical characteristics
of sel-sm1c regions preceding earthquakes.
The data on geyser aotivi ty show olearly that mechanical
straining of a geothermal area, even when the strains are

on~

of

the order of 10-7 or 10- 8 , oan affeot signifioantly heat flow from
the area.

The rook mass through whioh the hot water flows is
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heavily fractured, perhaps as illustrated in Fig. 9.
o~

water

such

~low

~actors

l41ich is equivalent to heat now 1s governed by

as viscosity and temperature gradients.

parameter is the dimensions
is flowing.

The ra:te

External

causing the rate

o~

~orces

o~ ~low

An important

the channels through which it

can easily modify these (.Fig. 9)

to change.

There seems to be every reason to suspect that the porosi ty
o~

a volcanic regLon. into libich water is artif1cally introduced

would change similarly under natural stressing.

It 1s possible

that the changes ma;y be of immense practical importance and for
thi s reason it seems 'Worthwhile to continue to study the behaVior
patterns of stressed geothermal areas.
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Figure 1.
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Schematic model of a geyser basin
Adapted from White (1967)
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estimate of glo!'al volcanic production rate.

Prelimi!~ary

Kazuaki Nakamura
Earthquake Research Institute, University of Tokyo

Abstract
Volcanic energy released during an eruption is expressed
approximately as
mass

in gram.

energy.

1.5 x 1010M (erg), where M is the total erupted

Over 90% of the energy is occupied by the

Volcanoes on the Earth's

thermal

surface is classified into four

groups on the basis of global tectonics.

Production rates of con-

suming and accreting plate boundaries are estimated at
about
3
6
6
3
0.75 and 4~6 km /year or 1-2 x 10
and 7-10 x 10
m /year per 100
3
km of their length.
Production rates are estimated about ~l km /

3

intraco~ti

year and -.1 km /year for volcanoes of intraoceanic and

nental plates, respectively.
Sum of these four rates yields 6-8
3
This figure
km /year as a mean global rate of volcanic production.
to 1-3 x

corresponds

of conducted heat

10

26

erg/year,

only a few % of the global amount

flow.

Introduction
Estimates of the approximate discharge rate of global volcanic
products are possible thanks
of global tectonics

along with the progress

In this paper,
products.

Second,

to the recent renewal of understanding

first
I

I

.

obtained as

into four groups

Finally,

such as

according

the global amount

the sum of the four groups of volcanoes.

--l'-h-I"-G-H-g-h-t=-h-e-i-r-e-r-tl-p-t-i-o-n-s~-o-l-c-a-n-oe-s-l-flj

of forms,

eruptive

then estimate the discharge rates of

volcanic products of the four groups.
of the rate is

field geology.

briefly discuss how to express

classify volcanoes

to global tectonic setting,

in various

thermal energy,

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

e rat e en erg yin a va r i e t y

kinetic energy,

potential energy etc.

Their amounts have been estimated by several authors

including Yokoyama

1956, 57; Hedervari, 1963; Nakamura, 1965; Shimozuru, 1968; Sugimura,
1968.

According to these results, by far the large amount is
th
occupied by the thermal energy (E
) carried out by solid and gaseous
erutpive products.
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Thermal energy liberated by the solid eruptive material is
expressed by the following formula (Yokoyama, 1956):
(erg/g)
where

= (

T x

e

T is the temperature difference,

H is the latent heat of fusion and J
If we put 1000

0

e

e +

H) x J

is the thermal capacity,

is the equivalent work of heat.

for

T, 0.25 ca1/g.co for heat capacity and 50 ca1/g
10
for latent heat, then E
equals 1.2 x 10
(erg/g).
ths
Thermal energy transported by volcanic gas (E h ) amounts to about
10
t w
4.6 x 10
erg per gram of water, if we assume the gas is totally water,
the gas cools down to 20 0

e

under atmospheric pressure and if we take

0.5 ca1/g for heat capacity of water vapor above 100 o e.

In case the

gas content of magma is 5 wt% and all the gas was originally included
9
in the solid erupted material, then E
equals 2.2 x 10
erg/g of the
thw
solid erupted material.
Then, the thermal energy transported by solid and gaseous eruptive
produ~ts (E t h + E t h s + E t h w ) amounts to 1.4 x 10 10 erg/g of solid eruptive products.
There are some other forms of energy which is carried
out during volcanic eruptions, however, their contribution is generally
much smaller than the thermal energy.

In the following,

I will briefly

discuss kinetic and potential energies, which might attain to a magnitude comparable with the thermal energy.
Kinetic energy of explosion is expressed as 1/2V

2

(erg/g), where

V is the initial velocity of ejecta in cm.
In the extreme case, where
5
V attains more than 10
cm or 1 km/sec, then the kinetic energy becomes
10
0.5 x 10
erg/g or more, a comparable magnitude with the thermal energy.
But, because such a high velocity may rarely be attained, and also because the proportion of the material erupted with such a high velocity
may well be much smaller than the material erupted with lower velocity
,

(e.g.

lava flows and pyroclastic flows),

in an ordinary eruption, the

kinetic energy will remain at most one order of magnitude smaller than
the thermal energy.
---P-o-t-e-nt-i-a-1- en-e-rg y,-wh-i-c-h-ios--e-x-p-r-e-s-s-e d--a-s-g-h--pe-r-g-r-am-o-f-e-r-upt e (Lmaterial, where g is gravity and h is the vertical distance erupted
material travelled, also remains to be one order of magnitude smaller
than the thermal energy, when h is smaller than a,few tens of kilometers.
When h is 1ar
amounts to
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r than a few tens of kilometers, then potential energy
rO
10
erg/g, the same order of magnitude with the thermal

----

l'ner!',y.

But the room \olhich was occupied by the erupted magma should

somehow be filled either by the overall downward movement of the material or elastic and/or anelastic deformation involving larger domain
around the volcano.

Therefore,

the potential energy liberated by the

eruption will nearly be zero, when we take sufficiently wide area
around the volcano into consideration.
To sum up,

the

larger part of the total energy released by volcanic

eruptions is occupied by the thermal energy (Eth),
amount of the whole energy (E)
eruptive products M (g),

as

and an approximate

is expressed as the function of the solid
E 7 1.S x lifO. M (erg).

Thus,

from the

volume and density of solid eruptive products, we can estimate the approximate amound of the total energy released by volcanic eruption.
the present discussion, heat
is not considered.

In

loss by the conduction in the underground

This energy forms

a part of heat transfer in vol-

canic areas and may possibly amount to considerable value as discussed
by Horai and Uyeda (1969).

As a step to estimate global amount of volcanic discharge rate,
volcanoes may be classified into two categories according to their
global tectonic setting

(Table 1).

One is the volcanoes occuring at

or near the plate boundaries and is more or less directly related to
the production or subduction of plates.

Those associated with the sub-

duction of plates are island arc-mountain chain volcanoes and are mostly
polygenetic volcanoes

(stratovolcanoes).

Those associated with the

accretion of plates may be called here "oceanic ridge axis volcanoes"
which are located directly on the accreting plate boundaries and are
characterized by monogenetic fissure volcanoes.
The other category of volcanoes are intraplate volcanoes which do
not contribute the formation of plates but drift with them.

Intraplate

volcanoes may be further classified into volcanoes within oceanic and
continental plates.

Intraoceanic plate volcanoes

include guyots,

sea-

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

---mounFSand volcanicis~nds and appear to be mostly basaltic polygenetic volcanoes.

Intracontinental plate volcanoes

and monogenetic volcano groups.

include flood basalts

Thus, volcaroes are classified into

four groups.
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Japanese volcanoes are taken as examples of volcanoes along
consuming boundaries of plates.
andesitic stratovolcanoes,

Most of Japanese volcanoes are

some of them having calderas in their

summit areas.
Discharge rate of solid volcanic products was studied about IzuOshima volcano (Nakamura,
(Nakamura,

1967)

1964), Kaimondake volcano in south Kyushu

and Sakurajima volcano (Fukuyama,

1973), by means of

detailed tephrostratigraphy combined with mapping of various kinds of
volcanic products and
for

with dating of some of them.

Production rates

these three volcanoes were revealed to be almost constant for a

certain studied period and/or for their life time.

Moreover, the rates

are nearly the same in the order of magnitude among the three, as
described below.
Twelve larger eruptions took place at insular volcano Izu-Oshima
during these 1400 years.

From the volume estimate of volcanic pro-

ducts of twelve individual eruptions, production rate was calculated
to be 2.8 x 10

6

3

m /year for these 1400 years.

On the other hand, vol3
ume of Izu-Oshima volcano above sea level is estimated at about 45 km
on the basis of volumetric ratio of recent products between those
deposited within and outside of the island.

Since the age of the old-

est products of Izu-Oshima volcano is a few tens of thousand years
(Isshiki et a1., 1965; Nakamura, 1964), the overall mean production rate
3
is a few km
per 1000 years, which coincides well with the recent rate
obtained by detailed stratigraphic study.
Kaimondake volcano were active for three thousand years between
about 4,000 B.P.

to 1,000 B.P.
Sum of the dispersed scoria falls and
3
volcanic cone is about 5 km
in volume, indicating the mean production
3
rate to be some 1.7 km
per 1000 years.
In the case of Sakurajima volcano, a constant rate of ash and
3
pumice production was obtained as 0.35 km /1000 years for the life
_____time~__l~,000-13,000 years.

If a constant rate is assumed for the
-----------------3-production of volcanic cone forming material (som 35 km ), then a
3
mean rate, 3 km /1000 years is calculated for the entire solid volcanic products during these 15,000-13,000 years.
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The result described above implies that stratovolcanoes have a
constant production rate over a considerable length of their life
time and that

the approximate rate may be obtained by the volume of

the volcanic cones and by the age data (Nakamura, Aramaki and Isshiki,
1965 partly quoted in Nakamura,
sufficient,

1969).

Available data,

though in-

are collected in Table II.

From Table II,

it may tentatively be concluded that the life

time and production rate of Japanese stratovolcano are distributed
4-5
in a range with certain central values which are 10
years and the
3 6 3
22
.
order of km /1000 year (=10
m /year), or 10
erg/year In terms of
the energy.
In order to estimate the production rate of volcanoes of whole
consuming plate boundaries,

the above figure of an average strato-

volcano in Japan may be available.
Catalogue of Active Volcanoes

Number of volcanoes

(Kuno,

1962)

is 77.

listed in the

The length of is-

land arc system along which these volcanoes are distributed is about
5100 km.

If it is assumed that the above "average stratovolcano"

applies to the 77 volcanoes,
length of island arcs is

then the production rate per 1000 km
6
3
6 3
(77/51) x 10
m /year = 1.5xlO m /year'lOO km.

Since the island arcs are mostly submarine along Ryukyu and IzuMariana segments,

the mean production rate obtained above, might con-

siderably be undestimated.

When the same calculation is made with

the volcanoes on the larger island, Hokkaido, Honshu and Kyushu,

then

the number becomes

6 3

(45/17) x 10 m /year -

6 3

2.7 x 10 m /year·lOO km.

In this way,

annual rate of volcanic product per 100 km of
3
Japanese island arcs is estimated at about a few million m .
This
figure
times

is a few times smaller than the Quaternary average but several
larger than the recent 50 years average of the four Japanese

islands,

obtained by Sugimura et.

in fair agreement,

as

a1.

(1963).

This figure is also

a mean rate per length of the whole consuming
- - - - - - - - - - - - - - - - - - -----

___b_o_uILcLa r-Le S-,--\v-i-t-h-E-h-e--e-l-a-s-s+c-and--g-e-n-ef'-~n-rya c c ept ed-----e8 t ima t e by Sap per
3
(1927).
According to the data collected by him, 0.75 km would,be the
annual mean volume of the volcanic products
chain volcanoes during 1500-1914.

from island arc-mountain
3
When 0.75 km
is divided by a few

million cubic meters, which is the Japanese average,

then as the
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global length of

island arcs and mountain chains,

a few tens of

thousand km is obtained which is a little shorter but not far
the actual length.
be somewhat

Therefore,

from

3

a few million m /year 100 km might

larger than but could roughly be regarded as

the mean

volcanic production rate per length along whole consuming plate
boundaries.

Estimate of production rate of volcanoes on the accreting plate
boundaries

is possible by the data from Iceland and by plate tectonic

consideration.
According to the tephrochronological study by Thorarinsson (1967),
6 3
annual production rate from Iceland is 36 x 10 m /year both during
these 11,000

(post glacial)

and 1,100 (historic) years.

Since the

length of Iceland along the mid-Atlantic ridge is about 400km,

this

production rate corresponds to the thickness of 4.5 km of volcanic
products,
4.5 km,

taking 2 cm as the annual rate of accretion.

The thickness

is not inconsistent with the results of explosion seismology

in Iceland

(Palamason,

of the second layer

1967), according to which the depth to the base

(V -5.0 km/sec)

ranges

2.5 and 5 km.

p

If the Icelandic production rate per length,
is multiplied by six hundred,

6 3

9 x 10 m /year·lOO km,

so as to extend it to the whole accreting

plate boundaries,

then the annual production rate of volcanoes on the
3
whole accreting boundaries is calculated as 5.4 km /year.
This figure,
3
5.4 krn /year, appears not to differ much from the actual one.
The
production rate in Iceland,
than th{\

on the one hand, may bea few times

larger

normal oceanic ridge considering that Iceland makes a topo-

graphic high due to the production rate higher than the surrounding
ridges.

On the other hand,

the double spreading rate in Iceland,

is some one half of the global average

(Deffreyes,

1970).

2 cm,

Consequently,

these two factors may be cancelled out.
The bulk

annual---2..Lod~ion rat~__ Q.L~~lcano,:~_

boundaries may be estimated from different lines.
increase by sea floor
(Deffreyes,

----

Annual rate of areal
2

spreading is estimated at about 2.65 km /year

1970).

in an average.

Thickness of the oceanic second layer is 1.5 km
3
When these two figures are multiplied, then 3.9 km /

year is obtained as
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on the accreting

the annual mean production rate.

Henard (1967)

3

computed annual production rate of 5 to 6 km /

year, using an observation that the thickness of the second layer
was dependent on the spreading rate.
Thus,

4~6

at the present stage of our knowledge,

km

3

would

give a probable figure for the annual mean of the global production
rate of the ridge axis volcanoes.

This in turn gives

7~10

x 106 m3/

year 100·km as the mean rate per length for the oceanic ridges.

Intraplate volcanoes
Production rate of volcanoes of intracontinental plates was esSapper's data included
timated by Sapper (1927) and Verhoogen (1946).
3
some 15 km
of continental volcanic products for about 400 years or
3
Verhoogen estimated that there were 30 flood basalts
0.04 km /year.
with average volume of 10

6

km

3

.

s~nce

the beginning of the Cambrian.

This estimate gives annual mean rate of volcanic production, 0.05
3
km /year.
The number of flood basalts may not differ much from the
present knowledge, but the average volume would be at least one order
of magnitude larger than the known flood basalts
Kuno,

(e.g. Holmes,

1965;

1969).

This smaller estimate of flood basalts production rate,
3
however, does not exclude a higher rate as much as 0.1 km /year (Baksi
and Watkins,

1973)

for individual flood basalts to erupt.

Since these

two estimates are complementary nature, production rate of volcanoes
3
of intra-continental plates may be estimated at 0.1 km /year, at most.
As to the volcanoes of intraoceanic plates,
is only indirectly estimated.

the production rate

According to Menard (1964),

there are

about 10,000 seamounts with more than 1 km in relative height in the
Pacific Ocean.

Assuming the same numbers of seamounts in the Atlantic,

Indian,

and Arctic Oceans then the total volume of seamounts would be
6 3 6
some 6 x 10
km.
Since they were formed in less than 150 x 10 years,
the lower limit of the production rate of seamounts is given as 0.04
km 3/ year.

Menard

(1969)

estimated the production rate

___ -t h-e- w-e-s-t~e-FH-f-l-an-k-o-f-t-h-e----J-u-an-a-e-F u car iCl g e .
3
6

km /

10

years for

extrapolated for

He

0

0

f

seamount on

b t a i ned abo u t I 0 4~-------

the 470 km length of the ridge.

the entire ridge,

If this rate is
3
then a figure 1.2 km /year is ob-

tained for the production rate of intraoceanic plate volcanoes which
are formed near the ridge axis.

However,

this figure may be overesti-
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mated by up

to ten times because in this

is a hot spot of Cobb seamount.
intraoceanic plate volcanoes,
3
the order of 001 km /yearo

segment of the ridge,

there

Plausible estimate for this kind of

formed near the ridge axis,

then may be

3
Production rate at Hawaii is about 0.1 km /year for these 20
years

(Swanson,

1972)

and for these several million years

There are more than several "hot spots"
1973),

(Vogt,

in the oceanic plates

1972).

(Wilson,

and the Hawaiian hot spot may be among the most productive ones

considering its topographic expression.

It is therefore inferred that

the production rate from hot spots in the oceanic plates may be of
3
3
the order of 001 km /year, approaching 1 km /yearo

Global Production rate
Results of the estimate of the foregoing sections are summarized
in Table I.

There would be not a small amount of uncertainty.
However,
3
the total figure of 6~8 km /year may be accepted as an approximate
evaluation at the present stage.
This figure is translated into 1~3
26
x 10
erg/year depending on the assumed density of volcanic products,
based on the mass-energy relation derived in the first section.

Discussion
When the production rates along consuming and accreting plate
boundaries are compared,

the mean annual rate of oceanic ridge is about

one order .of magnitude larger than that of the consuming boundaries
both in the total amount and in the rate per length of the boundaries.
This

is quite a natural conclusion,

at least qualitalively,

since the

consuming boundaries should be cooler due to the subduction of cool
plates.
Terrestrial heat flow values,

on the other hand,

at least to be the same in the order of magnitude,
i~s,

as available data indicate.

If this

is true,

appears similar,

in the both boundarthen an interesting

-----c-o-n-c-l-u-s-i.-o-n-i-s-t-h-a-c-ex-t-r-u-s-i-v-e-/-i-n-t-r u-s-iv-e-r-at+o--i-s-I-a-r-g-e-r-i-n-t=-h e-o-e-e-an-i-e----ridge axis region than in the island arc-mountain chain system.

This

conclusion appears plausible because the former regions are supposed
to be easier than the island arc-mountain chain systems
to ascend and extrude by the following two reasons.
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for magmas

One is

the difference

in the thickness of the lithosphere through which magmas have to
travel upward,
state,

and the other is

that is,

the difference in tectonic stress

the stress state is compressional near the leading

edge of the overriding plates, while it is tensional at the accreting
boundaries.
Problem remains, however, whether or not all the heat discharge
from intrusive bodies is known including not only conducted heat flow
near the volcanoes but also the heat discharge by hydrothermal systems,
which results

from the cooling of intrusive mass in the crust

(Horai

and Uyeda 1969).
The figure

1~3

x 10

26

erg/year obtained from the sum of the

volcanic production rates of four different tectonic regions
is only a few % of the conducted heat flow of 1 x 10
the whole Earth's surface (Lee and Uyeda,

1965).
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(Table I)

erg/year over

But it may be pre-

mature to conclude that the importance of magmatism is small as an
energy carrier on a global scale, because the contribution of heat
transfer by intrusive magma has not been properly included either in
the conducted heat flow or energy transfer by volcanism discussed in
the present paper.
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Table 1.

Classification of Volcanoes

examples

along consuming
boundaries

island arc
volcanoes

volcanoes of

annual production rate of
volcanic mater in km 3

ca.

0.75

(slightly less than a few 106m3/l00km)

plate margins
on the accreting

I

boundaries

"oceanic ridgeaxis" volcanoes

4~6

(7~10

x 10

6

3
m /1OO km)

I

..

I

intra-oceanic plates
intraplate
volcanoes

volcanic islands
seamounts
guyots

~l

(drift with plates)

I
intra-continental
plates
I

~O.l

flood bC'salts

6~8

Total
(l~3

I

x 10

26

erg/year)

_-

Table II. Production rate of stratovolcanoes in Japan

Name 0 f
Volcanoes

Izu-Oshima

l

.

Ka~mon-dake

..

Sa k uraJ~ma

45
1

1

· h'~r~.3
R ~s

Akan

3

Shikotsu
Asama

3

2

.. 3

F UJ~

----;~.kone 3
Unzen
As 0

3

(c. c)

Life time
3
(10
year)

Volume
3
(km )

3

. . h'~ma 2

K~r~s

Average

Production rate
6 3
(km /1000 year = 10 m /year)

3

~

2.3

1.5 (2.8)

5

1.7

40

3.0

40

< 2.4

75

< 2.4

140

< 4.2

60

2.0

400

5.0

200

0.5

80

<3.3

45

>

50

.:::.' 2.9

n, x 10

1~2

(n

3

1. 8

x 10

22

erg/year)

1 see text.
2 Nakamura, Aramaki, Isshiki, 1965.
3 Moriya, I. personal communication.
n
an intergral number smaller than 10.
l

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

-~--

---------

------------------
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FUl'lll1l

(lto

Excuse me, do you mean that the volcano is on the seaward side of the trench?

Nakamura
Yes,

Ward
Something along the lines of the same thing you are saying could be seen in Central America.
StraubeI' and Carr have been drawing attention for several years now to features transverse to the
volcanic axes, particularly in regions where the volcanic axes are offset,
and faults perpendicular,

They see cinder cones

In Nicaragua, the Managua earthquake occurred at the offset volcanic

axes along a fault which was perpendicular to the axes and turned out to be along the azimuth or in
the direction of the subduction of the plates,

The fissures observed on the nearby volcanoes are

also in the same direction so that the same kind of information is seen in other areas even where
there aren't so many cinder cones from lateral or flank eruptions.

Unidentified
How would you explain the curvature in the complex radiating dikes, as for example here in
Hawaii in the southern part of the island, from this proposal? Would you suggest that there is a
substantial curvature of the stress field?

Nakamura
(Draws blackboard sketch, answer is. unintelligible due to poor recording)

Furumoto
In Hawaii we have not had a big e:.lrthquake recently, but we had one in 1868.

Prior to it

something unusual happened,

Both Kilanea and Mauna Loa were very active and then we had an

earthquake of 7,4 magnitude.

So there is a third example,

Kienle
There may be another example yet.

The latest eruptions at Augustine were in the fall of

1963 and the spring of 1964, and the Great Alaskan Earthquake occurred in March 1964.

Decker
I'd like to congratulate the speaker for making such a nice, clean-cut distinction between the
tectonics of rift volcanoes like Iceland and the volcanoes in the island arc regions.
piece of evidence is that there is no folding in Iceland.
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One additional

Thermal properties of basaltic magma:
results and practical experience from study of Hawaiian lava lakes
Summary
by Dallas L. Peck

u.s.

Geological Survey, Washington, D.C. 20244

Intensive study of recent Hawaiian lava lakes has provided information
on the properties of basaltic lava, on the cooling processes of ponded flows,
and on techniques of drilling and inserting probes into molten lava.

The

results of these studies are applicable to an understanding of basaltic
magma reservoirs, and may be helpful in the eventual exploration of such
reservoirs for geothermal energy.
The lava lakes that have been studied in detail were formed by eruptions
of tholeiitic basalt on the east rift zone of Kilauea Volcano, which left a
lava lake 111 m deep in Kilauea Iki Crater in 1959, a lake 15 m deep in Alae
Crater in 1963, and a lake 83 m deep in Makaopuhi Crater in 1965.

Cooling

basaltic lava in each of these lakes, as well as basalt of the prehistoric
Makaopuhi lava lake, has been the subject since 1960 of investigation by
teams of scientists from the U. S. Geological'Survey's Hawaiian Volcano
Observatory.

The studies include core drilling through the crust into

melt; sampling of gas and melt using open drill holes; measurements of
temperature, oxygen fugacity, and lava viscosity in the drill holes; petrographic and chemical analysis of the drill core, as well as measurements of
thermal conductivity and magnetic properties; repeated surveys of the
altitude of the surfaces of the lakes; and investigation of the formation

287

of various surface features including joint cracks.
these studies are listed in the appendix.

Published reports of

Field studies of the lakes were

curtailed by eruptions starting in February 1969

that buried the lakes

in Alae and Makaopuhi Craters with new lava, but plans are underway to
redrill the lake in Kilauea Iki Crater in the near future.

The Kilauea

Iki and Makaopuhi lava lakes are still partly molten, having crusts
estimated to be 38 and 26 m thick respectively, but lava in the shallow
Alae lake solidified and cooled to less than 90°C by August 1967.
The Kilauean lava lakes were formed by ponding of lava initially at
l160°C to l200°C--temperatures only a few degrees below liquidus temperatures.

The temperature of first appearance of different mineral phases

varies slightly from one lake to the other, but is approximately as
I

follows: olivine,

~1200°C

(the exact temperature depends on MgO content

of the lava) i augite, l185°Ci plagioclase, l160°Ci ilmenite, l070°Ci
pigeonite (if present) l050°Ci magnetite, l030°Ci and apatite, lOlO°C.
Solidification of each lake proceeded by a slow increase in thickness
of the upper and lower crusts with time.

In each lake the upper crust

grades downward into melt through a thick transient zone of crystallization
in which temperatures and melt content increase smoothly downward.

The

base of the crust is defined as the horizon where yield strength abruptly
decreases.

The temperature of the interface is l070 o +5°C, and the lava

consists of approximately equal amounts of melt and crystals.

This

temperature also represents the softening temperature of the basalt, above
which a probe can be pushed into the lava by hand.

The lava is completely

crystallized except for a sparse silicic residuum at 980°C+10°C.

At lower

temperatures the lava remains unchanged except for deuteric alteration,

288

including deposition of cristobalite, anhydrite, and sulfur, and oxidation
of iron-bearing oxides and silicates, and the progressive opening of joint
cracks due to thermal contraction of the cooling basalt.
Segregation veins of differentiated lava rich in iron, titanium,
alkalies,

sil~ca,

phosphorus, and fluorine are sometimes formed near the

base of the crust by filter pressing and injection of interstitial liquid
at 1040°C-l070oc from the partly crystalline mush into gash fractures and
sheet joints.

Other differentiation processes that take place at higher

temperatures are caused by crystal settling and differential movement of
crystals and melt during flowage; alkali diffusion in the lakes has not
been demonstrated.
Thickness of the upper crust and the depth of isotherms in the crust
and melt increase· linearly with the square root of time during early stages
of the solidification of the lake; the thickness of upper crust in meters
is approximately .00132

It

formation of the lake.

During later cooling, the depths of isotherms

-.18, where t equals time in seconds since

increase more rapidly with respect to the square root of time because of
rainfall and a decrease in temperature of the molten center of each lake.
The migration of isotherms in the thin Alae lava lake was determined not
only by temperature measurements in drill holes but also by repeated surveys
of the altitudes of stations on the lake surface.

Stations over the molten
-----------

----~errs-o~meTf'Wei'e-up1irtea-I)ec-ause-or-vesicufation-during
crystallization

of the underlying melt; stations over the solidified margin subsided due to
thermal contraction during continued cooling of the underlying basalt.
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A preliminary comparison has been made between measured temperatures
in Alae lava lake and temperatures calculated by J. C. Jaeger (written
communication, June 29, 1967) using heat-conduction theory and the observed
initial (1140°C), solidus (980°C), and surface (40°C) temperatures (fig. 1).
For the comparison, values of thermal diffusivity were calculated from the
measured density of drill core, heat capacity calculated from the modes,
and thermal conductivities measured by E. C. Robertson (written communication,
January 23, 1974) on samples from Alae lava lake and other Hawaiian lava flows.
The measured conductivities increase smoothly with decreasing vesicularity
and, to a lesser extent, with increasing olivine, and range from 0.2xlO
cal/ern sec deg C for air-saturated scoria to 5.8xlO

-3

-3

cal/cm sec deg C for

dense, water-saturated, olivine-rich basalt.
Comparison of measured and calculated maximum temperatures and contact
temperatures at the base of the Alae lava lake indicate that a latent heat
of 100 cal/grn is appropriate for the lava, a value in agreement with the
latent heat of 80 to 110 cal/grn estimated by R. A. Robie (written communication,
July 27, 1965) from the mode.

Calculations using this value indicate the

rate of solidification during the first month (a time of little rainfall)
2
was appropriate for lava of diffusivity slightly greater than .005 ern /sec.,
25 percent greater than that calculated.

The difference probably reflects

convective heat loss by volcanic gases and an increase in diffusivity (and
----'condl:lc~i-v_i-1o_y-)-w4-1~1l-'&empe~a-tu]';e~----

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

During later stages of cooling of the lake, the observed and calculated
rates of solidification became increasingly divergent.
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The observed

solidification time of 10 months, for example, contrasts with a calculated
time of 14 months based on the initial rate of solidification.

The

difference can be attributed largely to the cooling effect of heavy rainfall (200-250 cm/yr) on the lake surface.

During rainy periods the lake

surface is underlain at shallow depth by a perched, circulating watersteam table.

As a result, the 100°C isotherm is greatly depressed, the

effective thickness of 100°C-1000°C crust sharply reduced, and the heat
flow from the hot interior of the lake increased.

Final cooling of the

solidified lava lake, even at the lake center, was at a rate much greater
than calculated, mostly because of the combined effects of heavy rainfall
and cooling at the margin of the lake.
Makaopuh~

and Kilauea Iki lava lakes cooled initially at rates similar

to that of the thin Alae lava lake.

During later cooling, however, they

cooled at increasingly higher rates with respect to the square root of
time, as indicated by the thickness of the crusts (fig. 1).

The increased

rate may result wholly from the continued cooling effect of the heavy
rainfall (approximately 250 cm/yr) on the surface of each lake.

Several

lines of evidence from Makaopuhi lava lake ( T. L. Wright, oral communication,
May 1973), however, suggest that the increased rate of cooling may in part
reflect convective circulation in the molten cores of the two lava lakes.
More than 40 holes have been core drilled in the crusts of the three
___lakes ,-some--to-depths-as--grea-t:-as-30- m-;-----Mo-st-of-tne -noTes-were--driTlecf- -------- .-with tungsten carbide bits in a mast-mounted portable 2.85-cm-diameter core
drill, powered by a 9-horsepower gasoline engine and cooled by water pumped
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through the dr-ill by a 3-1/4-hp engine.

A few of the later, deeper holes

were drilled with a one-half ton, trailer-mounted, water-cooled drill rig
using 7.6-cm-diameter core drill.

Water consumption ranged from about

100 liters/meter of drilling for the small drill rig to about 1000 liters/
meter for the larger drill rig.

Many of the holes were drilled to the base

of the crust, at which horizon the drill falls under its own weight.

A

prolonged blast of superheated steam vaporized from coolant water pumped
to the vicinity of the base of the crust usually occurred when the drill
stem was withdrawn after penetrating melt.

After quenched melt at the

bottom of each hole warmed to 1070°C, a ceramic or steel probe could be
pushed into the melt; several have been emplaced to depths of more than
3 m below the crust.

Drilling and the emplacement and withdrawal

of probes to and from the lower part of the crust were sometimes hampered
,

by molten segregation veins and by melt that oozed into the drill holes
from the enclosing, partly crystallized lava.

Other problems included

breakdown of the water pump, bending and binding of hot drill stem, and
corrosion of thermocouples and other metal equipment.

- - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - -
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Figure 1. Observed and calculated thickness of the crusts of Alae, riakaopuhi, and
Kilauea Iki lava lakes. Theoretical curves calculated using heat conduction theory
and the following assumptions: initial temperature, l140°C; interval of solidification
l140 o C-980°C; surface temperature, 40°C; latent heat, ~, 100 caljgm; diffusivity, K,
.007 cm 2 /sec; depth of Alae-45 feet, Makaopuhi-270 feet, Kilauea Iki-365 feet.
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Discussion of Pcck Paper

Decker
I know it would differ, but let's say if the solidus were 30 feet thick, how thick would your
transition zone be?

Peck
In Makaopuki, where the thickness of the crust was six meters after one year, the transition
zone from 1000 to 1l00°C was two meters.
fifth,

It's an appreciable thickness, though,

chambers.

About a third,

I think an average would be about a

One would expect to find this on the margins of magma

You might find segregation veins in it, too,

Decker
I aSked that question because when you talk to students about a lava lake and a crust, they
immediately think about it as a two-layer situation,

That's probably not a good analogy,

The

transition zone makes it very different from ice on a lake,

Peck
Right.

There is another thing perhaps I didn't emphasize strongly enough,

veral points that I think are analogous to magma chambers.

There are se-

One is this transition zone, Another

is that you are probably going to perturb the cooling rate of the magma chamber because of ground
water,

This may be a pretty serious factor that needs to be taken into account in the analysis,

Stewart
Do you have any observations on the thermal cracking, the crack widths, and how many there
are?

Peck
I did quite an extensive study with Professor Minakami on the formation of joint cracks in the
lakes,

What I did was to map out a square along a line on Makaopuki and mapped the cracks.

could brush across the material on the surface and actually map them,
tell by the sublimates forming along them.

Stewart
Did they go all the way through the solid part?
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You

The new ones you could

Nu, no,

They went down to different depths.

only a minute old.
polygons,

The initial cracking starts when the crust is

If that crust isn't destroyed, those cracks are still there.

They outline big

As time goes on, those cracks propagate downward and new cracks form that subdivide

the polygons.

These cracks do not get down into the transition zone; you don't ever find ooze in

them, so they are never below the 1000°C line.

But they must get down to about 900°C.

One

interesting thing--we found that in Alae, after the lake had solidified, the maximum cooling stress
is near the center of the lake and some of those cracks initiated at the center and propagated up to
the surface.

They formed little en echelon cracks at the surface and outlined great big polygons

that cut across pre-existing ones.

When you are releasing stress from the surface, the rate of

crack formation should be a bit dependent upon the chilling effect from rainfall.
the rainfall effect is evened out with the cooling deeper in the lava.

Later on, I think,

Then I don't think the rate of

crack formation would depend upon the rainfall except in a very broad, general manner.

Stewart
What I was wondering is if, from your deviation of fluid curves before and after the raining
event, you could determine how much of the solidified rock has access to water cooling?

Is there

any kind of quantitative analysis you could perform?

Peck
I think it could be done.

Shaw could calculate something along that line.

Brandvold
Are all the calculations one-dimensional?

Peck
Yes.

Now we would like to model this process and look at the edge effects.

I think the edge

effects are much greater than you would calculate from the modeling if you ignored this migration.
You can look at cooling rate as a function of time.

What about the temperature?

Do you know anything about the temperature dependence of

thermal conductivity?

Peck
Judging from the initial cooling where the calculated diffusivity is 0.004 and the diffusivity
determined from the cooling rate is 0.005, one reason for that difference may be increased conductivity with temperature.

This was reported by Kuadis r s measurements on samples from Alae,

on three out of four samples.
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Geothermal Fields and Self-Sealing Cap Rock
by
George Kennedy
University of California at Los Angeles

(Written paper not submitted)
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Discussion of Kennedy Paper

Unidentified
You mentioned the size of the Sonoma field as being enormous.

Roughly what is the total

scale '?

Kennedy
It's 4-5-6-7 miles, something like that.

Unidentified
Yes, but a lot of the 'step-out' boundaries still are undeterminate.

Kennedy
Sure, it's at least that big, which is big.

Unidentified
Have you seen evidence of this alteration of materials from the Sonoma field?

Kennedy
You bet, cuttings.

Unidentified
Which alteration was it?

Kennedy
Just like the ones you said you had here, calcite.

Ramey
That's part of the paradox, George.
--~-- --seal--fraciurecl

I've never seen a sample from the Geysers, that aren't

all-over-,-whethe-r> -its-silica. or_calcite .

_

There is one other interesting factor in this case.
the Geysers area is a beautiful story of the geology.

In a 1929 publication by Allen and Day on

Many people have cited measurement of hot

springs runoff that were made during that time as a part of the geothermal reservoir picture.
They did one other thing that hasn't been quoted much, they described the drilling of the steam
reservoir as an entirely different phenomena from the hot springs runoff.

The early wells that

were drilled in 1922-25 encountered geopressures rather than the low pressure we see in deeper
reservoirs.
gradient.
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It was 250-270 psi at 400 feet of depth.

This is much higher than a hydrostatic

Allen and Day believed in the magmatic origin school of argument at that time.

So they

tried to use this fact to bear out their position.

They made the statement that really makes a

great deal of sense in another context and that was, how can the surface water get down if the
steam can't get out?

I think there was a good point there.

It obviously was not magmatic water.

These were shallow zones that quite obviously were separate from the ground water table which is
pretty well known in that area.

I know two cases where there appeared to be little pods of steam,

where wells were drilled in the Sulphur Banks area and totally depleted in about 4 or 5 years time.
There appears to be very little doubt that these are essentially sealed pockets of steam in the
Geysers area.

Only how it got that way, I'm not sure.

I might differ a little in detail, but it's

obvious that there is some sealing and some separation.
One other thing that is kind of interesting, we were at a meeting in Italy in November and
heard a beautiful paper by Dr. Catholdi on the exploration program that led to finding of the well
(unintelligible) Plain 2.

There is no surface evidence of heat whatever.

was about 60 atmospheres.

The pressure on the well

It would make something like 750,000 pounds of steam per hour.

the biggest geothermal well I've seen.

It's

No surface expression whatever.

Kennedy
That's evidence of tight sealing.

Ramey
In the description of the geophysical work, they had done everything possible.

They had

geothermal gradient, resistivity, etc., and the results superimposed they picked the spot and got a
beautiful well.

It was one of the nicest exposition of that kind of exploration work that's being done

that I've heard.

Unidentified
You only hear ab out the successful wells.

You get all of your favorable indications lying on

top of one another and then that means you sure will have a successful well - no way.

(Unintelligible Comments)

Ramey
_0-

--------

- - - -----

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

I think there are systems that aren't sealed.
are; they've got to be.

--

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

It's pretty obvious that parts of the Geysers

500 pounds per square inch at 10,000 feet of depth is a tremendous pres-

sure.

Kennedy
And you've got a pressure gradient of several thousand pounds horizontally.
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Ramey

You can argue, of course, that you can have a two thousand pound gradient across a rock with
10-

7

microkilodarcies or something but the fluid has got to come from somewhere.

There's no

way you can explain that kind of total pressure drop in any system I've seen before.
I would like to emphasize what George has said.

I think particularly those of us in this

geothermal business attempting to develop natural geothermal fluids had better be darned careful
that we don't convince people that if we put all of the geophysics together, that guarantees a well.
I'm afraid that many geothermal programs are going to be dropped when the dry holes start coming
in.

We've been spoiled because we've had good success drilling the "oil seeps." I sense this when

I talk to people in the funding agencies.

They really think that if you do all of this geophysical work

you're guaranteeing a well.

Unidentified
There are investors who will have enough money for one well and be convinced that they will
get X return on their investment.

Ramey
They've been using these techniques in the oil and gas business for years and the commercial
success ratio is still about 40 to 1 .

Unidentified
In a situation where you have a homogeneous sand and you have this cap formed, about how
thick would you estimate the cap would be?

Kennedy
I simply do not know.

It's several hundred feet at least at the Geysers.

Unidentified
This is more of a fractured material that has sealed.
- - - ~ - - ~-

-

~--

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

--

----_._~--------_.

---

-

-~---_._-------

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

----~-

- -

~-----~

Kennedy
Well there are arkoses that are sealed there.
totally independent of the surface geology.
heat flow cuts across rock types.

The distribution of the steam fields there are

It is independent of the surface geology simply because

Permeability depends on surface geology.

But the presence of

locked in steam simply cuts across the geological units and you can't make a surface map and say
this spot is good and that's bad.
dome.
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It's whether you are or are not inside this magic self-formed

Hamey

There are one or two places where the thickness is probably known with great accuracy.
The question was asked earlier about the shape of the. top of the dome.

You can contour the top of

of the first indication of steam and get the impression of the shallow end.

It makes no sense

because everything is standing on end, of course.

Kennedy
There are enough drill holes on the south-east flank.

Ramey
There is a feeling now that maybe some of those dry holes may be due to permeability problems.

On one of the old cable-tool drilled wells, one of the most horrible logs I've ever read in

my life, on three different occasions they measured the ground water table in that area at something like 200 feet above the elevation of Clear Lake. the closest large body of water.

In every

event they found the same elevation, but within a very short interval went into the first show of
steam.

(Unintelligible) I used to have a great deal of reluctance to accept the idea of these things

being sealed at all.

But this history of geopressure in shallow zones, they had apparently low

pressures in deep zones, is an intriguing paradox.

We already know we've hit geopressures in

reservoirs at depths that you can only explain as a sealed unit.

They won't all be that way but it

very definitely looks this way at the Geysers.

Unidentified
Do you understand how the water gets into those reservoirs?

Ramey
I think it was a ground water system - - -

Kennedy
All we know is that the condensate shows that it is more than 50 years old.
recent surface water.

So, it's not

Its been coming in at an extremely slow rate.

Unidentified
The H-T is local precipitation H-T.

It's not Pleistoce,ne H-T, it's marine air, it's not snow

melt water.

Unidentified
How do you picture this thing sealing off at great depth down there? Is it sealing off a
permeable rock?
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Kennedy
That's certainly one of the possibilities.

Furthermore, the hump on the solubility curve

continues clear to a thousand degrees centigrade.

Simply because solubility is proportional to

density, the specific volume of your fluid, whether it's steam or water.

When you get to higher

pressures, even though you are in the gas phase, the solubility still has a break and your steam is
dense enough and you can still expand it and plug at 800 0 C.

There is no reason why it shouldn't

just go down on the flanks to the depth of ground water whenever the rocks are sufficiently porous
to carry water.

Ramey
The reservoir rock is impermeable.
permeability.

It is transition greywacke, it has no known porosity or

Everybody believes it's fracture porosity.

Along that line I've found it fascinating

that all of the pressure-time data (unintelligible) - - - The impression you get from pressure-time
data is some sort of a perfectly uniform, homogeneous matrix of unbelievable porosity thickness.

Unidentified
What sort of apparent permeabilities?

Ramey
The K is on the order of 50,000 millidarcyfeet.
bers are way up too.

The trouble is the porosity thickness num-

Like in excess of a thousand or three or four thousand feet.

So you are

talking about a conventional reservoir thicknesses for artesian flow will be maybe a hundred
thousand feet or so.

The best I can tell the permeability may be 50 millidarcy range perhaps.

But the thing that baffles me is that here's a steam that I know is dominated by fractures,
I can see them in short time data, I measure internal volumes but yet what is feeding the
fractures - - - - - -.

So that is totally contradictory.

I think there is one hopeful thing for the

lava systems they are talking about and that is the ground water in lava flows are terribly complex.
(unintelligible) .

Unidentified
Why are these things not plugging the wells where you drop the pressure?

Ramey
One reason is that most of the wells in the Geysers show quantitative evidence of a tremendous cavern intersecting the well bore.

They appear to be like tremendous big vertical fractures

from the pressure-time data with internal volumes ranging to a hundred thousand cubic feet.
volume of the well bore is perhaps 1500 cubic feet.

It would take an unbelievable amount of pre-

cipitation to fill these things, like filling Carlsbad Caverns.
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The

Not all of the wells show this but many of them do and I have a feeling that if we put very fast
pressure recorders on all that we would probably see evidence, in Sulphur Bank, of this kind of a
cavern/fissure in practically all of them.
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Thermal Field on and around Active Volcanoes
in Hokkaido, Japan

By Sachio EHARA and Izumi YOKOYAMA
Department of Geophysics, Faculty of Science,
Hokkaido University, Sapporo)

Abstract

Various thermal measurements have been made in order to investigate the thermal field on and around active volcanoes, especially
in Hokkaido.

Terrestrial heat flows in volcanic areas range

2~

5

HFU except for localities affected by non-conductive heat transfer
at the near-surface.

In other words, volcanic areas are not char-

acterized by noticeably high heat flows (
tive volcanoes.

>5

HFU ) even around ac-

The above observed heat flows may be interpreted
0

by a geotherm of 1000 C at a depth of 15

rv

40 km on the assumption

of steady state heat conduction.

Heat discharge from the flank of an active volcano is much
smaller than that from the central part ( i.e., from the craters ),
although the flank occupies wider area than the central part.

Heat

_dischar_ge__ fT-Qmthe- Gent-:Fal-part- of an active v6lcano- is mainly due
to the gas emission through high temperature fumaroles.

It is de-

duced that cooling of the internal heat sources of active volcanoes
primarily depends on the heat discharge from the central parts and,
as an example at Showa-shinzan, the mass of the heat source which
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maintains the enormous heat discharge through a high temperature
fumarole is estimated on basis of an energy equation.

It is also

acertained that the heat discharge from an active volcano would not
give a large influence to the general thermal field of the surrounding volcanic areas.

Introduction

I.

In the last five years, the authors have made various thermal
measurements in volcanic areas in Hokkaido in order to investigate
the thermal field on and around active volcanoes.

The measurements

are divided into the following three categories:
( 1

) Measurement of the terrestrial heat flows in volcanic and

non-volcanic areas,
( 2 ) Measurement of the near-surface geothermal temperature on the
flank of each active volcano, and
( 3 ) Measurement of heat discharge from the central part of each
active volcano, especially heat discharge by gas emission through
high temperature fumaroles.
This paper summarizes briefly the heat flow data in volcanic
areas of Hokkaido and discusses the thermal field of active volcanoes, mainly in Hokkaido.
----

IT

0

----

--.-

-

-

-

~-

--- ---

-- -

--~._.

-- -

Summary of the heat flow data in Hokkaido
In this paper only an outline of the distribution of heat

flows in Hokkaido, is given and the details of the thermal structure of the crust and upper mantle deduced from terrestrial heat
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flows will be discussed elsewhere.
In 1963, for the first time, Horai ( 1963 ) made heat flow
measurements in Hokkaido.

Thereafter the authors have made efforts

to supplement the measurements in order to clarify the distribution
of heat flows in this area ( Ehara, 1971

The distribution of

).

heat flows in Hokkaido is shown in Fig. 1.

Main features of heat

flows in Hokkaido are high heat flows in the southwestern part and
perhaps in the northeastern part and low or normal heat flows in
the southeastern and central parts.
The geologic features of Hokkaido is shown in Fig. 2 after
Minato et al.

( 1954).

Roughly speaking, the geologic structures

of Poleogene and Cretaceous formations are found in the central

part and the southeastern shore of Hokkaido, but Neogene volcanics
are distributed widely in the southwestern and northeastern parts.

We can point out the close correlation between the heat flow distribution and the geologic structures.

And the detailed structures

have been clarified by the dense measurements in the southwestern
part.

In this area, the transition from the low heat flow to the

high heat flow is rather sharp.

This shows that the heat source

causing the high heat flow may exist at a rather shallow depth.

In

addition local high and low heat flow anomalies are found out as
shown in Fl.g .. l:.

_J'bJ? iQrmer.is.called-H-regionwhichhas·extremely·

high heat flows higher than 4 HFU and the latter is called L-region
which shows extremely low heat flows ( 0.6

~

0.8 EFU ).

As shown above, terrestrial heat flows in volcanic areas 1n
Hokkaido range 2

~

5 HFU except localities affected by non-conduct-
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lve heat transfer such as central craters, fumaroles and hot
springs.

In other words, volcanic areas as a whole, are not char-

acterized by noticeably high heat flows (> 5 HFU ) even at the
foots of active volcanoes.

The above fact may be interpreted by a

o

geotherm of 1000 C at a depth of 15

~

40 km on the assumption of

steady state heat conduction.

ncr

0

Near-surface geothermal temperature on active volcanoes
Measurements of the near-surface geothermal temperature ( about

1 m below the earth's surface) have been carried out to clarify

the thermal field of active volcanoes and further to estimate the
heat discharge there.

Their results may be useful to clarify the

thermal processes in active volcanoes.
The geothermal anomaly can be detected by the deviations of
the observed temperatures from the standard curves expressing the
relarion between geothermal temperature and altitude.

The patterns

of the geothermal anomalies on active volcanoes can be divided into

two types.

Examples of one type are shown in Figs. 3 and 4.

In

such a type, high geothermal anomalies affected by non-conductive
heat transfer are located only in the central part of the volcano.
EXamples of the second type are shown in Figs. 5 and 6.
Volcano Merapi,

Indonesfci wasohtafried by Minakaml- et ale

The data of

--r 1969 r:

In such a type geothermal anomalies are located on the flank of the
volcano.
The distribution of the near-surface geothermal temperatures
on each active volcano reflects characteristics of the types and
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ages of the activities of each volcano.
Conductive heat discharge from the flank of each volcano is
estimated by an empirical formula obtained by Ehara

Q (cal/sec )

= 2.5

X 10

-5

where Q is the heat discharge,

2-

. ~ Si
i
.6. T.

1

(em

).

~

Ti

(

1973 ):

°c )

the near- surf ace geothermal

temperature anomaly and S. the area concerned.
1

The results are

discussed in a later section including the heat discharges from the
central part of each active volcano.
The near-surface geothermal temperature anomaly shows not only
the stationary heat sources below the earth's surface but also the
outline of configuration of the heat sources in the interior of
each active volcano.

As an example, the anomaly on Volcano Merapi

is interpreted using the equation of two-dimensional heat conduction.

Some results are shown in Fig.

7.

0

A line source of 1000 C is placed in the interior of the
volcano as shown by the solid bars in the respective figures.
the surface, cooling is assumed to follow the Newton's law.
upper figures,

At
In the

the broken and solid lines show the calculated geo-

thermal temperature anomalies to be observed 1000 and 2500 years
J

respectively after the heat sources appeared.

On

the other hand

0

the lower figures show the isotherms of 600 C(near Curie Point) in

.th.e._ 'Lolcano~to-

be~ obser~ved·

the heat sources appeared.

1-000 and 2500-year s respectively after
In order to interpret the observed a-

nomaly on Volcano Merapi by the present models,

&?

have to adopt

the thermal conductivity of the mountain body ten times as large as
ordinary rocks, and in addition, we have to adopt particular con-
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figurations of the heat sources such as ( b ) and ( d ).

In other

words, the geothermal anomaly as observed on Volcano Merapi cannot
be interpreted by ordinary conduction only within thousands of
years.

According to the List of the World Active Volcanoes

Katsui, 1971 ), frequent or nearly continuous activities have been
known since 1006 at Volcano Merapi.

More effective heat transfer

than the ordinary heat conduction must be introduced.

Although the

present discussion remains qualitative, we may infer not only the
existence of the stationary heat sources below the earth's surface
but also the outline of the configuration of the heat sources in
the interior of active volcanoes.

IV. Heat discharge by gas emission through high temperature fumaroles on active volcanoes
In this section, the heat discharge from the central part of
active volcanoes, mainly the heat discharge by volcanic gas emission through high temperature fumaroles will be discussed.

The

heat discharges measured on active volcanoes in Hokkaido are shown
in Table 1.

As a result, it is acertained that the heat discharge

from the flank of an active volcano is much smaller than that from
the central part ( i.e., from the craters ), although the flank has
wider area than the central part.

The heat discharge from the cen-

tral part of an active volcano is mainly due to gas emission
through high temperature fumaroles.

The above shows that cooling

of the internal heat sources of the active volcano primarily depends on the heat discharge through high temperature fumaroles in
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the central part of the active volcano.
The mass of the heat source which supplies the fumarole with
heat will be estimated on the basis of the following assumpt,ions:
( 1 ) The heat energy released from the heat source per unit time
is equal to the heat energy discharged into air through the fumarole per unit time,
(

2

) The origin of the emitted gas is one of the following three,

magmatic, meteoric and mixture of the former two, and
( 3

) As the time variation of the quantity of the emitted gas is

not always known" some possible variations will be assumed.
The energy equation is :
dT( t

=

-C M

s s

aCgQ ( t

)T ( t

) + b

(c gQ (

t

) T( t

) + LQ ( t

dt

where a + b
T(

t

Q(

t

M
C
C

=

1 ( 0 f:. a ~ 1, 0 ~ b ~ 1

= Temperature of the emitted gas
= Mass of the emitted gas per unit time
= Mass of the heat source
= Specific heat of the heat source
.,
of the emitted gas
=
= Latent heat of water
= Portion of the gas of magmatic origin

s

s

1-'

g

L

a

of meteoric orlgln.

-h

For instance, if Q
1

then T( t
and if Q

»)

)

=

= T{,T(

( T( O·
t

= ?1 T (

C rt.
9
+
C M
s s

) and b

t

) and a

= 1,

-1

• t )

=1,
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then T( t
where

~

)

L (T ( 0

) + Lie

eg

T( 0

=-

)

L •

71

-1

g • exp ( - - - . t )
e s Ms

-1 )

is independent on time.

We shall apply the above discussion to the case of a high temperature fumarole at Showa-shinzan.

The solid circles in Fig. 8

show the observed temperature of the emitted gas.
the computations are also shown in the Fig. 8.
different models are listed in Table 2.
two parameters

Some results of

The parameters for

In the calculations only

( T( 0 ):

initial temperature and M:
mass of the
s
heat source) are taken as variable.
Other parameters are kept
constant
g).

(e g

= 0.4 callg •

o

e, e s

= 0.2 callg

•

0

e

and L = 540 call

And ~ is taken as nearly equal to the value ( 10 glsec •

observed by Seino ( 1958).

As shown in this figure,

°e )

the tempera-

ture of the emitted gas is not so sensitive to the initial temperature as to the mass of the heat source.

On the assumption that the

emitted gas is magmatic origin, the temperature change is calculated
as shown in Fig. 9 where the solid curve shows the calculated temperature which agrees with the observed values very well.

General-

ly we cannot conclude whether the origin of the emitted gas is
magmatic or meteoric, only from the curve fittings unless we can
know the initial temperature and the mass of the heat source beforehand.

But in this case, if we consider some factors such as

time variations of ( 1 ) the gas temperature itself,
composition,

( 2 ) the gas

( 3 ) the quantity and color of volcanic smokes and

( 4 ) the occurrence of volcanic earthquakes at Showa-shinzan, we
may conclude that the origin of the emitted gas had been mainly
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magmatic until about 1962 and thereafter changed to the mixture of
the residuals of magmatic origin and meteoric water.

The radius

of the heat source R is estimated on the assumption that it is
s

spherical mass of density 2.5 glee, and is also shown in Fig. 9.
If

~

is taken to be ten times as large as the previous value, then

the volume of the heat source becomes ten times larger.

The hatch-

ed zone shows the underground magma body deduced from the seismic
explorations by Nemoto et al.

( 1957 ).

As mentioned above, i f the time variations of the temperature
and the quantity of the emitted gas are known, the mass of the heat
source is determinable.

Conclusion
The main features of the thermal field in volcanic areas are
summarized as the following two:

one is the upward convergency of

the geotherms in whole volcanic areas, and the other is the extremely concentrated heat discharges by gas emission through high
temperature fumaroles on active volcanoes.

But the heat discharges

from an active volcano would not give a large influence to the general thermal field of the surrounding volcanic areas.
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Table 1
Heat discharge from the active volcanoes in Hokkaido (call sec)

~

from the flank

from the central part

6 1)

Showa-shinzan

)2X 10

Tarumae

small

Me'akan

( 2"-4 ) X 10

Tokachi

small 1)

>7

1)

X 10

3 X 10
6 1)

After ( 1 ) Ehara ( 1973 ),

6 2)

6 2)

8 2)

,

">

1.1 X 107 "" 8

3)

1.2 X 10

0.7 X 10

8 1)

( 2 ) Seino ( 1958 ) and

( 3 ) Hayase ( 1954 ).
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Table 2
Model Parameters

Model

11..
( g/sec

)

0

)

M

(

°c

)

( 9

Remarks

s
)

1000

13
1 X 10

3

1200

13
1 X 10

4

1100

14
1 X 10

-

5

1100

13
1 X 10

-

6

1100

13
4 X 10

-

7

1100

13
2 X 10

2 -

1

1000

14
1 X 10

-

2

1100

1

-

3

1100

13
1 X 10

-

4

1100

6 X 10

1
,
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. °c

T(

-

2

-

10

10

)

a

=1

)

b

=1

I)

12
X 10

13

,J

146"£

140
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7.2~

42

Figure 1.

Distribution of terrestrial heat flow in Hokkaido
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Geological map of Kokkaido after Minato et al
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Geothermal temperatures at a depth
of 70 cm vs. altitude of observational
points on Volcano Usu
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Volcano Merapi. (a): Geothermal temperatures at
a depth of about 1 m vs. altitude of observational
points. (b): Anomalous distribution of the
geothermal temperature after Minakami et al
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of the emitted gas through a high temperature fumarole, Showashinzan. Solid lines: Results of the calculated temperature
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SESSION IV - Present State of Volcanology - A Discussion
Co-Chairmen: K. Yuhara and D. Peck

Peck
I think this is to be a discussion of the general subjects that we've been considering forthe
last day and a half, which comprise the structure and energy of volcanoes and the association of
geothermal deposits with volcanoes.

I think we might start off with some discussion of the papers

that we have heard earlier today or yesterday, but I don't think we should be limited to that. We
really ought to go on to discuss the general subject of new technological developments: Why don't
we start off and see? We have had some pretty provocative papers here, yesterday and today, and
maybe somebody would like to continue the discussion that ended or was cut off during the day.

Arana
Since the topic of this round-table discussion deals with the present state of volcanology, I
would like to ask you for the organization and objectives of the volcano surveys in your countries.
Perhaps the answer will depend on what you understand by "volcanology."

I think that a world-wide problem with respect to this subject is that different organizations
are working in the same volcanic areas without any coordination and with different objectives
(magmatism-petrology, prediction-surveillance of eruptions, geothermal prospecting, etc.). So
it is easy to duplicate the survey and get incomp,lete results.

Presently many volcanic areas are being studied in a search for sources of geothermal
energy, but the working teams frequently ignore petrological and geochemical data which could
give some constraints to the models obtained, using one or two geophysical techniques almost
exclusively.

I guess that this kind of independence among isolated research groups, each one confined
within its own field and

wi~

a limited point of view, is not the best way to reach a clear under-

standing of the volcanism and its related phenomena.

Peck
Does somebody have some comments?
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Decker
Maybe I didn't properly understand Arana's question.

The question, I thought, was this--is

volcanology in the doldrums? I would say that my feeling is that the observational data has, at
the moment, outrun the wild hypotheses. I think we need lot of wild, but hopefully testable, hypotheses. I think the observational data is becoming redundant. We are refining observations to
too fine a degree. I really think that particularly the relationships between volcanism and hot
spots, and volcanism and subduction zones, offer all sorts of intriguing areas for theoretical
propositions on the origins of roots of volcanoes. I really think that the observational data at the
moment is outrunning the wild-haired hypotheses. I think we need a whole series of wild-haired
hypotheses for a while.

Peck
I don't think there is quite as much of a split, for example, in the United States as there is
in Europe between the people of the different disciplines. I think this is particularly so in the
Geological Survey where, at the Volcano Observatory, everyone is in the same bag: the geologists help the seismologists layout the cable, and the seismologists come down and help us drill
the lava lakes. There is a much freer exchange.

One thing is that, in the United States, there is tremendous concern over energy and the
self-sufficiency of the nation in energy over the long run. There has been a fair investment of
funds in research in a lot of energy fields, including geothermal energy. A lot of this, I think, is
going to lead to a better understanding of the roots of volcanos, the magma chambers, and the
hydrologic system operation over them. There is going to be a lot of intensive study of Recent,
Pleistocene, and Pliocene volcano complexes, including a lot of drilling and a lot of geophysical
work.

Yokoyama
In Japan we have had a coordinating committee for earthquake predictions for the last ten
years. Starting this year, we will have the third Five-Year Program. As of April of this year
we shall have a new committee, namely the Coordinating Committee for Eruption Prediction. For
ten years, the Coordinating Committee for Earthquake Prediction has had a U.S.-Japan cooperation program that has held seminars rather frequently.

This committee for eruption prediction has no direction at present. It is not concerned with
energy; its purpose is to promote study of the eruption of

vo~canos.

We hope to be able to have

many cooperative programs between the U.S. and Japan.
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Old

Yesterday I explained that the second slide showed the hot springs as the lowest and the
water as the highest. What this means is that, in our country, hot-springs research is given lower
priority than water research. No attention has been given hot springs for maybe ten or twenty
years. Most of the scientists have been working on research in hydrology or pure volcanology-for example, the work on prediction of volcanic eruption, origin of basalt, and things of that nature.

Little attention has been given to the geothermal system. One of the centers of research is
the Hot Springs Research Institute, with which I am associated. The Geological Survey of Japan
has a few members who are expert in geothermal problems. This is the present state of Japanese
technology regarding geothermal problems.

Peck
Does anybody have anything to say on Kennedy's rather provocative presentation?

Furumoto
George Kennedy's idea of the self-sealing tank has been batted around in our university for
two years now since he gave that talk to our little group. Macdonald pooh-poohs the idea. Abbott
has an open mind and so do I, but now, trying to locate that thing down below before we drill into
it, we've got to find out where in the heck it is.

Kennedy
That is the easiest of all functions.

Furumoto
What do you mean? Our electrical-resisitivity reconnaissance survey has shown some
areas of high conductivity, but in trying to think about your dome from the point of view of geophysics, you see that the upper layer is of higher conductivity than the lower part. You have this impermeable layer, which has low conductivity and high resistivity, and then down beneath L'1at you
have, say, steam. Does that have higher conductivity than the surrounding water?
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Kennedy
The conductivity of steam would be a low conductivity region. I suspect it is possible conceptually to draw another cross section.':' If you've got the Halemaumau pit crater here, you've got
one rift down like that and another coming like this. Now these rifts are ridges, and water flows
off the top of them for perhaps several thousand years. Therefore these rifts are fractures; the
lavas are coming up every three or four years. It's not breaking a fresh path. Temperature along
0

that rift must be on the order of 1200 C, the freezing point of basalt as you go down. It is very
nearly impossible--here1s a cross section of the rift zone. Here is a vein of X width of melt in it.
That's got to be--between eruptions--still on the order of 1200 0 C. Now we've got water here at
0

80 C that rises and falls- with the tide in wells. You can't get from 80 0 to 1200

0

without crossing

the flash point of steam somewhere, at some depth. So it seems to me that you could draw the
logical cross section. But you have 80

0

0

water going to 1200 which must cross the flash point, and

that's the kind of situation that Mr. Keller was in when he quit drilling.

Peterson
How do you know there is water in there?

Kennedy
You don't have to look for the spot; it's anywhere you encounter it, as these lavas are highly
permeable.

Peck
Yes, but George, you know that where the rift zones--the ancient rift zones--in Hawaii are
exposed by weathering, you get swarms of dikes. Most of them are a meter wide or something
like that. We have watched historic eruptions; you have an eruption along here, and then a few
years later a quarter of a mile away you will get another one.

Kennedy
But not on the same rift.

-,-

-'-For example:

-

Flash-point line,
resulting in tight capping
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Peck
All in the same rift zone. Rift zones are perhaps a half a mile or a mile wide, and each one
of those is only about a meter wide. It is going to cool fast, George.

Kennedy
You know from the structure that these big rift zones are giant ridges. When you compute
the amount of lava that pours out of those rifts every three or four years for the last several
thousand years, you are putting a hot poker in the middle of that rift zone every two or three
years--the full length of the rift zone--for these are long fractures. You've got that center of the
rift zone in between eruptions; this will freeze shut and crack open.

Peck
In the case of Puna, it erupted in 1790 and then in 1840, and then it waited until 1955. In
1960 there were four eruptions, each one from a I-meter dike spread over a zone of a quarter of
a mile or so. It may not be hot at all down there, unless you've got a little magma chamber.

Kennedy
These triangular fractures, I suspect, go down tens of kilometers.

Peck
Well, most of the evidence--the very good evidence--suggests that actually the stuff comes
up under Kilauea and then goes down laterally.

Kennedy
I thought the evidence showed that it did not go up laterally. It doesn't start high and then
shoot down the rift zone.

Peck
Well, he's saying that in the upper couple miles of the rift zone, it comes up somewhat like
that.

Kennedy
What I was told today, if I understood the talk, was that all the observational data indicated
that it did not go up.

Peck
Peterson, do you want to clarify it?
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Decker
It doesn It go way up above sea level and then down, but it certainly comes up in the central
zone and out horizontally.

Kennedy
Any evidence that it goes out horizontally?

Peck
There is very good evidence.

Kennedy
The point being that the earthquakes don't start here and work up and down the rift.

The

earthquakes work up the rift.

Peck
No, no, no.

Decker
In other words, the plumbing is open, so it doesn't need earthquakes. But there are no deep
earthquakes along the rift zone.

Higgins
I think that's exactly the point. If the plumbing is open, then the temperatures have to be high.

Kennedy
But I think they are open, with melt in them, in between eruptions. They are not frozen solid.

Peterson
This is a textbook picture; the stuff is coming up from down here and then there is an open
conduit and, as it rises in here, it leaks out this way. But we don't know how deep this is. We don't
have any evidence.

Kennedy
It's kilometers.

Peck
It's not more than five kilometers.
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Kennedy
Five is enough.

Peterson
I wonder if we might take another tack. What would you expect, George, to find in this sealed
zone around here if it's there? What sort of minerals are in the zone?

Kennedy
Carbonates, alteration products, zeolites, cherts, amorphous quartz.

Peterson
How much?

Kennedy
Enough to close all the fractures. In other words, dense rock, as was found, without exception.

Tilling
I think it is good to bring out some of the comments about the core that was recovered from
the Kilauea caldera drill hole,
no cores,

In the last 500 feet of hole, where the temperature rises, we have

One core is from above that 500-foot interval and one from below it.

So we have no

core that matches this Schlumberger logging.

Kennedy
No core in that dense center?

Tilling
That's right.

Kennedy
But you did plug it off and discovered that you couldn't inject water into it.

Tilling
Yes, but that is a very local thing in a hole that big. Now let me back up. The core from the
very bottom of the hole below the level of the Schlumberger logging--that core, if I showed it to
you, you would say was the freshest-looking rock you have ever seen. Secondly, the part of the
core where we have a better core sampling above the area of the steep gradient--in other words
in the isothermal section, in the area of 3,000 or 3, 500 feet deep--the core there is a lot mo:ce
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altered in terms of the content of zeolites, carbonates, etc.

So the cap rock is much fresher-

looking than the stuff in the isothermal zone. We have no core for a 460-foot interval.

Kennedy
Is that bottom sample part of a solid mass?

Tilling
It's 8 feet long,. solid rock.

Kennedy
You've got a solid flow there, not part of the interstitial stuff that requires sealing; you've
got an already sealed formation. What counts is what has happened to these ash beds in between,
where we need to seal.

Tilling
There are no ash beds, as far as we could tell. We tried sidewall coring in the porous zones
that we thought were ash beds and got all pulverized pahoehoe. The only place we got ash was at
the surface of the hole, at 113 feet down, and a possible ash at 582 feet.

Kennedy
And how about all this highly permeable material from the surface to 4000 feet?

Tilling
As I understand it, and George can correct me, the evidence of a highly permeable zone at
the bottom of the hole is the mud loss, and that's it. The mud was lost, probably, at the bottom
of the casing at about 1000 feet.

Decker
Point of information: how far below sea level is the bottom of the hole?

'Answer
About 500 feet.

Decker
Does it intercept any of the kind of material that Fiske and Moore suggested might occur at or
below sea level?
Tilling
The core sample we've got is not diagnostic.
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Decker
I asked this because I want to show a slide.

This is a model, by Fiske and Moore, (see Fig. 3)

essentially based on the nature of the Table Mountains in Iceland and the inferred structure of Surtsey.
The idea is that as long as you are below sea level, say within 100 meters of the surface, you develop
pillow lavas in which the porosity and permeability would be between the pillows.

Those pillows

would be about half a meter in diameter, perhaps a full meter. And then from 100 meters depth
right up to sea level, you would develop a zone of explosive volcanism because of the comminution
of the material with the sea water. The exsolution of the gas within the magma would be enough to
begin to break it up. Increasing the surface would increase the explosiveness upon contact with
sea water. You develop a zone of essentially tuffacious material and then, once it becomes subaerial, you get flows, which mayor may not be porous and permeable depending on their nature.

So you have this tripartite structure of the volcano, which I think is extremely significant to
this problem. I like your model very much, George, yet I think somehow you haven't incorporated
the fact that your seal zone could cut across these three different divisions. Of course you made
the case that it cuts across rocks of very different nature. But the point is that, if any of the magma chamber data that we have at the moment is real, then the magma chamber is something like
two or three kilometers down. One must then realize that that magma chamber wasn't there originally, that the chamber has occupied what was once pillow lavas. In other words, it has remelted
the pillow lavas.

Kennedy
Or else there weren't any pillow lavas there to begin with.

Decker
You mean that the volcano has always been somewhere on the sea floor area?

Kennedy
For a long time it has been at above sea level, but the base of the volcanic edifice has been
subsiding under crustal loading, and most of the eruption of the top 10,000 feet might have occurred
in air.

Decker
This is the question I was asking, whether this hole at 500 feet below sea level intercepts
any of that material. In other words, either the model is wrong or there has been 500 feet of subsidence, at least.

Keller
We were concerned about this and about the fact that we were going through sea level. From
100 to 300 feet below sea level, we hit a very peculiar material which we thought might be explosive
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rubble. The drill penetrated very rapidly. There were apparently significant voids in the rock.
It came out at the bottom of that into something that was a very hard zone.

Tilling
It is not a pillow lava, we know that.

Keller
But we also have further evidence from the surface geophysics that there is a 3000- to 4000foot section beneath sea level which is still significantly porous.

Tilling
I am not against the sealed-rock idea. I think that is a viable theory and a very possible
thing, but I think, from the empirical evidence, that we may not have reached the sealed rock yet.
Maybe it is still down below at some point.

Kennedy
It seems to me it almost has to be.

Tilling
The only evidence is the E Log.

Keller
No, that is not the evidence.

Decker
What would be the flash point, George, at a kilometer depth?

What temperature?

Kennedy
Let's see, at 4000 feet the hydrostatic pressure there is 2000 psi, which is 100 bars--or
o
nearer 75 bars. The boiling point of water at 75 atmospheres is on the order of 290 C, something
like that.

Decker
Okay, so then they haven't quite got to the cap rock.

Kennedy
The temperature was rising extremely rapidly down there.
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Decker
True, but it wasn't to 200

0

yet.

Kennedy
No, but if you extrapolate the bottom of the curve you don't go very far at that rate of rise
0

to reach 290 C.

Decker
I am just trying to reconcile your model.

Tilling
That curve could just as well turn down again.

Kennedy
Of course it can, but I don't believe it will.

Peck
I sure wish you'd drilled a little farther, George.

Higgins
I would like to ask this: what kind of thermal conductivity and heat flow does the gradient
in the bottom of that hole imply? Suppose you had a perfectly tight rock and assigned to it a con5
ductivityof 10- or so, what sort of thermal gradient and what sort of distance until you hit this
sort of condition?

Kennedy
Take a look at his graph.

Higgins
I looked at it, eyeballed it, and I had some sort of impression, but I wonder if anybody has looked at it with that in mind?

Keller
It is 25, between 25 and 30 heat-flow units, and the gradient is 375

0

per kilometer, which

takes it to the melting point at about 3 kilometers beneath the surface of the area.

Kennedy
It was 375

0

0

per kilometer and we had--the temperature there was what, 120 ?
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Keller
It was 140

0

•

Kermedy
It was 140

0

,

and I said the flash point is 290

0

0

so we've got only 150 more to go, at 375

0

per kilometer--which means that within 1500 feet it will be at the flash point.

Higgins
But, to continue the thought, isn't that a significant distance?

The thickness of the seal zone

might very well be a few tens of meters and still below you.

Anon.
Yes, but you don't know what the pressure might be below the seal zone.

Anon.
Absolutely.

Aamodt
Isn't it true that all freshly drilled holes have a temperature that rises very sharply at the
bottom, just from the fact that you have been cooling the part being drilled and the bottom has not
been cooled?

Kennedy
He's got time profiles on that.

Keller
We have measurements over a long period of time. What you say is true, but we believe the
profiles we have are equilibrium profiles.

Chaney
George, I have two or three questions. I have seen a number of descriptions of this cap where
the silica is dissolved, say near a deep heat source. This was the idea, and as the water is circulated on up to the top and cooled, the silica will settle down and precipitate down and form the cap.
I gather that in your system, the silica is dissolving essentially on the way down, and then the water
flashes. The first question is, does it seem that you might have two possibilities here? One situation might be that you did not have--suppose that you have a rather small heat flow up through here,
in this case, would it not be possible never to reach the flash point with water, due to the increasing
pressure?
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Kennedy
The flash point, the same phenomenon, the sudden change in density at constant pressure
with a rising temperature, occurs well beyond the flash point. Let me draw you a curve, of solubility versus pressure.':'

(End of tape) ••• and that's 217.

This solubility at 217 bars versus

temperature--and this is 373. Now here's 700 degrees, the solubility of the quartz. Now up at
subcritical pressure, the solubility goes like that. At supercritical pressures it goes like that.
At 400 bars, solubility goes like that, and at 500 bars, it looks like that. You still get this big
blop, and then the sudden break in the solubility curve extends clear to a thousand bars, three
times the critical, and at 1000 bars you still see " umph," like that. You still see reflections of
the critical point in which this line is the constant specific volume of about 3.17, as I recall. You
get sudden deposition even at supercritical pressures, in which you are by definition all the way to
single-fluid phase. The reason is that with this sudden change in density at constant pressure,
particularly if you are in a single-fluid phase, the manifestation of critical phenomena continues
far above the critical point.

Chaney
So in other words, one conclusion that you could reach with this is that presumably the silica
is exsolving somewhere around 350 or 400 degrees.

Kennedy
It is dwnped along in that temperature interval. It flashes, in a sense: with the sudden

change of density in your fluid phase--which is now, by definition, a vapor phase as it fills all the
space--even though you are supercritical, that phenomenon exists. I would not be so impressed
by this self-sealing phenomena had I not seen, at Sonoma, a 2000-psi gradient across that blasted
thing, where you've got fluid pressure from 2500 psi, at the bottom of the hole, to 500 psi, with a
relatively short horizontal distance. And when rocks are so tight--and this is holding for almost
geological periods of time, longer than tens of thousand years--we still see a 2000-psi gradient.
If you've got a low-pressure dome in there, with no way of emptying it, and the thing sits with a

2000-psi gradient in there--that's incredible! At Sonoma, these low-pressure zones are surrounded by much higher pressures of water.

':'Curve of solubility versus pressure:
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Chaney
I don't question the silica cap. I think that is pretty well established. I was just wondering
how it got there.

Kennedy
It is this phenomena

Chaney
Whether it is silica dissolving deep--in other words, at say perhaps less than 375 degrees,
then with convection settling out--.

Kennedy
No, it's got to be the changes in the specific volume of the fluid phase as it approaches the
hot region. It's following the steam tables. You want to rewrite solubility of solids and gases. I
have looked at half a dozen systems, and they all say the same thing. You have a series of lines
like this: here's solubility, here's constant specific volume; 1, 2, 3, 4, 5 specific volumes. and,
at constant specific volume with rising T, solubility goes like that. But pressure lines are cutting
across it like so, and you've got specific volume, constant pressure, rising T; then temperature
increases and solubility decreases simply because your specific-volume increase overwhelms the
temperature coefficient of solubility. That is the fundamental nature of these.

Chaney
My second question is this: presuming that this system does hold in the specific case of this
well, might we not have such a fast gradient away from the magma pipe here that you essentially
have a geothermal cell, and this is maybe only 200 or 300 feet wide? The significant place that
you should look would be down in the deep magma chamber--

Kennedy
What you are saying may be that the envelope is compressed awfully tight, and that is a possibility. In which case you've got to be nearly on top of the rift zone in order to hit it, and the
question as to how much it flares with depth is open to any guess. What :you'd like to do, of course,
is just get barely a hundred yards off the rift zone and go straight down; Hopefully it's going to be
100 yards wide before you run out of drilling money.

Higgins
George, excuse me, I think that is subject to analysis too. We know that the rift zones are
not ten years old, perhaps not even 100 years old. We are sure of at least a few thousand, maybe
10,000 years. If we can establish the hypothesis that the central temperature is 1200

0

,

we can do

something about establishing where the pressure, temp er atu·re, conductivity curve will be, and--

344

Kennedy
You have to invent the circulation scheme and the porosity of the outside rock. Once you
stipulate that, then the problem is determined. When you stipulate how free the ground water is
to convect upward, that tells you how rapidly the heat is being washed away, and that tells you
how close in you are going to hit the flash point.

Higgins
I agree on the first formation of the skirt, but as soon as that is formed its convective heat
flow is stopped; then the conductivity will set in, the new temperature gradient will establish, the
boundary will start to boil again, a new level of seal will form, and eventually it is going to hit
the point that you would calculate, if you just took the steady-state equilibrium condition, I think.

Peck
Still, even given that, George, I think you can make some assumptions.

Higgins
It also tells you whether it's 10 meters or 1000 meters or 10,000 meters, I think.

Peck
I think J-t is going to be embarrassing if they drill the hole and then do the calculations and
figure, and then find out it was only 10 meters wide.

Kennedy
I suspect that you can take any set of assumptions and get any width you choose to. Or the
reverse is to assume any width and decide what your assumptions must be.

Peck
While we are on this, Gus, how about summarizing for the people how you are going to locate
the drill hole down there in Puna, and what you expect to find when you drill it? Here we are on
the Island, and everybody is interested.

Furumoto
We are up a tree. We have found out now that the lateral flow of water through the porous
area is so high that it keeps that peculiar gradient. Somebody asked, why can't you drill the hole
3 inches in diameter and start a convective cell so that you have a constant temperature gradient
just in that hole?

But now you have this idea of a flow so large that it simply wipes out any attempt

at convective current just within that 3-inch-diameter hole. So, at the present time, the best we
can do is electrical resistivity, electrical magnetic survey, electrical conductive in the subsurface
as far down as possible--and if the hypothesis of the self-sealing tank is correct, there should be
bubbling, turbulent convections within that tank that is so hot.
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Kennedy
You can't hear turbulent convection 5 miles from the geyse'rs in the,best part of the Sonoma
field: Is there no evidence that you extend at least 5 miles beyond the fumarolic signal, what somebody called the "tar seep syndrome"?

Peck
Hank Ramey, I think.

Furumoto
Well, the other aspect is this, that we do have seismic refraction data which at a 2-km depth
give a velocity of 3.6 km/sec. Above that you have a velocity of 2.0 km/sec. It is a high discontinuity; we figure that's dense rock at 3.6 km/ sec. And George Keller's resistivity survey gave high
resistivity at about the same depth.

Kennedy
Do you have any evidence on the permeability of the bottom 200 feet of your hole?

Keller
Yes.

Kennedy
What was it?

Keller
We have extensive evidence on permeability. We had none even in this rubbly zone. That is,
we had evidence of no permeability.

Kennedy
No permeability?

Tilling
I'd like to comment that there are many rubbly zones, and not only near the bottom of the
hole; we encountered them all along, right from the zero point on.

Kennedy
With no permeability?
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Tilling
That's right.

Oki
In our country we believe that the self-sealing tank may occur in the deeper tertiary base.ment rocks. In young volcanos (quaternary) the volcanic edifice is very permeable. Even in dissected volcanos we can see many feeding dikes, but we cannot see a self-sealing phenomenon. So
I think that when the molten magma intrudes it will be surrounded by steam, and with this it can
rise higher and finally erupt. In regard to self-sealing, I think that it will take a long time to form.

Kennedy
Obviously someone here is an authority on prior eruptions on the island. Now I once saw a
movie that showed this steam cloud billowing 30,000 feet and all that jazz. Can anyone comment
on that eruption?

Tilling
That was the 1960 eruption right near the ocean, and there was lots of water.

Kennedy
What is the standard story on these eruptions with a lot of ste'am in the air?

Tilling
The ground water zone is very close to the shore.

Peck
It was maybe about a mile in from the shore. Bob, you had some comments?

Decker
George, in your support, I have shown that movie maybe ten times. It is the Kapoho eruption--I think that is the one you are talking about--in which there is a breakthrough down here on
the lower east rift. It starts out with fire fountains, and then there are these intermittent gray
ash clouds coming up. At one time there are gray ash clouds and rocks and everything being
thrown up in the air at one end of the dike, and fountains at the other. The explanation given in
the movie is that the magma intercepts the ground water, essentially sea water, and forms this
explosive eruption while the other end is throwing up fire fountains. I have had many freshmen
say:

"Well, both ends of that dike come up through the ground water. Why is one end doing one

thing and the other end doing another?" I think that argument is in support of what you are talking about.
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Kennedy
Yes, I quite agree.

Decker
Another thing, and perhaps more remote, is that historically--I guess in 1924--there was
an explosive eruption from Halemaumau. The generally accepted explanation is that the magma
receded down so deep that it removed itself from its host rocks, which had been heated by that
time. The ground water could then come in on the hot, dry rocks and flash to steam.

Kennedy
You don't believe that?

Decker
Well, I'm not sure which explanation I believe.

The very fact that there have been the steam

explosions in 1960 and the very fact that there were steam explosions in Halemaumau in 1924 are
possibly in support of your hypothesis. I am not necessarily taking sides, but I would say that if
either of those steam-blast eruptions took place in Yellowstone right now, the explanation would
be that they were hydrothermal explosions. Yet because they were on an island where there was
liquid magma, they are considered phreatomagmatic explosions. So we are biased.

Peck
Of course another factor in this--given where you found the water table, it seems to me, in
the drill hole and a fast circulation implied by the unusual temperature plot--is the fact that in all
the ancient rift zones in the other volcanos, you often find perched water tables held in by those
dikes. So you could have ground water, brackish or fresh, up at a fairly high level in the rift
zone in the summit area, I think, because of the dikes. Furthermore, you may have some pretty
rapid circulation of water; let's say, if magma went downward, it would just result in a very
heavy flow of water.

Decker
I am just saying that I don't think the alternative explanation can be ruled out, and therefore
it supports George's hypothesis.

Peck
How would you explain the 1924 eruption via the silica cap?

Decker
Well, whatever the tectonic fracture was that let the magma 'gurgle down Halemaumau could
have easily broken the cap.
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Higgins
You brought up a point that has bothered me for some time. I am not a volcanologist or a
geologist, and I don't understand a lot of these things, but the question of sealing and dikes and
the gross morphology, or whatever the right word is, for'the flow structure on a volcano, has
bothered me for a long time. That it, I can see that if I cut a cross section from a vent or at perpendicular lines to a rift, there are intermittent impermeable zones and permeable zones, aa and
pahoehoe. Some of these are permeable or incipiently permeable to flow, and some are quite tight.
But if I look at this in making an azimuthal view, if I pretend I am going along one of the flows, I
always come to an edge. We see the flows coming out in little trickling zones. Is the general view
that the volcanic edifice is very permeable even though there are impermeable zones? Or is the
general view that these lines of impermeability extend to great length, both laterally and longitudinally, down the slope?

Kennedy
Let me bring up a related problem and state it in a different way. Volcanos come in two
sizes; intermediate ones don't exist.

Peck
Yes, here is the thing, if I can interject just briefly, George. I think the history of search
for ground water on the Islands provides a very thorough answer to this because fresh water is like
gold, you know, when you can grow sugar cane with it but not without it. And my general impression, although this certainly isn't my field, is that the Islands are very permeable except
for some ash layers--not flows, but ash layers, like the Pahala ash, which have a fair lateral extent. Sometimes you get water ponded on them so you get little perched water tables.

Sometimes

you get impermeable zones of an ash or a flow bounded by dikes, where you get little perched
bodies up in the old rift zones and the new rift zones.

But other than that it is very permeable,

I think.

Ward
In Iceland one of the major permeable zones is up along the dikes. And for the development
of geothermal areas, the place they find the permeability is along the dikes. You've got dikes
coming up even in the recent areas, cutting across. You've got vertical permeability.

Brandvold
That brings up something I was going to ask. I think I heard that the water table is approaching 2000 feet above sea level at this point. Is that what I heard?

Peck
Yes.
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Brandvold
How does that relate to the permeability I have heard about? That must imply a terrifically
steep ground-water gradient between here and the sea--which would imply very low permeability.

Peck
This might be related to a perched table bounded by dikes in the summit area in rift zones.

Brandvold
Has the surface of the water table been mapped?

Peterson
There is another viewpoint. Joe Birman gave a paper a year and half ago at GSA on this.
He found some high-level ground water, a little bit southwest of Kilauea. He proposes that the
large amount of rainfall on the windward side there has percolated into the ground water while the
rocks are highly permeable, but they are still not permeable enough to allow the water to get all
the way to sea level. So there is just a kind of high-level water table migrating seaward at a much
higher level than would be allowed by the Gyben- Herzberg lens.

Peck
For .one thing, of course, Kilauea seems like the summit when you are driving on the highway, but there is Mauna Loa sticking up 9000 feet higher, with heavy rainfall on the slopes.
You may have water flowing down Mauna Loa to the summit area of Kilauea.

Peterson
The possibility of that high-level water table in Keller's drill hole is the same effect, with
the permeable water apparently migrating off Mauna Loa and through Kilauea. That is one possibility, because we're actually south of the rift zone and south of any dikes that might be ponding to
make a high-level, perched water table.

Brandvold
Of course, the usual manifestation, if that occurs, is to have surface springs between there
and sea level.

Kennedy
I've seen two aerial photos that are spectacular. One is of Shishaldin and the other is of
Tancitoro, Mexico. What you have at Shishaldin and Tancitoro are these giant volcanos, rising to
10,000 or 11,000 feet, that pour out a swarm of little cinder cones 400 or 500 feet high. You can
count 40 around Shishaldin and 500 around Tancitoro. Now you know that Shishaldin will erupt
again, as will Tancitoro, and you know that Paricutin will never erupt again. Now how come?
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Volcanos come in two sizes: little cinder cones 800 feet high and giants 10, 000 feet high--but
intermediate ones almost don't exist. There is this bimodal distribution of volcanic sizes. How
come there is a little Paricutin or other little cinder cones scattered like pimples all around the
base of Tancitoro? The only answer that I can come up with, which may be a little bit stupid, is
that once you start eruptions near the surface and an eruption comes up, the next one comes up
and the next one comes up, so that you establish a channel that doesn't freeze off in between, and
then you've got a continuing spot.

Now, there may be a side outlet, but it is so small that it freezes off in between, and it
doesn't go that way again. The fact that the sizes of the volcanos are distributed essentially bimodally, either big or little, suggests to me that, when you have the long rift as in the pictures,
that thing always comes out the same rift, and not some other one or not from another direction,
simply because it hasn't frozen off in between. That's why I think you've got time to establish a
decent temperature gradient out and a decent geothermal possibility.

Peterson
Let me comment on that a little bit--the east rift that we've been talking a lot about. I will
just use one example, but I think it represents many others. Here is the Summit Caldera,
Halemaumau, with the craters down this way. In August of 1968, Halemaumau had been erupting
for eight months, and it had stopped. Okay, the internal pressure remained high and the tilt remained high. Then about a month later an eruption broke out on the east rift along fissures that
extended several kilometers. It was interrupted along there--here, here and here--and eruptions
broke out. It was a short-lived eruption: it lasted for less than a day and that was it. Later
another eruption broke out on

~

echelon locations, and the same thing happened again. Now each

time there was a certain amount of residual heat remaining here, but the next eruption did not
pick the same spot. These were separated by half a kilometer or more. Actually this eruption
that you spoke of this evening came within probably 200 meters of this fissure. Again the same
alignment, but removed from it as if this had sealed off and this was cool enough by this time to
prevent its opening again. It is difficult for me to imagine that this self-sealing mechanism could
operate very thoroughly when there is this much jumping around.

Peck
Look, draw a cross section of what the rift looks like--anywhere along it. I think we can
figure out what it is going to look like from looking at ancient rift zones. It is a swarm of dikes,
1-meter dikes. This one filled, then the next, and so on.

Peterson
One after another, each one a few meters wide, separated by an order of magnitude or more.
Anyone of these is going to be hot for a while. Near the surface anyway--
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Kennedy
The whole zone, right down to a couple of kilometers, has got to be hot.

Decker
It is possible that those go into a more single zone at deeper depths.

Peck
Bob, when you see the rift zones exposed, you don't get--

Decker
Do you ever see a rift zone exposed below sea level?

Peterson
More and more, Bob, I keep thinking that what we are seeing at the surface is a slice of what
we would see if we were down deeper. I could be wrong, because we can't prove it.

Peck
But look at Spanish Peaks, look at deeply eroded dike swarms of basaltic, andestic composition. Usually they are swarms of dikes, not long, very fat bodies.

Decker
Yes, but the place where you expect the scar to heal most rapidly is at the surface, because
that's where the heat loss is the quickest. So, if any horse-tailing is to go on--

Peck
Of course we do have evidence that the lava moves a long distance laterally. It is hard to
imagine a 1-meter dike running 30 kilometers.

Decker
Certainly all the dikes that have been seen at the surface in the active areas and the ones that
are exposed in the exhurned zones, which presumably are above sea level, are almost always vertical. Yet some evidence suggests that the lower part of the east rift zone is a dike which is dipping
seaward something like 45 degrees.

Peck
Or is it a dike zone that is dipping seaward?
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Decker
So maybe there is a thing that comes up and then goes into an imbricate stack. In fact, Jim
Moore drew a diagram like that back in about 1963.

Alcaraz
I was wondering, to begin with there was no volcano. So the starting point must be a fracture,
and then the volcano forms from magma coming up. Then the edifice begins to build up. But the
question now is, how do the rifts perpetuate themselves? They get covered by the edifice, but as
the edifice goes up, the rift seems to keep on coming up, too. There must be some explanation.

Peck
As in so many things, Jim Moore has a paper in which he has done a lot of analysis of that.
Of course his idea is that actually the volcano comes first and the rift zone comes later. As you
build up the edifice, actually in many cases what you get is slipping by gravity, a sliding off the
surface of a pre-existing volcano. Here we have Kilauea on the side of Mauna Loa, and both of the
rift zones generally parallel the rift zones of Mauna Loa. Jim's interpretation would be that the
volcano, as it was building, was more or less shaped by what it had to grow up against, and so
those rift zones were formed somewhat by gravity sliding.

Alcaraz
Would you say it is possible that we have the problem of which comes first, the chicken or
the egg?

Peck
That's very much the case.

Alcaraz
I always thought that the rift would come first.

Peck
Well, this was Jim I S conclusion after analyzing the orientation of the rift zones on the Islands
all the way up. Some of the Islands are a kind of free form, like Lanai. There you get three rift
zones which one could interpret as forming from just the slopes of the volcano sliding from the
loads. Then about half the volcanos in the Islands are up against another one, and there the rifts
reflect the pre-existing topography.

Alcaraz
I was wondering--every time the rift has grown it has passed through Halemaumau, not
through the caldera.
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Peck
Yes, although there is a chain of pit craters which more or less follows along that line and
goes on up through Kilauea Iki and to the Summit Caldera.

Alcaraz
One more point about the edifice. When we talk about the permeable zone, we are looking at
it only from the fluid angle, but we can see that the whole edifice does not have the permeable zone
all around it. As the lava comes out, it fills it and becomes hard. So you have a series of fingers.
Therefore the permeability does not really go all around; it is broken. I wonder if that point would
throw any light on the considerations of what we have been talking about?

Oki
In older, dissected volcanos I have seen many quartz veins that I think indicate the kind of
self-sealing that Professor Kennedy is talking about. I've never seen dikes running through the
volcanic edifice that could serve as seals. Have you ever seen such dikes, Professor Kennedy?

Kennedy
I have mapped only one volcanic area. Pavlof Bay. where there are some deeply dissected
volcanos. A search for heavily silicified, faulted, impermeable zones showed many such dikes.

Oki
Is that not a very young volcano?

Kennedy
The age has nothing to do with it. I could see them because it was deeply eroded.

Oki
I am talking about quaternary volcanos, young volcanos.

Kennedy
I don't see what the age has to do with the issue.

Oki
I think the age is important, for self-sealing requires a long time--

Kennedy
You've got to see an eroded cross section, so that you can take a look at what the internal
structure is like. It's important in that sense. It's got to be old before erosion can bare it, so that
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you can t:1kl' a look at it. Other than that, the physiochemical laws that existed in the quaternary
are the same as those that exist today, as far as I know.

Decker
Except the point that you're saying that this process has to operate until it comes to maturity
and the seal seals. In other words, the seal isn't instantaneous. You're not saying that, are you?

Kennedy
No, except that I've never seen it in an old, eroded complex.

Decker
The point you're making is that it takes time for the seal to develop?

Kennedy
I don't believe that. I don't think it takes time in that sense, because all of these hot areas
near the surface are ephemeral at best. And the solubility is 0.1 percent; it doesn't take that much
water moving in to saturate and to do a lot of flooding.

Decker
But it will take some time if you're going to get your self-seal say, a kilometer out from
your magma chamber. If you're going to do that by heat conduction, that's going to take a while.
If you're going to do it by mass transfer, it doesn't take very long.

Oki
In the case of Kilauea volcano, I can't believe it.

Uyeda
If I understand this correctly, this self-seal will be formed if you have a hot region here and

a cold surface here with a large transfer of water. Is that correct?

Kennedy
Yes.

In the case of a growing volcano like Hawaii here, it seems that it started this way, and now
it is like this, and the middle stage must be here. So if we just think of the process of forming a
volcano like this, we'd end up with a lot of layers.
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Kennedy
A lot of fossil zones. You find isolated internal caps where you go through impermeable
zones, and lots of alternation in the porous zones. You break through and a new seal forms up.

Depending on the time constant required to form a seal? If it is quick enough, the process
is essentially continuous, so that you would have a continuous area, like this.

Higgins
That's a possibility, George.

Peck
On the other hand, if the process goes on quickly enough, depending on just how fast this
sealing goes, you could get something like a very poor silica cap over a broad area, simply because it never reached a good, solid cap at anyone stage if the rift zone grew so rapidly.

Kennedy
My hunch is that this process of solution deposition or crack-healing takes place much faster
in volcanic rocks than it does in the arkoses, greenstones, greywackes of Sonoma, simply because
your glasses in these zones •.•• (End of tape.)

Chaney
It wouldn't be continuous, would it?

There has to be some level for silica to dissolve. This

thing is settling out at some distance below the surface. You would have to have some surface zone
in there for the silica to dissolve in before it can precipitate out. So you would have zones of caps
with permeable layers in between them.

Is it possible that any of this fossil cap material can be redissolved?

Kennedy
Certainly earlier ones would be ruptured due to the continuous working of the volcanic edifice,
which is seismically active. You're going to be cracking it and reworking it. You can rupture inner
ones, and if you are flashing further out, you can see it further out and never see it closer in.
What strikes me the most is that, I've been told, you can watch tidal action in a lot of wells in
Hawaii. It's such a porous structure that the water rises and falls. Now somewhere you've got to
0

get to where water is rising and falling in response to tidal action up against a 1200 C magma column. Somewhere you've got to make that transition from 80 to 1200 degrees, and you've got to
cross the flash point at some time.
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Higgins
0

Forgive me, he's made the ocean 80 C all day long.

Tilling
I'd like to make two comments. First, is there any way of knowing whether we are in a
fossil cap rock or not?

With our present data, I don't believe we can tell. Second, we've heard

a lot of talk about silica being deposited; in all 29 core intervals, only one has a questionable
identification of silica.

Kennedy
Silica is a generic term.

Tilling
Will the solubility curves work equally well at the critical point with, say, carbonates?

Kennedy
Sure, it's essentially the same picture because the laws--I did it for two systems, FeO or
Fe 0 , and they behaved identically. In other words, it's linear with density in the gas phase,
2 3
which is really what counts. I think there is a lot of good evidence for these fossil zones because,
in "hydrother:mal" zones, the standard experience of mining is that these zones occur where every
crack is silicified, cemented, altered. In mining examples these healings are par for the course.

Tilling
Well, granted that there is a possibility for a fossil cap rock. If that's the case we could
have a similar situation where, depending on the growth of the volcano, you could have a cap rock,
a very permeable belt, another cap rock on that conceivably. From the thermal measurements we
are getting a very sharp gradient now. We could drill another 25 feet, where we'd get a complete
reversal, go through another sharp gradient, and so on. We have no clue that, by drilling another
500 feet, we- would come any closer to the true cap rock.

Higgins
Except that, unless the subsidence is very great compared to the buildup, it should always
be the first one you hit coming from the surface.
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Kennedy
You want a far-out prediction? I'll make a far-out prediction and I'll give you the reason
why: that you will drill through it and you'll find exceedingly low-pressure steam inside. I can
tell you why I think the steam will be of exceedingly low pressure. Let's consider what happens.
Again, here's our volcanic edifice. We've got a magma chamber of some shape down here, and
I think this seal is so tight that the steam in here is of exceedingly low pressure. The reason is
that the solubility at 1000 bars of water in basalt is of the order of 2-1/2 percent. Now, if we had
1000 bars of water up in there, that dry melt would go "whoosh," like this, and it would suck up
water like mad. Yet these things emerge almost powder-dry, at less than 0.1 percent. Now we
are crossing through the porous sediments, yet a terribly undersaturated melt emerges here for
this pressure. I suspect that the seal is so tight--and one of the reasons I think the seal exists is
that the eruptions are dry here; there is no water in them. Most water in volcanic eruptions, I
think, is ground water picked up on the way to the surface. It is not water from the upper mantle.
These volcanos are characteristically exceedingly dry. The lava that erupts from the top of
Kilauea is not in equilibrium with sea water; it doesn't even have the water content it should have.
If you take that same melt, put it in a pressure container and saturate it with water at the pressure

of sea water that you'd have at any reasonable depth, it would have far more water in it. Therefore, they do not have access to sea water. There must be some barrier that keeps sea water out
of these things. I think you might have to inject water into this cap to have a geothermal field.

Oki
This time, Professor Kennedy's magma reservoir becomes very deep. Now I cannot. agree
with you. In this model, you have a magma reservoir very deep.

Kennedy
It does not pick up water on the way to the surface. Instead, it is coming up through a terribly dry area. You see, water lowers the melting point. Steam, instead of freezing off the edges
of that, will drop the melting point of the magma and will go screaming into the melt. The push is
for water to go into the melt, yet these things emerge dry. So they are coming up through saturated
sediments,

saturated porous rocks, for a long part of their path, yet they don't pick up any

water.

One of the most dramatic things you can see, to indicate the solubility of water into melts,
is when you spray a hose on slag coming out of a blast furnace and the slag sucks up all the water;
then downstream, as it freezes and starts to vesiculate, it gives off the water it has picked up.
These things come up incredibly dry, indicating that the partial pressure of water along their margins--water also lowers the melting point very, very sharply, so that you have high-temperature
and high-pressure steam here, and the melting temperature is sharply reduced here. You see, the
melting temperature of these dry basalts with feldspar and pyroxene is 1175

0

•

This is the temper-

ature that has been observed, which says that there is no depression of the melting point in these
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lavas owing to the fact that they are water saturated. If you had any partial pressure of water here,
the melting temperature would drop to 1075

0

,

and the direction of the water would be into these

things, and they would emerge much more fluid than they do, unless there was something isolating
them, at a depth of about 2 kilometers, from water that is obviously in the surrounding sediments
at a depth of 1 or 2 kilometers and a pressure of around 1000 psi.

Tilling
George, how do you reconcile the temperature measurements in the melt lavas at the surface
0

0

that are reading 1150 to 1170 ?

Presumably, they have picked up a heck of a lot of water en route

coming up.

Kennedy
At 1175

0

,

olivine should appear in a dry melt, which is as observed.

Tilling
And most of the lavas will have only olivine, so that they will even be higher.

Peck
Part of the dynamics of the thing, is that there really isn't much time to pick up water.

Tilling
Well, that's what he's saying. By the time the hva comes out of the volcano, all of the water
in it is mainly meteoric water, if I understand correctly.

Kennedy
The depression of the melting temperature is so small that it is within the uncertainty of
measurements. There is not enough water in the Halemaumau lavas to materially affect the melting temperatures. As they come to the surface, they're dry. You take a look at anyone and you'd
be straining to estimate that they have any more than 0.1 percent water. Their water content suggests that they never saw a very high partial pressure of water at any depth anywhere on their way
_to the surface.

Peck
Jim Moore's work with the submarine lavas on the rift zone suggests that, actually, that
stuff may have had 0.5 percent, which is not a lot of water. The lava we see at the surface has
lost some of that by degassing in the shallow magma chamber. It doesn't invalidate your point at
all, but I'm just saying that maybe the lava has 0.5 percent, and is not nearly saturated.

359

Kennedy
But you're not, at 2 or 3 miles depth, in equilibrium with 1000-psi water.

Peck
That's right, or we'd have hornblende in the lava, for one thing; and large explosive eruptions.

Kennedy
Sure, as you do elsewhere.

Higgins
There's been a comment on that point. I don't know that a 2 or 3 miles--at 10 kilometers if
you equilibrate with the melting point of the basalt--you have a 30-to-1 volume ratio of steam to
lava at the surface. And there's no way you even come close to that; even 3 to 1 is outside of the
range of credibility.

Kennedy
These lavas come up through plainly permeable, highly porous rocks and yet they make it
through dry. That's further evidence that there must be some barrier that keeps the water out of
contact with these magmas on their way to the surface.

Peck
Actually, this determination of Jim's of what the lava has down in the rift zone has some
bearing on the depth of flowage along these rift zones.

The lava had to be at certain depth, or it

still wouldn't have so much water when it finally gets down the rift zone and erupts way out beyond
the east cape of the Island.

Stewart
What happens to the solubility as it cools off?

Kennedy
The solubility increases as the temperature decreases.

Stewart
In other words, as you cool this rock off real fast some way, you run into trouble with an
explosion or something?

Kennedy
Provided it's water saturated, which it isn't. It's extremely dry.
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Stewart
I'm not assuming that it's at saturation.

Kienle
I would like to ask you why this thing does not implode if you have a 2000-psi difference in
pressure from the inside of the cap to the outside?

Kennedy
It has sufficient mechanical strength. This is what you find at Sonoma; it cracks, you have

several hundred feet of quarter-inch cracks--

Kienle
You don't know how thick this cap is?

Kennedy
No, of course not. The fact is that we find low-pressure steam reservoirs surrounded by
higher-pressure water in all directions. That means that, in the last thousands of years, there
has been no way to get that water out of there. When you find low-pressure steam reservoirs surrounded by higher-pressure water on all sides, including above, that's a wild one. That's a tight
seal. It's unbelievable.

Peck
Gentlemen, I think we ought to end this informal evening discussion.

Thank you all for

attending, and thank you, George, for a very stimulating evening.
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WEDNESDAY FIELD TRIP TO HAWAIIAN VOLCANOES
AND HAWAIIAN VOLCANO OBSERVATORY

Director / Guide:
Donald Peterson, Hawaiian Volcano Observatory
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Figu re 1. Eruption of Mau na
Ulu at 16:00 on 2/2/74 From
Chai n of Crate rs Road

Figure 3. View of Mauna Ulu
Crater on the Morni ng of
2/6/74

Figure 2. Part of Seminar
Field Trip Party Enroute to
Mauna Ulu Crater on the
Morning of 2/6/74

(Photos taken by G. E. Brandvold,
Sand ia Laboratories)

Figure 4. View of I ncandescent Underside of Crust and
Sulphur Deposits Near
Mauna Ulu Crater on
Morni ng of 2/6174

Figu re 6. Dr. Don Peterson,
Di rector of Hawaii Volcano
Observatory and Di rector/
Guide for Seminar Field Trip
Addressi ng the Group at
HVO on 2/6174.
Halemaumau Pit on the Right

-

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

Figure 5. Spattering Near
Small Vent in Mauna Ulu
Crater on Morni ng of

2/6174

(Photos taken by G. E. Brandvold.
Sandia Laboratories)
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Possible Methods for Power Generation
and Associated Problems
Chairman: Dallas L. Peck
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Coral Gables. Florida
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1.

L'iTRODUCTION

The world has come to that point in time where it sees its
fuels being depleted at a rapid pace.

sup~1y

of foss,:

In spite of the fact that the prlce of

raw materials has risen. predictions are that man will for all practicJ1
purposes exhaust the supply of fossil fuels within the next century_
This

~Zl)er

proposes the introduction of a ne\'J source of energy. vOlcc::.nic

energy. into the \1wrld market on a very broau scale.
this.

Q

synthetic fuel, in this case hydrogen, is

In order

pro~osed

'CO

accoPE)li5il

to be generated.

Heat sources', the hydrogen economy, mechani sms for hydrogen prodL:ct i or,
economics,

~nd

research and development needs are discussed in the rnar(

,.~~

which follows.
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D~i1ndling

in~reLs~ ~n

supplies of fossil fuels. and the consequent

pr';ces of these fuels. are providing stimulation for the pursuit of .. :.<:
development of alternative sources of energy.

Society seer.1S suffici::rr,:lJ

concerned about environmental protection that efforts are being
out and develop those forms of energy which are most nearly

nad~ .:~

non-po1~Lr

se2K

:(

in their environmental impact on the world's ecology.
Along with solar energy, an energy form which must be

investigc.,~ed

~n

some detail. is volcanic energy.

Both of these forms are regular

'1ature to our world environment.

The sun daily introduces energy lot:) we

Diosphere.

This energy budget is relatively beyond man1s contro1

or otherwise alter.
s~Jplies

The earth. from heat sources within its core,

"·.~puts

cf

;:;c;dify

L

~~sc

a rather constant energy input through the earth's crust .....c

' ....
1 5

biosphere. As far as the biosphere is concerned, in neither case aY'e any
a,)reciable amounts of matter converted to energy. nor are large chemical
(j'):~rations

performed which release energy to the atmosphere. such as the

"',urm ng ll of nucl ear or fossi 1 fuels produce.

Hence these sources of energy

appear environmentally acceptable, in fact, ideal.
i3ecause of the attractiveness of volcanic, energy as an alternate energy
source. science and technology are being asked to play an important ro1e
ir its development.
suffic~ently

It is reasonable to assume that man will soon

refine his techniques for exploration and conversior. that

he will be able to readily locate volcanic heat sources. and teChnologically
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convert them intu more usefu': enet'gy forms.
One such form which has been widely accepted as a useful end product to
the process is that of electricity.

Electricity is a very usefui form to

use as an energy transmitter hecause it will flo\'! along vJires. and

b,~cause

it

is environmentally clean at the point it is ultimately converted into
mechanical energy. heat. or light.
Electricity. however. is not a universally acceptable form of energy
for all applications.

In fact, only from 20% - 30% of the energy :nix at

the consumers' level is in the form of electricity. Aside from the applicability limitations. electricity has at least two additional severe dra\'/backs.

Llose dra\'lbacks are related to transmissibility. and storageabi1it.l.
for example. scientists and engineers are successful in the develop-

~f.

ment of techniques for the location of high heat fiux zones of volcc,ic
e~er9Y,

and if they are successful in the development of

these heat fluxes,

per~aps

technologie~

to turn

even the heat from magma itself, into electricitYt

major storage and distribution problems will arise.
It is clear that the locations on the earth's crust where volcanic energy
~s

mcst pronounced are not necessarily the same locations where man has

chosen to live.
coinc~de

h1s

it

In general, the locations of greatest energ¥ demand to not

with the locations of greatest volcanic energy flux.
is

a1s~

generally true for fossil fuel energy resources, however,

is noted that one of the advantages of the fossi1 fuel economy is this

erer-::J source is both readily stored, and easily transported'. As a result,
foss~:

fuels have received broad application.

Man has developed his

"
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tc~hn0100Y

far transporting and Glstributing this fuel to a

of sJrhistication.

remarka~le

As a matter of fact, most of you attending this

level

rJ.S./Ja~ar

Seminar arrived in a flying energy consumer, the jet aircraft, which functions
on a fossil fuel portable energy source•
.':!any papers in this Program on the Utilization of Volcanic Energy address
the

VC.j

real problems of exploration and conversion of this

natura~

heat

source into more convenient forms such as hot water, steam, and finallys
electricity.

This paper addresses what its authors see as a

funda~er.tal

problem in the ultimate utilization of the electricity produced from
volcanic energy source,that of its storage and distribution to

th~

th~s

energy

demand centers of the world.
For example, what does it contribute if we learn how to efficiently
generate large amounts of electricity at sites of active volcanoes, but haVE
no meilns of distributing this electricity to where the people are.

CertainlY

none of us would propose that the people should move to the volcano sites,
in oreer to
~o,

recei~e

the electricity we have produced for them.

what seems to be needed is a way of producing an energy transmitter

which is better than electricity.

The authors propose a

synthc~ic

fuel,

.hydrogen, which can be easily transported to demand centers and then reconverted to either Ileat, electricity, or mechanical energy at the place \\Jilere
the energy is desired.
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3.

~OLCANIC

ENERGY SOURCES

At this point it seems appropriate to define volcanic energy.
c~ear

i:

that volcanic energy should include that heat energy

volcanic eruptions and spectacular magma flows.
sho~ld

that the definitions

15

m.. iiE:s~s itself

~'Jhich

It seems

It

eqGa~

,y cle~r

incorporate those other heat anomalies it or

bene,:h the earth1s crust. which have been alluded to under the category of
qeothermal energy.

In short. volcanic energy is defined as all heat energy

which flows from within the earth1s cere through its outer

crust~

regardless

of the way it reaches us.
'Surface manifestati ons take the form of hot springs, hot bri nes, \'!arm
mud

steam seeps. geysers. hot rocks, magmatic intrusions, an

pot~.

magmatic eruptions.

The thermal energy contained in these forms ail originates

from within the core of the earth. and is essentially independent

of ~utside

inputs, such as solar energy and the like.
At first glance. it would seem that one of these forms should exist at, or
·-:ear, every point on earth. This, of course, is not the case.

Geological

surveys have confirmed that these anomalies most frequently occur in regions
where dislocations
that these

i~

a~oma1ies

the earth1s crust have been observed.

It is suspected

could occur in many locations close to the deep sea

bottom, because of the thinness of the mantle in those regions, although
surveys have yet to be performed.

adec~ate

4>

THE HYDROGEN ECONmW
T~e

University of Miami Energy Research Group, and others. have

rEce~tly

becor-:e more and r.1ore interested in using the most plentiful eler,",ent in the
unlV='~SC:

as a means of storing and transmitting energy.

The elCl7lent is
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IWdroge~.
VJiiO','

wnich when oxidized releases large amounts of ener0Y. wit, water

as the major chemical product.

A1though free hydrogen is not as plentiful in the earth's
',,:, . ~ is in the universe. it is very 'plentifully

sto~ed

in

atmos~here

chemica~

.~ompound

oxygen. in the form of water in the earth's lakes. oceans. streams:

,Ith

In this resource it is stoichoriietrically balanced \"Jith oxygen at

..:,~\.jifers.

.:. rute vf

a~d

t\"JO

atoms of hydrogen for each atom of oxygen.

This. cf :ourse.

;.:; the exact ratio required for the complete combustion of nydrogen.
is seen that both hydrogen and oxygen are stored for manls
ri.9ht proportions. and at many points around the

US€; !li

Thus it

exactly the

\'~orld.

It is of interest to note that most active volcanic regions art reasonably
close

~o

large quantities of water. a convenience that later will be seen as a

requ '. :~,~;11C:nt for effici ent hydrogen producti on.
Unlike electricity. hydrogen can be stored.
tithe~' !)y

~r

pipe-line. or in cryogenic tankers.

It is easily' transported.
It can be safely substituted

J2troleum and coal in almost all existing industrial processes which

;"2quire a reducing agent. such as steel manufacturing and other metallurgical
operations.

Hydrogen can be converted easily to other fuel forms. such as

methanol. ammonia. and hydrazine.
itternal combustion engines run efficiently on hydrogen. as nas been sho\'m
at tile Jniversity of Miami.
a(i..lirab~j with hydrogen.

The space age has shovm that gas turbines function

Fuel-cells which are flameless produce electricity

,(Jm nydrogen at high efficiencies.
L;r:ere storage of hydrogen. either cryogenically or under pressu;8, is not
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convi:?nient, it may be stored as a metal hydride.

These materials

relt~6C:;s t::c:~r

,ydrogen when heated.
;he complete and current state-of-the-art in Hydrogen Economy

tec~:~logy

vlill be presented by the University of 11iami i1arch 18-20, 1974 at the Hydrogen
tCOno~,1Y

:1iami Energy (THEME) Conference. at :'1iami Beach, U.S.A.

are menlbers of the organizing committee.
the

proc~edings

The authors

Interested pcrties are referred to

of this conference for the material presented •

.~ bibliography of pertinent literature is contained at the end of this
paper.
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o.

:;CC,,~\:S';S

'l'iver

FOR HYDROGEN PRODUCTION

~·.eat

source hydrogen can be produced by various means.

is a dii ect thermal decomposition in which the
4

!"ec;uirec. on the order of Z500°C.

~'Ja:er

r.:oL'lcJ1e is

T ,; first

he~tE::,.

It is possible that such a proc(;:;sr,'19ht

function at a lower temperature in the presence of a proper catalyst.

;i!e

authors, however, know of no such process which is operational at this time.
If it dia exist, the problem of separating the hydrogen from the oxyger, ,,",auld

remain.
Attractive, though not commercially proven thermochemical processes,
have been proposed by

r~archetti and De Beni (1 )*. ihese invo1ve

multi ~step

chemica 1 processes which require lo\'Ier temperatures (on the order of "':OO°C)
and effect separation of the hydrogen from oxygen by utilizing intermediate
easy to separate chemical compounds.

An example of such a process is the

Mark-1 cycle which involves the following set of reactions:
Ca Brz + ZHZO

(1)

730°C

> Ca{OH)z + ZHBr

z'50°C~ H9 BrZ + HZ

(2)

Hg + ZHBr

\3)

Hg BrZ + Ca{OH}2

(4)

HgO

60QoC

Jr

(l)

(hydrogen switch)

200°C> Ca Brz + HgO + H20
H9 + l/Z Oz

(water splitting)

(oxygen shifti

{oxygen switch}

\'/hose sumi s:

In addition to reducing temperature requirements and effecting ease of
product separation there is virtually 100% recycling of the mercury, l'Y'omine

*Numbers in parenthesis designate references at the end of paper.
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an~

c::;cium usea in the process.

There are drawbacks

associ&tea~ith

$u:h

a proc2ss. i.e., pollution from the mercury and the need for expensive
construction materials.

The above is an example of one of sixty odu

multi-step thermochemical processes which have been analyzed by Marchetti
and De Beni.
A third process which offers promise for the production of hydrogen
from volcanic heat is an indirect one.

It involves the conversion of

volcanic heat to electricity and the subsequent e1ectrolysis of water to produce hydrogen and oxygen.

Electrolysis of water is a well established

technology and large-scale plants have been in operation for many years.
Current commercial electro1yzer efficiencies are high, around 65-70%. and
the potential for advancement is good.(2)
cienc~es

Theoretically, electro:ytic effi-

of greater than 100% are attainable.

VOltage corresponding to the enthalpy

For example at 298°K the

change is 1.47 while tne voltage

corresponding to the free energy change is only 1.23 volts.
a 120% (1.47/1.23) efficiency can be attained.

IdeallY7 then

The extra reqyired heat

;~~eraction is with the environment. (3) Higher cell operating temperatures
increase the efficiency even further.
Advanced electrolytic cell designs are being studied by General Electric(4)
and Allis Chalmers.(S) The General Electric cell is based on a solid polymer
electrolyte (SPE) concept.

Among its many features the SPE system can operate

at high current density (71000 ASF) resulting in minimum size and cost.
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i i the

~ater

used in the electrolysis process is rot

othe, gases may be present.
CE;S

a'~~~. ;2d .

For example, the electrolysis of

sea-~.w~~ ~rJdu-

hydrogen and chlorine, rather than hydrogen and oxygen. At the

pn:s~nt

time chlorine is economically more valuable than oxygen.
The requirement that water be present for the electrolytic
~.;

fom:[_i-~m

hydrogen does not seem to impose too stringent a requirement on the

volcanic energy production system. considering that the most efficient
electrical production of energy from volcanic sources requires rather
large supplies of water for cooling purposes.

The volume of production and the

efficiency of conversion are greatly enhanced by the quality and extent
of the heat sink.
,3.n ideal place to first experiment with the hydrogen generatico' concept
woulc seem to be either here in Hawaii, where high heat flows are adjacent
to nearly infinite heat sinks and water supplies~30)or in Japan, whE;r~ similar
conditions exist.

In the latter case. the heat sink (ocean) .;s at even lower

ambient temperatures than that in Hawaii.
The mechanism of hydrogen production through electrolysis has an
advantage in that an electrical distribution network could be used to
collect the volcanically generated electricity from a number of sources to
a convenient central location.

Thus the hydrogen generation plant could be

optimally located more-as a function of transportation and water availability,
than as a function of the location of the volcanic energy source. A process
in which electrooysis was conducted under large hYdrostatic pressure
(say at ocean depths) would automatically pressurize the resulting gaseous
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1:_,jroC!t:11 and its oxygen or ell'l ori ne 0y-produG-c.
~o shor~

Tins cou j u be

p~

pc..a.:k

or to floating platforms, under this pressure.

A fourth ·process, also an indirect one, is one which combines

nt~~

0ith

d.l1ot;ler resource, such as coa1, sugar cane bagasse, or other potenti a -ilj
Jseh1 energy containing raw material. to produce a

synthet~c

qas.

methane •. Conceivably this process might be developed into a very
one as far as an interim solution to the
is concerned.

manufactur~

SdCi1 :'5

usefu~

of synthetic . ~els

However, the authors see this process at best interim in

nature. and not capable of providing consistently high quality synthetic fuel
in either the uniformity or magnitudes that would ultimately be required.
Short term economics could, however, make this last process very desirable for
the near future.
o.

ECONmUCS

During periods of economic stability, cost-effectiveness comparisons of
a 1 ternative energy sources may have a degree of credibility associated with
them, by virtue of the fact that many input parameters are knowns,
type and quantity.

both

ir.

Unfortunately, this period we are in at present ;s anything

one of economic stability. The energy cost picture at the present time

'''It

,s rapidly changing.

Predictions based on these costs thereforE

'''ighly questionable.

Nevertheless, it is possible to accept a cert..:..·. n inevita-

~'l;ty

.Jre

in trends. and make a few cursory observations about costs.

~rave,

be

mus~

T0

the

it may even be possible to reach some indisputable conclusions.

One thing seems certain.

Conventional energy costs are rising.

In~reasins

(.:mands on the part of the world popu·jation, coupl ed w; th growi n0 scare·; '.

':';$

381

1n

foss~i

:-uel reserves, can onlY

furth~r up~ard.

se~v~

to diive the cos:

u

'~

-

Dr. aobert Rex, in nis paper at this conferenr2"

that current auction

~rices

for fuel oi: are about $3.00 per

st~t~~

m~l~.or

L.7.J.'s

which is equivalent to 10 mils per kilowatt hour, or about S17-13 per
In Florida, electrical energy costs, which are dependent on

nuclear fuels, have risen to 9 mils per kilowatt hour.

~urrel.

'=OS$-;:

This figure

0:'"

~~~iGusly

will rise further, if the 10 mil figure on fuel oil holds, or rises.
Electrical energy from geothermal sources, is obviously not as foss';:
fuel dependent.

At the present time costs of 6 to 7 mils per kwh are

quoted as reasonable for a geysers type of location.

~ei~J

Rex, in the article;;

mentioned, predicts that reasonable costs for a geothermal to hydrogen sys:em
(based on e1ectrolysis) is $2.,65 per million B.T.U.'s.

This corresponds to

9 mi 1S 'Jer h/h.
Fro~

the cursory observations, it appears that the geothermal tc

hydroge~

system is presently competitive with electrical energy produced from fossil or
nuclear fuels, as far as energy production at the plant is concerned.
Transmission of this energy from the plant costs money.

Winsche, Hoffman,

~nd Salzano(29} estimated that it cost $0.033 per million B.T.U. to transport
hydrogen 100 miles, whereas it cost $0.21 per million B.T.U. for electricity.
In mils per kwh these figures are 0.011 and 0.072 respectively.

Thus 1t is

seen -cndt the transmission of energy by high voltage electricity is aporox';'<itely seven times as expensive as that for hydrogen.
Distribution of energy from the sUDstation to the home aiso costs money.
Tht: dutnors cited list the cost for distributing electricity by overhead wire
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at $2.55 per million B.LU. per household.

million

~.T.U.

Hydrogen costs

l'/Ou:...; L

.;J .. -"''-'

iJer

by pipeline.

In mils per kwh. they are 8.7 and 2.25 respectively.

Thu::>

~.:

is seen that

electricity distribution costs to households are approximately hur.:iiilEs as
expensive.
I~

hydrogen is reconverted to electricity a:t the point of ce·!s ..J:ion,

it costs $0.82 per million

B.T.U. or 2.78 mils per kwh.

These figures are summarized as follows:
H,ydrC<jf,(,

Electricity by
Fossil or Nuclear
Generation

9 mils/kwh

Transmission (100 miles)

0.072

Distribution

8.7
TOTAL

Reconversion to
Ele:tricity
TOTAL
T~e

,)~,

Geotherl11a~

2.25

17.77 mils/kwh
2.78

0.00

17.77 mils/kwh

14.04 mil S/kwtl

geotherma1-electric-hydrogen and geothermal-electric-hydrogen-e1ectric

systems both appear to be cost competitive with fossil or nuclear-electric
systems •
.... ~ real market for geothenna1 energy. however. appears to be
replacement of fossil fuels.

~r

the

In the same paper cited. Winsche et.a .• :ist

an i nteresti ng compar; son for the competitive costs

bet"/e~n

el ectrc;' ·.:L
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hJdrogen and gasoline.

If their figures are adjusted to reflect

cu:r~~t

gasoline prices (estimated at $0.38 per gallon exclusive of State and iocal'
taxes), the following results:

Cost of Electricity
(mills per kwh)

Electrolytic Hydrogen/gasoline
(ratio of cos:s)

0.0

0~33

0.6

0.39

1.0

0.44

1.5

0.50

2.0

0.55

4.0

0.80

6.0

1.00

8.0

1.25

10.0

1.45

12.0

1.70

No:e that a price of 6 mils per kwh is the break even point as far as
titiveness with gasoline is concerned.
€~ectricity

at this rate.

Thus the time

compe~

Geothermal energy is presently providing
~ppcars

near when hydrogen from

geothermal sources should begin replacing fossil fuels.
The previous figures are all based on current state-of-the-art technology.
Tey

~nvolve

the generation of electricity from geothermal steam, and the

generation of hydrogen by electrolysis.

No oxYgen credit is

allo\~ed,

although

tnis cduld be substantial .in pollution control and environmental cleanup activities.
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/:

r.

-

:..,;

··.')m :)rl mary energy sources t cos.:s of hydrogen product; on :nus ~ ~ :.L,,: _ on a re 1a-

. . lve bas is.
"'hU5

j~:Offi2

~(;ne·

'.,,'hatev(:;c seems economically competitive at this

.)C~

even more competitive in the not-too-distant future.

.... 'n cOiwersion to the hydrogen economy makes

ccnv 'sian precess will be greatly accellerated.

nt in
As

th~

~tse1f evij-;;lt,

Th~s

will oe

- i·1::

",;:

1

economic
the

fur~~er

erhanc..... Jy a gro\'Ji n9 di sencr.antment v/ith the: present precess of bdrni ng
fessi:

f~cls

for their enerqy release. cost factors not considered.
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7 .:E~i:>{CH

A~W

DEVELGH1ENT NEEDS

produc:ipr: of eiectricity since mocerne:ficierrc (60-7ei:,
logy is ';=airly

1-'/~11

developed.

Research along these lines win

\'/he'cl1er or rot the hydrogen option is seiected.
of

e-;~ct~~:., LC' '.: __ ;,(10-

bE rE.C:L~;ed·

This state::'er;t 1S

no~ ,:t112;,

if the source of water used for electrolysis is the sea.

cour5~t

fo~

this

case there are many problems that remain to be solved •
..li:h

regard to the thermochem"ica1 (or di rect tlerma1 deccmpo$ iti c, .'ethod

of producing nydrogen the basic research required is a10r.g the lines
;jevelopir~

the technology necessary to deliver to the thermochemici.il

plant

t~,?

giv~n

.A

ae~err.

, :~ e whether or not such requ i rements can be met \'11 th vo1can i c er.e r;y

-

required temperature levels and heat fluxes.
the literature cited.

These

,:.,.,'jd"tc,

reo~ir~n2:~5

A feasibility study should De perfOrm2Q

are

~c

sources.
Quite a significant contribution would be an economic analysis wherein
consideration is given to the benefits to be derived from selecting the
hydrogen option.

Such a study would focus attention on a promising volcanic

'energ} source location and include a complete economic and energy efficiency
analysis including not only production by the various techniques descr-:bed
herein dnd transmission. but also distribution costs and energy conversion
efficiehcies at the consumer level.
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Morphological, hydrological and thermal characteristics of active
volcanoes having no geothermal areas; and artificial hydrothermal
systems for utilizing their latent internal heat energy
by
Kozo Yuhara
National Research Center for Disaster Prevention

I.

Relationship between the volcanoes and the geothermal fields

According to the "List of the World Active Volcanoes" (1971),
there are 61 active volcanoes in Japan.
Their types and main rocks
have been investigated thoroughly.
The majority of these active volcanoes have fumaroles on or near the top and crater of the mountain,
even in their quiet periods.
They have also, on the slopes or at the
foot, the so-called geothermal areas where fumaroles, boiling springs
and thermal springs are included.
Some of these geothermal areas were
interpreted as traces of the old crater or as areas along the fissures
caused by volcanic activities, and others were connected with older
volcanoes.
It is also a fact that there are around volcanoes many hot
springs which are of not so high temperature as to be called geothermal
fields.
But, the above-mentioned geothermal manifestations are not
always accompanied by volcanoes.
Some of the young active volcanoes
have no geothermal manifestations at all.
In Table 1, the summit fumaroles, geothermal areas and thermal springs around each of the
volcanoes are summarized.
From this table, it is clear that, out of
61 active volcanoes in total, 43 volcanoes corresponding to 70% of the
total have Lhe summit fumaroles, and that 28 volcanoes, 46% of the
total, have the geothermal areas.
Among the 33 volcanoes which have
no geothermal area, 26 volcanoes have hot springs, but about half of
them, namely 15 volcanoes have such low-temperature springs with temperatures lower than 50°C.
The volcanoes having neither the summit
fumaroles, the geothermal areas, nor the high-temperature thermal
springs are 6 volcanoes, namely Kaimon, Norikura, Akagi, Tyokai, Kozu
and Hachijo-Nishi.
The volcanoes having neither the geothermal areas
nor the high-temperature thermal springs but with the summit fumaroles
amount to 10 volcanoes, namely Sakurajima, Fuji, Ontake, Myoko, Asama,
Oshima, Miyake, Tarumae, Oshima-oshima and Esan.
What mechanism is needed for formation of the geothermal areas
or the high-temperature thermal springs?
What relations are there
between such geothermal manifestations and volcanic activities?
These
problems have been studies mainly from the geological points of view,
but the explanations were not so sufficient, and in the present paper
there are d~scussions on the following two points:
Why do some of the
active volcanoes accompany the geothermal fields and thermal springs,and why do others accompany no geothermal manifestations?
What is the
difference between the structures of the above mentioned two kinds of
volcanoes?
From these considerations, the conditions necessary to
form the geothermal fields may be found.

II.

Morphological characteristics of the active volcano having no
geothermal field

The first morphological characteristic of the active volcanoes
having no geothermal field is that they are of the simpler form compared
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with the active volcanoes having geothermal field.
The typical volcanoes are Kaimon, Chokai, Fuji and Hachijo-Nishi.
The second
characteristic of these volcanoes is that they have no caldera.
Thirdly,
most of the volcanoes presently in active stage such as Asama, Oshima,
Aso and Sakurajima have no geothermal field.
It means that these
volcanoes are stratified and not strongly eroded.
Suzuki (1969) has
d e fin edt he" E r 0 s ion rat i 0 " ,
R, for i n d i cat ion 0 f t 1. e d e g r e e 0 f
erosion as follows:
R

x

100

( 1)

3

where V o is the original volume (km ) of the volcanic edifice, V p the
present volume.
He also has given the empirical relation between the
R and the "Duration of Erosion",
T,
R

=

4.3 ln T - 30

(2)

The topographical measurement of R and the calculation of T have been
done for the volcanoes having no geothermal area, and the results are
shown in Table 2.
In this table, it is clear that the value of R of
the active volcanoes having no geothermal area are less than six, and
the duration of erosion are less than two or three thousand years.
For the comparison, Rand T of the volcanoes having the geothermal
area or the high temperature hot springs are also shown in the same
table.
These values of R are more than 10 and their values of Tare
more than ten thousand years.
The second characteristic is that the
volcanic edifices have not been destroyed after their forming, that is,
the inner structures of the volcanoes must have been kept as they were.
The inner structures of the active volcanoes having no geothermal
area may be the same as the structures of the stratified volcano shown
by MacDonard (1970).
The third characteristic is that the volcanoes
are very young and have their volcano edifices not yet destroyed.
The
above mentioned morphological characteristics suggest that the active
volcanoes without geothermal areas have the comparatively simple and
unbroken stratified structures.
Thus, the problems to be solved are;
Why the geothermal areas are not accompanied by unbrokenly stratified
volcanoes, and why they are accompanied by vclcanoes of which edifices
were destroyed?

III.

Ground water in the volcano

Surveys of springs and ground water in the volcanic regions have
been carried out from many years ago, and it has become clear, as the
results, that the large springs of Japan are almost at the foot of the
stratified volcanoes.
These volcanoes are composed of the alternations
of the lava flows, the volcanic ashes, the volcanic sands, the lapillis
and the mud flows, and the large springs are generally at the ends of
the lava flows.
Hydrological studies of Fuji and Yotei volcanoes will be reviewed
as examples.
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(1)

Fuji

Volcanic edifice of Fuji was measured by Kambara (1929).
The
radius of the bottom is about 40 km, the bottom area ab~t 930 km 2 , and
the volume of the edifice about 1.2x10 12 m3 • The distribution of
precipitation on the Fuji is shown in Yoshimura's figure (Yamamoto,
1970).
The total quantity of the precipitation is 2.2x10 9 m3 /year.
There is little water in the edifice of Fuji, but at its foot there
are lakes, large springs and rivers of large specific discharge.
After the Yamamoto's figure (1970) of the distribution of springs on
the Fuji, most of the springs are at the places lower than 1,000 m,
and especially than 500 m above sea level, and further some springs
supposedly flowing out of sea bottom.
Total discharge from the springs
is 55 m3 /sec which corresponds to 77% of the total precipitation.
These springs must be the outcrops of the aquifers which have been
formed in the volcanic edifice.
These aquifers are composed of the
scoria, scoria-1apilli and cracks in the lava, and the mud flows and
the deposits of Kofuji under the above mentioned formations many act
as the impermeable layers.
According to the study of tritium by
Ochiai (1968), it is clear that the water of the springs is not so old.
From the above mentioned studies on Fuji, the following points
could be stated as conclusions.
Rain and snow which have precipitated
on Fuji volcano infiltrate into the ground and flow through scoria
and lava, and then flow out of springs at the foot of the mountain in
relatively short periods.
The volume of this water is 77% of the total precipitation.
It is difficult to estimate the quantity of evaporation to the atmosphere, but it may be roughly estimated at 20 to 30%,
and so the above percentage 77% may show the total rate except the
evaporation.
Therefore, in the case of Mt. Fuji, little quantity of
ground water infiltrates into the deeper ground where it is heated by
volcanic heat sources.
This may coincide with the fact that there is
no geothermal area on and around Mt. Fuji.
(2)

Yotei

Mt. Yotei is of the shape as graceful as Mt. Fuji.
The height
is 1,893 m, the area of the bottom 104 km 2 , and the volume 44 km 3 •
The greater part of the precipitation on this volcano infiltrates into
the volcanic edifice because of its large permeability, and does not
make any stream on the slope. Meanwhile, there are many large springs
at the foot of the mountain.
Their distribution was shown by Yamaguichi
(1972), and their total discharge was l18xl0 6 m3 /year.
A map of distribution of the precipitation on Mt. Yotei was made from the data taken
at five observing stations on the top and at the foot of the volcano
(Yamaguchi, 1972).
Areal precipitation in 1964 was 1,674 mm on the
area of 94.6 km 2 , and then the total precipitation being given to be
l58.4xl0 6 m3 /year.
Distribution of evapo-transpiration was also shown
(Yamaguichi, 1972), and areal evapo-transpiration in 1969 was 453 mm,
that is, the total 42.9xl0 6 m3 /year.
From these values, it means that
27% of the total precipitation evaporated or transpirated from the
area.
In 1969, the water balance was in the red by 2%, and in 1970 it
was in the black by 3%.
During the ten years from 1961 to 1970, the
water on Mt. Yotei seems to have kept the balance.
Therefo~e, it can
be said that in this example little quantity of water infiltrates into
the deeper ground where it is heated by the heat source of the volcano.
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As shown in the above two examples, it can be concluded that
the rain water, which has precipitated on the volcanic edifice with
its simply stratified structure, infiltrates into the ground except
the evapo-transpiration, and almost all of the water flows out of the
cold springs at the foot of the mountain, and then little quantity
of water infiltrates into the deeper ground where it can be heated
by the volcanic heat sources.
IV. Model of the hydrothermal system
It has been considered that the fluid gushing out from the geothermal area is almost of meteoric origin and is conductively heated,
and a little quantity of magmatic water with large enthalpy mixes
with the meteoric water.
Primary geothermal fluid made by such a
process flows out of the surface as it is or mixes further with the
cold ground water on the way as it ascends to the surface, and then
it brings about the geothermal manifestations such as fumaroles, hot
springs and others.
Such a model of the hydrotherm~l system is shown
in Figure 1.
An attempt to estimate the ratio of the magmatic water to the
meteoric water has been done from the data of mass and heat outputs
obtained in the actual fields.
When the magmatic steam rises through
a vent with its circular section, relations between the temperature
Q of the steam at a depth, its flow rate and the depth of the magma
reservoir can be given by the following equations (Yuhara, 1968):
El = El

_
1

E

E

_

~l)
DE2

(1 _ e- EZ)

_ BelZ
DE

(3)

(y -1)A.
4 R Y r

M

A
B

(~

2 TT r h
-------m

(4)
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B

2 A

where D is the depth of the upper end of the magma body, Ql the temperature of the magma, Z the vertical length measured from the upper end
of the magma body, M the molecular weight of the steam,
the density
of the steam,
the ratio of the specific heat at a constant pressure
and the specific heat at a constant volume, R the gas constant, r the
radius of the vent, m the mass flow, C the specific heat at constant
volume, h the coefficient of the cooling, and A. the constant which is
a function of Reynolds number.
A group of curves (1) in Fig. 2 shows the steam temperature at
l-km depth, using proper values of those constants.
A group of curves
(2) in the same figure shows the heat ~ischarge by the magmatic steam.
Thus, using this diagram, we can estimate the flow rate of the magmatic
steam, from the observed values of the mass and heat discharges of a
geothermal area and the assumed depth of the magma body.
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Around the central cones of Hakone volcano, there are several
solfataric fields and many hot springs such as Owakudani, Sounzan,
Dbako, Kaminoyu and Gora.
Total mass discharge from these areas amounts
to 129 kg/sec and total heat discharge amounts to 10,640 kcal/Bec
relative to O°C.
From these data, we can get 9,350 kcal/sec as the
heat discharge relative to the mean ground-surface temperature, 10°C.
If we take 2,500 kcal/sec as the maximum value of the conductive heat
which has been derived theoretically by Fukutomi (1964), the heat
transported by the magmatic steam flow becomes 6,850 kcal/sec.
Assuming D = 10 km, we can get, from the above value of heat discharge and
Fig. 2, 6.4 kg/sec as the flow rate of the magmatic steam.
The value
6.4 kg/sec corresponds to about 5% of the total mass discharge 129 kgl
sec which is 4.7% of the total annual precipitation of the basin.
The
above mentioned hydrothermal system is illustrated in Fig. 3, where
observed, assumed and calculated values are shown with different marks.
As is clear in the above example of the hydrothermal system, one
of the main factor forming the geothermal field must be the circulating
water which infiltrates from the surface and is heated by the volcanic
heat sources.
V.

Artificial hydrothermal system

As discussed in the former sections, the existence of the hyarothermal system is a necessary condition to form and maintain the
geothermal area, and then the meteoric water must infiltrate into the
depths of high temperature.
Meanwhile, on the active volcano having
no geothermal area, the meteoric water does not infiltrate into the
depths of high temperature.
Therefore, if the heat source is still
active, the heat can be extracted by the water artificially infiltrated into the depth near the heat source.
This is called here the
artificial hydrothermal system, which is one of the most practical
methods of utilization of the latent volcanic heat energy.
The practical method of the infiltration of the meteoric water
into a depth of heating is that of the injection wells.
Therefore,
the most important problems are the drilling into the hot permeable
layer in the volcanic edifice and the extraction of the injected water.
And then, the next problems will be:
How high temperatures can be expected in the volc~hic ed~fice and how large percentages of the injected
water can be extracted through the production wells.
VI.

Thermal structure in the volcanic edifice

For the estimation of the temperature distribution in the volcanic
edifice, the following models were considered.
For the mathematical
simplicity, a two-dimensional model has been used.
In Fig. 4, the line
ABCDE shows the ground surface, the line FGI the bottom of the earth's
crust, and the line HG the melted magma rising through the vent.
The
volcano is shown by the line BCD, and the shape of the section is symmetrical with respect to the vertical axis passing through the summit.
The height of the mountain is 3,000 m and the gradient of the slope is
liS.
The depth of the line FGI is put to be 30km from the surface.
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The temperature of the ground surface are, as the boundary
conditions, put to be 15°C at 0 m level, 10°C at 1,000 m level, 5°C
at 2,000 m level and O°C at 3,000 m level, while the temperature of
the melted magma and the lower boundary of the earth's crust are put
to be 1,000°C.
On the boundaries AF and EI, the heat is supposed to
flow along these boundaries.
The steady state temperatures were calculated by means of the
relaxation method at each point of the lattice with 1 km intervals in
the earth's crust with homogeneous conductivity.
Figs. 5 to 7 show the temperature distributions of several cases
with various depths of the upper end of the melted magma.

VII.

Temperature of the thermal water in the artificial hydrothermal
system

As an example of utilization of the heat in the volcanic edifice
with thermal structures as shown in the former section, a recharge-discharge system was considered, where the cold water is injected by a
well into a stratum, flows down through the stratum, and then rises
up through a production well (Fig. 8).
Injected water will be heated
during its flow through the injection well and the stratum, while the
stratum will be cooled by the injected water.
In the production well,
the water will be heated at its lower part and cooled at its upper part.
It is supposed that the heat flows horizontally and radially from
the well.
Denoting the temperature with e, and the distance from the
center of the well with r, the temperature around the injection well is:

(e'-ew)

G

.tn

re
r

tn

(5)

l

where, r
is the radius of the well, Gw the water temperature in the
l
well, re
the distance at which the well does not affect the ground
temperature, and a' the temperature at reo
If we denote the flow rate,
the density and the specific heat of injected water, with ql' p, and
C, and rewrite ew to e, the equation of the heat conservation along
the injection well is

e'

where Z is the vertical coordinate, D
l
and
qlPC

C1

Temperature

e'

at any depth

e
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=

2rrKD 1

Z

(6)

the depth of the injection well,
(7)

is:
(8)

where 8
al
8
the
b
injected.
using the
injection

is the atmospheric temperature at the ground surface, and
ground temperature of hot stratum when the water is not
Integrating (6) under the condition 8 = 8 1 at Z = 0, and
relation (8), we get the temperature of th~ water in the
welL
Z_
Z
Sl D l
8 = 8 al + (8 b -8 al ) (0 -Sl)+(8 -8
(9)
al )Sle
b

Z

Temperature of the water at the well bottom,

=

D, is:

1

°1= °al

+ (Ob - °al)(l-Sl)+(Ob-Oal)sle -[1

(10)

If the total water volume flowing in the stratum is Q, and if
the width of the flow in the stratum is B, and if the flowing water
is heated by the heat flow f from the lower side, and if the heat runs
away to the surface corresponding to the mean temperature gradient
between the stratum and the surface, then we can write:

pcQ
B

de
dS

f

K(Q

-Q )
a

( 11)

d

where f is considered to be invariable whether the water in the
stratum flows or not, and it can be written 8 b which shows the temperature when the water is not injected:

(lZ)

f

Solving (11), and considering a boundary condition 8 = 8

1

at S

0,

B K

pcQ (S-cx)
8

( 13)

When. the distance from the injection well to the production well is
denoted by S, and the temperature at the bottom of the production well
by 8 Z '
BK

pcQ(S-cx)
(14)

When we take z-axis to be positive downwards from the top of the
production well, the equation of the heat conservation along the
production well can be written as:

d8

dZ

1
SZD Z

(8 -

8')

(15)

397

where 8 is the temperature of the water in the well, DZ the depth of
the production well and Sz is given, using the radius of the production well rZ and the volume ratio
of the production qz, by

(16)

Undisturbed temperature 8' can be written as follows:
(17)

where SaZ is the air temperature at the place of the production well.
Integrating (15), and applying 8 = 8 at Z = D ' we have
Z
Z

(18)

At the well head,

Z = 0,
1

83=8az+(8b-SaZ)sZ+{8z-8az-(8b-8az)(1+Sz)}e -

Cz

(19)

Combining (10), (14) and (19), the water temperature at the
head of the production well can be shown by
8 3 = SaZ + (Sb- 8 aZ)

sz
BK
1

- -r;;Z

(ZO)

shere Q = nlql and nl is the number of the injection wells.
If we
denote the ratio of withdrawal with p, pQ = nzqz, where nZ is the
number of the production wells, and p is positive and less than one.
As an example,

e al
D

l

.- 5°C ,
= 3 km,

if we use next parameters:
S aZ- 15° C,
D

Z

= 5 km

3
3
Q = 40,000 cm /sec = 144 m /h
n
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l

= 40,

n

Z

= 5,

p

=

0.75

ql

3

1,000 cm /sec
3

3

6,000 cm /sec

s

zoo

m x 39

j 10Z

+ 4Z

tan
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s
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K
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pC

1 cal/cm
=

r

-1 Z

100 m,

e

3

• deg

10 cm

,en

6.9

and then
1.Z
then we can have, from the equations

(10),

(14)

and (19),

This example shows that we can get 108 m3 /hour of the thermal water
of 143°C.
The temperature variations through the system are shown in Fig.9,
where the parameters 8 al , SaZ' Sb' D l , D ' B, D, p, C, Q, ([3-cx)
Z
and Sz have the same values as in the above example, and Sl takes
various values such as O.Z, 0.4, 0.6, 0.8, 1.0 and Z.O.

VIII.

Possibility of the volcanic electric power generation

It may be possible to extract heat energy from the hot rock which
could be supposed to exist in the volcanic edifice.
However, since
the temperature of the hot rock falls down because of the injection of
cold water into it, the temperature of the circulated water would be
lower than that of the hot rock before the water is injected.
The temperature of the water is controlled not only by the rock temperature
but also by the physical parameters such as the total flow rate of the
injected water, the number and depths of the injection wells, the injection rate of each well, and the horizontal area of water-spreading
in the stratum.
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Other important problems concerning such heat extraction methods
are whether or not there are cracks in the hot rock, through which the
injected water can flow, and what rate of injected water could be discharged from the production wells.
The former problem needs the
development in the rock-fracturing techniques, and the latter requires
the clarification of volcanic structures and the drilling of the injection and production wells at the most suitable places.
The calculation in the former section showed that for C =0.6 108
l
ton/hour thermal water of 190°C can be discharged from the production
well.
When it is flashed at the well-head pressure of 2 kg/cm 2 , it is
changed into 93 ton/hour thermal water and 15 ton/hour vapour, which
have an ability to g~nerate abo~t l.~ MW electric power.
If the C is
0.4, the temperature of the water becomes 215°C which corresponds to
about 2.0 MW, and if C , is 0.2, the power generation is about 3 MW.
l
If we can build four power plants on a volcano, the amounts of
electric power generation would be 6 MW, 8 MW and 12 MW, for respective value of C •
They are not so large values, therefore we can not
l
expect the large-scale electric power generation only for the case
where we utilize the heat energy supplied only by the conduction in
hot rocks.
In order to make high-ethalpy fluid, it might need to add
the magmatic steam to the injected water.
Such a conclusion agrees
well with Fukutomi's theoretical results (1964).

400

REFERENCES

Fukutomi, T., (1964); Temperature of Hot Springs of Meteoric Water
Origin; Geophys. Bull. Hokkaido Univ., 9;53-70. (in Japanese).
Kambara, S., (1926); Geology and Hydrology of Mt. Fuji; Hakushinkan
Press (in Japanese).
List of the World Active Volcanoes,
tin of Volcanic Eruptions.

(1971); Special Issue of Bulle-

Macdonald, G. A. and A. T. Abbott, (1970); Volcanoes in the Sea, The
Geology of Hawaii; Univ. of Hawaii Press.
Ochiai, T., (1962); Report on the Groundwater in Kise River Basin;
National Research Institute of Agricultural Engineering. (in
Japanese).
Suzuki, T., (1969); Rate of Erosion in Strata-volcanoes in Japan;
bull. Volcanological Soc. Japan, 14;133-147 (in Japanese).
Yamaguchi, H., (1972); Springs and Water Economy of Mt. Yotei; Jour.
Geography, 81:4-20 (in Japanese).
Yamamoto, S., (1970); Hydrologic study of volcano Fuji and its adjacent areas; Geographical Review of Japan, 43:267-284 (in Japanese).
Yuhara, K.,
(1968);
Quantitative Estimation of Hydrothermal
System of Owakudani and Sounzan Geothermal Areas, Hakone Volcano;
Eull. Volcanological Soc. Japan, 13:74-83 (in Japanese).

401

Table 1
List of the summit fumaroles, geothermal fields
and thermal springs of the active volcanoes

Name of Volcano

Recent
Activity

Okinawa-torisima

1934

Suwanose-zima

1949

Fumarole at
the summit or
the crater

Geothermal
Field

Thermal
Springs

Fukuseisi
0

1949

0

l20 e

Satomura
8Pe

Kutinoerabuzima

1935

0

104°e

Nisiura
67.3°e

1936

0

745°e

Kaimondake
Sakura-zima

Kawaziri
44°e
Furusato
52°e

0

Kirisima

1959

0

Simmoe

Unzen

1792

0

Unzen

Aso

Monogusa

885
present

Present
1946

0

Turumi

1949

0

Tearai,
Yunono, etc.

Iwoyama

1953

0

Huzi

1707

0

On-take

many
many

Myoban,
Kannawa

many

1579

Owakudani

Kowakudani

1962

0

Marisiten

0

Zigokudani

0

many
no
Nigorigo
54°e

small

Sirahone
49°e

small

Osirakawa

Norikura
Nakanoyu

many

Zigokudani

Midagahara
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small

Ito, 56°e

Hakone

Niigata-yakeyama

graceful

many

Otake

Omuro-yama

Yake-dake

no

Obama
Zigoku,
Yunotani

0

Kuzyu

Hakusan

Figure

?

0

Nakano-sima

Tokara-iwozima

Hydrothermal
System

1949

0

Sasakura
60 0 e

graceful

Table 1 (cant)

Name of Volcano

Recent
Activity

Myoko
Asama
Kusatu-sirane

Fumarole at
the summit or
the crater
0

present
1939

Geothermal
Field

Zigokudani

Sesshogawara

0

Tsubame
55°e

small

1899

Nasu

1881

0

Bandai

1954

0

Adatara

1900

0

Azuma

1950

0

Zao

1939

0

Mugen

Sandogoya

1950
1801

Nozi,
Wasikura
Oana

many
Sin-Takayu
56°e
Kamosika
75°e
many

Oyu
Yunodai
29°e
0

Kuroyu

many

1934

0

Matsukawa

many

Hatimantai
1951

Iwaki

1863

0

Hukenoyu,
Tositi

many

Tamagawa

many

no

graceful

Dake
7l o e

Hakkoda

0

Ido-dake

Osore-yama

0

Zigoku

present

graceful

many

1970

Akita-yakeyama

small

Nakanoyu
65°·e

Narugo

Tyokai

no

Kawamata

Narugo
Kurikoma

Figure

Kusatu
Yunosawa
44°e

Nikko-sirane

a-sima

HydroThermal
System

Sengataki
38°e

0

Akagi

Akita-komagatake
Iwate

Thermal
Springs

Sarukura

many
Yuno!<awa
80 0 e
no

0

Mamage
75°e

Nii-zima
Kozu-sima
Miyake-zima

1962

Nisi-yama

1606

Aoga-sima

1785

Sabuzaki
39°e

small

Yunohama
40 0 e

small
no

graceful

Kurosaki
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Table 1 (cont)

Name of Volcano

Recent
Activity

Fumarole at
the summit or
the crater

Tori-sima

1939

Iwo-zima

1957

0

Osima-osima

1790

0

Komaga-take

1942

0

Usu

1945

0

Tarumai

1951

0

Tokati

1952

0

Daisetu
Meakan
Atosanupuri

Thermal
Springs

Tidorigahara
no
Sikabe
Toyako
51 ° C
no

300°C

Asahi-dake

Tomurausi

many

Sounkyo

many
Akankohan
64°C

0

0

Kawayu
75°C

Iwoyama

Siretoko-iwozan

1939

0

E-san

1874

0

Misaki
42°C

Iwaonupuri

0

Niseko
75°C

Noboribetu

0
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Hydrothermal
System

-?-

0

1956

Geothermal
Field

Rausu

Zigokudani

Rausu

Noboribetu

small

Figure

Table 2

Topographical characteristics of the volcanoes
having no geothermal area

Vol cano

Erosion ratio
R

*

Duration of erosion

%
1

1,300

Sakura.-zima

5.8

3,800

Huzi

0.9

1,200

Myoko

4.1

2,600

Asama

2.5

1,800

Tyokai

3,700

O-sima

5.7
2.2

Miyake-zima

2.3

1,700

Nishi-yama

4.9

3,100

Aso

12.4

17,000

Hakane

23.5

220,000

Iwaki

12.3

17,000

Kaimondake

R
where
edifice,

**

170

1,700

~ - V."
Vo

V"

~3 ~T

**

year

X 100

is the original volume (km3 ) of the volcanic
the present vol ume.

=

R -t-30
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Discussion Following Yuhara Paper

Arana
I believe that the hydrothermal systems under volcanoes must be something more complicated.

Probably the rain water has to circulate very deeply to reach high temperatures.

Yuhara
I think it depends upon the rock geotechnics.

Arana
The meteoric water circulating underground needs some time - maybe years - to become hot.
This time is a factor that needs to be carefully considered in any model because of the thermal
equilibrium of the hydrological system.

Yuhara
I think so,
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ARTIFICIAL GEOTHERMAL RESERVOIRS IN HOT VOLCANIC ROCK*
by
R. Lee Aamodt
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University of California
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(A talk to be presented at the U.S.-Japan Cooperative Science
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ARTIFICIAL GEOTHERMAL RESERVOIRS IN HOT VOLCANIC ROCK
by
R. Lee Aamodt

I.

INTRODUCTION
If there exists a sustained, reliable heat source in or near

a volcano, it must be at some depth since lava pools in volcanic
craters are only intermittently full.

Lava lakes may be a partial

exception to this rule, but their life appears to be limited "to a
few tens of years.

There may exist more permanent pools of lava

at depths of a few kilometers.

Even these must have transient

fluctuations as pressure builds up and recedes.

However, if

changes in the properties of the lava, such as viscosity, are not
tOQ great, and if rock movement does not destroy the energy extraction system too frequently, these pools may be attractive
energy sources.

Additionally, the rock surrounding such pools

of lava may store heat over long times, and be relatively free
of short term temperature fluctuations.

This will only be true

if the transport of heat out of the rock by steady or intermittent
flow of water is sufficiently slow.
If such masses of rock at elevated temperature exist around
underground lava pools, it may be possible and even advantageous
to extract the heat from the rock instead of the lava.

The means

for doing this will be quite different from those designed to
extract energy directly from molten magma.

In general, the temper-

ature of the rock will be lower, a much larger area of control
between the heat exchange fluid and the rock will be necessary,
and problems of solution, precipitation, and corrosion may be
expected to decrease as the temperature is reduced.
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The Los Alamos Scientific Laboratory is conducting an experiment about 4 kilometers west and south of the ring fault of the
enormous Jemez Caldera in the northcentral part of the state of
New Mexico.

The experiment is designed to demonstrate that geo-

thermal energy may be extracted from hot rock which does not contain circulating hot water or stearn, and which is relatively
impermeable.

If successful, the experiment will help free the

geothermal energy program from dependence on fortuitous geologic
circumstances and show that man can engineer systems which provide
the necessary circumstances for extraction of geothermal energy
where nature has failed to do so.

The purpose of this paper is

to describe some recent results from the Los Alamos Program and
discuss the circumstances under which artificial geothermal reservoirs might be created in the basaltic rock of Hawaii.
II. NATURAL GEOTHERMAL RESERVOIRS

When the requisite geological features fortuitously occur
together, a natural geothermal reservoir is formed.
are-shown in Fig. 1.

These features

A source of heat, such as a recent magmatic

instrusion, lies below a permeable zone containing water which has
been heated by circulation over the heat source.
permeable zone is a layer of impermeable cap rock.

Overlying the
The major

mechanism for heat loss from the reservoir is conduction through
the cap rock, although some heat may be lost through springs or
geysers.

A source of recharge water, usually an inflow of ground

water from the sides, must exist.

If the recharge rate is suffic-

iently slow, there may be a vapor phase overlying a liquid phase
~nd
~ore

a

w~ll

drilled through the cap rock may deliver dry steam.

commonly, the well delivers hot water, which may boil in the

~ellbore

as it nears the surface.

At the surface, the unboiled

vater may be allowed to flash to stearn at or slightly above the
lesign pressure of the turbines.

If the water is saline, the

veIl bore may clog rapidly with salts which are precipitated when
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part of the water is vaporized.

In such case, a downhole pump

may be required to pressurize the upper part of the wellbore and
prevent boiling.

Another alternative is to pass the water through

a heat exchanger.

The heat is transferred to a working fluid,

which may be pure water or an organic vapor.
drives the turbine.

This working fluid

In such a system, the geothermal water is

never allowed to flash to steam, and may be reinjected back into
the reservoir along with any noncondensible gases such as H S
2
which are dissolved in it with obvious environmental advantages.
III.

ARTIFICIAL GEOTHERMAL RESERVOIRS

A.

Area of Contact Between Fluid and Hot Rock
A natural reservoir may be viewed as a hot-rock heat exchanger.

Most of the energy in such a reservoir, as much as 85 to 90 percent of it, is in the rock (White 1973).

Rock is a poor heat

conductor: if the temperature at a rock face is lowered it may
take a year for the resulting cooling wave to penetrate 6 to 10
meters into the rock.

Thus, a hot-rock heat exchanger for geo-

thermal use must provide a few square kilometers of contact area
between the rock and the circulating fluid if it is to deliver
tens of megawatts of geothermal heat energy (Smith et aI, 1973).
If a mass of rock contains pre-existing fractures, a large contact
area is available naturally.

If the rock is relatively imperme-

able, large cracks may be created by the process of hydraulic
fracturing, which is described below.
B.

Hydraulic Fracturing
To create a hydraulic fracture, a fluid is pumped at high

pressure into an isolated section of a wellbore, where it is
allowed to contact the surrounding rock.

If the well is cased,

the pipe in this pressurized region is perforated by methods
familiar in the petroleum industry, so that the pressure may be
applied to the rock.
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As the pressure increases, the rock goes

into tension and eventually cracks.

The crack may be enlarged

to form a large, pancake shaped fracture by pumping more fluid
into it.

If the crack is deeper than a few hundred meters, it

will usually be oriented so that it opens against the least
principal earth stress.

This stress is usually horizontal, and

the crack is vertical (Hubbert, 1957).
C.

Circulation System
A second well is drilled a few hundred feet away from the

first, and deviated by standard techniques to intersect the
fracture near the top as shown in Fig. 2.

Cold water is injected

through the first pipe, circulates through the crack, and hot
water returns to the surface through the second pipe.

The water

may be allowed to flash to vapor in the reservoir, but this entails several disadvantages.

The first is that dissolved mate-

rials may be deposited on the walls and close off the circulation
system.

The second is that the viscosity of steam increases with

temperature, so that it will preferentially choose the colder of
two otherwise similar paths, while the opposite is true for water.
The third disadvantage of steam is that in a given wellbore, with
a given temperature and driving pressure" a steam well delivers
much less energy to the surface than a hot water well (Smith et
aI, 1973).

The favored operating mode for the circulation system

is one in which the heat conducting fluid is kept under sufficient
pressure so that it never vaporizes.
he~t

The fluid passes through a

exchanger at the surface and is then reinjected into the

crack.

A second working fluid, which may be water, is heated in

the heat exchanger to drive a turbine or to provide process heat,
etc.

Problems of precipitation and scale formation are thus con-

centrated at the heat exchanger.
D.

Earth Stress Balance
The internal pressure in the crack varies with depth, as does

the external earth stress.

If the difference between earth stress
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and internal pressure were constant, the pressure difference
required to extend the crack is given by the equation (Sack, 1946).

(1)

P - pressure of fluid in crack.
S - least principal earth stress, normal to crack.
a - energy required to form unit area of crack surface.
R - radius of crack.
E - Young's modulus of rock.

v - Poisson's ratio of rock.
If the difference between internal pressure and the least principal earth stress is greater than this, the crack will grow.

It

is very desirable to hold the crack open by pressure, in order to
reduce resistance to flow.

In order to do this, the difference

between internal pressure and earth stress near the top of the
crack should match the corresponding difference at the bottom of
the crack as nearly as possible.

The pressure must be greater

than the earth stress to open the crack, yet the differepce anywhere inside the crack cannot exceed(l) or the crack will not
be stable.

The difference between P and S at the top and bottom

of the crack may be reduced by controlling the density of the
circulating fluid.

This density may be controlled by choosing

fluids other than water, if lower density than that of water is
needed, or by dissolving substances in water to increase its
d~nsity.

\

In some cases, it may be desirable to increase the

density with suspended solids.

In order to determine the required

density, the earth stress should be measured vs depth in a number
of small fractures before the very large fracture is created.
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E.

Measurement of Earth Stress
Figure 3 shows data from which the earth stress in a Los

Alamos exploratory hole was determined.

The pressure data were

taken after a hydraulic fracture was made in granite at a mean
depth of 760 meters and the well was shut in.

Approximately

4000 liters of water were injected, at a pressure about 240 bars
above the estimated overburden weight.
The first plateau in Fig. 3 is interpreted as showing that
a horizontal fracture had been created as well as a vertical
fracture (numerous small vertical fractures had previously been
created at lower pressures in the same wellbore).

For approxi-

mately 3 hours, the pressure was maintained near the estimated
overburden pressure, while water was passing into the vertical
fracture, which continued to grow, and out of the wellbore
through a leaking packer.

When the horizontal fracture emptied,

the pressure dropped to a value above the least principal stress
S. Just as the vertical crack closed, the pressure was S = 137
bars, in reasonable agreement with a value of 147 bars obtained
by a different method.
F.

Limit on Size of Stable Crack
As R increases, Eq.

(1) shows that the value of

a crack extends is reduced.

p~s

at which

At the same time, deviation of the

least principal stress, S, from values that may be compensated
by adjusting the density of the circulating liquid becomes more
probable.
exists.

It is thus likely that a maximum stable crack radius
If this radius does not provide sufficient heat transfer

surface, a method of producing multiple parallel fractures exists,
as- shown in Fig. 4 (this method was independently suggested by
Barry Raleish of the U.S.G.S.).
G.

Thermal Stress Cracking
Another possible way out of the ,limit on the size of a single

crack arises from thermal stress cracking.

As energy is with-

drawn from the rock, the rock is cooled and contracts.

This
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contraction eventually causes new cracks in the face of the
original one.

Computer calculations (Harlow and Pracht, 1972)

show that the reservoir grows fasted where the coldest water
encounters the hottest rock, i.e., downward and outward from the
face of the crack.

Experiments are needed to determine the

actual rate of growth of artificial reservoirs by this mechanism.
H.

Other Options for Creating Artificial Reservoirs
If the variation of earth stress with depth is erratic, as

might well be the case near a volcano, a mode of operation known
as the "Huff-Puff" method may be used, as was suggested by
Robert Rex (Private communication, 1971).

In this system, water

is pumped into a crack for some time, and then -allowed to return
through the same pipe
rounding rock.

which should be insulated from the sur-

If the upcoming water is cooled in a heat exchanger

and flows into a second large fracture, continuous power generation
can be achieved with a small additional storage volume on the
surface.
If reservoirs are leaky and cannot sustain the overpressure
necessary to keep the surface water in liquid form, a downhole
pump may be used in the hot line.
Finally, if the reservoir of hot rock is truly porous, one
or more injection wells near the withdrawal well may be used.
Such a system obviously grades over into a conventional hot water
well with reinjection.
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Natural geothermal reservoirs.
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Artificial geothermal reservoir.
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Discussion Following Aamodt Paper

Cheney
What sort of rates of penetration are you getting?

Aamodt
With the versions we've had up to now it looks as though they would be limited to a penetration rate of about 50 meters per day.

A very recent breakthrough makes it appear that we might

increase this to something like 30 meters per hour, but that's far beyond any demonstrated ability,

Cheney
This is in the 2 - inch size?

Aamodt
In essentially any size,

Unidentified
What about the life of your head?

Aamodt
So far they look very good.
defective for that reason.

We don't have any that have eroded to the point where they are

There has been some carbiding of the graphite inside due to the mud,

The advantage of these when it comes to drilling very deep holes is going to be that you don't have
to "trip" very often.

Unidentified
You did say some things happened like carbiding,

How long did it take for that to happen?

Aamodt
Oh, several hundred hours.

Peck
Does it have to work within a certain inert atmosphere?

Aamodt
No, once it has been covered with melted rock it can be exposed to air.

They have experi-

mented with it in wet alluvium and even frozen some permafrost to see if it would be useful in the
Alaska pipeline project.

Of course it goes through this permafrost material just about as readily

as through anything else.
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Peck
How deep a hole has been drilled to date?

Aamodt
The deepest hole so far is 25 meters in the vertical direction and 15 meters in a horizontal
direction.

Keller
How much current does it take?

Aamodt
In power required, it is around 4 to 5 kilowatts in the small size.

I think the voltage is like

30 volts.

Unidentified
Then you have a lot of current.

Aamodt
One suggestion has been made that the cooling liquid drive a turbine at the bottom of the hole
and generate the power right there.

Unidentified
At one time it was thought you might use a reactor to provide the heat.

Is that still being

considered?

Aamodt
If people get to where they are making tunnels they will need a lot of power and maybe that is

a direction they might go.

More likely at the moment, the usefulness of tunnelling would be'to

send a small coring penetrator ahead of the large excavator so that they can see what they are
driving into.

Unidentified
What is the limit to the depth it can go? You said 25 meters.

Aamodt
So far I think that is just how long the wire was.
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There should be no limit.

Ramey
lId like to shift back to the fracturing graph.

I've talked to Mort Smith about that off and on,

but this is the first time I've seen pressure-time data from your work.

I was very surprised to

see the indications that both a horizontal and a vertical crack occur in the same bore.

Do you have

some physical evidence that they both exist?

Aamodt
I think the evidence is that it can hold that pressure for three hours, which is just about an
overburden at about 2.4 grams per cubic centimeter.

This eQuId almost come only from a hori-

zontal or near horizontal crack, with the whole weight of the earth trying to close it. We found a
fracture at the lower pressure that we use. We see only vertical fractures and have gone down and
looked and so we know at what pressure they have done that, around 140 bars.

This order occurred

at about 178 bars.

Ramey
We might talk about that later.

There is a alternative explanation for that kind of behavior.
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THE TOTAL FLOW CONCEPT
FOR RECOVERY OF ENERGY
FROM GEOTHERMAL HOT BRINE DEPOSITS
G. H. Higgins, Lawrence Livermore Laboratory

Abstract
This report describes a new method

energy is converted to kinetic energy by

for producing electrical power from the

expansion of the mixture through a

energy stored in hot brine deposits.

converging-diverging nozzle.

Of

The high

the three forms of geothermal energy,

velocity output is used to drive a modi-

the hot brine resource has the greatest

fied hydraulic impulse turbine operating

potential for development of a viable long-

at -3.5 in. Hg (l20°F).

range geothermal energy supply.

this method should produce 60% more

It is a

Theoretically,

large energy source with recovery and

power than other systems, either opera-

conversion requiring only moderate ex-

tional or proposed, for the hot brine

tensions of existing technologies.
The proposed method is developed

application.

The basic advantage is that

the total flow is used, allowing recovery

specifically for application to the brines

of energy in the liquid that otherwise

of the Salton Sea geothermal area, where

would be lost.

enough energy is stored to provide at

pulse turbine concepts is attractive since

The use of hydraulic im-

least 100,000 MW electrical generation

much of the needed technology exists, the

capacity for more than 20 yr.

devices are inherently rugged, and fabri-

These

brines contain up to 30% dissolved salts
and are very cor r 0 s i ve. Once de-

cation with corrosion-erosion resistant

veloped, the proposed method, then,

materials is possible.
We estimate that an electrical power

will certainly be applicable to other

generation station using this concept will
require a capital investment of -$200/kW

geothermal deposits.
The method uses the total flow concept.

Hot brine is allowed to expand

(from 300OC, 2200 psia, at -5000 ft) to
the

surfa~e

where the wellhead product

and should produce power at a cost of
-3 mills/kWh.

For a power sales price

of 8 mills/kWh, we estimate the internal
rate of return to be between 10"/0 and 20%,

contains -20% vapor by weight and

depending on the method of taxation and

-560 Btu/lb at --400 psia.

royalty charges.

This thermal
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Introduction
The total geothermal energy resource
base in the United States is very large.

brine deposits, they are estimated to be
3
only one-twentieth as common.
On the

White,l for example, estimates that the

other hand, although there is an immense

geothermal energy stored under the

amount of energy in dry hot rock, power

United States to a depth of 6 mi is on the
22
order of 10
Btu; this estimate is gen-

conducti vi ty of roc k, and no technology yet

erally regarded as conservative by others

output is limited by th e inherent low thermal
- exists for its recovery and conversion.

concerned with evaluating the magnitude
2
of the geothermal resource base.
Geo-

power from hot brine uses the "total fluid

thermal energy exists in near-surface

flow" concept.

The proposed method for producing
We consider it to be eco-

deposits as superheated steam, hot brine,

nomically competitive with all other elec-

and hot dry rock.

tric power sources.

We propose a method

Conceivably it can

for production of electrical power from

develop power from hot brine deposits in

the energy in hot brine, especially the
brines of the Salton Sea geothermal area

California equivalent to 100,000 MW of
electrical generating capacity. By com-

in California.

parison, the present electrical generating

This energy form appears

to represent the largest potentially ex-

capacity of the United States is

ploitable part of the geothermal energy

- 340,000 MW.

resource base.

Other approaches have been proposed

Althot!gh superheated

steam deposits, such as those at The

for using hot brine.

One consists of

Geysers, California, are more desirable

flashing the brine in a centrifugal separa-

forms of geothermal e.nergy than are hot

tor, disposing of the liquid fraction, and

,r

lsobutone loop

Nozzle ""I

Radia I turbine

(\~::~i".'

Turbine - generator

~ ~

energy

Brine

Rejected

injection

energy

Brine

injection

Brine

injection

Downhole
pump

A. Fla.hed steam system

Fig. 1.

4~2

B. Binory fluid system

C. Total flow system

Methods for recovery of energy from hot brine deposits.

operating a conventional reaction turbine
with the retained vapor fraction.

This

energy at a cost of 3.2 mills /kWh. These
estimates are lower than those for both

system is used at Wairakei, New Zealand,

the flashed steam and binary fluid sys-

anc.i is the system under construction at

tems. 'The proposed method consists of

Cerro Prieto, Mexico.

allowing the brine to expand to the sur-

The brines at

these locations have salt contents about

face as is now being done at Wairakei and

one-tenth that of the Salton Sea brines,

at Cerro Prieto, and then expanding the

and it is clear that high salt content has

total fluid stream through a nozzle to low

..inhibited similar developments of the
Salton Sea deposit.

pressure and high velocity.

We hope to find

The kinetic

energy of the entire fluid stream would

feasible and economically acceptable

then be used in a corrosion-resistant

solutions to the problems associated with

impulse turbine, modeled after typical

this brine; e.g., corrosion and scaling.
A second approach to using hot brine

hydroelectric devices, to drive an electrical generating system.

Theoretically,

is a binary fluid system in which hot

this method should produce -1.6 times as

brine is pumped under pressure to pre-

much power from a given well as either

vent flashing and passed through a heat

the flashed steam system or the binary

exchanger to transfer the thermal energy

fluid system.

to

a noncorr.osive working fluid such as

isobutane.

This fluid is then used in a

components are required at the surface,
capital costs should be less, despite the

Rankine cycle turbine-alternator system
for producing electrical energy.

Since fewer mechanical

In view

need to protect against corrosive brines.
Figure 1 contrasts the three methods.

of the corrosive nature of the brine, we

Note that in the flashed steam system

believe that reliable operation of the

(Fig. la) and the binary fluid system

downhole pump and the heat exchanger
required in the concept is a difficult prob-

(Fig. lb) brine is discarded at temperatures higher than the turbine outlet <ind

lem that currently limits application of

ambient temperatures for waste heat dis-

the concept.

posal.

We have conceived a third approach

~~

that in theory requires a capital investment of

~$200 /kW

and should produce

*A fourth system in which the total flow
is processed through an MHD generator
was also examined and appears technically
feasible. The electrical resistivity of the
brine-steam mixture should be about
147 a-cm at the entrance to the magnet
and about 10 times higher at the exit. 4
However, the magnet for a lOO-MW machine would be on the order of 100 ft long 5
and the conversion efficiency should not

Thus, insofar as turbine efficien-

cies for all systems are comparable, the.
total flow system (Fig. lc) must always
have a higher overall efficiency.

differ greatly from that of a turbine. The
only advantage to the MHD system seems
to be the absence of moving parts in the
machine to corrode or erode. Since other
system components in the well and condenser system would still have corrosion
costs, we concluded that the capital costs
for the MHD system offset its advantages and attempted no further detailed
analyses.
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Extent and Characteristics of the Hot Brine Resource
Figure 2 shows the areal distribution

in both the Imperial Valley (the Salton Sea

of existing and potential geothermal fields
6
in the western United States. Included in

geothermal area) and the Mexicali Valley

these areas are dry steam and hot rock

these areas appear to be manifestations

(the Cerro Prieto geothermal area). Both

geothermal resources as well as hot

of the same geological system of heat

brine resources.

flow in this part of the earth.

The only facility pres-

ently recovering geothermal heat is at
The Geysers, where dry steam is used to
produce more than ·100

Mvi of

electricity.

VOLUME AND AREAL DISTRIBUTIGNGF H0TBRINE IN THE
SALTON TROUGH

The area on which we focus lies within
the western geothermal province in southern California and northwestern Mexico.

It is possible to define certain impor-

tant characteristics of the geothermal

Topographically the area is the landward

resource even though its distribution in

extension of the Gulf of California.

the Salton Trough is incompletely known.

It

includes the Coachella, Imperial, and
7
Mexicali V~lleys and the Salton Sea (see
Fig. 3).

We refer to the entire low-lying

area as the Salton Trough.

Geothermal

resources have been extensively explored

Direct observations show, for instance,
that brines with temperatures >300°C
occur at the Salton Sea geothermal area
and at Cerro Prieto. 8 ,9 Our knowledge
of the distribution of brines with temperatures >300°C elsewhere in the area is
based on temperature cata obtained in
wells of various depths and from
10
springs.
Figure 4 is our interpretation
of the surface of the 300°C isotherm,
based on maps and cross-sections provided by the U. S. Geological Survey. 10
According to Dutcher, the U .S.G.S. figures
are "conservative" extrapolations of tem11
More

peratures to be expected at depth.

liberal extrapolation of near-surface thermal gradients suggest that still higher
temperatures could be expected at
12
depth.
Figure 4 shows that the 3000C isotherm
lies at depths of <4000 it at the south end
of the Salton Sea and at Cerro Prieto.
Elsewhere it lies at greater depths.
sudace has "highs" southeast of El
Fig. 2. Existing and potential geothermal
areas of the western United
States.
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The

Centro, east of Holtville, and near
Brawley.

These locations correspuad to

areas of high geothermal gradients re12
ported by Elders et al.
Figure 5 shows the surface of the basement complex.

In principle, this is an

important surface because it probably
represents the lowest depths at which hot
·brines might be recovered.

We assume

that the basement complex has essentially
zero permeability and that fluids will not
flow in it.
Comparing the top and bottom of the
rock volume containing brines with temperatures >300°C (Figs. 4 and 5) shows
that the volume of >300°C brine is

California

Salton Sea geothermal area

Arizona

---

Baja California

Sonora

o

)

15
I

I

MI

Approximate outline of
modem alluvium

Fig. 3.

Outline map of the Salton Trough.

After Ref. 7.
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Although a value of this vol-

of well production tests.

*

To appreciate

ume has not been computed for the entire

the significance of this volume it is

Imperial-Mexicali Valleys vicinity, we

instructive to compare it with production

have made an estimate for that part that

achieved in one year from a particular
13
Otte
reports that the
River Ranch well produced ~4.5 X 10 6 bar-

constitutes the drilled portion of the
Salton Sea geothermal area.

To a first

approximation, this area includes a vol-

well in the area.

rels of fluids (~25 X 10 6 ft 3 ) in a year.

ume of rock with brines >300°C on the
order of 36 sq mi in areal dimension and
on the order of 2 mi in height.

Assuming

that the average porosity of this rock
volume is 10% (Ref. 11), the storage volume in the drilled portion of the reser10 3
voir amounts to 100><: 10
ft . This
estimate compares with IIelgeson's8 figure of 5.0 X 10 10 ft3, made on the basis
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':'Although the Salton Sea geothermal
area may justifiably be assigned a larger
volume by defining its limits differently
than "the drilled portion," for our purposes it is sufficient to point out the very
large resource base contained in the
drilled portion. If we were to define the
Salton Sea geothermal area as the rock
volume with brine in excess of 300"C and
with its upper surface more shallow than
10,000 ft below sea level, then its volume
is on the order of 700 X 10 10 ft3.

At this yearly rate, a single well like the

should theoretically be capable of sup-

X 10

River Ranch well would exhaust the 100
10 3
ft of brine in 40,000 yr. Assum-

Inasmuch as the present total electrical

ing that any new well penetrating the

capacity of the United States is about

porting a 92,OOO-MW capacity for 20 yr.

drilled portion of the Salton Sea geother-

340,000 MW, it is clear that the Salton

mal area will flow at an average yearly
rate of 12.5 X 10 6 ft3/ yr for 20 yr, a sys-

Sea geothermal area, as defined by drilling to date, is a very significant natural

tem of 4000 such wells would be required
10 3
to exhaust the 100 X 10
ft of brine. It

energy resource.

appears reasonable, therefore to con-

CHEMICAL COMPOSITION
OF THE BRINES

clude that the Salton Sea geothermal area
reservoir could produce satisfactorily

Table 1 lists five analyses of chemical

over the 20-yr time span needed to justify

constituents produced in the brines.

the costs of construction of electric power

Other data are also available. 8 ,12 Data

plants.

from Helgeson (Column 2) are for brines

If 4000 wells were drilled, each

2

with a 1/2-ft cross-sectional area, they

with temperatures >300°C; presumably

I
i
I
I

~\if.£!!'"ia

•
Baja California

-10-

Contour on basement surface
X

f-f
Fig. 5.

-" - - - - -

103 feet below sea level

f
I

o

I

I

5
MI

10

Fault offseting basement surface

Depth to basement complex, Imperial Valley-Salton Sea area.

After Ref. 10.
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Table 1.

Analyses of water from geothermal weBs at Saiton Sea geothermal area.
Cerro Prieto. and Yuma. Arizona. vicinity. From Ref. 8.

Element

Cerro
Prieto

Well 39

Niland
Well 36

50.400

53.000

10.600

5.610

Sodium

Well 57

Potassium

17.500

Hi. 500

1.250

1.040

Calcium

28.000

27.800

1.130

320

Lithium

215

210

40

14

54

10

74

Strontium

400

440

85

27

Barium

235

250

3

Rubidium

135

70

57
b

14

20

Iron

2.290

2.000

0.7

Manganese

1.400

1.370

6.4

Lead

102

80

Zinc

540
b

500
b

Magnesium

Cesium

Sil ver
Copper
Chloride

b
b
b
b
b

0.05
0.09
b

18

400

120

155.000

155.000

19.700

9.694

390

390
b

100

12

Boron
Fluoride

15
b

Sum of sulfur
Dissolved solids

43

400

Silka

18B

c

0.88

1

"='10

30
259.000

258.973

148

b

b

8

Arizona
Musgl'ove

1\1 3

34.800

,,=,17.000

1.000

aIncludes potassium.
b

Not reported.

c Recalculated from H B0 •
3

3

they are also for Columns 1. 3. and 4.
The analysis· in Column 5 is thought to be
from cooler water.

It is clear that the

brines are very saline.

Furthermore.

creases northwestward toward the Salton
12
Helgeson notes

Sea (Columns 1-3).

that salinity varies with depth and argues

there are indications of a spatial varia-

on theoretical grounds that salinities in

tion in salinity (d. data from Arizona

the Salton Sea geothermal area increase

with data from the Salton Sea geothermal

sharply to depths of 3000 to 4000 it and

gional salinity gradient exists such that

then maintain values in the 250.000 to
8
350.000 ppm range.
Otte repol'ts other important features

salinity is lowest near the Colorado

of the geochemistry of the brines system.

area).

Elders et al.

sug~est

that. based

on electrical resistivity studies. a re-

438

River near Yuma (Column 5) and in-

The chemical composition of the brine
produced over a period of one year in the
River Ranch well was essentially un13
changed.
This observation indicates
that the spatial variation of salinity in the
reservoir tapped by the River Ranch well

9
M

• No. 1 Sportsman
• No. J Elmore
• No. 2 lID
o No.3 lID
o No. J State
• No.1 lID

0

This observation is consistent

8

X

with Helgeson's conclusion that salinities

......

7 _Comparative curve
for pure water (No. 7. lID
6 temperatllre profile) \

is small.

are more or less constant in the Salton
Sea geothermal area at depths >3000 to
4000 ft (Ref. 8).

Otte also indicates that

~

...r:

0..
5
cv

Cl

/

the permeability of the near-bore vicinity

3

of a well can be adversely affected by

2

pressure drawn down at the wellbore

J

during production.

0
0

Reduction in the for-

mation fluid pressure can cause the fluids

/",/

/ ' / 0.0295 atm fty
hydrostatic
gradient_
,
1
0.434 psi-ft

1000
Pressure -

to flash into steam and lead to precipitation of minerals in the pore space.

He

Fig. 6.

states that spacing of wells and production rates of geothermal wells in the

#,J"-

//'

4

2000

1

3000

psia

Pressure measurements at casing perforations in six geothermal wells. After Ref. 8.

Salton Sea geothermal area should be
planned to minimize or prevent such
precipitation. 13

sufficiently by artificial means, the brine
will flash.

FLUID PRESSURES OF THE
BRINES

Subsequently, because of the

reduced hydrostatic head in the well to
that point in the reservoir, the reservoir

Helgeson reports information on fluid

should flow a two-phase mixture to the

pressures for the brines in the Salton Sea
8
geothermal area.
Information on six

well head.

wells indicates that pressures in the fluid

ESTIMATES OF PRODUCTION
CAPABILITY OF WELLS

are "normal" hydrostatic for this area.
Presumably this conclusion is applicable

Production data for four wells other

to other areas in the Coachella-Imperial-

than the River Ranch well are shown in

Mexicali Valleys vicinity.

Fig. 8. Otte's report for the River Ranch
13
well
and Helgeson's for the entire
8
Salton Sea geothermal area are consist-

Figure 6

summarizes Helgeson's data.
Figure 7, which is also from Helgeson,
summarizes the relationship between the

ent.

temperatures and pressures of the brines

notes that no change in enthalpy, temper-

at any depth in certain wells and the tem-

ature, or brine composition occurred

peratures and pressures required to

during sustained production tests (as long

change the liquid brine to steam.

If the

pressure at a point in a well is reduced

Productivities are high.

Helgeson

as 18 mo) of the various wells. Helgeson
further indicates that natural fractures
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After Ref. 8.

may serve as the major conduits for pro8
duction of the brines.
Although these

been difficult, so flow capacities to meet

fractures drain the interstitial pore space

the described power plant requirements

and are not the principal storage volume,

should pose no problem.

they have high permeabilities.

They are

probably the cause of high production
capacities.

440

;1/
I I

Sport~""
No.1 Stote

I

It may be very important

far.

To date such intersection has not

Another point about flow capacities of
wells in the area is that Otte reports no
problems in injecting waste brine back

that they be intersected by a well if the

into the system.

well is to produce at the rates noted so

ity exceeded production capacity. 13

In fact, injection capac-
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A

MECHANISM FOR GENERATING
GEOTHERMAL HEAT IN THE
SALTON..TROUGH
The most important point regarding

A'

o.

the mechanism for generating geothermal
heat in the Salton Trough is that the
"motor" driving the system is of global
proportions.

It is virtually certain that

it will continue to maintain the fundamental geothermal system of the Salton

b.

Trough for an indefinitely long period of
time despite any exploitation of this resource.

The regeneration rate is pres-

ently unknown, however.
There are two parts to the mechanism
for developing hot brines in the Salton Sea
geothermal area: flow of water into and
its accumulation in the Imperial ValleySalton Sea area, and heating the water
and concentrating the dissolved solids in
the brine.

Water input to the brine sys-

tem of the Salton Sea geothermal area
appears to come from two sources.

Most

recharge is from run-off from nearby
mountains,10 and some may come from
the Colorado River. Various workers
(e.g., Helgeson 8 ) argue about the relative
roles of these sources, especially insofar
as they affect the chemical composition of
the brines.
Recharge water in the Salton Sea geothermal area that descends to depths
greater than

~3000

ft is warmed by heat

normally associated with the earth's
mantle.

This water apparently becomes

part of a circulating convection cell (see
Fig. 9d) that taps this very deep heat
12
source.
As noted earlier, the Salton Trough is
the topographic extension of the Gulf of
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Fig. 9.

Model of rifting and magma generation during growth of the
Salton Trough. The sections are
drawn parallel to major strikeslip faults in the area. In a, two
layers of crust overlie a hot
zone in the mantle. M is Mohorovicic discontinuity and A and
A I are reference points for later
movements. In b, there is upward and lateral expansion; a
trough is initiated and partly
filled in by sediments. In c, the
widening trough is invaded by
basaltic magma; m~tamorphism
of the sediments and gravitational sl iding of the tilted walls
occur. In d, melting of the basement and extrusion of rhyolitic
magma occur. After Ref. 12.

North American continent

Fig. 10.

California.

Major ridges, trenches and transform faults, identified as part of the "new
global tectonics" hypothesis. From Ref. 14.
Both are, to a first approxi-

initial interception,12 and Fig. 9 shows

mation, astride the East Pacific Rise, an

their interpretation.

oceanic ridge of global importance.

clearly show that the ridge allows a great

Ridges such as this are the principal

deal of heat to be transferred to the base

zones separating the earth's crust and
upper mantle and are the sites of upwell-

of the sequence of rocks filling in the

ing hot mantle rocks.

become hot (note the convection cell in

The East Pacific

Rise intercepts the North American con-

Salton Trough.

Figures 9b and 9d

Not only do the brines

Fig. 9d), but volcanism also develops.

tinent at the Salton Trough, as shown in

Volcanism of this sort is seen at the

Fig. 10 (Ref. 14).

south end of the Salton Sea, in the Obsid-

Elders et al. describe

the progression of events following the

ian Buttes area.
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Thermodynamic Analysis
CALCULATIONS OF WELL FLOW

specific weight of the fluid.

Figure 8b

shows that the drawdown pressure is
Since we need to know expected wellhead conditions to evaluate any of the

proportional to the flow rate w, and for
two of the four wells the relationship is

conversion systems, it is important to
assess the factors governing fluid flow up

Pd

= kw

(2)

z. 1. 6 w,

a well for given downhole conditions. We
selected reservoir conditions typical of

where Pd is in psia and w is in units of

the Imperial Valley area, as are shown

lb/sec.

in Figs. 6-8.

and setting zo

The calculations, then, are

for a brine deposit initially at 300°C at a
depth of 5100 it with a reservoir pressure

Substituting Eq. (2) into Eq. (1)

= 0,

Pr - P s
w <: . 1.6

we see that when

= 608

(3)

lb/sec,

of 2213 psia.. Since the saturation presflashing will occur at the well bottom.

sure is 1240 psia for a temperature of
300°C, the brine is in the compressed

For flow rates less than this, flashing

liquid regime.

will occur at some position up the pip~

The difference in enthalpy

of the compressed liquid and the saturated

defined by

liquid is only -1 % and is neglected, so the
enthalpy content of the brine is

~'j77

Btu/

lb, the value for saturated liquid at 300°C
and 1240 psia.

144(Pr - Ps - 1.6 w)

z =
o

---=---=---'Y

(4)

Once the well has been

induced to flow by initial pumping, it will
continue to flow unaided because of the

where z is in it and at 300°C the density,
o
3
'Y, is 55.5 lb/ft. For example, a flow

decreased column density as the water

rate of 250 lb/sec (500 lb/sec/ft

flashes to steam, yielding a two-phase

9-5/8-in. casing) gives a flash point

mixture of liquid and vapor at the well-

height of -1487 ft where

head.

pressure are -300°C and 1240 psia and

We can estimate the location in the

2

for a

te~perature and

decrease further as flashing occurs up

well at which flashing starts by considering a column of liquid of height Zo subject

the well.
It has been observed that wellhead

to saturation pressure Ps at the top and

temperature and pressure of wells flow-

downhole pressure at the bottom.

lecting the change in velocity and fric-

ing steadily for 18 mo remained constant
duri~g production. 8 This evidence plus

tional losses, a force balance on the

substantiating heat transfer calculations

Neg-

column gives

indicate that the flow can be considered
8
Fluid pressures up the pipe,

adiabatic.
(1)

then, can be calculated by numerical
solution of the momentum and continuity
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where Pr is the reservoir pressure, Pd

equations, assuming an adiabatic expan-

is the drawdown pressure, and 'Y is the

sion and using the corresponding pairs of

(p, v) values taken from the Steam

tion factor and areal flow rate, w/A.

Tables 15 for the integration.

Once the wellhead pressure is known,

The mo-

reference to the Steam Tables 15 provides

mentum equation is

the other state variables of the wellhead
VdV
vdp +-g-

= - (1

2
fV \
+ 2gDj dz.

(5)

product.
We have made numerous calculations
for a range of friction factors.

Figure 11

shows the results for some of these cal-

Conservation of mass requires that

culations for various areal flow rates
w

=AV/v.

(6)

from 250 to 750 lb / sec / ft2 and for friction factors of 0.02 and 0.04.

Combining Eq. (6) for A

= constant

with

We chose a

diameter of 0.8 ft (nominal 9-5/8-in. Ld.)

Eq. (5) gives the flow equation in pres-

for all calculations.

sure, volume, and position as

culated Zo for the various flow rates. By
assuming a well depth of 5100 ft, we can

2

v

1

calculate the value (z - zo) for each flow

vdp
+ 1 (w)
v
f (W)2 2 g A
1 1 + 2gD A v

I

x

v

rate corresponding to the values chosen
for w/A for the case A

lz

vdv

From Eq. (4), we cal-

= 0.5

ft2.

Th~

locus of these points for (z - zo)' is
(7)

--f~(W~)2~2 = - dz,
V o 1 + 2gD A
v
Zo

shown by the dashed lines in Fig. 11.
Intersection of these lines with the pressure drop curves gives the wellhead
pressure for the respective conditions of

where

flow rate and friction factor for the
3
v = specific volume, ft /lb
p

= pressure,

v = velocity,

chosen well depth of 5100 ft.
It is clear that the flow is friction

psia

dominated.
fps

actual value of the friction factor, we

z

=height

above wellbottom, ft

Zo

= height

where flashing occurs, ft

D

= diameter

A

= area

w

= weight

Since we do not know the

must choosea desired w/A and find the
pressure drop curve that intersects the
locus of points (z - z ).

of production tubing, ft

of production tubing, ft

2

flow rate, lb/sec

rate of 500

=

pipe friction factor

g

= acceleration
32.2 ft/sec

of gravity,

2

a wellhead

pressure of 600 psia for a friction factor
of 0.02 and
of 0.04.

f

An areal flow

2
Ib/sec/ft gives

~360

psia for a friction factor

Since a friction factor of 0.04

may be more realistic for actual operating conditions because of scaling, we will
select 360 psia as a conservative estimate of wellhead pressure.

This value

Numerical integration of Eq. (7) gives the

of pressure, then, fixes the wellhead

pressure as a function of the height above

characteristics as summarized in

the flash point, (z - zo)' for a given fric-

Table 2.
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4

3

He ight above f1ashpoint -

2

a. f = 0.02, D = O. 8 ft, A == 0.5 ft ,
T == 300°C, p == 1240 psia
o
s
Fig. 11.

Well

Table 2. Wellhead product characteristics.

6

4
ft X 10

3

b • f = 0.04 I D ~~ O. 8 ft I

t = 300°C,

- 0

p
s

/\

2

00' 0.5 ft ,

= 1240 psia

charQ.cteristic~;.

casing,16 the areal flow rate is ~475 lb/
2
sec/ft . This too is consi~;tent with our
2
choice of a flow rate of ~-jO() lb/sec/ft

Volume, v

360 psia
3
0.259 ft /lb

Temperature, T

434°F

Therefore, we shall

Enthalpy, h

562.5 Btu/lb

lated wellhead charaetei'isti_cs shown in

Quality, x

0.189

Table 2 to be credible ami shall use them

Depth

5100 ft

Flow rate, w/A

500 1b/sec/ft

Pressure, p

Velocity, V

= wv/A

Vapor volume/liquid
volume, vv/v L

and a wellhead pressure of 3130 psia.

2

130 ft/sec
16

ccn~;ider

the calcu-

as the basis for evaluation of the proposed system and its

l~or.lpariGOl1 with

the

Hashed steam <lild bia:H'y fluid systems.
The comparison with the {')C'mer is most
significant since that is the only one
operational,

These values are generally consistent
with those reported for the Cerro Prieto
9
wells.
Moreover, the flow rate for the
1 IID well is 125 lb/sec for a wellhead
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THE TOTAL FLOW SYSTEl\1
In the total flow

SyE; teEl,

the wellhead

pressure of 360 psia (see Fig. Sa), Since

product from several v!hi!Jstocked wells

that well had a 7-5/S-in. o.d. production

at 360 psi a is fed cli cectly thl'ough

----_.

---~

- ---

70

converging-diverging nozzles to convert
the thermal energy in the mixture to
kinetic energy to operate the turbine (see
Fig. 12).

60

The maximum power output is

I

given by

~ 50
2
P=wV/2g.

(8)

I

..........

3:
~

I

I 40

Power output is greatly increased by

~

::l

_ !?""eEinIL ~l1e_ !~rJ:>i!1t! cJ1.aJIlQer pr-essures,-thereby increasing velocity. The steam

a..

"5
0

...

--

1-

30

~

velocity is related to the total enthalpy

8.

change through the nozzle such that

I

20

0

Ql

~

V

2

2

= Vo + 2g

>..

u

------ ----

20 .'!!c
U

........

Ql

(9)

Jt.h ,

-

30~

~'Z Efficiency

Ql

---

I

10

10~
Qj

~

where

~

0

v 0 = initial

fluid velocity at the

Turbine chamber pressure -

nozzle entrance in fps
J

= mechanical equivalent
heat = 778 ft-lb/Btu

0

20

10

5

0

of

Fig. 13.

t.h

Ql

~

psia

Ideal power output from the
total flow system.

= enthalpy

drop through the

nozzle in Btu/lb.
Cool ing system

I

The enthalpy drop is calculated by
subtracting the enthalpy at the nozzle
exit pressure from the inlet enthalpy
(562 Btu/lb).

The exit value is found by

assuming an isentropic expansion to the
turbine operating pressure, which is set
by the condensing temperature.

For the

wellhead conditions shown in Table 2, the
ideal velocity from Eq. (9) is
Brine
injection I

120°F
0.63 w

~2400

fps for

a condenser temperature of 120°F at
3.5 in. Hg.

The ideal power output in
2
of wellbore area is

terms of MW/ft

shown in Fig. 13 as a function of condenser pressure.

For a backpressure of

3.5 in. Hg at 120°F-a practical value for
Fig. 12.

The total flow concept.

this application-the ideal power output
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Centrifugal
separator

(10)

Ideal power
output = 39.5
2
MW /ft

!

Steam
0.29 w

360 psia
434°F

\
'
,
r
115

;''--'---+

The wheel efficiency should be
coefficients of

Cooling
system

D'::'

ourometnc
condenser

~0.9,

and

evidence exists that indicates that nozzle
~O. 9

are not unreasonable

even for the two-phase flow, in which the
mass of vapor is 200/0 of the total, expected for this a.pplication.

Hence a

---- -------::---- ---- ----Brine-injection-,0-;-71-w --- --- -- ~a!~_~_~L.o·7 ~Jo~~~_9,~~nt~tL~w_~~~~__~
"'w
338°F
reasonable design goal and would lead to
an expected power output of 46.0 MW/ft 2

§

'P

of well cross section.

j~ ~~O'C
Fig. 14.

THE FLASHED STEAM SYSTEM
The flashed steam system.

In the flashed steam concept (in use at
Cerro Prieto), the liquid salt-containing
brine is separated from the relatively

is 63.1 MW/ft 2 .

For other wellhead con-

ditions, the ideal power output will, of
course, have other values.

recovered from the saturated steam
alone (see Fig. 14).

The point here is that the thermal

The wellhead mix-

ture of hot brine and vapor is fed first

energy in the entire wellhead product is

through a centrifugal separator that

converted to kinetic energy which is then

forms additional vapor at the lower oper-

converted to electrical energy by an im-

ating pressure.

pulse turbine.

to drive a steam turbine and the remain-

The advantage of this

method is that most of the thermal energy
is us'ed for power production.

In compar-

ison the flashed steam system uses only

The vapor is drawn off

ing brine is disposed of by injection.
Figure 15 gives the ideal power output as
a function of separator pressure.

Note

the energy contained in the flashed vapor

that this is for the same assumed well

to drive a turbine, with the remaining energy

performance conditions as used in the

discarded with the separated hot brine.

previous example.

The ideal power output of 63.1 MW/ ft2
is the output from a perfect turbine and
an isentropic nozzle.

The actual power

The curves are cal15
by

culated from the Steam Tables

starting with the wellhead conditions (p,
T, h, S, x in Table 2), selecting a lower

output, however, will be less because of

pressure, and calculating the steam

nonideal flow in the nozzle and losses in

quality x for either an isenthalpic or

the turbine.

isentropic process.

These are represented by a

turbine wheel efficiency e

and a velocity
w
coefficient Tl in the nozzle such that

V t 1= TlV. Hence, the actual power
ac ua
2
output in MW/ft will be
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pure vapor at the wellhead and power is

We assume here

that the process is isenthalpic so that the
2

maximum power output of 39.5 MW/ft
occurs at a separator pressure of
~115

psia.

The Cerro Prieto system has

_

the energy available at the wellhead. The
actual thermal efficiency, then, is
0.7(0.158), or 11.0%.

Isentropic separator

For comparison,

the Carnot efficiency is 34.7% rela-

Isenthalpic separator

tive to the wellhead fluid temperature,
and 43.7% relative to the wellbottom

t------------ - c Q)

-

temperature.
o>-

Ideal thermal efficiency
- --

-

~

-

-

-

-

-

---

10 .~

o
FLUID SYSTEMS
---te---- BINARY
-------------------------------w

"

There are a number of variants of the
Separator pressure -

two-fluid system shown schematically in

psic

Fig. lb.
Fig. 1.5.

Ideal power output for a geothermal flashed steam system.
Downhole 570°F, 1240 psia; wellhead 5100 ft, 434°F, 360 psia,
x = 0.19; pressure drop to turbine 20%; turbine exhaust pressure 3.5 in. Hg (1.73 psia).

In these the hot brine heats a

secondary working fluid that drives the
turbo-generator system.

The brine may

be pumped to the surface or allowed to
expand and pump itself, as in the other
two methods.

The secondary working

fluid can be any material whose boiling
a 20% pressure drop between the separaI

point characteristics are compatible with

tor and turl:iines that we assume to be

the lower operating temperature of the

representative.

turbine.

Such a drop corresponds

Isobutane and freons have been

to -15 Btu/lb loss at 115 psia or a 6% loss

suggested because they boil at sufficiently

in available power.

low temperatures to operate at the lowest

An additional loss

occurs through the turbine as measured

temperature that can be reached with

by the turbine efficiency e . Hence, "the
t
2
actual power output in MW/ft to the gen-

evaporative cooling of water in the

erator is

atmosphere.
Assuming the same well conditions as
the previous two examples, we find that

(11)

the total heat available in the fluid coming from the well is -562 Btu/lb.

Since the throttle steam is saturated,

For

any heat exchanger

excessive moisture during expansion
through an axial flow multistage turbine
results in decreased turbine efficiencies
that are typically 70 to 75%.

From the

reported operating characteristics of the

where qe is the heat transferred to the

Cerro Prieto system,9 we estimate that

secondary fluid, U is the overall heat

the turbine efficiency e is -70%. The
t
ideal cycle efficiency shown in Fig. 5 is

factor for the exchanger design and is

-15.8% and is defined as the ratio of the

assumed to be unity, and l:.T

energy available from the separator to

transfer coefficient, F is a correction
is the log
m
mean temperature difference defined as
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~T

If the turbine system efficiency is pro-

m

portio'nal to the Carnot cycle efficiency.
then the optimum heat exchanger design
must maximize the fraction of the heat
used for power generation at the same

The temperatures are defined as

time the cost of the heat exchanger is
T H1 = hot brine input to exchanger
T H2

= spent

minimized.

Thus, a maximum of

brine exit from

exchanger
T C1

= cold

------_._--------------- -

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

working fluid input
must be found, where q/Q is the ratio of

to exchanger

energy transferred to the turbine to the
TC 2

= hot

energy in the brine, Q.

working fluid output

from exchanger.

For the conditions above, T C 1 and
T H2 were both found to be optimum at

The heat exchanger can be designed to

300°F and A was ~35,000 ft2/ft2 of welL

make T C2 as close to T Hi as desired but

The pumping power is already included

only at the expense of increasing the area

since we assumed the well to be operated

A.

in the self-pumping mode. An additional
fraction of the powei' must be used to

Since heat exchanger costs vary

n.early linearly with A, cost of transfer of
heat varies as the ratio of q/A.

The heat

transferred to the turbine q depends on
T H2 •

T C1 is fixed by the ambient atmos-

pheric temperature and humidity, which

operate the secondary fluid circulation
pump. The overall power in MW/ft 2
from a two-fluid system operated as
described above was determined to be

for the Imperial Valley should be lOO°F.
(13)

Thus, a trial and error solution, in which
T

is chosen and T
is calculated, is
H2
C2
required. We found the factor U for heat

Since the secondary fluid must be pumped

transfer through moderately scaled ex-

and power for the pump must be sub-

changer tubes from brine to light organic

t~acted,

fluids to be on the order of 50 to 100 Btu/
ft 2 -hr/oF.

for e should cover both turbine losses
t
and pumping.

Table 3.

System
Flashed steam

39.5 e
40.4 e

Total flow

450

Expected power outputs.

Ideal power
(MW/ft 2 )

Binary fluid

63.1 e

t
t

w

we have concluded a value of 0.7

71 2

Expected power

System
efficiency

(l\lW/ ft 2)

('?'o)

27.7

11

28.3

11

44.2

18

COMPARISON OF SYSTEMS

We can expect this increased power
because the total flow system uses the

We can now compare the three systems.

Since the overall turbine efficien-

cies are all -700/0 it is evident that the

entire mass flow rate and, hence, a
higher conversion efficiency of thermal
energy to kinetic energy.

The flashed

total flow syste'm is most efficient.

steam system uses only 290/0 of the mass

Table 3 shows the expected power out2
puts/ft of well. We define system effi-

as steam to drive the turbine while dis-

ciency in Table 3_ as tl!e ratio of the

338°F.. The two-fluid system rejects all

carding the remaining as hot brine at

electric power generated to the recover-

of the brine at 300°F at optimum effi-

able energy from the wellhead product.

ciency.

Thus, we expect 600/0 more power from a

possible with all systems, so part of the

Reinjection of the hot brine is

given well from the total flow system than

rejected energy is returned to the

than from either alternate.

reservoir.

Turbine Systems
TURBINE CHOICE

through a nozzle to obtain high velocity
jets that are used to drive an impulse

There is a wide variety of turbines,

turbine, with the entire pressure drop

but they generally fall into two classes.

occurring in the nozzle, or expanding the

The impulse turbine converts thermal

two-phase mixture through a reaction

energy to kinetic energy by a pressure

turbine where both a velocity change and

drop through a nozzle only.

a pressure drop occur.

The fluid

The axial flow

kinetic energy is then converted to rota-

reaction turbine has a higher efficiency,

tional energy by directing the stream to

normally operates at higher speeds, re-

impinge on some kind of vane or bucket

quires multiple stages, and is generally

attached to a wheel.

more complex, requiring very small

There is almost no

pressure drop through the rotating com-

clearances to maintain the pressure drop/

ponents.

stage.

The reaction turbine, usually

But a multistage turbine cannot be

used to recover energy from high pres-

expected to function reliably when driven

sure gases, operates by allowing the gas

directly by mixture of vapor, brine,

to expand as it passes through the rotat-

silica, and, probably, sand and other

ing vanes, and this expansion is accom-

extraneous materials.

panied by a pressure drop.

To prevent

bypass of the rotating components there

This nature of the working fluid requires that the turbine be simple and

must be very close tolerances between

easily maintained; the impulse turbine

the vanes and housings or stators.

therefore appears to be the best choice.

Therefore, there are two possibilities

The most common impulse turbine is the

for recovering energy from the full fluid

axial flow configuration in which the fluid

stream: expanding the two-phase mixture

is fed through a series of nozzles located
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around the wheel periphery.

The power

output and efficiency of both single and
multistage turbines is proportional to
cos 2 e where 8 is the nozzle angle.
1
1
Experience in turbine design has shown
8 "" 20°; hence, maximum efficiencies
1
are ~88%. The influences of blade friction, leakage past the blade, turbulence,

Vanes

. .p/

Va.

\l

Nozzle

Radial inflow turbine

0

............

and fanning will reduce. this efficiency.
In addition, large axial forces can be
developed, and control of vibration is
always a serious factor in axial flow
turbine design.
The other alternatives are radial and
tangential flow impulse devices; these
appear to be most promising for our
applicatio,:!-.

~ rNozzle
V
~~

\J

They are shown schemat-

ically in Fig. 16.

b. Tangential flow turbine

The radial flow device

shown is similar to the Francis hydraulic

Fig. 16.

turbine except that nozzles are used here
in place of inlet guide vanes.

Proper

selection of the rotor inlet and outlet vane

mental reason why it cannot be operated

angles will direct the exit fluid radially

with a two-phase fluid.

inward with no tangeritial velocity compo-

have an efficiency as high as 95%, depend-

nent (whirl).

ing on bucket splitter angle and exit angle.

In principle, the blade effi-

ciency for this condition can be 100%.
This is unlikely, however, since turbulence losses will occur, and it may be

This device can

Blade friction, of course, may be important, but the major losses (and disadvan-

necessary to select vane angles to give

tage) will probably result fr?m fanning
and jet dispersal, since the nozzles must

some whirl to the exit fluid.

be placed some distance away from the

The advan-

tages of the radial flow impulse turbine

buckets.

are high efficiency, reduced fanning

are inherent high efficiency, simplicity of
fabrication (and resultant low cost), low

losses, flexibility in choice of nozzle

The major advantages, however,

angle, reduced losses by jet dispersal,

potential for vibration, and the fact that

and minimal vibration problems.

the buckets may be readily replaced or

There

are few vibration problems because the

relined.

nozzle lies in the plane of the wheel,

important since the working fluid will be

producing low axial forces.

very corrosive.

The tangential flow turbine shown in

This latter point may be very

Typically, hydraulically-operated

Fig. 16b is modeled after the Pelton

devices of these types exhibit wheel effi-

wheel.

ciencies greater than 900/0.

Although it has only been used as

a hydraulic turbine, there is no funda-
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Total flow impulse turbine
concepts.

No data exist

for operation in the two-phase flow

regime, and it is not possible to report

the flow of high quality steam where the

efficiencies for this operating condition.

ratio of mass of vapor to total mass is

Nevertheless, there is no fundamental

<20%.

reason why gross differences should

Specifically, some data have been
20-22
.
gathered
for low quallty steam flow-

exist, so it seems reasonable that a two-

ing through a converging diverging nozzle.

phase total flow turbine could be devel-

The results shown in Fig. 17 indicate that

oped to give a 90% efficiency.

mixtures containing 20% vapor can be
expanded with nozzle coefficients of ....,Q.9.
While these are the only such data avail-

TWO-PHASE FLOW THROUGH
NOZZLES

able, the results are very encouraging,
since authors of the work emphasized

The efficiencies reported for the im-

that no attempt was made to optimize the

pulse turbines do not include the nozzle

nozzle design.

efficiency.

ble to achieve high nozzle coefficients

If we define the nozzle veloc-

Hence, it appears possi-

ity coefficient 7') such that VI = 7')Videal'
then the overall turbine efficiency can be

testing to determine the optimum nozzle

obtained by multiplying by 7')2.

configuration.

(>0.9) by careful experimentation and

Hence,

nozzle efficiency is a critical factor.

Figure 18 shows the combined ef(ect
of nozzle coefficient and turbine effi-

For gases and superheated steam 7') > 0.95.
For wet steam, however, the nozzle

ciency and compares the ratio of the

coefficient may be much lower because of

power outputs from the total flow system

the difference in velocities of water drop17-19
Much research
has

and the flashed steam system.

lets and vapor.

is constructed with the condition that the

been done on the subject, but most of it

turbine efficiency, e , of the flashed
t
steam system is 70%. The results show

has been restricted t.o investigations of

o
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o

o
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'0

ECll

o

o

o

o

o

o

A

o

A

o

o

The curve

2
w/A (lb/sec/ft )
o 1000
o 1470
02150
A 2410
mass of vapor
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.:t

o
..Q
Cll
>
Cll

N
N
o

x=

Z

total mass

0.15

0.10

0.20

0.25

Quality (x)
Fig. 17.

Performance of two-phase flow through a converging-diverging nozzle.
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2.0,----,-----,------..

that for 50'70 more power, for example,
the n~zzle coefficient can be as lolV as
0.84 with a wheel efficiency of 80% or
must be as high as 0.95 if the wheel efficiency is as low as 70%.

1.5

A TRIAL CONCEPT

V'l

u..

0..

"-

l= 1.0

0..

To -discuss the nature-of the design
problem, we shall examine one possible
system.

0.5

It should be recognized that this

example is intended only for illustrative
purposes, and is not necessarily the optimum.

0'=:-----'-----'------'
0.7

0.8

N~zzle

0.9

1.0

velocity coefficient (TJ)

Figure 19 is an elevation view of

an installation with a radial inflow turbine.

We assume a nozzle coefficient of

0.9, with wellhead conditions taken from
Table 2, as the input data for calculating

Fig. 18.

Comparison of the actual power
output of the two-phase system
with the flashed steam system.

nozzle exit conditions.

For a condensing

temperature of 120°F at 1.7 psia Table 4

Noncondensable gases

500Ib/sec/ft

2

Wellhead product
360 psia 1=434 0 F

Steam injector

Cooling water
__.,.-.....,..,.-

120°F
...u~

Brine to
___ injection
wells

120°F
Fig. 19.
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Schematic of a total now system.

Table 4.

Wellhead

Exit conditions from nozzle and turbine.

p
(psia)

(% )

360

x

h
(Btu/lb)

v
(ft 3/lb)

V

(fps)

0.26

A
(ft2 )

0.19

562.5

Nozzle outlet

1.7

0.37

465.7

75.2

2205

130

17.1

1

Turbine outlet

1.7

0.37

465.7

75.2

965

17.1

describes the exit condition from nozzle

and arriving at an optimized system will

to turbine and from turbine to condenser.

be a fundamental goal of a research and

Since the jet area is 17 times the inlet
area, multiple nozzles and/or wheels will
be necessary.

The particular system

development program.
The barometric condenser can do the
cooling (see Fig. 19), and could be modi-

chosen for this example is a single gen-

fied as indicated to allow return of the

erator operated by two turbines with six

cooling water without excessive contam-

nozzles/wheeL

ination by the exhaust brine. "The cooling

In this case the turbines

have a diameter of 6.8 ft, rotate at

water can be fed through either a cooling

3600 rpm, contain nine equally spaced

tower or a spray pond.

vanes, and (with an assumed turbine effi2
ciency of 90%) produce about 44 MW/ft

calculations indicate that for a cooling

of wellbore area.

Hence, this power out-

put requires two 9-5/8-in. Ld. wells,
each flowing at 250 Ib/sec.
This is not a large system compared

Our preliminary

range of 20°F, each 44-MW module
(500-lb/sec flow) requires ~9000 Ib/sec
of cooling water flowing between the condenser and pond.

This includes 170 lb /

sec added from the condensed vapor. The

to conventional hydraulic installations;

evaporative cooling loss is calculated to

however, the peripheral wheel speed is

be 172 lb / sec.

Depending on drift losses,

much higher than usual and will result in

there will be either a small net" gain or

high stress levels, somewhere between

loss in cooling water flow.

Since there

50,000 and 70,000 psi for a steel wheel.

are usually no strong prevailing winds in

The stresses would scale down linearly

the area, a circular spray pond with noz-

with density for lighter materials, but it

zles spaced equally along the periphery

may prove more effective to develop

of circles with radii every 25 ft would

design alternatives that either use lower

function effectively from vertical air

mass flow rates per turbine or smaller

movement by convection.

We need de-

nozzle angles or require pressure stag-

tailed information on the composition of

ing as a means of lowering peripheral

the condensed vapor phase, however, to

wheel velocity.

select the optimum cooling system.

A two-stage device, for

Dis-

example, reduces the peripheral velocity

posal of the concentrated brine outflow

enough to reduce the stress to 40% of its

from the barometric condenser will be

former value, but it makes a more com-

done by injection through a number of

plex and possibly less efficient system.

wells equal to the number of production

Nevertheless, many alternatives exist,

wells and extending to about the same deptll
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Chemical and Corrosion Factors
The major problem with the brines in

2000
I

the Salton Sea-Mexicali Valley province

J

I

I
I

results from their chemical composition
(see Table I).

I

'llii

I
I

1600

These brines are corro-

I

I-- T = 500°F

I

sive in the extreme. cause scale deposits.

I
I

0

.;;;

a- 1200

and under certain circumstances can

I

I
I
I

saturate and deposit salts.
.

I

~

I

aoo

~

BRINE PHYSICAL AND
THERMAL PROPERTIES

T = 572°F

I

I

~

~

400

The specific weight of the brine varies
with pressure and temperature. as shown
in Fig. 20.

o5':-2---l-.,J-----L.-.L-....I---l.-..L....--l!::a:::-J

We calculated this curve by

assuming no flashing.

6
3
Brine specific weight -lb/ft

The specific

weight of the brine at the turbine outlet
after 36.8o/~ of the water is vaporized is
3
75.7 lb / ft . The ave rage spec ific weight
of the brine in the reservoir is ~62 lb /ft 3 .

Fig. 20.

Brine properties.

Therefore. the reservoir pressure is
greatly exceeded by the hydrostatic pres-

salt.

sure developed in the injection wells.

vaporization during passage through the

For a 5l00-ft well, the bottom hole pres2
sure difference will be ~556 Ib/in . If

or 71.9 Btu/lb of brine.

The enthalpy available from water

nozzle, shown in Table 4, is 98.8 Btu/lb,
~0.2

The heat capac-

silica does not plug the injection well and

ity of the salt is

injection pressures are the inverse of

ping from 434°F to 120°F yields 16.1 Btu/

Btu/lb-oF so drop-

drawdown pressures. the injection wells
2
of well

lb of brine.

will accept up to 700 lb/sec/ft

to do work as the brine passes through the

before injection pumps are needed. Since

nozzle is 88.0 Btu/lb, or

we estimate production to be 500 lb / sec /
ft 2 of well. it is probable that no signifi-

power calculations in the thermodynamic

cant energy will be needed for injection.
In the thermodynamics and turbine

Thus, the net heat available

from pure water.

~9'10

less than

In this sense, the

analysis may be too high by approximately
this amount; however. in view of all the

analyses we assumed that the properties

estimated factors involved, we do not feel

of brine were approximately those of the

the expected power output shown in

same weight of pure water.

Table 3 is in serious error.

Since 1 lb of

mixture at the wellhead contains only
.....Q.743 lb of water and 0.257 lb of salt, the
heat available from water is only 70% as
. great as indicated in the Steam Tables 15
plus the heat available irom couling lilt:
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CORROSION
Geothermal brines are notorious for
lhdr (;ofTosive character.

Considcrllblc

work has been done evaluating both corro-

nozzles and turbine components can prob-

sion and stress-induced corrosion in the

ably be'tantalum coated, but if extreme

brines at Wairakei, New Zealand. 23 The

abrasion resistance is needed, tantalum

Wairakei brines were

~10%

as concen-

carbide linings may be necessary.

Even

trated and somewhat cooler than those

though much of the advanced materials

found near the Salton Sea, so the infor-

technology exists, a development program

. mation must be used with caution. Foster

will be required to apply this knowledge

et al. found that titanium resisted the

for commercial production of corrosion

brines reasonably well,22 but the Wairakei

resistant components and to minimize

brines are strongly basic (pH 8.4-8.6)

scale formation.

while the Salton Sea brines are likely acid;
Titanium is less reactive in neutral or

SCALE FORMATION

alkaline solutions than in acid solutions
corrosion and hydrogen embrittlement in

Scale comprised of magnetite (Fe 0 ),
3 4
Hausmanite (Mn304) and silica (Si0 2 ) has

a highly acidic environment.

been observed to form in wellhead plumb-

and is particularly susceptible to crevice
We there-

fore feel that titanium may not be acceptable in the California brines.

The 13%

ing at every well tested.

This scale is

reported to form on any surface; evep

chrome ferritic stainless steels at

such inert materials as Teflon are soon

Rockwell B-60 to C-28 hardness were

deeply coated.

also found to be satisfactory in New Zea-

In our opinion formation of such scales

land, and should be investigated for

is a consequence of the material used for

application in California.

well casing.

Monel metal,

There is a series of reac-

inconel and Hastalloy are known to be

tions between iron ions and water of the

unsatisfactory.

form

The only materials

surely corrosion-resistant to the Salton
Sea brine are ceramics, tantalum, plastics, and perhaps zirconium.

°- °

2
2 Fe+3 + Fe+ + 4 H 2

-

Fe

+ 8 H+•
3 4

(14 )

Methods

for tantalum plating have been developed,

Similar reactions occur between manga-

making tantalum-coated steel a possible

nese ions and water.

production tubing, but costs will probably

are reversible as long as the solution re-

be high.

The high temperature plastics,

These reactions

mains in contact with the scale, and when

such as Teflon,'~ used for cookingware

the acid strength reaches

coating may prove satisfactory.

further scale should be formed.

Glass

~pH

3, no

In the

lining or all glass may also be considered

formation we expect that no scale is

for use as well production tubing.

being formed and the solution is stable.

The

If, however, the solution contacts a ma-

'~Reference to a company or product
name does not imply approval or recommendation of the product by the University
of California or the U. S. Atomic Energy
Commission to the exclusion of others
that may be suitable.

terial that consumes acid (e.g., limestone)
or a react'ive metal (e.g., iron), the equilibrium is disturbed by removal of acid
and more scale and acid are formed while
iron is removed from solution.

Thus. we
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Table 5.

Compound concentrations and solubility.

Concentration
(g/cm 3 )

Compound

Solubility at
100°C (g/cm 3 )

Concentration/
solubility

NaCI

0.1345

0.346

KCl

0.0315

0.502

0.063

CaCl

0.0772

1.41

0.055

2

0.389

LiCI

0.00128

1.13

0.0011

MgCl

0.000039

0.374

0.00010
0.0089

2

2
BaCl
2
RbCI

0.000796

0.089

0.000375

0.523

0.00072

0.000099

1.231

0.00008

CsCI

0.0000253

2.40

0.000010

r'r.'\_"'"
t;:\_d

0.00581

4.75

n

0.00402

large

small

0.000107

0.0296

0.0036

5.45
0.957

0.00019
0.000018

SiCl

3
MnCl
3
PbCI
ZnCl
CnCl

0.00104
0.0000169

2
2

nn1t'lC'l

V.VV~G~

0.000400

Si0

2
H O
2

0.8862

0

00

believe scale formation can be minimizerl

As th3 right column shows, NaCI is

by meticulous avoidance of any material

closest to saturation, and as steam

that reacts with acid at pH 3 in the well

flashes from the brine, it will begin to

or surface equipment.

precipitate when 61.1 % of the water is

For example,

ordinary cement will probably react with

vaporized.

the solution and cause scale formation

reached in the total flow system.

This concentration is never
The

until sufficient scale is deposited to seal

calculated steam quality at the points of

the cement from contact with the solutions.

highest concentration (nozzle outlet, tur-

Cements used in well completion must be

bine chamber, and barometric condenser)

compatible with high acid concentrations

is 36.80/0, which is the same as removing

(e.g., gypsum-based cements).

0.326 lb of water/lb of original brine, or
~700/0

of saturation.

At 25°C the solubility

of NaCI is 0.316 g/cm 3 , so if the brine

BRINE SATURATION

were cooled separate from the va.por,
Using Helgeson's analysis

8

(Table I,

Column 2), we recalculated the brine

the water was removed.

composition as the sum of a group of

never approach these values in the total

chemical compounds.

flow system, so we expect no problems

Table 5 shows

these compound concentrations and their
solubility at 100°C.

In general, their

solubility increases with temperature.
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salt would reach saturation when 57.4% of
Concentrations

from salt formation.
The SiO

solubility is not shown in
Z
Table 5 because its solubility is a

complex function of both temperature and

0.. 14

pressure.

In all likelihood, the Si0 con2
centration is in saturated equilibrium in

0.12

the formations, and this should be very
close to the saturated equilibrium value
for quartz-water or amorphous silica-

0.10
;f.

0.08

water corrected for the presence of other
salts.

Figure 21 shows the lower two-

phase region of the quartz-water system
corrected for the presence of other salts
on the assumption that there are no
chemical reactions between the other
salts and silica.

If the actual solubility

5075
43503625
2900
2175
1850

Pressure-psia ~

0
0
V'l

0.06

liquid

0.04
0.02

is more like amorphous silica in hot

o L..-_"--_-'--_-'--_~_........_ - '

water, then the silica will be 2.5 times

200

~450°F

the a.ctual value will be

close to that shown.

400

500

Temperature -

more abundant at the higher temperatures.
Below

300

Fig. 21.

Therefore, as the

brine passes up the well and through the

600
0

700

BOO

F

Lower three-phase region of
the silica-water system, corrected for salt.

nozzle, silica will be continuously precipitated.

Assuming 300°C initial reser-

have been encountered during well com-

voir temperatures, the brine will carry

pletions.

more than 600 ppm of Si0 • At the nozzle
2
outlet (120°F) essentially all this will be

mediate levels, the annular space between

insoluble, so silica will be produced in

If water is left in the annulus during

the condenser outlet at the rate of
2
25,920 Ib/day/ft of well if the brine flow
2
rate is 500 Ib/sec/ft of well. This

cementing, it heats up during steam
or production tubing when it expands.

amorphous silica will create a serious

Second, flow velocities from the point of

problem if it does not remain

~n

colloidal

suspension from production through injection.

If the brine acidity is not disturbed,

the silica should be expected to remain
colloidal.

First, during casing at inter-

casings must not contain confined water.

production and collapses the inner casing

vapor formation to the wellhead must be
high enough that appreciable "slip" of
brine does not occur.

At low flow veloc-

ities there is a tendency for the vapor
phase, as bubbles, to rise faster than the
liquid.

WELL COMPLETION DESIGN

This causes higher and higher

salt concentrations in the well and the
concentration at which salt could preci-

We discussed certain aspects of the

pitate might conceivably be reached. The

wells in connection with the thermo-

two-phase mixture can be produced with-

dynamics analysis; however, possible

out salt concentrating if the flow veloc-

downhole salt precipitation may impose

ities are maintained above 100 fps.

additional constraints.

Figure 20 shows that the specific weight

Several problems
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of the brine in the deep well averages
3
56 lb/ft . Thus, 500 lb/sec is equivalent

o

to 8.9 ft3/ sec ; since this mass flow is
associated with 1 ft2 of well, the brine
velocity in the lower pipe is 8.9 fps.

To

achieve 100 fps the diameter should be
reduced to 0.30 times its original value.
A 9-5!8-in. casing would be reduced to
2.89 in. at that depth, for example.

As

the brine-vapor mixture passes up the

M

O

-

X

pipe and more vapor is formed, the

....

diameter should be increased again to

...r::

keep the flow velocity from becoming too
high and increasing the pressure drop

2

0..3
II>
o

due to frictional losses.
Assuming 200 fps as an upper limit
to velocity, the production casing area

4

can be determined directly from the
continuity equation. Since v is -0.25
ft3/ lb at the wellhead, the area is -0.625

5

ft2, or, for a 9-5/8-in. well, the tubing
..

diameter at the surface would be 7.6 in.

pm

12-in. diameter

Figure 22 is a schematic drawing showing the entire well casing and production
tUbing in concept.

Fig. 22.

Well casing diagram.

As shown in Fig. 22,

30-in. surface conductor would be set in
a 36 - in. hole to a depth of 200 ft.

The

below 4600 ft.

to -2300 ft and an 18-in. diam casing set

face there would be 500 ft of 3-in. tubing,

at that depth.

then 1000 ft of 4-in tubing, 1200 ft of

Then the hole would be

drilled at 17-1/2-in. diam to 4350 ft and

From 3650 ft to the sur-

5-5/8-in. tUbing, 500 ft of 7-5/8-in.

a 13- 5/8-in. casing set and carefully

tubing, and 450 ft of 8-5/8-in. tubing.

cemented.

With such a production tubing, flow

The hole would be completed

to 5000 ft with a 12-in. bit.
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to 3650 ft and be perforated or slotted

hole would then be drilled at 24-in. diam

The produc-

velocities will be between 100 and 200 fps

tion tubing string would consist of

everywhere.

corrosion-resistant material with wipers

the whole annulus. between the production

It is not yet clear whether

set at -4000 ft on a section 9-5/8-in.-

tubing and casing should be cemented or

, diam tubing that would extend from 5000

left partly open to facilitate replacement.

Environmental Considerations
The total flow geothermal power sys-

6 ft deep.

Unless this tank were breached,

tem will have little adverse environmental

there should be no adverse contact between

impact.

the brine and the environment or ground

Since fluids are to be produced

and injected at the same depth there will

waters.

be no subsidence or accumulation of salts

unshielded, but since they possess so

The turbines will be noisy if

or brine on the surface or in any other

much stored energy it will be necessary

aquifer.

to build massive protective cases anyway.

Noncondensable gases are to be

injected by aspirator into the disposal
- weIrs so tliere will be no atmospheric
contamination.

It is necessary to have

It may be desirable to emplace the entire

power station except the cooling water
system and transformer bank just below

an inventory of less concentrated brine

ground level to provide earthen sound

circulating between the barometric con-

barriers and shields.

denser and cooling system.

It is expected

that this might amount to ~5,000,000 ft3

In all, a fully developed geothermal
brine area would have transformer banks,

circulating at a rate of -45,000 lb /sec

cooling ponds, wells, and generators

for a 220-MW power module.

occupying only

This brine

~5%

of the surface of .the

could be contained in an impermeable

land. Such a development should be able to

earthern pond of about a 400-ft radius by

produce all the underlying geothermal energy.

Cost Estimates
Estimating costs of an operating geo-

ASSUMPTIONS

thermal total flow system is difficult,
since neither the materials nor machine

We assume the plant module, to be

design problems are solved and the opti-

served by 10 producing welis of 9-5/8-in.

mum cooling system is unknown.

nominal production diameter driving

Never-

theless, it is desirable to make a crude
economic evaluation to determine if geothermal

p~wer

development should be

undertaken.

,three to five alternators, each with two
turbines.

In case the radial flow machine

is used, each turbine would be driven
from one well and two turbines could be

In this analysis we have tried to arrive

used to drive one alternator, so there

at an estimate that is valid to within 30%

would be five turbine alternator combina-

by scaling costs of analagous plant equip-

tions in the module.

ment from the chemical industry, from

flow turbine, each wheel would be driven

other g eo the r m a I plants, and from

by one well, with four wheels for each

the petroleum industry.

alternator.

Hopefully the

With the tangential

Peak capacity of the module

estimate is as likely to be too high as

is 220 MW and with a load factor of 80%,

too low.

the annual power production if 1. 53 billion
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kWh.

We assume that pach such module

We estimated capital investment for

will be constructed independent of all

the remainder of the facility from New

others, so there will be no shared shops,

Zealand experience, appropriately inflated to 1973. 24 Note that all these

utilities, transformer substations, or
management. Finally, all estimates are
based on the assumption that research

costs are higher than current fossil fired
plants; we used them for conservatism.

and development has been completed and
experience has been gained from a commercial scale pilot plant.

The first plant

Power house and plant
facility @ $49.50/kW

$10,791,000

will probably be the most expensive.

Turbine and generator
@ $56.54/kW
Cooling system @ $17.62/kW
High voltage substation
@ $11.11/kW

3,841,160

CAPITAL COSTS

Contingency @ 15%

4,406,979

The major elements of capital requirement are the production and reinjection wells,
power house and plant that houses and services
the wells and turbo- generators, the turbinealternators, and a high voltage substation.
In estimating the production and reinjection well costs, we assumed them to
be the same as offshore wells drilled to
the same depth.

In addition, the cost of

an exotic production tubing was added as
if it were fabricated of pure titanium,
although it very well may not be titanium
and may be more or less costly.

A hole

loss factor of 0.2 has been assumed; that
is, we assume that during drilling one of
each five attempts to complete a hole will
be unsuccessful.

Subtotal

12,325,720

2,421,980

$33,786,839

The drilling costs totaling $51. 75/ ft
compare favorably with the costs in New
Zealand, which are $51. 10/ ft when inflated to 1972-73 dollars. 25 Table 6
sh::Jw8 thc total ::apital costs.

N:)te that

the greatest uncertainty is the tubing cost.
However, even if the cost were multiplied
fivefold, the capital costs increase to
only $214 /kW, which is still less than
current systems.

All capital construc-

tion costs include architect and engineer
fees, land, utilities, and services.

These lost holes were

distributed against the drilling costs of

OPERATING COSTS

the completed wells at a value equal to
75"/0 of the base drilling cost without the

completion tubing.

The well life is

assumed to be 20 yr.

The estimates are

We estimated operating costs by using
operating chemica'l process plant 26
figures augmented by an assumed well
maintenance cost.

Drilling and casing 20 wells,
5000 ft ea @ $20/ft
Lost hole allowance,
20,000 ft @ $15/ft
Special tubing, 100,000 ft
@ $22/ft
Contingency @ 15%
Subtotal
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$2,000,000

We assumed well pro-

duction life to be 20 yr, but we assumed
that the production tubing would be re-

300,000

placed every 5 yr.

To average this cost

we allocated an annual operating cost
2,200,000
675,000
:j;5, \'( 5,000

equal to 20% of the initial capital cost of
production tubing.

We estimated main-

tenance and plant repair at l0/0/yr of

Table 6.

Capital cost summary.

Drilling

$ 5,175,000

Powerhouse, plant, and high voltage substation

$15,194,927

Turbines, generators, and cooling system

18,591,912

Total capital

$38,961,839 (or $40,000,000)

Capital costs/kW

Table 7.

$180

Annual operating cost summary.

Production well maintenance

$506,000

Power house, plant, and substation maintenance

151,949

Turbines, generators, and cooling system maintenance

929,596

Labor and supervision

190,362

State and local taxes

243,511

Insurance

389,618

Contingency @ 30%

723,310

Total cost of sales

$3,134,346 (or $3,000,000)

original capital cost of the power house,

cluded in the maintenance costs. Table 7

plant, and high voltage substation and

summarizes the operating costs.

5%/yr for the units subject to corrosion:
turbines, generators, and cooling system.
To calculate operating labor and super-

CASH FLOW AND
PROFITABILITY

vision, we assumed that two operators

There are a number of uncertainties

would be required on each shift and that

that prevent a rigorous cash flow analysis.

there would also be two craftsmen re-

These include lease royalty rate, deple-

quired on each weekday shift.

tion allowance, regulated permissible

a 30% supervision cost.

We added

State and local

rate of return, method of financing, and

taxes were calculated as 5% of the

corporate tax structure for calculating

assessed valuation, which was estimated

federal income tax.

In the example anal-

as 25% of the depreciated capital value of

ysis below we have assumed an 80% load

the whole facility.

factor; without prejudice to future legal

This is shown in the

cost summary for the average year at

or regulatory actions, lease -royalty at

0.625% of the initial capital cost.

12.5% and 5% of gross sales; internal

Insur-

ance is shown as 1% of the initial capital

financing; and computed internal rate of

cost and a contingency of 30% is included

return as a function of power sales price.

because of the gross method used in

Table 8 shows the example using

calculating maintenance and operating

6 mills/kWh, 12% royalty, no depletion

expenses.

allowance, and 48% federal income tax.

Corporate management is in-
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Table 8.

Cash flow.

Power sales @ $0.006/kWh

26
$9,180,000

Royalty @ 12.5%

1,147,500

Cost of sales

3,134,347
Gross profit

Depreciation

22
;R.
0

18

$4,898,153
$1,948,092

Net profit before federal
income tax

2,950,061

Federal income tax

1,416,029

Net profit after taxes

1,534,032

Total cash flow

3,482,124

Years to return investment
Internal rate of return

E
.2

....~0
2

~

14
10
12.5%royalty
48% income tax
no depletion
allowance

a

E
2
c

6

11.9
6.4%

2

Power sales price Figure 23 shows the rate of return on the
investment for various power sales prices.

Fig. 23.

The upper curve is calculated with 5%
royalty and no federal income tax.

mills/kWh

Estimated range of effect of
power sales price on internal
rate of return.

The

lower curve is calculated with 12-1/2%
royalty, no depletion allowance, and 48%

federal income tax increases the internal

federal income tax.

rate of return from 11% to 19.1%.

The actual profit-

22% depletion allowance were permitted

curves.

at 8 mills /kWh sales price, the internal

Depreciation has been calculated

as straight line for 20 yr and the invest-

rate of return would inc rease from 11%

ment and plant life are assumed to be

to 14.5%.

_0 yr, with no recoverable value at the
'ndof the 20th year.

In view of these calculations and considering that straight line depreciation

As Fig. 23 shows, there is no return
on investor capital at a power sales price

and generous contingencies were used,
we feel that development of the total flow

IIf 3. 2 ~ills /kWh, and, if bank ra te inter-

geothermal power system should return

est is assumed to be 7.5%, this inves t-

profits to the investor commensurate with

ment yields in excess of bank rates for

the risk at a rate competitive with fossil

all power prices greater than 6.5 mills/

fuel or nuclear power generating systems.
The state and local taxes should ap-

kWh.

The profit rate is not terribly sen-

sitive to the royalty rate.

For example,

proach

~100

million/yr if the whole re-

assuming a 5% royalty instead of 12:5%

source is developed,

increases the rate of return at 8 mills/

would be 10 times as large.

kWh sales price from 11'70 to 12.5%.

presents a significant revenue to the

At

the same power sales price, eliminating
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If a

ability should fall between these two

whole public.

and federal taxes
This re-

Conclusions
The geothermal brine in the Salton Sea
area of California represents a significant

find the best turbine, and to demonstrate
commercial feasibility of a power plant.

power source adjacent to high consump-

None of these problems seem particularly

tion areas.

formidable although few if any of the conven-

The method for converting

·these brines to electrical power using the

tional methods and materials appear to be

whole fluid stream appears to be techni-

workable. We expect that the Salton Trough

cally reasonable and economically attrac-

hot brines can be developed at a capital cost
<$200/kW and for a power sales price

-tive.

An experimental progra~ is needed

to select materials that will withstand the

<8 mills/kWh.

corrosive brines, to find the best form of
production tubing and well operation, to

may be developed at other areas having

Additional power sources

hot brines.
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Discussion Following Higgins Paper

Unidentified
Have you picked a particular temperature for drawing your conclusion on system optimization?
Does that apply to a temperature such as 180 0 C, where the binary fluid is propounded to be highly
efficient?

HigginsIt turns out, rather surprisingly, not to make any difference.

I have a curve which shows the

ratio as a function of the well-head product temperature.

Unidentified
I just want to make one comment.

Of course, the basic difference in the binary and flash is

that in the flash you have got to be able to handle the solids not only in the well but also in the
turbine.

In the binary system most of them assume pumping operation of the well with no big gas

problem to bother the heat exchangers very much as it would the condenser.

It is very difficult to

compare these systems this way, unless you are talking about a very specific kind of water with a
very specific total solids content.

Higgins
That's a very good point.

It is one of the reasons we think the total flow system in less sub-

ject to sensitivity, largely because an impulse machine does not require close tolerances between
the rotating members and the stationary members.
I completely agree with the comment that one has to examine the chemical nature of the fluid
before drawing any conclusion.
efficiencies.

At this stage this is based on thermodynamic and practical

It always has to be tempered by the details of the fluid recovered.

Unidentified
Has anybody built these things you've described?

Higgins
A s a matter of fact, in small scale, Lockheed has built some.
energy out of the stored gases used for steering rockets.

They want to work the gas from high

pressure to low pressure before using it in the thrust nozzle.
develop the energy as well as to generate a little electricity.
as a standard item in their gas purification plants.
Gas, and they use this type of turbine.

They are used for taking the

They use these kinds of turbines to
Also, Fluor Corporation has them

They have built a big one for El Paso Natural

They have gone through all of the headaches of optimizing

the nozzles.
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Unidentified
Who builds these? Does Fluor build them themselves?

Higgins
I don't know who builds them.

I just know they are included in their plan. We are in the

process now of finding out where they get them.
There are two other systems I didn't mention.

The screw expanders, which look to be pos-

sible machines for using low-temperature fluids but don't seem to offer any immediate advantage".

Unidentified
The screw expander should have superior advantages for dirty, gritty fluid systems.

Higgins
Correct.

Unidentified
Keep that in mind and when you get a well that's making sand, nothing else will probably work
but the screw expander.

Higgins
Yes, and in fact the screw expander with rubber vanes will do an even better job.

Unidentified
Why are the noncondensible gases reinjected?

Higgins
They mayor may not be.

One thing we have to do is take from the pressure of the condenser,

which is 3 inches vacuum back to atmospheric at the very least.
an aspirator pump, working all the time.

That requires some kind of pump,

Now in case they are noxious and contain sulphur--and

probably most often they will- -then you reinject simply to get away from the problem of releasing
them to the environment--also to protect your own plant and generating gear by keeping the sulphur
gases low to prevent corrosion of your equipment,

468

lsobutane loop
Turbinegenerator

Nozzle,

Centrifugal
separator
Turbine - generator

Rejected
energy

Brine
injection

Rejected
energy
Flash
pumping

Flash
pumping

Brine
injection

Brine
injection

Downhole
pump
A. Flashed steam system

B.

Binary fluid system

C. Tota I flow system

Methods for r.ecovery of energy from hot brine deposits.

Salton Sea
geothermal
trough

~

Existing and potential geothermal
areas of the western United
States.
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California

Salton Sea geothermal area

Arizona

Baja California

a
L

15

Sonora

.J
MI

)

Approximate outline of
modern alluvium

Outline map of the Salton Trough.

After Ref. 7.
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f

Baja Cat Homia
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f

Contour on basement surface
3
X 10 feet below sea level

I

o

I

I

5

10

MI

Fault offseting basement surface

Depth to basement complex, Imperial Valley-Sa~ton Sea area.

After Ref. 10.

Table l.

Analyses of water from geothermal wells at Salton Sea geothermal area,
Cerro Prieto, and Yuma, Arizona, vicinity. From Ref. 8.
Cerro
Prieto
M3

Well 39

Niland
Well 36

Sodium

50,400

53,000

10,600

5,610

Potassium

17,500

16,500

1,250

1,040

Calcium

28,000

27,800

1,130

320

Lithium

215

210

40

54

10

74

14
b

Strontium

400

440

85

27

Barium

235

250

3

Rubidium

135

70

57
b

14

20

Iron

2,290

2,000

0.7

Manganese

1,400

1,370

6.4

Lead

102

80

Zinc

540
b

500
b

Element

Magnesium

Cesium

Silver
Copper

8

Silica
Chloride

Sum of sulfur
Dissolved solids

155,000

19,700

aIncludes potassium.
b

c
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0.09

155,000

258,973

Not reported.
Recalculated from H B0 .
3
3

100
1

b

18
188

9,694
12

c

0.88
~10

30
259,000

43

0.05
120

b

148

b

400

15

Fluoride

141

- b
- b
- b

b

390
b

Arizona
Musgrove 1

b

400
390

Boron

-

Well 57

34,800

~17,000

1,000

a

• No. 1 Sportsman
• No. 1 Elmore
• No.2 II D
o No.3 liD
a No. 1 State
~ No. 1 liD

9
(V)

-x
0

8

....

7 Comparative curve
for pure wate r (No. 2 liD
6 temperature profi Ie) ,

~

....a.. 5

....c

/

(1)

Q

".

4
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,,-

,/

3

#'

2

/

-1

hydrostatic
gradient_ 1
0.434 psi-ft

1

a
0

1000

Pressure -

2000

3000

psia

Pressure measurements at casing perforations in six geothermal wells. After Ref. 8.
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Legend
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After Ref. 8.
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A
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/

/

(~{;:(;/(/(:;~;/

a.

I

Heating

b.

A' _______

c.
Extrusive
magmatism

---=A

Model of rifting and magma generation during growth of the
Salton Trough. The sections are
drawn parallel to major strikeslip faults in the area. In a, two
layers of crust overlie a hot
zone in the mantle. M is Mohorovicic discontinuity and A and
A' are reference points for later
movements. In b, there is upward and lateral expansion; a
trough is initiated and partly
filled in by sediments. In c, the
widening trough is invaded by
basaltic magma; metamorphism
of the sediments and gravitational sliding of the tilted walls
occur. In d, melting of the basement and extrusion of rhyolitic
magma occur. After Ref. 12.

478

.\

North American continent

\\ Obt:>

Major ridges, trenches and transform faults, identified as part of the "new
global tectonics" hypothesis. From Ref. 14.
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4

6

3
2

b. f = 0.04, D = 0.8 ft, A = 0.5 ft ,
T = 300°(, p = 1240 psia
o.

Well characteristics.

s

Table 2. Wellhead product characteristics.
Pressure, p

360 psia

Volume, v

0.259 ft /lb

-Temperature, T

434°F

Enthalpy, h

562.5 Btu/lb

Quality, x

0.189

Depth

5100 ft

Flow rate, w/A

500 lb/sec/ft

Velocity, V = wv/A

130 ft/sec

Vapor volume /liquid
volume, vv/v L

16

3

2

4R1

Ideal power output = 63.1 MW/ft

2

Cooling system

Turbinegenerator

I
~--....,
/j-

360 psia

434°F

~w

Barometric
condenser

Brine
injection,

120°F
0.63 w
300°C

The total flow concept.
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Ideal power output from the
total flow system.
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Centrifugal
separator
Steam

0.29 w

Idea I power
output = 39.5

MW/ft

2

360 psia

434°F

~

Coo ling
system

~~---+

Barometric
condenser
Brine injection, 0.71 w
o
o

w

338°F

o

r
300°C

The flashed steam system.
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40 r--~~;:;;:::r-----r----,

Isent rop ic sepa rator
Isentha Ipi c sepa rator
-f-

20 ~

5.20

-f-

:::>

o
S-

(1)

~ 10

R
o

.,..---------

'-

Ideal thermal

Q)

----

efficien~y

>..
u

10 Q)c

e_

U

e_

'"'I'"'I-

U-J

-0

100

200

Separator pressure -

300

0
400

psia

Ideal power output for a geothermal flashed steam system.
Downhole 570°F, 1240 psia; wellhead 5100 ft, 434°F, 360 psia,
x = 0.19; pressure drop to turbine 200/0; turbine exhaust pressure 3.5 in. Hg (1.73 psia).
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Table 3.

System

Expected power outputs.

Ideal power
(MW/ft 2 )

Flashed steam

39.5 e

Binary fluid

40.4 e

Total flow

63.1 e

t
t

w

rJ2

Expected power
(MW/ft 2)

System
efficiency

(%)

27.7

11

28.3

11

44.2

18

Vanes

~p.---

Nozzle

Radial inflow turbine

[Nozzle
~~C

=:]

b 0 Tangent ia I flow turb ine

Total flow impulse turbine
concepts.
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0.7
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Nozzle velocity coefficient (,,)

Comparison of the actual power
output of the two-phase system
with the flashed steam system.
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.+:>

co
o

Noncondensable gases

ac generator

2
500 Ibl secl ft
Wellhead product
360 psia T=434 ° F

Steam injector

Nozzles-..k-+-'"""'::
Modified barometric
condenser

.;
I

....

.~~.::(~... .,:... ,:: .. ,.J."

~..•..~ \~t*X:v»w»:~«:JjfvM;«~ Q::.' ~ .: .':

Rad ia I inflow tu rbines
6.8 ft diam 3600 rpm
6 nozz les I whee I
2
Power output = 44 MW 1ft

Cooling water
120°F

Brine to
injection
wells
120° F

Schematic of a total flow system.

Table 4.

Wellhead

Exit conditions from nozzle and turbine.

p
(psia)

(%)

h
(Btu/lb)

v
(ft3/lb)

360

0.19

562.5

0.26

x

V
(fps)

130

A
(ft 2 )
1

Nozzle outlet

1.7

0.37

465.7

75.2

2205

17.1

Turbine outlet

1.7

0.37

465.7

75.2

965

17.1

, ,
, ,
,
,,f
,

,

"

, ..'

,
,
,,k
I

"

1600
o
1200
a.

T = 600 ° F

I

'_•...-----:-1-

.v;

T = 572 ° F

T = 500°F

I

250°F

I
I

,

300°F

I

I

800

I

I

350°F
400°F

Boiling

400

temperature

line
450°F

56

60

J
64

68

Brine specific weight -Ib! ft 3
Brine properties.
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Table 5.
Compound

Concentration/
solubility

0.346

0.389

KCl

0.0315

0.502

0.063

0.0772

1.41

0.055

0.00128

1.13

0.0011

0.000039

0.374

0.00010

2

MgC1

2

SiC1

2
BaC1
2
RbCl

0.000796

0.089

0.0089

0.000375

0.523

0.00072

0.000099

1.231

0.00008

CsCl

0.0000253

2.40

0.000010

FeC1

3
MnC1
3
PbCl

0.00581

4.75

0.00122

0.00402

large

small

0.000107

0.0296

0.0036

ZnC1

0.00104

5.45

0.00019

0.0000169

0.957

0.000018

CnC1
Si0

2
H O
2
~

Solubility at
100°C (g/cm 3 )

0.1345

LiCl

eN

Concentration
(g/cm 3 )

NaCl
CaC1

en

Compound concentrations and solubility.

2
2

0.000400
0.8862

00

0

o. 14
O. 12
O. 10
~

0.08

5075
Pressure-psia ~
43503625
2900
2175
1850

0

u
e_
e_

V)

0.06

Li quid

0.04
Vapor

0.02
O'---_...a.-._--I-_ _""'--_-'--_----"-_---'

200

300

400

500

Temperature -

600
0

700

800

F

Lower three-phase region of
the silica-water system, corrected for salt.
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Table 6.

Capital cost summary.

Drilling

$ 5,175,000

Power house, plant, and high voltage substation

$15,194,927

Turbines, generators, and cooling system
Total capital
Capital costs /kW

18,591,912
$38,961,839 (or $40,000,000)
$180

Table 7.

Annual operating cost summary.

Production well maintenance

$506,000

Power house, plant, and substation maintenance

151,949

Turbines, generators, and cooling system maintenance

929,596

Labor and supervision

190,362

State and local taxes

243,511

Insurance

389,618

Contingency @ 30%

723,310

Total cost of sales

$3,13,~,346

(or $3,000,000)

Table 8.

Cash flow.

Power sales @ $0.006/kWh
Royalty @ 12.50/0

1,147,500

Cost of sales

3,134,347

Gross profit
Depreciation

$4,898,153

$1,948,092

Net profit before federal
income tax

2,950,061

Federal income tax

1,416,029

Net profit after taxes

1,534,032

Total cash flow

3,482,124

Years to return investment
Internal rate of return

498

$9,180,000

11.9
6.40/0

5

7

Power sales price -

9

11

13

mills/kWh

Estimated range of effect of
power sales price on internal
rate of return.
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CHARACTERISTICS OF 10 MW POWER PLANT SYSTEMS OPERATING FROM
A GEOTHERMAL HOT WATER FLOW AT 300°F.

~< BINARY FLUID
liSYSTEM (FREON-11.) _

CASE 1

FLASHED STEAM SYSTEM
CASE 3*
LCASE 2

I

...

Power Output, MW
Wellhead Flow Rate,
LB./HR
Acre-FT/HR
Approx. No. of Prod. Wells
(10" 1.0. @125 1b/sec)
Power discarded in rejected
brine, MW
52°F Cooling Water Flow
Acre-FT/HR
**
Thermal Efficiency, %

Turbine Conditions
psia
Pressure
OF
Temperature
Condenser Temp. OF

10
3.0x106
1.1

10
16.4x106
6.0

10

110

4.1x10 6
1.5

2.4x10 6
.:B7

7

37

9

16.6

163.0

3.0

2.5
.93

5.0

180
250
70

60
293
79

I

TOTAL FLOW
SYSTEM
.

..

10
1.3x106
.49

5

3

28.7

5.7

0

2.8

,¢.2

3.6

3.7

15.4

11.5

8.6
1815
79

69.0
302
79

35
260
79

*This is the optimized system. However.< the low turbine throttle
.
pressure of 8.6 psia makes it impractical.
It is shown here only for sake of illustration.

** Efficiency is defined as useful power output (10 MW) divided by the difference
rate and the enthalpy rate of water at 79°F.

ALA: 1/14/74

bl~tween

Wellhead enthalpy

TABLE I

Type

CJl

o

eN

Depth,
Ft

'\,17 x 10 15

<10,000

Hot Brine
T = 300-600°F

500 - 5000 x 1015

<10,000

Hot Dry Rock
T = 400-600°F

'\,10 23

?

Dry Steam
T = 360°F

NOTE:

Estimated Total
U.S. Reserves, Btu

Technology Available
For Conversion
Steam turbine systems.
Plants successful in
Calif. and Italy.
Steam turbine systems.
Plants in Mexico and
New Zealand.
None yet developed

Anticipated U.S. energy need for electrical generation in 1985

= 40

x 1015 Btu

RADIAL INFLOW IMPULSE TURBINE

\

EXHAUST~-

RADIAL
VANES

\

WELL HEAD
PRODUCT
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f'tTHODS FOR RECOVERY OF ENERGY FRQ'vl HJT BRINE DEPOSITS
lsobutane loop
l\Iozzle "'\

.29 w

Centrifugal
separator

15
Turbine - generator
P = 27.6 MW

434°F
360 psia 00---4-

Rejected
energy

500 1b/sec
Brine
injection

Rejected
energy
Flash
pumping

w

Brine
injection

= 500 1b/sec

T

280°F

= 338°F

500 1b/sec

Flash
pumping
Brine
injection

.71 w

B. Binary fluid system

C. Tota I flow system

= 39.5 MW

= 39.2

= 63.0

= 12.7
= 10.8

= 9.7
= 14. 1

=

0.0

=

0.0

63.0

63.0

63.0

27.6 MW

27.4 MW

44. 1 MW

A. Flashed steam system

IDEAL

PO~'~ER

OUTPUT

POWER LOST IN SPENT BRINE
SYST8v1 LOSSES
TOTAL
ACTUAL pmIJER OUT @
c.n

0

C)l

70% EFFICIENCY

TQTAL FLOW GEOTHERMAL POWER
COST SUMMARY - 220
I.

t~

PLANT

CAPITAL COSTS
Drilling
$ 5M
Plant Facilities
15
Turbines, Generators, Cooling Systems 19
Capital Cost per kW

II.

$178

OPERATING COSTS
Well Maintenance
Plant Operation &Maintenance
Taxes & Insurance

$ .5M
1.7
.8

Total

$3.1M/yr.

III . CASH FLOW
Power Sales at $.006 per kWh
Royalties &Operating Costs

$ 9.2M
4.2

Gross Profi t
Depreciation &Taxes

$ 5.0M

3.5

Net Profit

$1.5M/yr.

Total Cash Flow
Years to Return Investment
Internal Rate of Return
IV.

EFFECT OF ENERGY SALES PRICE
Price, mi11s/kW-hr
Interna1 Rate of
Return %

AL:mpd
3-16-73
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$ 3.5M
12
6.4%

3.2

8

10

12

"

15

19

1. 1971

CALIFORNIA ELECTRICAL ENERGY SuPPLY
---

TYPE

INSTALLED
CAPACITY
MW e

Fossil Fueled
(28% Oil, 72% Gas)

20,943

Hydroelectric

7,854

THERMAL ENERGY
CONSUMPTION
BTU
.822 x 10 15
.133 *

Nuclear
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.037

Geothermal (Dry Steam)

184

.013

Total Installed
Capacity, MW

29,491 MW

Actual Power Output, MW

16.300 MW

1.005 x 1015

\

* Equivalent Thermal Energy

I I.

EsTIMATED IMPERIAL VALLEY GEOTHERMAL RESOURCE

1.

2.

3.

Resource
Estimated Electrical Production for ~20 years
Equivalent Stored Thermal Energy, BTU

6,500 - 100,000 MW
20 - 340. x 10 15 BTU

Known Reserve
Thermal Energy Stored in Drilled Portion
(~ 10% of Total Area of the Known Geothermal
20 x 10 15 BTU
Resource Areas)
Known Geothermal Reserve = 20 times 1971 California Energy Consumption

LA/LLL: 12/13/73
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INTRODUCTION
Geothermal energy has received much attention in recent years as one
of the sources that can help relieve the energy crisis in the next decade.
There is considerable literature on the possible methods of geothermal
energy extraction, and practical usage· of geothermal energy is growing
worldwide.
The goal of any geothermal production system is to extract heat from
the earth, and to extract it at a high enough temperature and rate that
it can be used commercially to generate power or process heat.

Most

present geothermal systems are geared toward power generation.

To evalu-

ate these systems we must predict the amount of heat present and the rate
at which it can be extracted.

These are the prime factors affecting the

economics of any recovery process.
These two factors--amount of heat and recovery rate--in turn depend
on basic physical properties of the reservoir rocks and the fluids contained within them.

The amount of heat present depends on the heat

capacity and density of the rock and the fluids within it.

The rate of

heat extraction depends on the thermal conductivity and the fluid flow
characteristics, i.e., permeability and relative permeability, of the
water and steam in the rocks.

All these important basic characteristics

of the rock and fluids are functions of both the temperature and pressure
of the reservoir system.
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Fortunately there is an extensive body of literature available to
help one estimate many of these fluid and rock properties.

Much of this

information can be found in the petroleum literature. for the petroleum
industry has had an interest in the use of underground heat for oil recovery since the early 1900's.

In the paper we summarize some of the data

that is useful for geothermal systems.

A large fraction of these data

are extracted from the petroleum literature.

STORAGE

A1~D

TRANSPORT OF REAT IN ROCKS

Neglecting heat of phase change and heat of reaction. there are three
important thermal properties in any process involving heat transfer:
mal conductivity. heat capacity. and thermal diffusivity.

ther-

Thermal conduc-

tivity is generally shown by the symbol, k. and units in the c-g-s system
are ca1/sec-cm-oC.

Many of the references. however. are given in British

thermal units. Btu/hr-ft-oF.

1

The conversion factor is:
3
4,134 x 10- cal
sec-cm-oC

Btu

hr:ft-OF

(1)

The specific heat generally used is the specific heat at constant pressure, or (aR/aT) • and the symbol is C.
p

p

The c-g-s unit. cal/gm-oC. is

numerically the same as the British unit. Btu/lb-oF.

Thermal diffusivity

is a collection of terms. kip C • where p is the density.
p

indicat"d by the symbol a.

It is often

This grouping is the ratio of the ability to

transfer heat. k. to the ability to store heat. pC.
p

2

tem the dimensions are cm /sec.
references use British units.

and

In the c-g-s sys2

in the British system ft /hr.

Many

The conversion factor is:
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2

0.258 cm
sec

1!Ehr
Therma~

2
(2)

Conductivity

An early evaluation of rock thermal conductivity was made by Birch
and Clark.

1

,2

They studied a broad range of rock materials including some

eighteen igneous rocks, seven sedimentary and metamorphic rocks, and certain
single crystals and glasses.

With the exception of the anorthosites and

the glasses (both man-made and natural) all the materials showed a reduction of thermal conductivity with temperature increase.
as should be expected.

This behavior is

See Figures I and 2, from Birch and Clark.

1

Probably the most important finding by Birch and Clark was that the
thermal conductivity of a mixture could be estimated by assuming that the
various components of the system were in series.

The total thermal res is-

tivity of the system is equal to the volumetric weighted average of resistivity of each component.

The total conductivity is thus the harmonic

average:

x
+....!!.
k
n

I
-k-

ave
where x

= volumetric

(3)

fraction of each component.

Birch and Clark's data were mostly for rocks of low porosity.
Somerton 3 was an early investigator of the thermal conductivity of fluidcontaining rocks.

He studied unconsolidated sands, sandstones, silty

sandstones, siltstone, shale and limestone.

He developed an empirical

equation to predict the effect of fluid saturation on the thermal conducitivity of porous rocks.

!'l12

It was:

(4)

where k
k
k

thermal conductivity of fluid-saturated rock
thermal conductivity of rock solids

1

= thermal

2

~

conductivity of saturating fluid

porosity - fraction

= empirical

c

constant approximately equal to 1.

The empirical constant, c,was actually found to range from 0.9 to 2.3
with the larger values found at lower porosities.

The product,

c~,

ranged from 0.325 to 0.460.
In 1961 Kunii and Smith~ measured thermal conductivities of porous
rocks saturated with various fluids.

They proposed an equation (their

Eqn. 3) to relate the fluid saturated conductivity to the conductivity of
dry rock.

Some of their results are reproduced here as Figures 3 and 4

to show the correspondence of their data to their model.

Water may increase

conductivity more than two-fold depending on the nature of the porous
medium.

Their data were run on Boise, Bartlesville, Berea and Rangely

sandstones.
Smith and his coworkers

s

,6

also studied the effect of fluid flow on

the thermal conductivity of porous systems.

In general they found that

thermal conductivity in the direction of flow was increased as the flow
velocity increased. s

Figure 5 shows this effect with water and brine.

They made a correlation of this effect through use of the product of the
Reynolds' Number and the Prandt1 Number (Fig. 6).

Thermal conductivity

perpendicular to the direction of flow, however, remained nearly constant-unaffected by flow rate.

6
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Anand, Somerton and Gomaa 7 recently have shown empirical methods of
predicting thermal conductivities of fluid saturated rocks when there
is little thermal data available.
analysis equations.

These methods are based on regression

The thermal conductivity of dry rock (containing

air) was correlated as follows:

Ad = 0.3386 pl.034 - 3.194 ~ + 0.5304 kO. lOO

+ 0.0131 F - 0.0311
where

(5)

thermal conductivity of dry rock, Btu/hr-ft-OF
bulk density, gm/cc
fractional porosity
k

permeability, millidarcies

F

formation electrical resistivity factor

The formation resistivity factor is a common formation evaluation term
which can be extracted from electric logs.

It is the ratio of the actual

resistivity to that if the rock pores were totally filled with formation
water.

In the absence of data on this parameter, the following empirical

relationship can be used:
(6)
~~em

cementation factor, often near 2.0 for sandstones.

Where the rock is fluid saturated the thermal conductivity is higher,
and
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Anand,

et al., found the following empirical equation was useful:

A = 1
..J!.
Ad

+ 0.299

+ 4.57

A
s

where

~(AAaf)O.330
-.1-

[

(l-~)

IJ

A Jo.482m
f

Ad

(PPs )-4.30

(7)

d

thermal conductivity of fluid-saturated rock,
Btu/hr-ft-OF

A
f

thermal conductivity of the saturating fluid

A
a

thermal conductivity of air

P = bulk density of saturated rock
s
P
d

= bulk

density of dry rock

Lastly, the effects of temperature were included.

Anand, et al.,

used a modification of Tikhomirov'ss correlation to show this effect.
Their results were as follows:

A680 - 0.709 x 10

• [A O
6S
where

AT

-3

(T - 528) (A 68o - 0.800)

(T x 10_3)0.545A6S0 + 0.73SJ

(S)

thermal conductivity at temperature, T, Btu/hr-ft-OF
thermal conductivity at 68°F
temperature, oR

= of + 460

A graph of their data compared to this equation is shown in Figure 7.
The match appears to be satisfactory.

The equation properly predicts that

high conductivity materials have lower thermal conductivity at higher
temperatures, while low conductivity materials exhibit increasing conductivities with temperature.

515

Often rocks contain two fluids rather than one.
discuss this effect in two recent papers.

Gomaa and Somerton',lO

If both fluids are liquid, or

if neither fluid is boiling or condensing, the thermal conductivity of the
system is a simple square root relationship between the thermal conductivity and the fluid content, as follows:
(9)

A

where

'1

"1
11.

2
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thermal conductivity of rock containing two fluids

= thermal

conductivity of rock saturated with fluid 1

thermal conductivity of rock saturated with fluid 2
the fraction of pore space filled with fluid 2

If the fluids are a liquid and vapor in equilibrium with each other,
for example water and steam, the thermal conductivity may be far higher
than predicted by Eqns. 8 and 9.

The combination of heat transfer by boil-

ing and mass flow by capillary pressure effects can cause the effective
thermal conductivity to increase 2 to 5 fold.
pipe" effect.

This is called the "heat

The amount of increase depends on the permeability of the

rock, the latent heat of vaporization, the vapor saturation and the direction of heat flow with respect to gravity.

The empirical equation they

found to predict this additional term is as follows:

0.003 ~0.357 k O• 424

I
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(1 + 0.107 sin ~) F(S)

LY
'JR, 'lJ

v

(10)

• [0.74 + 0.61Sv + 1.565; +

Sic

S
vc

2.85S~]

0 236
0.098 k- •

(il)

(12}

0 236

= 0.060 k- •

(13)

the fraction of pore space filled with liquid
and vapor. respectively
~

porosity. fraction

k

permeability. darcies

L

latent heat of vaporization. Btu/lb

y = vapor pressure-temperature derivative. Ib/in 2-oF
2
viscosity of liquid and vapor. ft /day
angle of heat flow direction. positive upward
additional thermal conductivity due to heat
pipe effect. Btu/hr-ft-OF
By this stage. it should be clear that there is a problem in this
study with respect to symbols and units.

The symbol k has been used

widely to represent both the thermal conductivity and permeability.

Even

the Greek symbol A has been used often in various literatures to represent
both heat and fluid conductivities of porous solids.

Rather than totally

recast equations in a single set of symbols and units. we have elected to
preserve the symbols of the original study. where possible. and to define
symbols and units where presented.

This is done because the purpose of
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of studies such as this is usually to guide a reader to further information, rather than to replace it.

The pertinent literature is far too

voluminous for a single paper to serve a true summary purpose.
We turn now to a review of pertinent information on heat capacity
and density.

Heat Capacity and Density
Somerton's3 data on heat capacity of.rocks shows that most reservoir
materials behave similarly.

Figure 8 shows some of the results of his

Martin and Dew II point out that these data can be approximated

work.

roughly by a linear equation for heat capacity as a function of
temperature:

T + 2000
10,000
where

(14)

heat capacity of rock, Btu/lb-oF
temperature, of

Somerton also found that where rock is made up of minerals with many
differing materials, the average heat capacity follows KOpp's Law,
which states that the heat capacity is the mass weighted average of the
constituents.
In general, rock volume changes only slightly with temperature.
Further, many rocks containing large percentages of quartz behave much
alike.

Figure 9 shows the data of Somerton and Selim I2 for three sand-

stones and quartz.
four materials.

~10

There is little difference in the results for the

Thermal Diffusivity
Because the thermal conductivity of many materials behaves similarly
as a function of temperature, and because many materials have similar
heat capacity-temperature behavior, it seems logical to expect that thermal diffusivity-temperature relationships will agree for many materials.
The data of Somerton and Boozer 13 show that, indeed, many porous materials do exhibit similar trends in thermal diffusivity as a function
of temperature.

A notable exception was found with a tuffaceous sand-

stone, as seen in Figure 10; however, a fairly good approximating line
could be drawn through the rest of the data in Figure 10.

Thus use of

this figure for quick estimation appears reasonable.

Heats of Phase Change and Reaction
In gas and oil reservoirs, very low heats of phase change and low
heats of solution, plus the high heat capacity of the solid phase (rock)
due to high mass of rock leads to nearly isothermal behavior for most
fluid production thermodynamic paths.

Exceptions are:

(1) the process

of oil recovery by underground combustion S7 and (2) oil recovery by
steam injection. $

The first involves release of large amounts of heat

due to oxidation of a part of the oil, and the second releases heat by
condensation of the injected steam.

Actually several types of spon-

taneous oil oxidation reactions may occur leading even to ignition. S!
There

ap~ears

little purpose to cite existing studies of oil oxidation

reaction kinetics, other than to warn such information is available
should pore space reactions become important in geothermal energy extraction.
We turn now to a consideration of the effects of elevated temperatures on
the flow characteristics of porous rocks.
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TEMPERATURE AND PRESSURE EFFECT ON PERMEABILITY OF POROUS MEDIA
It is well known that the viscous flow of fluids through porous
media follows Darcy's Law. which is expressed as:

v

_~ [~_ pg dZ]
l..l

ds

(15)

ds

where v is volume rate of flow across a unit area of the porous medium.
~

k is permeability of the medium to a fluid at constant temperature.

is

viscosity of the fluid. p is pressure. p is the density of the fluid.
g is the acceleration due to gravity. z is the vertical coordinate. and
s is the coordinate along the direction of flow.
The permeability of a porous medium to a gas phase usually exceeds
the permeability of the same medium to a liquid phase.

The difference

in these permeabilities is due to the phenomenon known as slipl~. reactions between liquids and the solid. and relative permeabilities.
is related to the mean free path of the gas molecules.

Slip

Consequently.

the permeability of a porous medium to gas should be a function of the
temperature. pressure. and the nature of the gas.

K1inkenbergl~ devel-

oped the relation between the permeability of a porous medium to gas
and to a non-reactive liquid. viz:

k

g

(16)

This equation was derived assuming that all the capillaries in the porous
medium are of the same diameter. and are oriented at random through the
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solid material.

In Eqn. 16, kg and

k~

are permeabilities respectively

to gas and to a single liquid phase completely filling the pores of the
medium at constant temperature, ~. is the mean free path of the gas molecules, r is the radius of capillaries, and c is a proportionality constant.
Then, the mean free path can be expressed as:

RT

(17)

where d is collision diameter, n is concentration of molecules per unit
volume, N is Avogadro's Number, Pm is mean pressure, T is temperature,
and R is universal gas constant.

Therefore, by combining Eqns. 16 and 17,

we obtain:

k

(18)

g

where b is called the Klinkenberg factor, which is constant for a given
'gas and a given porous medium at a constant temperature.
from Eqn. 18, a graph of k
with an intercept of

k~

g

vs. lip

m

As easily seen

should result in a straight line

and a slope of

bk~

as shown in Figure 11.

must become steeper as the temperature increases.
to a gas is greater at low pressures, and is at a

Slope

Thus, the permeability
minimu~

at a maximum

pressure of flow.
The permeability defined in Eqn. 15 requires that the porous medium
is saturated completely with one homogeneous, single-phase fluid.
permeability thus defined is called the absolute permeability.

The

When the
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medium contains more than one fluid. the conductance of the medium to one
fluid phase is commonly called the effective permeability.

It depends on

the volume fraction of each phase present in the pore space (called the
saturation), the wetting characteristics of the fluids, and even the
saturation history of the fluids.
below.

This will be discussed more thoroughly

Another term. the relative permeability, is also commonly used.

It is defined as the ratio of the effective permeability to some base
absolute permeability value.

Wettability and Capillary Pressure
When more than one fluid exists in a porous medium, the static and
flow properties of the medium depend upon the microscopic distribution
of these phases within the pores.

This distribution is controlled by the

wettability of the porous medium.

The wettability is the degree of

preference of the porous medium surface for the various fluid phases.
In petroleum engineering, water and oil are often considered wetting and
non-wetting phase respectively.

In geothermal systems that have water

and steam coexisting in the same pore spaces, water will be the wetting
phase and steam will be the non-wetting phase.

Thus the discussion that

follows concerning oil and water can in many respects be directly related
to steam-water systems.
Wettability of an oil-water-solid system is schematically shown in
Figure 12. 15

The terms Yos and Yws are surface tension between oil and

solid, and between water and solid, respectively.
sion between oil and water.
equilibrium state:
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a

Yow is interfacial ten-

is called contact angle.

Then, for the

Contact angles of less than 90 0

•

measured through the water phase. indi-

cate preferentially water-wet conditions. whereas contact angles greater
than 90 0 indicate preferentially oil-wet conditions.

The distribution of

either the wetting or non-wetting phase within the pore spaces does not
depend solely upon the saturation of that phase. but depends also upon
the direction of the saturation change.

The terms "drainage" and "imbi-

bition" refer to flow resulting in a decrease and increase. respectively.
in the wetting phase saturation.
Since the wettability and direction of saturation change influence
the fluid distribution. these factors would be expected to affect similarly both the capillary pressure and relative permeability characteristics.
The capillary pressure. Pc. in porous media is defined as the pressure difference existing across the interface separating two immiscible fluids.at rest.
one of which wets the surfaces of the rock in preference to the other.
The water-oil capillary pressure is defined as the pressure in the oil
phase minus the pressure in the water phase. or:

Pc

(20)

Po - Pw

For the gas-liquid case (or steam-water):
(21)

Figure 13 shows the capillary pressure characteristics of
wet rock.

a strongly

water-

It is seen in Figure 13 that the pressure in the oil phase (non-

wetting) must exceed that in the water phase (wetting) before oil will enter
the initially water-saturated rock.
system.

This would also be seen in a steam-water

This entrance pressure is referred to as the threshold pressure
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or displacement pressure.

The minimum saturation point in Figure 13 gives

the irreducible water saturation.
It has long been recognized that the vapor pressure above the curved
surface of a liquid is a function of the curvature of the liquid surface.
The capillary pressure is also a function of the curvature of the liquid
surface.

Considering that the liquid and vapor respectively are the wet-

ting and non-wetting phases, the capillary pressure, pertaining to static
equilibrium at curved surfaces of vapor-liquid phase separation, may be
wri t ten as 16

:

(22)

where Pg is the pressure in the vapor phase, Pg' is the equilibrium vapor
pressure of the liquid above a flat surface, M is the molecular weight,
and vi is the specific volume of liquid.

Then, the pressure in the liquid

phase is:

(23)

As the liquid is the wetting phase, p , is greater than p.
g
g

smaller than p ,.
g

Then Po is
N

Therefore, if liquid pressures and temperatures are

measured in the two-phase portion of the porous medium,'liquid pressures
must be lower than the normal (plane-surface) saturation pressures corresponding to the measured temperatures.

Since capillary pressure values

are a function of the liquid saturation, the vapor pressure lowering must
be a function of the liquid saturation of the porous medium.
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Relative Permeability
Figure 14 shows typical water-oil relative permeability characteristics for a water-wet core. 17

In this figure the permeability to oil at

reservoir connate water saturation was used as the base value for relative permeabilities.

These data were taken for the case where the water

saturation increased while the oil saturation decreased.

If the data had

been taken for decreasing water saturation. there would be a marked
difference.

The water (wetting phase) permeability data would be unchanged.

but the oil (non-wetting phase) permeabilities would have been higher.
especially at the right hand side of the graph.

Further. the end points

of the curves--the irreducible water saturation and the residual oil
saturation--likely would have changed.
Muskat. et al •• 18 presented relative permeability curves for gases
and liquids in unconsolidated sands. as given in Figure 15. which shows
that for practical purposes the curves for the relative permeabilities
kq

and k

n

r~

are independent
of the nature of the unconsolidated sand.
.

This is in marked contrast with most consolidated media. where the relative permeabilities must nearly always be measured. for they vary widely
depending on the nature of the fluids and the porous system.

Temperature Effect on Relative Permeability
The relative permeability is affected by the test environment.

The

important factors are temperature. pressure. fluids and core condition.
Several investigators have reported experimental results of the effect of
temperature on relative permeability.
Poston. et a1 •• 19 using unconsolidated sand. found that the irreducible water saturation increased and the residual oil saturation decreased
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with increasing temperature, as shown in Figures 16 and 17.
tion can be seen dnother way by considering Figure 14.

This observa-

In effect the higher

temperature caused both relative permeability curves to shift to the left
on

t' a

saturation axis.

Poston, et al., speculated that if the relative

permeability has changed, the capillary pressure should also be temperature sensitive.
Sinnokrot, et al.,2o studied capillary pressure behavior of three
consolidated sandstones and one limestone sample over a temperature range
of 75° to 325°F by the restored state method.

Their work confirmed the

observation of Poston, et al., that the irreducible water saturation
increased and apparent residual oil saturation decreased with increase
in temperature.

They concluded that capillary pressure curves for sand-

stones were displaced toward higher wetting phase saturations with an
increase in temperature level, indicating an increase in water wetness with
temperature level increase.

Figure 18 shows part of their work.

Weinbrandt, ~.,21 found results similar to Poston's when increasing from room temperature to 175°F in Boise sandstone.
are shown in Figure 19.

Representative data

They also obtained data on absolute permeability

in an increasing temperature level sequence from 75 to 315°F, as shown in
Figure 20.

The absolute permeability decreased drastically as temperature

increased.

Afinogenov 22 found similar results up to temperatures of

212°F.
10 and Mungan 23 also studied relative permeabilities as a function
of temperature and found results similar to Weinbrandt, et al. and Poston.
They also studied systems of differing wetness characteristics and the
results were found to be similar in both oil-wet and water-wet systems.
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Poston, et al., pointed out that the changes in rock-fluid characteristics as functions of temperature level were all in a direction suggestive of an increase in water wetness with temperature increase.
Contrary to this, Weinbrandt,

~.,

considered that temperature induced

changes were too large to be explained by obvious factors such as change
in contact angle interfacial tension, etc.

They speculated that most of

the above observations concerning temperature sensitivity may have been
a result of thermally-induced mechanical stress.

Work is continuing

to attempt to clarify these results and the reasons for them.

Pressure Effect on Pore Volume
Von Gonten and Choudhary2~ investigated experimentally the temper~ture effect on pore volume compressibility, which is defined as:

afJ1

1 [dV

-vp
where V

p

(24)

T

is pore volume and p is compacting pressure which is equal to

overburden pressure minus pore pressure.

Figure 21 is a plot of

~umula-

tive fractional pore volume change versus compacting pressure for sandstone at 75°F and 400°F.

The pore volume compressibility, which is the

slope of these curves, becomes smaller at higher pressure.
Somerton and Selim 12 showed the effect of temperature on sandstone
volume, as indicated earlier in the paper in Figure 9.
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Pressure Effect on Permeability
Afinogenov 22 presented data on the absolute permeability decrease
as affected by external pressure.

From his data he introduced an empirical

formula to predict this effect:

(25)

where effective pressure, p, is defined as:
p
Pcon and p

Pcon - 0.85 Ppore

pore

are confining pressure and pore pressure respectively

in atmospheres.

He deduced that this permeability decrease was due to

a decrease in the cross-sectional area of the pores and to a more torturous pore space configuration under the effect of pressure.
Zoback and Byerlee 25 measured the permeability of Berea sandstone
as a function of both confining pressure and pore pressure.

They

reported that the permeability decreased with increased confining pressure, and increased as pore pressure was increased.
this agrees with Afinogenov's results.

Qualitatively,

They found also that pore pres-

sure had a significantly larger effect upon permeability than did confining pressure.

This does not agree with the results of Afinogenov.

They speculated that the matrix through which the fluid

flo~'s

has a higher

compressibility than does the granular framework through which the
confining pressure stresses are transmitted.
Many other investigators, such as Fatt and Davis2~ Wyble 27 , Dobrynin~,
Gray, et al. 2! , and Wilhelmi and Somerton 30 , have reported the effect of
overburden pressure on the permeability of sandstone.
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Figure 22 is the

experimental results provided by Fatt and Davis.

The permeability of

sandstone decreased with increase in overburden pressure.
decrease took place over the range of zero to 3000 psi

Most of the

ov~rburden

pressure.

PHYSICAL STATES OF WATER
The physical states of water of interest in geothermal reservoirs
are:

compressed liquid. saturated liquid. superheated (also called dry

or unsaturated) steam. saturated (or wet) steam. and the dense fluid
state.
The term "saturation" may thus have several meanings in geothermal
reservoir engineering.

"Saturation" can refer to:

(1) the volume frac-

tion of pore space occupied by a fluid phase. (2) the thermodynamic
state of the fluid phases with reference to some appropriate vapor pressure curve. and (3) the usual sense of solids and gases being dissolved
in a liquid phase.

Care must be used that the term "saturation" is not

misunderstood.
Figure 23 is a graph of the vapor pressure curve of water. showing
the position of the critical point at 221.07 bar and 374.l o C (3206.2 psia
and 705.4°F).

Point A on this figure is in the superheated steam region.

point B is at saturation conditions where both liquid and vapor may
coexist. and point C is in the compressed liquid region.
are in the dense fluid region.

Points D and E

Figure 24 is an expanded form of Figure 23

showing the initial thermodynamic state of various geothermal fields around
the world.

Note that the geopressured aquifers found in the Gulf Coast

area of the United States. with temperatures of 260°C (500°F) and pres-
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Bures in excess of 700 bar (10,000 psia), are off the scales of both
Figures 23 and 24, and might be considered as dense fluids.
Gibb's Phase Rule teaches that in order to specify the thermodynamic
state of a single phase of water, two independent thermodynamic properties
(e.g., pressure and temperature) must be specified.

But if two phases are

present (e.g., saturated steam and water) specification of only one intensive property defines the system.

A geothermal aquifer at saturated

conditions must follow some appropriate vapor pressure curve as fluid is
produced.
It can be shown from thermodynamic analysis that a geothermal system
initially containing a single-phase fluid (either compressed liquid or
superheated steam) will tend to deplete isothermally.

But once two phases

form, a system should deplete along some sort of vapor pressure curve
appropriate for the fluids in the pore space.

Properties of Interest
A thermodynamic equation of state for water expresses the pressurevolume-temperature (PVT) relationships.

These describe the specific

volume, v, (or density, p

=

for the various phases.

In addition we require the energy related prop-

l/v) as a function of pressure and temperature

erties, specific enthalpy, h, and specific entropy, s, and specific
heats, c

p

and c •
v

The transport properties that are important are viscosity and thermal
conductivity.

Viscosity is basically an internal resistance of the fluid

to flow, due to molecular interaction.

Thermal

rate of heat transfer of the rock-fluid system.
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conductivit~

affects the

Data describing the forementioned properties for impure water is
meager, although a fair amount is known about the solubility of numerous
substances found in geothermal waters.

Ionic equilibrium calculations

can be used to estimate which chemicals will remain dissolved, and which
ones will precipitate under changing pressure, temperature, and composition conditions.
(Krauskopf 31

)

The reader is referred to textbooks on geochemistry

and ionic equilibrium calculations (But1er 32 ) and also to

work on the chemistry of geothermal systems by White 33 , Fournier and
Truesdel13~, and He1geson. 62

Equations of State
Since the early part of this century there has been an international
effort to standardize the various thermodynamic and transport properties
of pure water.

The well-known Keenan and Keyes 35 steam tables were a

result of these efforts.

The ASME Steam Tab1es 36 are one of the more

recent products of these efforts, and are used as a basis for much of the
data in this report.

These tables present the results of a series of

accurate matching of analytic functions (the 1967 IFC Formulation for
Industrial Use) to accepted and standardized experimental data (the 1963
International Skeleton Tables).
graphical form.

The results are presented in tabular and

The analytic functions are also given, and can be pro-

grammed for use on a computer.

Another recent source of water .properties

is the Steam Tables by Keenan, et a1. 37
The rest of this review will be devoted to describing
mentioned above, both for pure and impure water.

~he

properties

Data will be presented

in tabular or graphical form, and several simplified analytic forms will
be discussed.
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Pure Saturated Steam and Water
For conditions below the critical state (221.07 bar, 374.l oC;
3206.2 psia, 705.4°F) the liquid and vapor phases can coexist in equilibrium.

When liquid and vapor are in equilibrium they are described as be-

ing saturated, and such states lie along the vapor pressure curve (see Figures
23 and 24).

This curve is of great interest, and a number of simplified

analytic approximations have been presented.

A few will be given here.

Whiting and Ramey38 used an integrated form of the Clausius-Clapeyron
equation to develop the following approximation by a least mean square
curve match over the temperature range l50-3l5°C (300-600°F):

+ 12 59833
In p = -4667.0754
(T + 273)
•

where p

bar, T

(26-a)

Or:

In p

-8400.7358 + 15 272703
(T + 460)
•

~uep

psia, T

(26-b)

This match is claimed to have an average difference from the actual data
of only 0.048%.
In oil and gas technology, the Cox Chart is a useful empirical
technique for representing the vapor pressure curves of hydrocarbon fluids.
This is a graph of In p vs. 1/(T-77.4), T in oR, and it is useful because
both hydrocarbon and water vapor pressure curves tend to graph as straight
lines.

Thus, by choosing two points for water at opposite ends of the

vapor pressure curve we can determine that the equation of this straight
line is of the form: 61
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In

-7001.4928 + 14.46928
(T + 382.2)

p

where P.= psia, T

(27)

This function is a match over the whole vapor pressure curve, whereas the
Whiting and Ramey approximation is for the range 150-315°C.

Finally,

Farouq Ali 3 ' observed that a graph of pressure vs. temperature on log-log
paper yields a straight line.

Hence:

T

115.1 pO.225 (T

T

116.7 pO.225 _ 17.778 (T

psia)

(28-a)

or

= °c,

P

bar)

(28-b)

Equation 28 is reported to have a maximum of 1% error over the pressure
range 1-200 bar (10-3,000 psia).
The specific volume of saturated steam, v ' and water, v '. are shown
g
f
as a function of pressure on Figure 25.

The overall specific volume of

mixtures of steam and water can be determined at a particular pressure
(or temperature) if the quality, x, of the mixture is known.

Quality

is defined:

~

x

=

Mass of mixture as steam
Total mass of mixture

(29)

The effect of quality on specific volume can be seen on Figure 25, and
can be calculated from tables using the relation:

(30)
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where

v

= mixture specific volume

mix

saturated gas specific volume
saturated liquid specific volume
= v

g

- v

f

The second expression results in more accurate numerical results in hand
calculations if steam quality is low.
The enthalpy of saturated steam and water is shown as a function of
pressure in Figure 26.
those on Figure 23.

Points Band C on this diagram correspond with

There is a maximum enthalpy of 2.8 x 10

6

Joules/kg

(1204.8 Btu/lb ) that saturated steam may have under any conditions.
m

This occurs between 31.16 and 31.85 bar (452 and 462 psia).
The overall enthalpy of saturated mixtures can be calculated from
the relation:

x h

h
where h
h
h
h

+

(1 - x) h

f

+ x h fg

(31)

mixture specific enthalpy

mix

saturated liquid specific enthalpy

f
g

f

g

= saturated gas specific enthalpy

latent heat of vaporization per unit mass

fg

The specific enthalpy of such mixtures is shown in Figure 26.
The latent heat of vaporization per unit mass. h

fg

• is the increase

in enthalpy.as a fluid vaporizes from saturated liquid to saturated steam
at constant pressure or temperature.
approximately 2.3 x 10

6

Joules/kg (1000 Btu/Ibm)'

presented the approximation:

534

At atmospheric pressure h fg is
Farouq Ali 3 !

(p. 5) has

h

fg

= 1318 p-0.08774

for use in hand calculations.

(32)

The maximum error is reported to be 1.9%.

The units used in Eqn. 32 are p, psia; h

fg

' Btu/lb .
m

There appears to be some uncertainty about the viscosity of saturated
steam and water.

Accepted values are presented in the ASME Steam Tables.

Figure 27 shows the viscosity of saturated steam and water vs. temperature.
The viscosities of the two phases tend to approach one another as they
approach the critical temperature.
Farouq Ali 3 '

recommends use of the following equation for the vis-

cosity of steam:

~/IOO = 88.02 + 0.32827 T + 0.0002135 T3 - P (1858 - 5.90 T)
where

~

viscosity of steam, centipoise

T

temperature, °c

p

density of steam, gm/cc

The density of steam can be determined from steam tables.

(~3)

For pressures

up to 1000 psia, the density of steam can also be determined from the following relation developed by Farouq Ali (p. 22):

p = 0.0000440189 pO.9588
where

(34)

p - density of steam, gm/cc
p

pressure, psia

The thermal conductivity of water first increases as the temperature
increases and reaches a maximum at about 150°C.

Thereafter it decreases.

This is shown in Figure 28.
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Impure Saturated Water
Chemical content will tend to have the same effect on the properties of saturated water and steam as they will on the unsaturated phases.
Hence. with the exception of the vapor pressure curve. discussion of the
effect of impurities will be postponed until later sections.
The vapor pressure of water in a geothermal system will not necessarily be that presented in the steam tables.

For a fixed pressure, the

boiling temperature of water will be elevated by the presence of impurities.
This is equivalent to a lowering of vapor pressure.
is usually rather small.

However, the effect

For example. at 4.621 bar (67.013 psia) pure

water would boil at l48.89°C (300°F), whereas a 100,000 ppm (parts per
million) sodium chloride brine would boil at l50.62°C (303.ll3°F).

This

difference would probably not be measurable in a geothermal system.
However, significant vapor pressure lowering has been observed with
production of 350.000 ppm brines in the Imperial Valley, California.
The vapor pressure data presented in stearn tables were measured for
flat surface interfaces.

If the stearn-water interface is a strongly

curved surface, as might occur in small pores in porous media, then there
could be significant vapor pressure lowering effects (Calhoun, et al. 4o ;
Edlefsen and Anderson 41 ).

Cady. Bilhartz, and Ramey42 rrave investigated

this phenomenon with regard to geothermal aquifers.

They did not observe

vapor pressure lowering in unconsolidated sandstone cores.

However. a

recent study by Strobel S6 indicates a potential vapor pressure lowering
at very low liquid contents in experiments with a single, consolidated
core.
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Continued experimentation is in progress.

Pure Compressed Liquid Water
The compressed liquid region lies above the vapor pressure curves
in the pressure-temperature planes of Figure 23 and Figure 24.

and

p~ for

Enthalpy

co. .reased water is given in variou' tables""'and

~l1e ASME Steam Tables 36

for pressures up to 1070 bar (15,500 psia).

A technique commonly used in oil reservoir engineering for relating
compressed water at some given reservoir condition to its state at surface conditions is via the formation volume factor, B.
w

This is defined

as the volume of liquid at reservoir conditions divided by the volume of
liquid that would remain if it were brought to some standard surface
0

0

conditions, commonly 20 C and 1 bar (70 F and 14.67 psia).
/-----I "a./at reservo i r con d"~t~ons
remaining at standard conditions

·B

w

(35)

Figure 29 is a graph of the Formation Volume Factor, B , for pure liquid
w

water as function of pressure and temperature.

Note that for constant

temperature, as pressure decreases, B increases slowly up to saturation
w
conditions, below which it falls rapidly.
The specific volume-pressure behavior of a compressed liquid under
an isothermal expansion or contraction process is often of interest
(particularly in unsteady liquid flow through an aquifer).

This P-V

behavior is usually expressed in terms of the isothermal coefficient of
compressibility, c ' which is defined:

t

....
1
v

~~

(36)
T
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c t can be viewed as the fractional decrease in specific volume caused by
an isothermal unit increase in pressure.

Although the isothermal com-

pressibility of liquid water is often used in ground water hydrology and
oil reservoir engineering, it appears to have been seldom reported for
0

0

high values of temperature (greater than l20 C; 240 F).

Table 1 summa-

rizes high temperature results reported by Whiting and Ramey.

38

As can

be seen, the isothermal compressibility for water is reasonably constant
with pressure, but varies with temperature.
Table 2 presents the enthalpy of compressed pure water over a range
of pressures and temperatures.

It can be seen that the liquid enthalpy

is only weakly dependent on pressure, but strongly dependent on temperature.
The viscosity of pure compressed water is presented in various Steam
Tables. 35-37

The viscosity of high pressure liquid is almost constant

with pressure, and generally only about 10-15% higher than the corresponding value for saturated liquid at the same temperature.

Hence Figure 27,

which shows the viscosity of saturated liquid as a function of temperature,
can be used as a good estimate of compressed liquid viscosity.
The specific heat, c , of compressed water is also presented in the
p

Steam Tables 35 c

p

37

for pressures up to 1035 bar (15000 psia).

range from 4100 to 5000 Joules/Kg.

°c
0

(1.00 to 1.20 Btu/lb
0

except at temperatures greater than 260 C (500 F).

Values of
m

of),

Near the critical

point values become very high.

Impure Compressed Water
The waters produced from geothermal systems often contain a dissolved
chemical content high in chlorides and sulfates.
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Brines from some areas,

such as the Imperial Valley Salton Sea Geothermal Resource Area, have up
to ten times the dissolved solids content of seawater.

In addition,

geothermal liquids often contain dissolved noncondensable gases.
Amyx, Bass and Whiting.. 3 (p. 450) state "Literature relative to the
effect of composition on the properties (of water) is meager, and is
o

limited to gas solubility data over the temperature range 32-250 F
o

(0-121 C) at pressures ranging from 0-6000 psia (0-415 bar)."

These

authors summarize the work of numerous workers (Dodson and Standing.... ,
Rowe" s , Beal" 6

,

Bridgman.. 7 ) on the effect of natural gas solubility on

the PVT behavior of water.
Long and Chierici.. a have presented experimental data on the PVT
behavior of aqueous solutions of sodium chloride.
measured for temperatures over the range 20-100
2-500 kg/cm2

,

and salinities from 0-300g/L.

o

Their results were

e.

pressures from

They also presented analytic

curve matches giving density, P, as a function of salinity, pressure, and
temperature over the range of experimental conditions.
that data for higher temperatures were not measured.

It is unfortunate
But results do give

a quantitative indication of the effect of chemical composition on the
PVT behavior of water.
•
.. 3
Amyx, Bass and Whit1ng

(p. 466) present data from Van Wingen .. 9 on

the viscosity of oil field brines at pressures to 7100 psia, and temperatures to 300 0 F.

This data suggests that dissolved solids have only a

small effect on the viscosity of saline brines.

Stanley and Batten SO

have presented data on the viscosity of sea water compared to pure water
from 0-30

0

e.

They observed that for practical purposes, the increase is

not significant.
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Although important information is available there is a nep.d for PVT
data for geothermal waters at conditions characteristic of geothermal
reservoirs, showing the effect of chemical composition.

In addition,

more information is needed about the solubility and PVT characteristics
of noncondensable gases dissolved in geothermal waters.

Pure Superheated Steam
Superheated steam occurs on the pressure-temperature plane at temperatures above the vapor pressure line, e.g., point A on Figure 23.
This state is also called "dry" steam.

The ASME Steam Tables 36 (1967,

Table 3) present data for the enthalpy and PVT behavior of superheated
o
0
steam for temperatures up to 8lS C (1500 F).

Figure 30 is a diagram

showing the specific volume of dry steam as a function of pressure and
temperature.

One convenient means of calculating specific volumes of

dry steam is via the real gas law equation of state:

Pv

g

=

zRT

(37)

M

zRT
where'

pressure, bar

P
v

g

=

gas law deviation (also compressibility) factor

z
R

=

0.08288

bar m3
kg
oK
mole

molecular weight of water, 18 kg/kg 1
mo e

M
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specific volume of steam, m3 /kg

= 0.004605

bar m3
kg oK

R

=

RIM

T

=

absolute temperature, oK

~,

for English units
psia

p
v

ft lIb

g

m
ft

10.72

R

M

=

psia

16 moleoR

18 lb lIb 1
m mo e

0.5956

it
lb

m

T

psia
oR

=

The gas law deviation factor, z, for steam is presented in Figure 31.
Figure 32 presents a pressure-enthalpy diagram for superheated steam.
Point A on this diagram corresponds to point A in Figure 23.

If a dry

steam reservoir were to produce at constant temperature, its state would
follow the isotherms on Figure 32.

As indicated by the arrow below

point A, the produced steam would tend to increase in enthalpy.

Whiting

and Ramey 38 have suggested that this tendency is a potential means of
identifying the initial state of a geothermal fluid reservoir as dry steam.
Values for the viscosity of superheated steam are presented in the
ASHE Steam Tables 36 (1967, Table 10 and Fig. 7).
of dry steam viscosity over a range of conditions.

Table 3 presents values
Except near the

vapor pressure curve, the viscosity of dry steam is essentially independent of pressure, and is also only slightly higher than that of saturated
steam at the same temperature.
The specific heat at constant pressure, c , of dry (and saturated)
p

steam is presented in Table 9 of the ASME Steam Tables.

Except near the

vapor pressure curve and at higher pressures and temperatures, it is
o

0

approximately 2100 J/kg- C (0.5 Btu/lb - F).

m
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Mixtures of Dry Steam and Other Noncondensable Gases
Two of the recognized dry steam geothermal reservoirs in the world
(the Geysers Field in California, and Larderello in Italy) are known to
produce quantities of noncondensable gases along with their steam.
Typically such gases contain carbon dioxide, hydrogen sulfide, ammonia,
methane, and ethane.

The quantity and proportions produced vary as a

function of time, flow rate, and from well to well over the fields.
It is clear that the noncondensable gas content of a dry steam
reservoir will effect the thermodynamic and transport properties of the
produced fluid.

Unfortunately, almost no experimental work seems to

have been done on the properties of dry steam and noncondensable gas
mixtures.

However, generalized correlations have been extensively

developed for natural gas mixtures of hydrocarbons.

These correlations

are based on reduced pressures and temperatures:

Reduced Pressure,

Pr

Reduced Temperature, T
r

~

actual pressure
pseudo critical pressure

(38)

~

actual temperature
pseudo critical temperature

(39)

where the pseudo critical pressure and temperature are the molar average
of the component critical values.
Amyx, Bass and Whiting 43 (pp. 260-268) have discussed and summarized
correlations available for determining the PVT behavior of mixtures of
natural gases with impurities such as nitrogen and carbon dioxide.

On

the basis of their discussion, the best method for estimating the effect
of a noncondensable gas on steam compressibility appears to be through the
use of an additive compressibility factor as first defined by Eilerts et al~l
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z

Z

additive compressibility factor

a

where

a

y

+

Z

st

st

Z

ncg

(40)

Y

ncg

steam compressibility factor
y

noncondensable gas compressibility factor

neg

Mole fraction steam in mixture
Y
=
ncg

mole fraction noncompressible gas in mixture

Amyx, Bass and ~~iting~3 (pp. 260-268) present graphs of the compressibility factor,

Z,

for nitrogen (from Eilerts et al~l), carbon

dioxide (from Olds et al.

52

), and hydrogen sulfide (from Reamer et al. 53 ).

For purposes of reservoir calculations, it is expected that the

noncon~

densable gas content of many geothermal steams will have a minimal effect
on PVT behavior.
The effect of noncondensable gases on geothermal steam v1scosity is
also of interest.

Again, there appears to be almost no experimental data

·
ava il a bl e, an d we must resor t to corre 1 a t ~ons.

Amyx, Bass and Whit~ng~3
~

(pp. 278-286) present the results of numerous correlations for natural
gases.

On the basis of their discussion, a rule proposed by Herning and

Zippere~~ for calculating the viscosity of mixtures of gases appears to

be the most promising correlating method.
the mixture,

~

m

In this rule the viscosity of

, is given by

(41)
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where

~m

viscosity of mixture

Pi

viscosity of i

M
i

molecular weight of i

Yi ·

mole fraction of the i

n

total number of components in the mixture

Basically this is an averaging
component present.

th

component
th

compcnent

th

ca1~u1ation

component in mixture

weighted by the mass of each

The viscosity of various gases over a range of tem-

peratures can be found in standard physical properties reference books
( e.g.,

·see Weast

55

, pp. F41-F44).

For practical purposes, the non-

condensable gas content will not significantly affect the viscosity of
most geothermal steams.

A Note on Units
In general. equations and numerical values have been expressed in
metric units (bar,
in

°c,

m, kg), with values for engineering units given

parenthesis (psia, OF, ft, 1b).

Viscosity is given in centipoise.

m

For convenience of writing this is not true in every case.

Units are

always specified where equations are presented throughout the paper.
Note the following conversions:
Pressure:

Specific Volume:

1 psia

0.06895 bar

1 bar

1.0197 kg/em

1 bar

0.9869 atm.

3

I ft /lb

2

3

m

0.062428 m Ikg

1 ft3/ Ib
.
m

62.43 cc/gm

Enthalpy:

1 Btu/lb

2324.4 Joules/kg

Viscosity

1 c.p.

m

6.72x10

-It

Ib ft sec
m

_5

1 c.p.

544

2.089x10

Ib

F

sec/ft

2
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TABLE 1
Isothermal Compressibility of Liquid Water, psia-1
p,psia

300°F

400°F

500°F

700

6
3.793 x 10-

5.811 x 10 -6

6
7.146 x 10-

800

6
3.795 x 10-

.
'-6
5.815 x 10

6
7.152 x 10-

1000

6
3.913 x 10-

-6
5.821 x 10

6
10.703 x 10-
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TABLE 2
Enthalpy of Compressed Water 1n Btu/1b
and Joules/kg

[(Btu/1b~J/kg~

at Various Pressures and-Temperatures

(Data from Ref. 36)

Pressure.

Temperature
of

°c

0.

10

9

psia/bar

50~4.5

100~.0

200yi38.

500~45

70

21

38. 33/8 •91xl0 4

39.44/9 . 17x104

40. 82/9 •49x10 4

43. S8/1. 013-x10 S

200

93

168. 3/3. 91x10 S

169.2/3 . 93x10 S

170. 3/3 . 96x10 S

172.6/4.01x10S

179.5/4.17x10S

400

204

X

37S.4~. 73x105

376.0~.74x105

377. 2/8. 77x105

381. 2;8. 86x 1,.0 5

600

316

X

X

614.S/1.43x10 6

604.611.40xl0 6

X

51. 7/1. 202x105

TABLE 3

Viscosity in Centipoise of Superheated Steam at Various Conditions
(Data from Ref. 36)

Temperature
of

°c

Saturation Conditions
P,
psia

200

93

300

149

67

400

204

247.3

500

260

600

316

11.5

P,
bar

,c.p.

Pressure

psia bar

1/.06895

5/. 345

10/. 690

50/3 • 45

100/6 .-9

500/34 • 5

1000/69

X

X

X

.79

.01

.012

.012

.012

X

4.62

.014

.014

.014

.014

.014

17.1

.0155

.016

.016

.016

.016

681

47.0

.0177

.0186

.0186

.0186

.0186

.0186

.0180

1543

106.4

.02

.02

.02

.02

.02

.02

.02

.02
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Effect of Temperatu~ on Thermal Conductivity of Sandstone.
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FIGURE 23
PRESSURE-TEMPERATURE DIAGRAM FOR
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FIGURE 25
PRESSURE - SPECIFIC VOLUME CHART

FOR WATER

(Ref. 38)
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FIGURE 26

PRESSURE - ENTHALPY DIAGRAM FOR WATER
(Ref. 38)
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FIGURE 27
Viscosity of Satura ted Water and Steam
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FIGURE 29

FORMATION VOLUME FACTOR FOR PURE LIQUID WATER
AS A FUNCTION OF PRESSURE AND TEMPERATURE
(Ref. 38)
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FIGURE 30
PRESSURE - SPECIFIC VOLUME CHART FOR SUPERHEATED STEAM

(Ref.
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FIGURE 31
GAS LAW DEVIATION FACTOR FOR STEAM (Ref.

~3)
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FIGURE 32
PRESSURE - ENTHALPY DIAGRAM FOR SUPERHEATED STEAM

(Ref. 38)
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Discussion Following Ramey Paper

Rinehart
Do you think these things would hold for large, fractured mass when you have microscopic
fractures with impermeable rock in between?

Ramey
In some cases we already know that they do.
are in fact large, fractured masses.
same there.

There are many oil and gas reservoirs that

Generally speaking, the laws of nature seem to work the

Now some of the details on these homogeneous porous structures, the relative

permeability curve details, would not be identically the same.

It has amazed me to find that some

of the massive, fractured reservoirs seem to follow simple mechanics.

Oki
The permeability is a function of temperature.

When the temperature is increased, the

permeability becomes lower; then when the temperature is reduced, the original numerical value
for permeability is reached.

I mean it is almost reversible.

Ramey
It is reversible.

One other thing: the shapes of the curves, whether it's temperature or

pressure, are almost the same.

In data where permeability ratio is plotted versus effective pres-

sure, you will note that the shape is almost identical with what you get for temperature,

In our

temperature work we have kept the confining pressure constant, just varying the temperature in
the system, and we see this reversible result,

In our data it is perhaps not totally reversible; it

will move down the line and come back up slightly below its original path,
much,

Within the experimental accuracy it appears to be reversible.

But the difference is not

On the other work, on

relative permeability, most of it does seem to be temperature level reversible.

If you heat a core

and measure relative permeability you get one value; if you cool it off and heat it up again you get
the same value,

Rinehart
These are all corrected for viscosity?

Ramey
Yes.

Rinehart
Do you feel that your correction is good?
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Ramey
We know it is, We've used fluids where the density of the fluid is known perfectly, we've
used desensitized cores where we're not getting reaction with the core material, we've tested the
fluids before and after, we've measured everything we can think of to be sure nothing has changed.

Coryell
It looks as though you are drawing attention to a large body of empirical evidence for temperature dependence of these parameters.

Would you care to comment as to how you see the future,

where the science is going to go, the state of the theory at the present time?

Ramey
Yes, you see a lot of interesting problems.

Coryell
You see a lot of interesting behavior, but is there the science and the basic understanding of
why it's happening?

Ramey
Oh, very definitely,

Everything I have shown you, I can explain I should have added that this

one is almost on the forefront of knowledge and I can tell you what I think is the cause.

In many

cases, for example, the change in thermal conductivity with temperature will fit a very logical
model of this system to the point that you can almost calculate the results you will get,
everything that has been done has been strongly related to underlying principles.
searching for ways to compute the result,

Practically

People have been

Generally speaking, we have wanted this so we could

patch it into some computer software and forecast what would happen under different cases,

It's

been necessary to generalize; it's been necessary to, at least, curve-fit to the point that is accessible to a computer. Almost everything that exists in the literature will have a very good explanation; it is not empirical.

These are experimental determinations, of course; when you deal in

this area, what you are talking about are experimental measurements that fit your constants.

But

the laws of physics still apply.
What I really deal in are reservoir models, physical models. We produce an oil reservoir,
measure pressure all over it--what comes out, what goes in--and I attempt to build some mathematical picture of the thing so I can forecast what will happen under any other scheme in the future,
To do this I've got to use the laws of physics.
some detail that I don't or I've overlooked,

In some cases I discover that the reservoir knows

But generally speaking, they always make sense,
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Problems Waiting Solution to Utilize Volcanic Heat
by
Takeichi Hayashida
Nagasaki University
1.

Preface
Geothermal power plant utilizes the geothermal heat as it is

given by nature.

Apparently, power generation by volcanic heat is

similar to geothermal power generation, but it has a possibility to
get a better condition of steam, which allows an adoption of larger
unit and better efficiency consequently.
It requires solid co-operation of various field of scientists
and engineers in perfect order to obtain an excellent result.
Here is a list of necessary informations and studies to be
carried out to promote planning, engineering and economical evaluation from the point of view of power plant engineer.
This paper defines a volcanic power plant in an artificially
fractured zone.
2.

Heat Extraction
a.

Scale of development

The scale of first pilot plant should be small considering the
risk.

Scientific and engineering data should accumulate by actual

operational experience.

A utility plant favors a large one as poss-

ible in scale, except for a plant for local demand, by the reasons
as in the following.
(1)

The location of the volcanic plant is usually situated

•

with the extremity of the power system connected through a transmission
line of long distance and high voltage.

Such a transmission line

equipped with a large conductor to prevent corona, consequently, has
a large capacity.
(2)

The frequent lightning in the mountain area favors higher

voltage for its better stability.
(3)

An isolated power plant required to charge the line by its

own generator form the sending end.

A generator thus designed has a

large short circuit ratio compared to a conventional thermal unit
and high in price.
(4)

The fly wheel effect of the rotor of turbo-generator used

in geothermal or volcanic plant is larger than a conventional thermal
unit due to low steam pressure at the turbine inlet and shows good
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speed regulation for the power swing caused by an accident happened
somewhere in the power system.
b.
(1)

A larger unit has a better stability.

Safety consideration
Are there any possibility of earthquake, steam explosion

or phreatomagmatic eruption caused by the escaping water from the
fractured zone?

On the above mentioned matter, I would like to have

suggestions from scientists.

It affects seismic design of buildings,

structures, facilities, and results in a rise in price of produced
power.
(2)

Are there any possibility of sudden extraordinary build

up of pressure in the fractured zone?

If necessary, a relief device

should be adopted at the wellhead to prevent a rupture of steam
pipe line, turbine, condenser, and rush of water or steam-water
mixture into the turbine.

The protection for the reverse flow through

the injection system must be considered too.
(3)

Adequate monitoring system for dangerous phenomena caused

by an injection of water into the hot crust:

Steam pressure built up

in the crust; earthquake induced; upheaval, depression or inclination
of the ground;

accumulation of stress due to the local cooling by

water injection; or abnormal change in temperature distribution in
the earth crust.
c.

Heat exchanging capacity of fractured zone

However, theoretical formulas were proposed, but some constants
in these formulas are indeterminate.

Simultaneously with the fractur-

ing work of rock, we can not promote the design and engineering works
of plant unless the heat exchanging capacity, head loss and leakage
water of injected water etc. are presumed with a fair accuracy.

The

design and engineering works are forced to wait the finishing of on
site measurement of characteristics of fractured zone,

in consequence,

the book value and capital charge will increase due to the prolonged
construction work.
We will still be in the dark about forementioned unknowns in the
near future, but here we shall explain the relation between the characteristics of fractured zone and design feature of volcanic power plant.
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(1)

When the heat supply in the fractured zone is limited

to heat held in the fractured rock and conduction from the surrounding hot rock, in such a case we can not look for a large development
in scale.

On the contrary, a heat supply by mass transfer, a large

scale development is anticipated.

In any case, when the supply and

extraction of heat match with each other; the power plant continues the
operation under constant steam pressure at the turbine inlet.

If the

output of the plant overcomes the heat exchanging capacity of fractured
zone, the steam pressure drops as the time elapses, thus, requiring
a replacement of steam pipe line with larger diameter or remodeling
of steam turbine.
(2)

The heat transfer from fractured and surrounding rock to

the injected water is proportional to the surface area in unit volume
of fractured rock plus surrounding rock wall and temperature difference between the injected water and rocks.

The surface area of

fractured rock is unknown, probably it shows different value in each
site.
(3)

The capacity and head of injection pump decided by the flow

rate, pressure drop throughout the system and water leakage from the
wall of fractured zone.

This affects the house service power consump-

tion.
(4)

It is very difficult to find out the optimized plant output

correspondingtothe given fractured zone.

This is the bottle neck of a

volcanic power plant planning at the present time or in the near
future.
d.

(1)

Chemical properties of discharge
The composition and rate of deposition affect the design

and operation of volcanic plant seriously.

A stable operation is

doubtful if the steam contains corrosive matter or causes large
accumulation of deposit, the plant availability decreases with
increase in generating cost.

A deposit of carbon dioxide is removed

'with hydrochloric acid easily, but silicious deposits will put us out
even using hydrogen fluoride.

Cleaning the turbine rotor with diluted

chemical reagent under rolling (200-300 rpm) may be a useful countermeasure.
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(2)

Non-condensable gases

The quantity and composition of non-condensable gases produced
with steam are defined by nature.

Corrosion on the instruments in

the control room can be suppressed by pressurization of the room
with clean filtered air.

The copper wires and bars should be plated.

If the site condition forces the adoption of a dry cooling tower
due to lack of water, a part of loss of heat by being released into
partial vacuum can be compensated with reciprocating gas extractor
which extracts the gases under smaller specific volume and consumes
less house service power.
(3)
oxygen.

Close attention should be paid to the gaseous or dissolved
If even a trace of oxygen exists in the discharge, severe

corrosion occurs.
(4)

We can not anticipate the tendency of increase of flow re-

sistance due to choking by impurities and debris suspended in the
injected water.

An additional booster pump in a cascade with the

injection pump should be considered from the beginning of design work.
e.

Fracturing method

Use of nuclear explosive is essential to form a large artificial
fractured zone, but even an adoption of an array consisting of small
fusion explosions is unwelcomed by the Japanese public.

Hydro-

fracturing technique by the expansion of steam which vaporizes from
injected water into hot rock seems to be the best way.

Further study

is expected under close cooperation of various specialists.

3.

Water
a.

Leakage water from the fractured zone

A fractured zone can be compared to an ordinary shell and tube
type heat exchanger, the rock wall corresponds to the shell plate,
but have a big difference.

The rock wall has many open or blind

cracks, on occasions, which allows injected water to escape.

The

loss of injected water due to the permeation through the rock wall is
proportional to the ratio of permeability of rock wall and fractured
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zone.

An infinite pump capacity is required at the ratio of 1.0.

The capacity and head of the injection pump are decided by the above
mentioned factors.
b.

Concentration of chemical matter

Chemical matters exuded from the rock accumulate in the repeatedly used water, furthermore with concentration accelerated by the
evaporation in the cooling tower.

Some quantity of added water is

required to keep the concentration at a reasonable level.
c.

Minimum water requirement of power plant

The minimum water requirement of a volcanic power plant is
represented by the sum of;
evaporative loss from the cooling tower
escape from fractured zone into neighboring rock
make up for a dilution of chemical concentration
in the repeatedly used circulation water.
The lack of water forces the adoption of a semi-dry or dry type
cooling tower.

The steam consumption increases due to the decrease

of heat release under partial vacuum and consumes more house service
power.
4.

Seismic consideration
The steam pipe line from wellheads to the turbine,

jet condenser,

cooling tower are the weak points in case of an earthquake.

The

acceleration caused by an earthquake is assumed to be 0.2 G at the
height of 30 meters and adds 0.01 G for every 5 meters.

On this

matter expect clear suggestion from specialists.
5.

Power System
a.

Provide a dependable emergency power source for the protec-

tion of employees and facilities.
b.
6.

In some volcanic areas high resistivity obstructs grounding.

Summary of Plant Design Features
a.A Volcanic power plant is located in an isolated site of power

system, generally, such a

pow~r

plant favors

large scale and fair

stability for a power swing caused by accident at some point in the
system.
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b.

The design of transmission line passing through mountain

areas invites a careful consideration of lightning and snow.
c.

The countermeasure for antifreezing is required during

stoppage in winter.
d.

Determine the design of insulation by a preliminary test

to confirm the tendency of contamination on the insulators by
volcanic ash.
e.

Countermeasure for safety and protection should be taken

based on the suggestions from scientists.
f.

For the heat cycle of the plant, consider not only the

steam pressure but also the chemical properties of discharge.
Choose a reasonable heat cycle by considering the follow
ing conditions:
(1)

Put a heat exchanger near the wellhead for

corrosive discharge.
(2)

Make a binary cycle if justified.

(3)

Chemical treatment on the circulating water

system, etc.
7.

Cost Instability
a.

Cost of fracturing work

b.

Life of fracture zone.

remodeling of some facilities;

Thermal attenuation necessitates
increase in hydraulic resistance

requires change of injection system.
c.

Unstable cost per net kwh due to the unknown house service

power -- injection pump, cooling tower, etc.
d.

The time required to confirm the heat capacity of the frac-

tured zone, consequently, the period of construction work is prolonged
and the final book value of the plant is raised.
8.

Conclusion
Developing of fracturing technique and investigation on the

characteristics of the fracture zone are pressing needs.

One should

not forget study on the disasters induced by the development of a
volcanic plant.
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The power plant concern,

above mentioned, a few development

of new facilities may be requested but not so serious.
Finally the volcanic power plant can compete with the geothermal,
conventional thermal and nuclear plant economically.

The crisis of

energy resources supports the development of new energy resources even
if they are more expensive at early stage.
Such a paper seems too early at present time, but mutual
understanding between power engineer and cooperators of other
specialists is desirable.
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Discussion Following Hayashida Paper

Rex
What are the interest rates for the cost of capital that you used?

Hayashida
Twelve percent.
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SESSION VI

Possible Methods for Power Generation
and Associated Problems (cont)
Chairman: K. Yuhara
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HYDROGEN AS A POSSIBLE INTERMEDIATE
IN DEVELOPING THE GEOTHERMAL RESOURCES OF VOLCANOES
IN ISOLATED LOCATIONS
Robe rt W. Rex
Republic Geothermal, Inc.

INTRODUCTION
,
The rapid rise of energy costs has opened up a wide variety
of alternative strategies.

Geothermal energy is one example

of an energy source that has become economically competitive
during the past few years and now appears as a very attractive
energy source.
Volcanoes are an obvious area of interest for geothermal development because of their potential for delivering large
quantities of high pressure steam.

Unfortunately, many vol-

canoes are deeply buried in snow for much of the year and
avalanches and logistic problems make practical development
economically marginal.

One alternative to construction of

large generating plants and extensive electricity transmission
lines is to build well head electricity generating equipment
which electrolyzes water to hydrogen and oxygen at high
pressures and then feeds the hydrogen and oxygen to buried
gas transmission lines through gathering systems to storage
facilities.

These gases are then reacted in fuel cells to

generate peaking power.
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We have examined the feasibility of this concept in a preliminary fashion and conclude that rising prices of alternative systems justifies a closer examination of this concept.

GEOTHEm~L

HYDROGEN COSTS

A joint study by W. Talley and R. W. Rex suggests that the
electrolysis facilities add about $95 per kilowatt of capacity to the $120 per kilowatt required for the generating
equipment.

Using present hardware costs and state of the

art technology, we calculate a reasonable internal transfer
price of 0.524 cents per kilowatt hour for the geothermal
electricity at the well head and 127 kilowatt hours per 1000
standard cubic feet of hydrogen generation.

This would re-

sult in an energy internal cost of about $0.665 per 1000
cubic feet

(STP) hydrogen.

Since hydrogen contains 325

B.T.U. 's per cubic foot this amounts to $2.05 per million
B.T.U. 's for the energy cost of the hydrogen.

Further work

on the life of the electrolysis equipment is needed but the
added charges for maintenance, taxes, and amortization would
probably raise the cost of this hydrogen to about $2.65 per
million B.T.U. 'so

This makes the hydrogen energy trans-

mission and storage concept reasonably attractive only if
there is a continued rise in petroleum costs.
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NATURAL GAS
Natural gas that has been liquified, shipped, and regasified,
if used ln a similar manner to the proposed hydrogen, would
cost about $2.00 to $2.20 per million B.T.U. 's at
world prices.

p~esent

However, there is substantial indication that

world prices for methane for liquifaction will increase in
cost from $0.50 to $1.50 per million B.T.U. 's and that furthermore long term reliable sources of supply are not available.

FUEL OIL
The alternative fuel for peaking power is fuel oil.

Current

auction prices are about $3.00 per million B.T.U. 's while old
contracts provide fuel at about $1.00 to $2.00.

There have

been public pronouncements by Organization of Petroleum Exporting Countries

(OPEC)

leaders that a "fair" price for petroleum

would be about $35 per barrel.

This would place fuel oil

between $5 to $6 per million B.T.U. 's with no long term security
for the purchaser.

This means that geothermal electrolytic

hydrogen appears an attractive alternative to oil or gas.

COAL

Coal, nowever, is a more serious competitive source of hydrogen.
Coal may be reformed to hydrogen at
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presen~

prices that are

substantially below those of geothermal hydrogen.

However, the

future price of coal may rise rapidly with increased demand to
pay for costs that formerly were carried by the public indirectly
as environmental degradation and health disability payments.
Transfer of full reclamation and black lung disease costs to
coal could add $10 per ton to the cost.

Furthermore, mine

labor will obtain substantially higher wages once coal is in
short supply, probably adding another $10 to $20 per ton to
coal costs in the next five years.

This combined with short

supply problems will serve to diminish coal's competitive
edge as a hydrogen source for electric power.

NEED HARDWARE
Key hardware items of major importance for developing geothermal hydrogen include items such as a rugged non-noble
metal high pressure electrolytic cell now under development
by Dr. William Hughes at Oklahoma State University.

Rugged

well head generator propulsion machinery, such as the Lysholm
screw expander, is now under test by the Hydrothermal Power
Co.

Successful development and integrated test of this type
,

of equipment with pressure vessel or underground storage of
the produced hydrogen and oxygen give a potentially attractive
means of utilizing inaccessible types of volcano geothermal
energy.

The added value of peaking power helps support the
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greater cost of an electrolytic hydrogen system compared to
ordinary techniques of direct use and transmission of geothermal energy as electricity.

AREA OF MOST PROBABLE INITIAL APPLICATION
A stearn reforming plant for coal conversion to hydrogen is
not suitable for smaller power installations; therefore,
the first area where geothermal hydrogen cycle plants may
corne into importance is the isolated small load area with
geothermal potential.

iIere base load can be met directly by

conventional geothermal techniques and peaking loads by electrolysis and hydrogen/oxygen storage.
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Discussion Following Rex Paper

Unidentified
What did you say about a crude surplus in three years?

Rex
The Alaska pipeline deliveries will exceed our West Coast requirements. We will actually
have a substantial surplus of crude oil.

Unidentified
I think your figures are wrong.

Rex
Well, we'll see.

Ramey
You mentioned coal earlier.

I heard an interesting comment a month ago.

Many people just

automatically assume we have this unlimited resource in terms of coal.

The fact of the matter is

that mines are not being opened and haven't been opened for some time.

The likelihood of any

significant increase in coal production in the near future, within the next ten years, is almost
nonexistent.

That fact doesn't seem to be generally appreciated.

Unidentified
We have got to remember that in the Pacific Basin, for countries like Japan, the big coal
resources are Columbia.

Columbia represents one of the enormous sources for the export of coal.

Unidentified
Countervailing the idea that Congress will not allow the oil to go to Japan is the idea that
Congress is very sensitive to the balance of payments.

I think that is an important factor.

Rex
Not in this case.

I think that if you look at the history of what happened on the East Coast

with our normal product trades--I was on the Hill listening to some of the comments on it, the
normal product trade that we have with Canada - - - - - - - - - - --

Harrenstien
We had 17 Japanese industrialists visit us at Miami last Tuesday; I have a list of their nameS
and addresses.

They are talking to us about the hydrogen economy.

They are trying to put together
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some way that they might get to it.
geothermal energy.

They had no knowledge, at least they didn't seem to have, of

It may be that this U. S. - Japan Seminar may produce some transfer here.

Another point: I agree that this hydrogen thing is not clear. We are trying to clear it up a little
bit with a conference in Miami in March.

Unidentified
I would argue the case of a place like Hawaii where the fuel and electric costs are so high.
\

Maybe in some local, isolated instance it might be viable, whereas on the mainland it might not be.
If you're going to ship coal in here, for instance, I think the islanders would consider hydrogen

much more viable.

Rex
I think it's esthetically more attractive.

Now I'm not saying I recommend shipping coal in,

I'm just saying that if you look at the economics of the alternatives of what you can do today, the
most attractive use of geothermal energy is the direct generation of electricity.
will be for a good many years.
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It looks like it

Geothermal Power Generations in Basaltic Provinces, Lanzarote
(Canary Islands)
by
Vicente Arana, Ramon Ortiz, Eduardo R. Badiola, J. Yuguero
(University of Madrid, Spain)
INTRODUCTION
The active volcanic regions have an evident importance in the exploration on natural energetic resources, but the basaltic provinces are frequently considerea as less interesting sources of potential energy.

The

arguments for such a discrimination are concerned with the deeper generation of alkaline magmas and its relatively speedy outburst through narrow
ducts which does not result in formation of shallow chambers.

These reasons

are not enough to dismiss all the basaltic provinces because:

1) a shallow

focus of heat is not a necessary condition for the existence of a geothermal field; 2) the basaltic necks can theoretically maintain high temperatures for thousands of years, and the presence of salic differenciates
throughout the basaltic provinces must be related with the existence of
secondary shallow chambers; and 3) recent surveys in Atlantic islands
(Canaries and Azores) reveal high temperatures at accessible depth.
On the San Miguel Island, Azores, a 980-m-deep borehole has been
drilled into the flanks of the caldera of Aqua de Pao.

Hole temperatures

reach a maximum of 230 0 C at about 500 m depth, but high temperatures
are recorded at less than 100 m and the thermal gradient can be correlated
with the permeability and porosity of the rock; that is, with the possibility of circulating hot solutions.

According to the authors of the pre-

liminary inspection (Ade-Hall et al, 1973) the area offers promising
potentials for future geothermal exploration.
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In Lanzarote, the most eastern Qf the Canary Islands, a zone with
high superficial temperatures has been known for centuries.

The Spanish

government and some private firms have been interested in the utilization
of that natural heat, but exploration began only in 1972.

The program

is sponsored by the Technical and Scientific Commission of the Government
Presidency and is being carried out by the Petrology departments of the
Research Council (C.S.I.C.) and the University of Madrid under the direction of Prof. J. M. Fuster.

Other collaborating centers are the Geological

Service of the Public Works Ministry and the Thermology and Cosmophysics
Departments of the University of Madrid.
Because modest budget efforts have been made to get useful information by applying inexpensive techniques before drilling, and because of the
scientific character of the organizations involved in the project, the main
objective is basic research on the meaning and origin of the different
anomalies present in the studied area and to relate them with the geothermal
prospection and potential evaluation of basaltic areas.
The aim of this paper is to expose the preliminary results and
hypotheses which are coming out of this research program in Lanzarote.
GEOLOGIC SETTING
The alkaline basalts are the predominating rocks erupted in the
Canarian archipelago since the Miocene to the present, but an important
volume of intermediate and salic differenciates also outcrop in some of
the islands.

Slight tholeitic tendencies appear only in the materials

emitted during the big eruption (years 1730 to 1736) which covered a major
part of Lanzarote (Fuster, et al. 1968).

The present thermal anomalies

are located in the area of that eruption - Montanas de Fuego or Timanfaya(Fig. 1).
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This change in the magmatism could be related with a more

shallow generation of magma and consequently with a raising of heat flow
in the area.

Also, this eruption was one of the few that threw out

limestone xenolites, indicating the existence of sedimentary formations
at a certain depth.

The last eruption in Lanzarote happened in 1824; it

was small, but one of its features was the outburst of jets of steam
and saline hot water.
The most recent volcano in the Archipelago erupted in the island
of La Palma in the year 1971.

This volcano, together with the Teide,

3718 m high, in Tenerife, are the only two showing a weak fumarolean
activity.

Presently, hot springs do not exist in any of the islands,

but the ground water flows at 65° C at the bottom of some tunnels 4000
m long in Tenerife.
Another slight geothermal manifestation is located in the island
of Hierro, where a weak emanation of wet steam exists.
PRELIMINARY RESULTS

Geochemistry
The ground water under the studied area seems to be limited to the
interphase with the sea water.

In different holes, the only water table

is actually located a few meters above the sea level; these waters are
saline (6 gr/l in salts) and have a resistivity of 0.6

~/m.

The only

anomaly concerns its temperature which is a few degrees above normal.
The ground is very porous in the areas of highest superficial
temperatures; in this case it is difficult to determine if gas or steam
emanations exist.

Additional difficulties arise because gas or steam

would be contaminated with air and reach the surface at low pressure.
For checking the existence of these fluids, some tubes were dug into
the soil for 3 - 4 meters depth.

The fluids so collected were partially
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analyzed in the field and their H 0 contents were several times higher
2
than that of air.

These fluids also contained small amounts of C1

3
(2 mg/m ) and gaseous derivates from sulphur.

The narrow tubes rapidly

became obstructed by saline deposition and the same self-sealing process
formed small pockets of hot fluids at very little depth when the saline
deposits occluded the pores of the rock.
The emanations condensed easily, and the condensed steam logically
resulted in almost pure water, but the isotopic analysis showed an en0 ur180 Slml
0 01 ar to t h at present ln
0 steam f rom oth er geot h erma 1
rlCh ment ln
o

fields.

According to Arana and Panicchi (unpublished paper) that iso-

topic anomaly could be tentatively explained by ionic interchange
between a hot sea water acquiferous and the hot host rocks.
Frequently the superficial thermal anomalies are associated with
hydrothermal deposits which have a large range of composition.

Most of

them are indicative of a 1ixiviation of basalts (Arana and Fuster, 1973)
but in others it looks probable that sea waters have intervened in the
hydrothermal processes.
Thermometry
A previous superficial survey permitted the identification of
points with high temperatures, some of which were even over 10QoC, at
a few centimeters depth.

Generally these hot points are located along

tectovo1canic fractures and on the crests.

In valleys and craters,

however, bottom temperatures are normal, because the colluvial deposits
obstruct the fissures in the depressed zones.

The hottest places are

used as natural ovens for cooking, and the combustion is spontaneous in
holes at about 1 m of depth, but in deeper broad holes the combustion
occurred only on the upper levels, in spite of the higher temperature at
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the'bottom, that proves again that the air circulates only in a very
superficial cover and does not intervene in the heat transfer as some
authors have proposed (Calarnai and Ceron. 1970).
The thermometric shallow survey covered a broad area with thermistors located 3 m deep (Arana et al. 1974).

Some of these thermometers

were not effective because they were placed in lava flows.

Those located

in welded pyroclasts, however, seemed not to be affected for diurnal
or seasonal variations according to periodic measurements carried out
over a period of one year (Fig. 2).

However, after hard rainfalls, new

points appeared with high temperatures and the thermometers installed
3 m deep show an increase in temperature.

This is due to an increase of

heat provided by convection as the quantity of fluid which intervenes
in thermal interchange increases because of the rainfall, and to the
fact that stearn circulates through ducts, which in dry time do not
participate in the heat transfer.
The highest temperature recorded at shallow depth is 312 0 C in a
hole 12 m deep.
In the same area, but in points without shallow anomalies, some
holes reaching sea level were used to measure thermal gradient, found
to be 0.2 0 C/m.

This anomalous gradient agrees with the temperature of

the ground water at the bottom of the holes, thus this value cannot be
estrapolated under the water table.

An airborne infrared survey (Williams,

1971) made previously to this program, detected submarine currents of
warm water on the coastal zones, which must be related to the already cited
water table.
Resistivity Survey
The resistivity survey was laade in two steps by two different
teams using a Schlumberger array with AB/2=1000 m.

The data and the

interpretation agreed in both surveys, which covered an area of 200 sq.
km, although in some zones with aa lava flows it was not possible to
install the stations.

Throughout the area studied, the apparent

resistivity measured indicates a very low resistivity with a clear tendency to approach OQ/m at depths of about 700 m under the surface that is, 500 - 600 m under sea level.

But coinciding with highest tem-

perature points, the low resistivity levels are located only 150 - 200 m
under the surface (Fig. 3).

In this last case, the low resistivities

cannot be attributed to the existence of sea water in the subsurface
because the stations are more than 300 m above the sea level.

The low

resistivity contrasts with that of the same material in the surface,
which reaches the 40 K Q/m measured in boreholes where basalts with saline
water exist.

It must also be quoted that the shallowest low resistivities

are in the vicinity of zones where shallow pockets of steam have been
found.
Gravity Survey
A gravity survey over the whole island was made taking the base in
the airport station.

Additional gravity measurements were made in the

geothermal areas at points common with the thermometrical and electrical
stations.

The calculated Bouguer anomalies in the island have values

closed to the airport base station value.

The Bougher anomaly in the

geothermal area has a relative minimum of 57 milligals with respect to
the base, and the most striking minimum coincide with the strongest
thermal anomalies and shallow low resistivities (Fig. 4).
Ground-Noise Survey
An attempt to correlate the observed anomalies with the ground-

noise was performed along a profile from the stable coast, near the
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airport, to the Montana de Fuego.

The ground-noise level near the coast

was taken as a reference (0.4 Hz which is generated by the surf).

Along

the profile the frequency increases till a range from 1 Hz to 10 Hz as
the geothermal area is approached.

The highest energy corresponds to the

2.5 Hz frequency, that is 5 times the observed value near the stable
coast.

Although this survey has not been completed, it is interesting

to note the similarity of these frequencies with the observed values
in other geothermal areas (Hyer, this volume).
Analog Models
The conventional analog and mathematical models can not be easily
applied to the study of geothermal systems because the presence of a
fluid transporting heat must be considered a factor as important as the
heat conduction.

When the fluid flows in the same direction as the

thermal gradient the problem can be solved introducing an apparent conductivity that includes the two phenomena.

If that approach is not

possible, however, the analogy must be made in other ways.

Our model

is based on the displacement of an electrical capacity simulating the
flowing hot fluid in the proper direction.
In a previous approach a model was constructed assuming a stationary
state, but such model does not agree with the verified thermal anomalies,
nor thermal gradient in Lanzarote.
A second model which considers a transient state could explain the
observed thermal gradient.

A cylindric neck of only 20 m in diameter

related with the last eruptions would be sufficient according to this
model.

But even this conduction model can not explain the highest super-

ficial anomalies, so the intervention of a heat transfer mechanism such
as the water or gas convection seems necessary.

To test that possibility

a new electric model is being used; this model permits one to simulate
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the convection currents and it makes it also possible to modify the
quantity of fluid involved in the convection.
CONCLUSIONS
The above data suggests empirical relationship between a possible
geothermal reservoir with the high temperatures and thermal gradient,
negative gravity, low resistivity, high ground-noise, and isotopic
anomalies.
Magmatic gases could be the only fluid responsible for the heat
transfer from a deep chamber, but the hypothesis which considers the
existence of a convective acquiferous of hot sea water in the lower
part of the system and a heat transfer by steam in the upper levels
looks more attractive.

The existence of closed reservoirs under the

sea level could be favored by impervious hyaloclastitic layers and also
at upper levels by self-sealing processes.
Six exploratory boreholes have been programmed to reach 600 m under
the sea level.

The first of these holes (initiated in December, 1973) is

located near the coast, in the periphery of the anomalous zone, with the
aim of studying the stratographic column at deep levels.
There are not enough data to evaluate the real economic potential
of this geothermal area (presently exploited as a touristic attraction
of the Montanas de Fuego National Park), but it has been calculated
that the heat dispersed into the atmosphere is more than 8 MW.
If the deep drilling found appropriate hot fluids, these could be
used to generate electric power to supply the major islands, because
the present needs of Lanzarote is less than 1 MW.

The installation of

desalinization plants by the condensation of natural steams, if it is
found, or injecting sea water in the hot holes would be interesting in
Lanzarote.
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Other ways to use the heat have at the moment only local interest
using thermic conversors to supply the power for small installations
and for seismic, meteorologic or TV stations, or even for cooking, as
currently is being used.
References
Ade-Hall, T. M., Aument 0 , F., MacDonald, A. Hyndman, R. D., Quintino, T.
and Opdyke, N. D. 1973. - Deep drilling on San Miguel, Azores:
Preliminary Results (Abstract) in Proceedings "JAVCEI Meeting on
'Volcanism of Central Atlantic Islands,' Lisbone".
Arana, V. and Fuster, J. M. 1973. - Estado de los estudios sobre los
recurs os geotermicos en el area de las Montarias de Fuego (Lanzarote,
I. Canarias) Estudios Geologicos, 29 pp 281-286.
Arana, V., Ortiz, R. and Yuguero, T. 1974. - Study of thermal anomalies
in Lanzarote (Canary Islands) Geothermics in press.
Calamai, A. and Ceron, P. 1970. - Air convection within "Montana del
Fuego" -(Lanzarote Island, Canarian Archipelago). U.N. Symposium
on the Development and utilization of Geothermal Resources, Pisa.
paper 518.
Fuster, T. M., Fernandez Santin S. and Sagredo, T. - 1968 Geology and
Volcanology of the Canary Islands. Lanzarote. Inst. Lucas Mallada,
Madrid.
Williams, R. S. 1973. - Geologic analysis of aerial Thermography of the
Canary Islands, Spain. U. S. Geological Survey, Memo-report.

611

"MONTANA

DE

FUEGO" GEOTHERMAL FIELD

....

~

1111

~

~(~

~
!%

f

ty

I

~

J

14.iJ

I
/

f
2

J

fI

)
<:(

w

Ii

~I

)g?
I'"

z

~~

<:(

~
Yaiza

rmmll
--

,

,

2

0

~ /824

Eruption

[ ] ] 1730-36 Eruption

•

Series 1/,

•

•

Series I

Pre-historic Eruption

_ - - - - Tectovolcanic Lineament

Figure 1

612

e

( Q

)

(M.~<C!,,\!»)

Emission Center

,

3 Km.

"MONTANA DE FUEGO" GEOTHERMAL FIELD

II
o
u

w

u

o

1111I111I1

TEMPERATURE MAP

III>
_

o

30°C

2

L . . . '_ - - - ' - _ - - " ,

3 Km.
,

20°-30°

_<20°C

Figure 2

613

"MONTANA DE FUEGO" GEOTHERMAL FIELD

Mna.
Encantada

.YaiZa

_<

30 Resistivity

_30-200
_

.n 1m.

,

II

2
!

100 m.

Figure 3

614

t·

"

200-1000/1

~>IOOO

o,

3 Km
!

"MONTANA DE FUEGO" GEOTHERMAL FIELD

r<l:

/

~Mna.del

.

~~GOIfO

./--.
0>----.

f

ZI---·

u

II
Yaiza
II11111

GRAVIMETRIC

o

. < 1 4 0 mgal.

!

2
!

:3 Km.
!

~ 140-145/1
_>145

/I

Figure 4

615

Discussion Following Arana Paper

Unidentified
How did the water get to this?

Arana
We poured it in.

Harrenstien
How deep will you be able to drill in this project?

Arana
Our present drilling equipment allows us to drill about 1000 meters; that is, about 600-700
meters below sea level.

Peck
You showed some resistivity anomolies.

In the final conclusion model that you showed, how

does that sloping surface correspond to the model?

Arana
The tentative model I have presented is very enigmatic, but we expect to find impervious
layers capping hot water or steam aquifers.

Peck
Is that resistivity low beneath the impermeable zone? At what depth do you interpret that
resistivity low to be?

Arana
The resistivity surveys are not enough to make such determinations, but according to this
data, layers with very low resistivity are located at different depth.
to hot water are 400-500 meters below sea level.

Peck
Geologically what would that impermeable layer be?

Arana
Probably hizloclastites
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Those which could be related

THE PENULTIMATE GEOTHERMAL SYSTEM
IN LEGAL PERSPECTIVE
George M. Sheets
Abstract
The operations necessarily a part of conversion processes for the
purpose of making hotter phases of magmatic energy resources available
to alleviate energy-shortage problems poses many problems generally
classified as legal.

In addition, many geophysical and engineering

challenges are presented.

As we progress beyond stages of exploitation

of only near-surface geothermal anomalies by means of steam or hot water
systems we will confront these challenges.
Of particular interest are the legal implications; and, superficially,
the potential physical systems which are called "penu ltimate geothermal
systems"; one stage removed from "direct" conversion without intervening
mechanical means.

It is postulated that the search for geothermal energy

will proceed offshore, and quite likely from an island setting such as
the Hawaiian chain.
Questions of domestic as well as international law are considered in
context dictated by the nature of the available magmatic energy resources
and the nature of operations necessary to achieve theiravailab'ility as
storable and transportable energy forms for use in ordinary course of
commerce.
Assumptions are made that advances in the state of art in geophysics,
drilling techniques, materials technology, and other pertinent technological
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specialties will continue to improve the likelihood of acquiring access to
these energy resources at about the same rate as recent experience has
shown we can reasonably expect.

Thus, the challenge is to create access

to the heat of the mantle found in sea-bottom crustal formations, and a
legal system to facilitate operational activities to the purpose.

I.

The Need
The energy requirements of the world are now well known to be beyond

present supplies in context of existing technological, political, and legal
systems.

It is, therefore, necessary to the peace and well-being of a large

fraction of the people of the world that innovative solutions be realized.
The fact that many existing institutions and traditional methods of doing
business will also be threatened by not solving the set of problems so
posed, may tend to encourage this realization.
The present reliance on stored fossil hydrocarbons cannot be a satisfactory solution for long for a variety of reasons well known to all.

The

nuclear solution, anticipated by many, is illusory in many respects; and
suffers from many safety as well as economic problems which may well prevent a satisfactory outcome.
Development of access to all forms of solar and geothermal energy then
seems imperative in the total context and at the earliest possible time.
Development of solar systems is of major interest, but does not pose the
political and legal problems found in future developments necessary to
acquire access to geothermal resources in the most reliable and safe manner,
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and in the necessary quantities for the long-term future.
The presently active systems of geothermal development depend primarily
on finding thermal anomalies in the near surface of land masses, and conversion of this heat into electricity for use in nearby communities.

This

somewhat primitive method does not promise long-term power in the context
of future needs easily predictable from the fact of masses of the people of
the world who have not yet begun to reach the level of energy consumption
found in more developed areas of the world.
II.

Ultimate Penultimate Geothermal Systems
For the future it seems certain that the search for earth heat will

proceed offshore into progressively deeper and deeper water as volcanic
rift zones and other faults are pursued from land-based operations.

In mid-

ocean island situations this pursuit will reach the ocean floor quite near
shore.

In fact, in these situations the mantle heat will be reached with

minimum drilling when compared to that necessary through the rock formations on land.

The 40 or more kilometers of drilling below sea level,

which would be required on land, becomes more like 10 or less kilometers
when drilling near mid-ocean island locations.

The temperature necessary

to produce a useful level of earth heat in the crustal formations may well
be found accessible for less cost in these situations considering all
comparable factors.

If, that is, all existing technologies are brought to

bear on this enterprise.
Consider for one that the heat of a nuclear reactor poses temperature
and other material

problems under imminent solution that are hardly more

difficult than those posed by comparable temperatures in the area of the
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mantle/crust interface without the radiation or other safety questions inherent in the nuclear system.

Suppose then that the price of one nuclear

power plant were devoted to producing access to mantle heat; would this
show that there is no need to build reactors to serve our purposes? That
the control and waste disposal problems are less difficult, is obvious.
Inherent drilling problems are by no means beyond solution.

Recent

experiences with Glomar Challenger teach that drilling through 20,000
feet of ocean water column is quite feasible to shallow depths of a few
hundred feet including re-entry, when necessary to change bits.

Given

also the technology inherent in recent design proposals for super stable
open-ocean platforms, it seems that proposed depths are quite likely to
be realized with relative ease; compared to reaching mantle heat from
shore-based locations.
Consider also,.in this context, the program of the Los Alamos
Scientific Laboratory (LASL) to c.reate a "melt drill" that in time would
mount a small nuclear reactor over a hot tip in order to make a hole by
melting the rock column pushing some, or all, of the material into
adjacent pore spaces (while extruding the remainder to· the surface, in
more dense formations).

A LASL program aimed at hydraulic fracturing of

hot dry rock formations is also important in this context.
The question of storing and transporting the energy acquired from
deep ocean crustal formations poses problems as well as opportunities.
The problems are inherent in the long distances from demand centers and
the nature of conventional geothermal systems which postulate conversion
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of the heat to electricity; posing then the development of long distance
transmission lines in a hostile deep-ocean environment.

Consider, however,

recent practical and theoretical advances in the manufacture and use of
hydrogen and the opportunities to take advantage of hydrogen as a storage
and transmission medium.

The deep sea regime is quite beneficient as a

storage and transmission medium for hydrogen.

The pressures and tempera-

tures in the deep ocean would permit handling and transportation of
hydrogen in the most economically desirable way, and provide the greatest
safety from life-threatening accidental events.
The "ultimate" system for convernsion of the crustal heat to useful
energy would require development of massive semi-conductor systems or
other methods for conversion without use of mechanical means.
not occur in time.

This may well

No known technology promises much for this method

but optimism prevails and hope is eternal.
More 1i kely we wi 11 settl e for a "penu ltimate system" suggested by
researchers into electrolysis systems requiring generation of electricity
to use in conversion of water into hydrogen and

oxyg~n.

The temperatures

available in the crustal formations also suggest more direct methods such
as thermal decomposition by exposing water to the

l~vel

of temperature

necessary to directly produce hydrogen and oxygen without intermediate
electrolysis systems.
At minimum, it seems that we will soon be experimenting with pools of
magma held at or near the surface on land in order to develop methods and
systems needed to deal with these highly corrosive heat sources.

This will
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naturally lead to interest in mantle heat and the rejuvenation of proposals
such as Mohole from earlier times, but in a climate of better technology and
more urgent need.

Thus the requirement to face the legal and political

climate involved.
III.

Legal Systems
The present state of domestic legal system in the U.S.A. recalls the

argument by Portia against the right to a pound of flesh in the process of
foreclosing on this collateral held by Shylock, in the play liThe Merchant
of Venice".

The difficulty in defining geothermal energy within traditional

concepts creates a situation much like the admonition by Portia that you
may take your pound of flesh but you have no right to take the smallest
quantity of blood or other matter.

Geothermal resources may be a "pound of

flesh" in this context so far as these resources occur under Federal Public
Land.
The controversy evolves from reservations of minerals in original titles
from the government to private persons.

These titles were granted under

laws calculated to grant public land to private owners for their private
purposes -- usually agricultural in nature.

It is argued variously that

geothermal resources are:
1.
2.
3.

Mineral
Sui generis
Water

However these resources are characterized, it is obvious that "you can't
get one without the other".

When the heat is extracted from the earth,

water and other mineral substances are also removed -- certainly this is
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the case by use of present methods.
It is also argued that in the nature of physical or corporeal existence
there are three categories of things:

animal, vegetable, and mineral.

Cer-

tainly we have no evidence that geothermal resources have life in the sense
meant by animal and vegetable.

If mineral, then will these resources become

subject to the reservations in the original land titles from the Federal
Government?

In any case can they be exploited in a single form without

trace of another?

Who shall have an uncontestable ownership and therefore

right to exploit?
If this situation alone creates uneasiness in a potential investor or
developer, consider also that the state and local governments are dealing
with the same matters in their jurisidctions and not always in concert with
the federal legal systems.

A recent decision in the Federal District Court

for Northern California has decided that geothermal energy of "heat" is
not mineral.

We must await appeal of this trial court decision.

This may

take years and in the meantime this decision, which may be reversed, stands
as the most persuasive edict.

Understand, it is persuasive only; it is not

law in any way or place except in that trial court.

Another trial court

in that same jurisdiction would not be bound by this decision.
The uncertainties in the U.S. domestic law are mild compared to the
uncertainties in the international scene.

Law of the Sea and Seabed have

been in continuous flux for many years, particularly since WW II.

Fishing

and navigation rights, or freedom of the seas, have been the central focus
of controversy and the subject of numerous treaties.

The most respected rules

allowed complete freedom of the seas in all respects, including resources,
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limited only by a sovereign right to exclusive security control within
three nautical miles of the shoreline -- i.e., the enforceable limit which
could be protected by ancient shore-based cannons.

In recent years this

exclusive jurisdiction has been extended unilaterally by various nations
with varying success from the standpoint of the stated goals systems,
and effectiveness to enforce against encroachment.
Without more detail it is apparent that these unilateral systems lead
to gunboat diplomacy, as in Iceland waters recently and in waters off
western South America, especially with respect to fishing rights.
Other resources are considered as candidates for international legal
controversy on much the same grounds.

The present deliberations in the UN

are initiated largely because of oil rights and prospective mangenese nodule
resources on continental shelves and the seabed somewhat removed from the
three mile limit, and in many cases even beyond the so-called continental
shelf; which has been considered a kind of reference for some unilateral
declarations.

A limit of depth has generally been accepted for this pur-

pose at 200 meters or that depth to which exploitability is demonstrable.
The United Nations (UN) has taken strong interest in the general
subject and has had it under continuous and varying levels of consideration
for the past twenty years, more or less.

Agreements have been had, only to

become obsolete in the face of technological development and national interest shown in the form of new unilateral declarations.
Generally, two prospective legal systems are receiving major interest
and support as prospective basis for solution of the ocean-resources control
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systems.

One system would declare ocean resources as the "common heritage"

of man, and would allocate the proceeds of exploitation to be distributed
equitably to benefit all mankind wherever situated.

A second viewpoint

holds that nations having seacoasts fronting on the resources should
have priority rights within certain broad distances from this seacoast.
Conferences on an agenda to consider these and other propositions are
presently in progress.

It is hoped that a conference on substantive matters

will convene later in 1974.

Many questions will persist, whether or not this

conference achieves the stated goals.

Consider, as an

in~tance,

that the UN

has not yet acquired a level of sovereignty or force necessary to enforce
rules pertaining to such a vital matter as resource control.
In any case, the prospective legal system will only be successful if
a means is devised to place the control of exploitation of these resources
under a single jurisdiction for a given area.

The UN probably is the only

feasible authority in the case of the seabed at an agreed distance from the
shoreline.

In the case of deomestic U.S. law, single jurisdiction is also

necessary, at least in the cases where particular states or a block of land
is concerned.

Overlapping or concurrent jurisdictions only create contro-

versy and confusion; thereby retarding development of the resources and
realization of the benefit to be derived for the sake of all people.
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Discussion Following Sheets Paper

Anderson
May I add something? You've got mineral, water, gas, but it's all really "heat".
and's, or but's about it--they may call it something else, but it's ''heat''.

No if's,

If it wasn't hot, it

wouldn't be worth anything.

Sheets
Precisely.

But I may add, what would you do with it if it were called "heat"? There's

nothing established for handling that.

Anderson
Just accept it as "heat" and consider water as the carrier of the heat.

Sheets
But there is nothing in the law that considers ''heat'' as a category.

Anderson
It's ridiculous the way we are approaching it, but this is the way it is.

Sheets
I think you'd have to go back to the beginning if you call it "heat".

Call it that and all of the

courts are going to have to make all sorts of factual evaluations of what "heat" is, what have we
done with ''heat'', what the law has done with "heat".

They'll be very confused.

It's bad enough ---.

I would think if we could stick with "mineral", it would be best.

Ramey
It's not really "heat" either.
gas".

In the case of the Geysers, for example, it's really "compressed

It just happens that the work you can do with compressed gas upon expanding it through a

turbine is equal to the change in enthalpy, and this is why there is confusion.

Steam is a great

compressed gas to use in a turbine because there is a great change in enthalpy in using it.

Unidentified
That's the way you look at the Geysers system.

You've got to have three things: heat,

permeability and water.
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Now I can cite Italy, where we saw several wells producing tremendous amounts of steam with
a lot of enthalpy but at a pressure of one pound per square inch--and they can't use it.
to have pressure.

Ypu have got to

b~

You've got

able to do work with that gas.

Unidentified
When I think of geothermal, I go through the whole range from heating a house to power
generation.

Ramey
Even heating a house with one psi pressure is not possible. You can't move that fluid anywhere to do the heating. We have just proven that the three of us don't know what it is.

Sheets
That's the difficulty.

If we can go away with a consciousness of the difficulty it will be worth-

while.

Harrenstien
Another area, which is coming along almost in parallel with geothermal, is the ocean energy
extraction scheme, where they are talking about extracting energy from the Gulf Stream or from
the ocean thermal differences.
that you are talking about here.

It seems that those schemes will run into the same legal problems
I don't know how they are going to try to solve that.

In Miami

there is the question, "Who owns the Gulf Stream?" Someone wants to get in there and extract
energy, and Miami says, "You're not going to go off here, X miles offshore, extract energy and
sell it back to us.

We r re going to do it. "

Sheets
One of the largest problems in this regard is the environmental consequences of all of this.
Supposing you did cool the Gulf Stream--and this will be the claim--if you cool it, there will be
some massive changes in climate in Europe; the Polar Ice Cap may move down.
a hundred gloom-and-doom predictions that might be made.
dictions if we start going after mantle heat.

I could postulate

I know there will be similar pre-

You'll be up against' claims and maybe lawsuits.

Stewart
I'm concerned about these problems.
resolved is by legislation.
ment.

It seems to me the only way a lot of this stuff can be

Legislate the ownership, the nature, and, eventually, the tax treat-

Any other system which resorts to precedents, which will be different in every case, is

just going to result in total confusion.

It would seem to me that it would be worthwhile--if there

could be any agreement from the technical people involved in geothermal- -that legislation be laid
out that would clarify all this difficulty.
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Sheets
I could speak to some of the pitfalls.

One is that the Federal power is limited to those lands

which the Federal government has ownership or some reserved rights in.

Stewart
That's a good percentage.

Sheets
That would be a good place to start.
In Hawaii, we have corresponded with eleven or twelve of the western states, and what you
find is that they have addressed themselves variously. We looked around in Hawaii and found that
there wasn't a reference; geothermal was an absolute nonentity.

So, in a way, we were better off.

We have a bill before the Legislature at present which merely changes the definitions of some of
the terms in the natural resources control statute.

This may not be too satisfactory to lay people,

but as a lawyer, I find it very satisfactory because we have said as little as necessary to get as
much as we need.

It gives the court less to chew on when it comes to litigation.

This seems to

be so vital because the states that have gone overboard have opened up all kinds of problems.

Stewart
My point was, is there any group that could do the technical work? Is there any Congressional
committee that could get legislation started? It seems to me there is a big void in this whole area
and legislation is the only way it's ever going to get resolved.

Sheets
I think the Interior Committee could offer you as much advice there as anyone.

They are

doing what they can, but I think they get too little interest from groups such as this, who could
probably be a great help by offering, in ways that we have suggested, to clear this air.

Coryell
I'd like to mention that a very important part of the NSF geothermal program is to support
research in the legal problems, the associated economic and social,problems, and the environmental problems, inasmuch as most of the legal problems really revolve around the environmental
concerns. We are open now and it is a very important part of the program for the next fiscal year.
Good ideas along these lines are sought.

Sheets
We are using a little of your money in Hawaii now and hope we'll use more of it.
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Higgins
Disregarding the ocean area, are these problems more or less unique to our economy and
concept of mineral ownership; or are they pretty widespread in the world? In other words, in
Japan, is the geothermal resource ownership and development an issue or a difficulty? I am
suggesting, perhaps, this is almost unique to the United States.

Ramey
No, the offshore ownership between Japan and China is an issue, of course.
problems are with all of us all over the world.
are fairly unique.

The marine

The mineral rights problems in the United States

Along this line, one thing that I see to be a bit of a problem in areas like the

Geysers. When you are in a county and the county issues a permit for the use of the land, that
might not matter a bit.

If the local residents decide it isn't going to be done or isn't proper for

their locality, it isn't done. We may well find that the development of some of these apparent
national resources are going to be controlled by local interests.

Sheets
The conflicts between these political and legal entities are monstrous. It can cost you your
whole project because of the delay.

You can't be sure you've got a whole right until you've got it on

line and even then these may.be some question.

Harrenstien
Dr. Coryell, last night you said it would be nice of this group if they would do something
cooperatively, so that something could come out of this more than just another conference where
we get together and talk and then each go back to our places, and that's it. Would you think that
there might be a good possibility that we could form a casual group and pursue this business of
being some kind of a technical advisory group, in an international sense? To try to get at this
international law problem? Do you think that the NSF might be interested in seeing what it is we
ought to do and possibly supporting us?

Peck
Of course in the international interest ther e is a strong UN program.

Coryell
You missed what I said yesterday.

I just think of the ideas.

I don't do the work.

Alcaraz
In the Philippines we have been working on geothermal energy since about 1967. We treat
geothermal energy as belonging to the state.

It is subject to rules just like mineral mines, but

what is it? Gas? Mineral? I think, however, it would be nice if those who are working with it
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can come up with whether it is a depletable or nondepletable resource.
important question.

I think that this is an

If it is nondepletable then the tax laws can be simpler.

If it is depletable

like fossil fuel, the something should be done like conservation laws.

Unidentified
What do you think the chances are of this ownership problem being resolved in a sort of
quasi-legislative fashion by referring some of the court cases to the Supreme Court? Would this
solve the problem?

Sheets
It would solve the problem to the extent that it has been raised.

What amazes me is'the many

different ways it can be raised. I think most people thought they had ordered by geothermal being
considered a mineral.

It hasn't turned out that way.

Anderson
I might be an idealist but I look at it this way.

If you're going to go after this thing, don't

get hung into anything like mineral or water or whatever.

Somewhere along the line we've got to

really face it and say, this is what it is.
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ABSTRACT

Sandia Laboratories' expertise in earth-penetrating projectiles
has been applied to problems of geothermal resource research. Field
trials of an experimental terradYnamics electrode for resistivity
surveys have been carried out in cooperation with the Hawaii
Institute of Geophysics, and the design of an instrumented magma
penetrometer begun.
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EXPERIMENTAL RESISTIVITY ELECTRODE EMPLACEMENT FOR
THE HAWAII GEOTHERMAL PROJECT

Introduction
Sandia Laboratories is conducting a program of research directed
1

toward utilization of energy from magma sources , and also has developed
an expertise in the dynamics of earth-penetrating projectiles (Terradynamics)2.

These interests were recently combined in two experi-

mental projects.

The first, performed in cooperation with the Hawaii

Institute of Geophysics, consisted'of the emplacement of experimental
earth-penetrating resistivity electrodes at 15 sites on the island
of Hawaii.

The second was the design of a magma penetrator instru-

mented to measure viscosity and temperature as a function of depth
in a surface magma pool.
Resistivity Electrode
The University of Hawaii, sponsored by NSF_RANN 3, Hawaii State
and Hawaii County, is studying the geothermal potential of Hawaii
Island.

Geoelectric surveys, using a deep-sounding long-wire source

and roving loop receiver, required emplacement of several sets of
electrodes with contact resistances less than 100 ohms.

It is

difficult to achieve good electrical grounds in Hawaii Island since

lyoung, C. W., A Proposal to Investigate a New Energy Source:
The Direct Magma Tap, SLA-73-0850, January 1974
2

Young, C. W., The Development of Empirical Equations for
Predicting Depth of an Earth Penetrating Projectile, SCDR 67-60,
May 1967

3NSF Grant, GI38319
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the surface layers consist largely of basaltic lava flows often with
none to a few inches of overburden.

In addition, the terrain often

prevents access for power-operated equipment to assist site preparation for electrodes.
Because of complementary interests in studying volcanic energy,
Sandia Laboratories examined this problem and suggested that implants
of air-dropped electrodes might provide both greater depths of
I

4

penetration , tighter contact between metal and earth, and easy
emplacement in difficult terrains.

Accordingly, a minimum-cost

electrode as shown in Figure 1 was designed using solid low-carbon
steel for the main body with a separating finned afterbody.

This

afterbody, connected to the main penetrator by an electrical cable,
was designed to stay at the surface to enable attachment of an

electrical current source.
quantities of 100 or so.

These electrodes cost about $60 in
In December 1973, 29 electrodes were
,

dropped at the 15 site locations of Table 1.

Figure 2 shows the

approximate map locations of these drop points.
illustrated the field operation.

The film clip

The drop aircraft is guided to

the drop area by one observer located on the flight line who
directs the pilot by radio to fly toward him.

A second observer

at right angles to the flight line tells the pilot when to drop.
A small aircraft such as the "Beaver" is quite adequate; the larger

aircraft used in Hawaii was more convenient.

Sandia teams experienced

in this drop technique achieve an emplacement accuracy of about 10%
of the drop altitude; for the desired electrode impact velocity of
130 m/ sec, this equaled about 75 meters.

Two penetrators . ""'0 ~;ot

4Tagy, G. F., Earth Resistances, Pitman Publ. Corp., 1964, 258 p.
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FIGURE 1:

Table 1.
Site
~

TERRADYNAMIC ELECTRODE

Electrode Site Coordinates
North
Latitude

West
Longitude

SOUTH POINT
1
2

18· 57.57M
18· 57.83M

155 0 41.01M
155 0 40.18M

3
4

18· 59.58M
19· 00.24M

155 0 38.88M
155 0 39.34M

5

7

19· 04.69M
19· 05.53M
19· 04.72M

155 0 41.09M
155 00 41. 44M
155 41. 71M

8
9

19· 59.24M
19· 58.42M

155 0 39.65M
155· 39.72M

10
11

19· 53.60M
19· 52.89M

155· 41.94M
155 0 42.38M

12
13

20· 01.85M
20· 01.70M

155· 44.05M
155 0 44.93M

6

KAMUELA

!Q!!!
14
15

19· 47.48M
19· 46.79M

155 00 51.30M
155 51. 73M
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FIGURE 2

found due to heavy foliage, and two experienced broken electrical
wires.

The remaining 25 were successfully emplaced to depths of 2

to 6 meters.

Preliminary resistance measurements showed resistances

less than 200 ohms per electrode (100 ohms per pair) except at
sites 5, 6 and 7, where approximately 1500 ohms was observed.
area is in the 1868 lava flow with no overburden.

This

Study of further

lowering of resistance by treating implanted electrodes with conductive "mud" is continuing.
Magma Penetrometer
Sandia Laboratories has designed and successfully emplaced
instrumented probes in unconsolidated soils and marine sediments,
in rocks such as welded tuffs, sandstones and granites, in permafrost, and in sea ice.

The study of magma properties offered a

new opportunity for applying this technology.
Figure 3 shows a "first-generation" magma penetrometer which
has been fabricated and is on-the-shelf awaiting an appropriate
test opportunity.

Designed to be dropped from a helicopter (to

achieve accuracy) and parachute-retarded to about 20 m/sec entry
velocity, the probe contains 3 accelerometers, 2 radiometers and 2
tip thermocouples.

A

radio transmits through the trailing antenna

which will survive the few seconds of magma heating.

Figure

4 is

a concept for a "second-generation" penetrometer which we propose
to develop if laboratory studies of magma properties indicate in
situ data is necessary.

This design, patterned

aft~r

a successful

ice penetrator, would use a separable antenna housing and stored
umbilical line to enable higher velocity delivery for magma pool
crust penetration.

At least 30 meters of data recording depth

is envisaged.
Tests of the sensor elements of these probes have been performed
at magma temperatures in the laboratory, but field trials remain to
be done.
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PROPOSED MAGMA PENETROMETER CONFIGURATION

Discussion Following Brandvold Paper

Unidentified
What sort of g strain is on your penetrometer?

Brandvold
It turns out that we've dropped penetrators in a lot of soils and rocks, and the deceleration

in very-competent rocks--granites--seldom exceeds 2500 g or so,
at all for electronic systems,

It turns out to be no problem

Of course we didn't measure decelerations on these electrode

emplacements, but we would estimate them to be less than 1000 g's,

Unidentified
Would it be possible to payout a series of thermisters, for instance, and have them end up
spaced at certain intervals in the ground?

Brandvold
Right, it certainly would be possible to do that.

In fact we have done that for other purposes.

I think for thermocouples the difficulty might be in refilling the hole to permit the temperature
gradient to reestablish,

That might require visiting the site and filling with sand,

Peck
Is the magma penetrometer based on the concept that you have a cool or at least not molten
surface?

Brandvold
No. Actually we designed it to penetrate a crusted surface anticipating that that was the most
likely situation that would exist.

Certainly a thin, shallow crust--however, that float is designed

to float on molten material.

Peck
What sort of temperatures will the electronics in the transmitter and antenna withstand?

Brandvold
Well, or course, it won't stand very high temperature at all.
30 seconds at 1300 C.
0

So it is clearly a transient system,

It was designed to survive

The antenna line pay-out for the first

model is shorter than the sink-rate for 30 seconds so that it should easily survive for the length
of the pay-out cable.
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Peck
That probe is not going to warm up in 30 seconds.

Brandvold
No, it's not going to warm up very much.

But the instrumentation is going to sense the molten material temperature almost instantaneously.

It's right on the surface of the penetrometer, looking out.

Brandvold
The instrumentation is right at the surface of the probe.
surface in boron nitride holders.

The thermocouples are on the

The radiometer is in an area where it will have an undisturbed

view.

Unidentified
Does Sandia have plans for continuing production or operation or commercialization of these
penetrometers?

Brandvold
No, not at all.

I believe they are best categorized as an experimental technique right now.

We'll follow with great interest how the electrodes survive over the next several months and how
they work out.
expensive.
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They are relatively very cheap and the emplacement costs by airplane are not

Characterintic Geotectonic Environments of Some Geothermal
Fields related with

Quaternar~y

Tatsuo
I~yushu

Volcanic Zones

YAl1AS.~.KI

University

lIHebung-Spaltung-Vull:ani sinus II , risinr-fissuring-volcanism,
is the cla.ssic title proposed by Cloos (1939), as shmm by a 'v18J.lknO\·m block diagram, FiC.l. It is the truth that some of depressions -- e:rabenst fault trouchs or rift zones typically occur
alonE: the crests of up,·mrps ~nd often closely associ~te with vulcanicity. Recent work, strictly speaking, sUGGest that these
depressions may originate in various ways from the viewpoints of
mordern geotectonics or mechanism of mae;matic intrusions etc.
and their causes are generally not so simple as Cloos's.
Nevertl""leless, there are many eeothermal fields of the wurld,
especially in and along the Cenozoic Circum Pacific Orogenic and
Volcanic Zone, characterized by such deression zones associated
'oJ'ith mostly of Quaternary volcanic activities, some of which are
still active. The association of vulc.<mic5"t.y i.rUh d~~"'r,?Q8i0!"]~
in tllGSe

geotl:eI'lT~al

fields r'18.Jr th1..1S be

ShO\·:T1

a.s

l"e;'ll[L[·}~u.blo

cl:ni-

larities 'vTi th the Cloos I s diagreJll, except for the detailed and
various orifins forming the regional structures. They are presented in this paper.
I.

Otake Geothermal Field, Japan

I-I. Diarrenatic section of Kujyu volcanic region, K~rushu,
Japan, comprisinc the Otake geothermal field ",ith Eatcho-baru
field, is ShO'v711 in fie. 2.
Otake geothermal field is composed mainly of andesitic ef···
fusive rocks belanring to the older Irohi and younger volcanic
complexes of the Pleistocene ace, which cover the sedinents of
the Hiocene Kusu croup. The middle of the Hohi complex, predominantly of permeable tuff breccias, is considered to coincide
with lIlst reservoir ll , up till nO'vT utilized by the Otake pO'vlCr
plant. UnderlyinG the Holli complex, 'vlCak indurated Kusu t?TOUP
were recently found at the bottom of Eatcho-baru 'vlel1s and tlle
uncomforr:lity behlCen the two groups rna;)' .t:airly be presumed to
be the new expected 1I2nd reservoir". Though, the deeper of the

643

fiold is yet to be definitely determined in these wells at depth.
As show~ in Fir..2, bc~ement rocks presumed to be distributed deeply underneath the KujJ~ volcanic region are P~laeozoic
me ta1l0rpllics, Hesozoic sediments and their intrusive c:ranitic
rocks \-l'hich are exposed widely tm.,rards the south of the rerion
in central Kyushu bordering with the "Oita-Kumamoto tectonic
line II ,
TIle tectonic line has for long years been held by most of
Japanese ceolorists and the northern district from the line has
been presumed to be a large regional depression, mentioned later
as the lI.so - (Eujyu) - Deppu depression zone, \.,rhich is filled
with TertiaDr and the younceI' volcanics intercalating clastic
sediments in sometimes.
On the otherhand, i t is note\'iOrthy that the Hohi complex
forming the Hibira-dai platcau is distributed, ~s sho~m Fir.2,
much hieher by several hundreds meters than those of Otake which
are deep do\m and below the sea level. This may indicate a depression of the Otake area \lhich had occurred durinc, or in the
later period of the Hohi volcanic activities. The E-H fault
alone the south front of Hibira-·dai, 8hm-m in the Fig.2, may
probably be one of the evidence of such depression \.,rhich is
identical with the Kujyu caldera, mentioned later,

1-2, . In addition to the above geological settings, the
result of the regional rravi ty survey on !.so and Kujyu region,
as 511mm in rig, 3, is il1tw'ostinc c:.:3 i'0110·.. ; s;
(1) As a \1hole, larrc negative anomaly over this region
including Aso, Kujyu and Deppu volcanic regions is sho\,~ in the
fi~Jre and thus the said Aso - Beppu depression zone is measured about 30 - 401<m in which and more thEm lOOkm in len[th.
/,lon[" the southern extremity of the depression, a narrO\1 belt
of relatively hiCh anomaly \-!hich starts from Oita running \lestward to Eumamoto throuGh the 1,30 caldera in tbe map (Fir. 3) ,
The belt just coincides with the afore-mentioned Oita - Kuma·moto tectonic line which is geolocicaly presumed,

(2) The gravity low of Aso caldera shows the characteristic feature of the "low anomaly type caldera",
(3) Kujyu volcano (':roup also shmls the simila.r feature of
the low anomaly type caldera, thou:h the caldera is not clearly
identified from a topo[ra.phic vieupoint, The fact coincidee
\Ii th the Ceo1o[;ical assumption bJ' Ifatsumoto, T, (1963) of the
burried existence of the ICujyu caldera \rhic:h was once as large
as that of Aso. Thus, the aforementioned E··~l fault of Hibira-
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de.i, I"ig.2, may be a fault cuttinG the somma flank of the caldera.
(4) :loth Aso and Eujyu calderas are the locally depressed r~rcCl.s, further, in a zone of the Aso-Beppu depression.
1-.3. Cenozoic volcanism in south'vTestern Jl:'.pan with special
reference to the history of "Setouchi Inland Scaff ceolocic province (::::'i[".4) 'vaS reported by Eori.'TIoto, R, (1957). Geolo[,;'! of
Otake geothermal field located in the west of the Inland Sea is
close~r related with the histor~y of the Sea, rou[hly summarized
as folloHs:
(1) Towards upper l'liocene, the 1st Setouchi Inland sea
\Thich was spreadine; alonr: the median zone of southv18stern Je.pan
in ~iddle t·liocene had changed to a range of fresh water lakes
as sho',m in Fi[':,4-A, In these lakes uere deposited the aforementioned Kusu croup, the 2nd reservoir of Ot~ce, and its correspond inc formations, These formations were overlain uncomformably by the formations, includinc the Hohi complex, of the
2nd Inland sea after the Pliocene pencplanation of t.he are'1.
l\s to the reservoir, attention should be paid also to the unconformit;y between the KL1sU and ~{ohi gTOUPS.
(2) At the beginning of Pleistocene, the Setouchi province sank again due to great faulting rejuvenated. The 2nd
inland sea \-laS extended includinf' the present :inlAnd sea e.nd
central Kyushu, as shm.;n in Fi[. 5-B, and Kyushu was devided into the north and south islands by the sea where the Hohi complex
began its activity.
The 2nd inland sea in Kyushu and its southern extremity
are corresponding to the Aso-Beppu depression and Oita-Kumamoto
tectonic line respectively.
II.

Wairakei Geothermal Field, New Zealand, and Others.

Both Wairakei and Otake geothernal fields show striking
similarities from the points of view of geology, tectonic and
geothermal system, thouf',h can't explain in detail in this short
paper.
The eeologic cross section of the Wairakei (Fig.5) given
by Grindley, 1960, is remarkably similar to Otake (Fig.2). The
Wairakei is located in an early Quaterary graben, named Taupo vlhito. Island depression zone (Fig. 6), filled with a thick layer
mainly of Quaternary pyroclastics and closely associated with active volcanic regions -- Central Volcanic Zone in N.Z. The depression zone p as shown in Fig.6, is almost equivalent to the
said Aso-Beppu depression in scale, measured about J0km in width
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and 200km in length.
Some of similar examples distributed along the Cenozoic
Circum Pacific Volcanic Zone are as follows: 1) The Pauzhetsk
and the other fields in Kamchatka, USSR (Erlich, 1968), which
are almost similar both geological and tectonically to the
Otake and Hairakei; 2) Depression zones extending with southeast trend along the Central America Volcanic chain, such as
Volcanic hip-hland of Guatemala (conveniently called Guatemala
-- Quezaltenango depression by the writer, 1973)~ Central graben
in El Salvador and Niccaragua depression; 3) Gigantic graben
that comprises Salton Sea and Cerro Prieto (Ishita, 1972) geothermal fields extending beyoQ~d the U.S.A.--Mexican border;
4) Tatun in Taiwan (Chen, 1971) and Tiwi, Albay in the Philippines which are presumed to be similar.
The following points of similarities among these fields
can be considered in co~mon.
(1) These fields are located in and along a zone of
regional depression -- graben, fault trough and rift zone, occurred mostly in early Quaternary, and are closely associated
with active volcanic zones frequent~ accompanying with domes
~'1d calderas.
(2) These depressions are filled with a thick Quaternary formation which is often dominantly volcanic sequence and
underlaj.n b JT young Tertiary sedill}ents in sOJ1etimes. Permeable
formations such as tUff? tuff breccia etc. consitutc aquifers
for the fields and impermea~le lavas, welded tuff etc. act as
capping. Thus, as to the reservoir, the boundary or unconformity between two different rocks or formations from the viewpoint of permeability is noticeable.
(3) ~hjor faults parallel or subparallel with the
faults bordering both side of depression zone and locslly.cros··
sing subfaults are common in these fields. Some of them are
Quaternary faulting, probably active.

Promissing area along major faults carrying hydrothermal
fluids from depth are decernable. Also, attention should be
paid to the intersection of various faults.

(4) Acidic volcanic intrusions and caldera depression
are of interest. They have made the geologic structure all the
more complicated, causing fauls and fissures surrounding them
to develope highly as passages for thermal fluids.
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FINA L SESSION
Conclusions of the Seminar
Co-chairmen: T. Minakami and A. S. Furumoto

Furumoto
The purpose of the final session is to obtain the conclusions and recommendations from the
invited participants and observers as to the accomplishments of the seminar.

Shall we begin?

Yuhara
On the occasion of this U. S. -Japan Conference on Utilization of Volcano Energy, much was
accomplished.

I would like to express my gratitude to the people of the University of Hawaii for

carrying out this program.

We have listened to many interesting papers from Americans which

turn out to be a good reference 'for us.

We hope that the papers presented by the Japanese have

been of value to the Americans.

As one of the coordinators, I would like to express an opinion.

When I started out organizing

this seminar on the Utilization of Volcano Energy from the point of view of volcanology, I went into
it with enthusiasm.

As I went along, I found that the problem was not so easy.

If you look at the

content of the seminar, you'll notice that there are reports on volcanology, and there are also
reports on energy.

Thes e two things, different in nature, were forcefully brought together.

But

on the other hand, that was one of the objectives of this seminar, to bring together and form a
bridge between them.

To accomplish that is very difficult, as I have said.

But if we are going to

make use of volcano energy effectively in the future, although the task is difficult, we will have to
start building a bridge between the two disparate things.
So, as one of the conclusions of this seminar, I would like to listen to your opinions on how
to go about building this bridge between the volcanologist and the people dealing in energy.

Decker
Thianks to the organizers for the opportunity of being here, I appreciate it very much.
think many of the papers are excellent and speak for themselves.

I

I don't think too many con-

clusions are necessary, except for a few generalities.
We need more theoretical models of the relationship of volcanism to plate tectonics, particularly the origins of the three different types of volcanoes: rift volcanoes at diverging plate
margins, orogenic volcanoes at converging plate margins, and intra-plate volcanoes over ''hot
spots".

How do developed geothermal resources in these three different locations va.ry and why?

What is the deep heat regime in these different volcanoes? How and why do magmatic gases differ
in these locations? Another area where theoretical models are needed is the mechanics of
intrusion and eruption.
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Why are eruptions intermittent?

Is intrusion from depth also intermittent?

How may geothermal developments change the normal eruption mechanics in an active volcanic
region? What are the heat transfer mechanisms in magma and hydrothermal systems?

The

geometry of magma bodies and their interrelation of hydrodynamic systems is of great importance
to geothermal research.

Both volcanology and geothermal power development can benefit from

their different points of view.

Volcanologists tend to think from the roots of volcanoes up.

Geothermal prospectors tend to think from the surface down.

Volcanologists need to sharpen their

models of the sub-surface beneath volcanoes to offer the prospectors more precise, albeit speculative, locations.

Harrenstien
What seems to come through in all of this is that we really need more deep drilling and need
more data from the drilling to achieve some results.

Maybe .that isn't too direct, but it doesn't

seem that anybody here has really drilled deeply into these things.
about what he thinks is there.

No one is really sure of that.

We hear George Kennedy talk

I think if we have any influence we

ought to use it to get someone to agree to drill down and see what is there.

One thing I would like to say, though it may be sort of out of place here, is that Preston and
I represent industry.

Not out of place in the sense that we feel out of place, but we seem to be the

only representatives of this end of the husiness.

This to me has been absolutely the most in-

structive geothermal meeting I have ever attended, just head and shoulders above everything else.
Infinitely better than anything I have ever heard, possibly because at the other meetings, we keep
hearing the rehash of the same old things and the same old promises.

This seminar has been very

different and we have a lot of data collected that we're interpreting more or less on an empirical
basis.

You know, from the top down as someone just said, but here I think there is a real need for

people in industry like us to get together with people like you because after all we have a common
goal and fortunately, I guess, we do have the money to do some of the things that need to be done
with the only stipulation being that we have to see a profit at the end of the row.

I don't think any

major company is going to come in and say, here is all the money you want, let's go to it.

I think

there is a lot of opportunity for some of the goals that you people have if you can come to us and
say, now this is what we think needs to be done, this is what the commercial results may be.

I

think we would be very interested in going along on some of these programs, not only our company,
but probably many other major companies.
and attending.

I do want to thank you f?r the opportunity of being here

I think it was a remarkable meeting.

Furumoto
Kilauea Volcano is one of the most studied volcanoes and it is almost impossible to list the
number of investigators that have been involved over the years.

However, knowledge is lacking on

the structure, the hydrothermal processes, the ground water flow, and the convection at depths
below sea level.

The next step will be a carefully planned drilling program to depths far below sea
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level to find out the processes that are going on.

The depth is estimated at two kilometers, but

further drilling may become mandatory or necessary.

Drilling, however, should not be begun

until available geophysical and geological data are compiled and evaluated, and careful and thorough
surface exploration has been carried out to cover those' areas that have not been explored.
Site selections will be made based on these data.

Because of the number of interested parties

and institutions, the drilling project should be open to large participation by American and
Japanese scientists as well as scientists from other nations.

Perhaps this drilling can be based

on a model modified after the Deep Sea Drilling Project going on now in marine geophysics.

In

other words, I recommend that whoever is going to be in charge of drilling should make the proposal
such that it is open to wide participation.

Someone has to be responsible for the drilling, but it

should be open to people who want samples, etc.

We hope that the Hawaiian Institute of Geophysics

will propose a drilling project, and as far as I'm concerned, and I can speak for my group, we will
be open to all sorts of participation.

Higgins
I would like to wholeheartedly, enthusiastically support your suggestion, but I wonder if
anything as complex as the Island is, can be adequately understood with a single hole.

I think the

concept that you suggested, that a program of drilling is in order at this point in time and with our
present understanding, is correct.

Is not the real direction that we might better go to plan for a

few holes, a continuing program starting with the first one, but understood to be carried forth
based on the knowledge from the first to include perhaps two or three such holes and on islands
other than Hawaii itself.

Peck
Considering that what we have here is aU. S. -Japan Seminar on Volcano Energy, with representatives from the U. S., Japan and other countries, I think we should keep the recommendations
fairly general.

Specific ones would be either inappropriate or self-serving.

One might phrase a

recommendation on drilling as follows; Greater knowledge of the structure of volcanoes, rift zones
and magma'chambers is necessary in order to utilize volcano energy; therefore, selected drilling
programs, as well as other geological or geophysical research programs, are necessary to
determine that knowledge.

Deep drilling on volcanoes such as Kilauea is highly desirable, and

international cooperation in the drilling program is also desirable.

To be more specific is, I

think, inappropriate.

Brigham
Concerning this deep drilling, and that there are major company representatives here, what
would be the possibility that the major companies would be interested in this kind of thing?
tributing dry-hole money, if you will, to help with the drilling of these exploratory holes?
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Con-

This would presuppose that we had some kind of a lease interest in the area. If we did, I
would say that chances would be quite good that we cC'uld do this sort of thing.
I would say that, if we ever did get a leasehold interest in this island, we would probably be
quite interested in supporting any program.

Harrenstien
Maybe the possibility of industrial participation is still a little premature; maybe we could
look at this as more exploratory and as collecting scientific evidence.

This then separates it a

little bit from the requirement that you do all your surveys first before you drill.

In other words,

you're not exactly looking for a geothermal source, you're looking for information on what is down
there.

Stewart
One other point: we have been talking about utilizing volcanic energy in hydrothermal systems.

It still seems conceivable to me that there could be some process devised to harness some

of the energy from the magma or cooling lava.

Perhaps there ought to be more attention, or some

attention, at least, directed towards that objective.

Unidentified
Back to drilling for one minute.

The major contribution of industry may not necessarily be

dollars, but their expertise.

Higgins
I would like to add to that too, if I may give a bit of personal experience.

The cost of learn-

ing can be extremely different depending on the type of equipment one commits at the beginning.

I

made the mistake one time of trying to push an NX core drill to 6000 feet to get information.
\

should have used regular oil-well drilling equipment.

The result was that, per foot of core, the

cost was almost ten times what it would have been with the right rig in the first place.

Deep holes

for exploratory purposes need not be terribly costly if the proper plans are laid out from the very
beginning.

Decker
I think that is very important. Whatever expertise is available from whatever source should
be consulted as to how we do it to achieve the least dollar cost per foot and the most information
per foot.

That also extends to new logging techniques.

Industry is developing new tools in this area

and geothermal drill holes would provide an opportunity to try them in a rather different environment.
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Peck
Let me say again, I think you need involvement by international groups of government,
university, and industrial people.

On this point about the magma and possibly looking way down

stream at tapping its energy, one could also talk about the need for research on the techniques for
locating magmas, their physical properties, and techniques for utilizing the energy from them.

Onodera
I wish at first to evaluate this seminar.

I gained much from attending this seminar and meet-

ing people from other disciplines, and I feel that the course of action to be taken by me in the
future has become clear.

From the Japanese side, holding seminars of this type involves many

factors, but it is very desirable to continue seminars of this nature.
have not reached the stage of development (of volcano energy).
clear-cut objective, or topic, should be decided on.

As mentioned before, we

To continue the seminar, a definite,

So I would like to have your opinion on which

direction the seminar should take.

Minakami.
I shall report first to the Japanese NSF on this seminar, especially its atmosphere.
this seminar consists of various elements that were not expected when we made this plan.
will be better to disperse the organization of this seminar.
and to arrive at a general consensus.

I think
So it

If not, it will be difficult to understand

So this kind of seminar will be very necessary, because the

Japanese NSF in Tokyo is committed to give support; it's a little different from the U. S. NSF.

I

shall be consultant to the Japanese NSF and to other similar agencies.

Ramey
I felt that when I came to this meeting that the NSF probably had a couple of objectives in mind
for funding our part of it.

One was a mutual exchange. of information between the two groups on a

subject of common interest.
about volcanoes.

I had high expectations for that, because I really didn't know much

The other was to permit us to identify counterparts between these two countries

which would lead to new proposals, new research and new findings.

In this area, I really didn't

have high expectations because, as a petroleum engineer, I thought the likelihood that I would find
strongly aligned research, principally in geophysics and geology, wouldn't be that great.

On the

contrary, I have been very pleased to find strongly developed interest, a great mutual interest, and
I expect one direct result of the conference will be jointly proposed research.
in mind that intrigued me that I hadn't even contemplated before.

I have several things

I think in addition to the presen-

tation of the papers, the personal relationships that have, at least in my case, been formed at this
meeting more than justify the expense to the NSF, I hope, and also the time of all of us to come
here.

656

Nakamura
As a volcanologist, I feel that fundamental knowledge in volcanology, whether it's the structure of volcanoes or whether it concerns the eruptive mechanism, is definitely insufficient.

I

commend the work done in Kilauea volcano by the U. S. Geologic Survey and the University of
Hawaii, and I see the study of Kilauea playing a leading role in the development of fundamental
knowledge of volcanology.

Even today one cannot discuss basic volcanology without including

Hawaiian volcanoes, so I recommend that the study of Hawaiian volcanoes be promoted.

Uyeda
I will second the points that Dr. Peck made and urge that those points should be given much
consideration.

Decker
To reach outside the realm of generalities and get down to specific suggestions (I am not
saying that these should be included), it seems to me while this group is here, we might tryout an
ideal suggestion.

Being in the education business, I am very interested in seeing that the co-

operative effort between the Japanese volcanologists and Japanese geothermal engineers is extended
to make a comparative study of their specific geothermal engineering problems versus the ones
that might develop in Hawaii.

It is a rather elaborate program the Japanese are embarking on.

It seems to me that a young geothermal engineer might be able to learn a great deal if he could

watch that program for a while.

Similarly, someone interested in volcanology could learn a

great deal by spending some time in Japan.

I think that preferably this would be a couple of very

young people, and perhaps maybe a Japanese and an American participant working together in both
locations might be the ideal relationship.

Findlayson
I want to suggest two things.

First, I think in future gatherings like this, there ought to be a

larger percentage of geochemists, people with chemical interests in this type of system.
chemist interested in volcano chemistry and geothermal chemistry.

I am a

I think there are a lot of other

people in the world that have been working in this area who could contribute a lot at this sort of
gathering.

And secondly, although this is a Japanese-American conference, there are other people,

from Spain and the Phillipines, present.
Zealand.

I think we ought to open up a line of contact with New

New Zealand !las a very successful geothermal project that has been going on for ten

years or so.

I think we could get a lot of useful information from New Zealand in all of these areas--

geophysics, geology, geochemistry- -and also from the engineering side, particularly the drilling
aspects.

They have found all of the troubles and problems of going into a system that is relatively

simple. We're talking about, I would say, here in Hawaii, a system that is really just theoretical
at this point.

So I think you could get a lot of useful information from New Zealand.
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Furum.oto
Let me comment on that,
make it,

The geochemist on the Japanese side was invited, but he couldn't

You were invited on the American side,

The New Zealanders were issued an invitation

but they didn't even answer us yes or no,

Higgins
May I ask a question rather than make a statement? Is it premature to suggest the construction of a few demonstration plants in hydrothermal systems? I think it is quite true that the
state of knowledge concerning volcanology, and particularly on the details of magma pooling and
the occurrence of outpourings, is still quite far off from complete understanding,

On the other

hand, the observation of hot-water systems is quite common and, by thoroughly simple techniques,
potential resources can be identified, although perhaps not with a hundred percent success,

Is it

premature to suggest bUilding several small demonstration plants in different hydrothermal systems,
to compare the system with each other, and to obtain the kind of information on reliability and life
time in the hot-water systems so that some kind of evaluation of the long-term potential as energy
supplies can be achieved? The question of the load factor and so on is all very important in the
analysis of how to determine cost, but some data could be obtained, I believe.

I ask this question,

is it premature to do that?

Rinehart
I think it is essential that you get out and do this, It seems to me that one can't do this thing
in series; you must do it in parallel.

That is the way any development proceeds, You start out

and you bluster around and you make mistakes and so forth, but you do get on with the show.

It

seems to me that that's what needed here,

Brandvold
One of the things, I think, that goes into that decision is your own estimate of the cost of the
demonstration plant,

As I recall, only about 20% of the total investment would yield information

about the nature of the reservoir.
heat exchangers and the like.

The other 800/0 of a demonstration plant goes for transformers,

So, on the one hand the more demonstration plants you undertake,

the less you are going to learn about the nature of underground reservoirs.

Higgins
I think the size of plant 1 was suggesting was too large for that,
You are quite right, the emphasis should be on the underground reservoir and its performance characteristics rather than the machinery,
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But you've got to have the plant to do that.

So far, I've worked on a number of these things,

and the only thing that really told me very much has been performance data which you must obtain
by producing wells.

You can drill all the wells you want in many producing geothermal areas, but

that doesn't tell you anything.

You have to produce them.

You have to have the plant.

Nakamura
For the first time since the end of the second World War, Japan has added new territory when
a new island was formed by volcanic action.
Eastern Island.

It is now called "Shin nishi oshima, " or the new

I suggest that the volcanologist examine this island and, since it is now still

uninhabited, that experiments be performed on the island.

These experiments should be purely

academic, such as pouring water into the crater,

Peck
I think Dr, Higgins has a good suggestion in this recommendation that demonstration plants
on hydrothermal systems closely associated with volcanoes are desirable to prove up the economics
of the engineering for utilizing the energy,

Emerson
The point which was well brought out by Professor Decker was the dissemination of information and the fact that volcanologists are going to have to start catching up on their engineering
and vice versa,

It is my intention to send a resume of the conclusions of this conference to the

International Association of Volcanology with a strong suggestion that they create a separate branch
in the Journal which might probably only be issued on a semiannual basis,

I think one of the ways of disseminating our information without keeping it on a nationalistic
basis is to utilize an established branch of media such as the International Association of Volcanology,

Peck
There is a new international journal called Geothermics, which comes out on a quarterly basis,

Peterson
As a Geological Survey geologist, I might say that everything we write is scrutinized in a lot
of editorial review, and we get rather concious of the way we use certain words,
ant word has been used here both properly and improperly.
minder for everybody to be aware of this fact.

One very import-

This is just a kind of a simple re-

The word "geothermal" is an adjective,

It is

appropriate to refer to geothermal power, geothermal energy, geothermal resources, geothermal
fields and other things using it as an adjective, but it is not a noun,
thermal and don't keep going, then it is improperly used.

So when we talk about geo-

I just make a plea to use the word cor-

rectly as an adjective and not a noun.
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Onodera
I will recommend to the Japan Society for the Promotion of Science the continuation of this
seminar, As far as the bridge to engineering is concerned, a chair of geothermics has been established in the College of Engineering at Kyushu University in 1974.

In the matter of international

level of geothermal energy development at the University of Kyushu, there is an international
course on geothermal energy, whereby students from developing countries come to take courses
on geothermal energy,

Unfortunately students from the United States are excluded because the

U. S, A, is considered to be a developed nation.

The training course covers the gamut from

exploration up to management of a power plant; -it is an eleven-week course, and the expenses are
borne by the United Nations.

Sheets
The power or energy necessity that the world is going to face is probably going to increase
formidably over a very short time,

Looking at the demands that exist right now is like putting

yourself in a box and a very small box at that,

The proposal that I made at the beginning is really

based on the fact that orders and orders of magnitude of energy necessity is going to be created by
the emergence of these so-called underdeveloped nations,

No question about it, we don't have

resources identified now to even touch this necessity.

Peck
I think this has been a very profitable seminar, a meeting of people in many different disci-

plines involved in finding new sources of geothermal energy,

Similar seminars in the future would

be very desirable, and when these are held I would hope that substantial participation by graduate
students could be arranged.

Alcaraz
I would just like to repeat what I said when I read my paper,

It has been a pleasure to be

here at the seminar; it has been very successful. As a third -nation observer, I certainly enjoyed
the review and papers and found them most informative, We hope that you will continue to work
because, as a third nation, we also· get the benefits from all the progress,

Thank you for inviting

me,

Unidentified
Am I correct in concluding that the state of the technology for large-scale geothermal hot-rock
technology is nonexistent at this point?

Stewart
There are people thinking about it and working on it, but I don't think there is much technology
yet.
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Unidentified
Is there any emphasis, then, in addition to or in parallel with other research, on trying,
within the next immediate period, to implement some of the technology? To go out and try something, try to pump some lava or try to channel some lava?

Stewart
The magma field is even further less developed than the hot rock.
Los Alamos and ourselves who are doing some work on hot rock.

There are, of course,

We ought to be doing more.

se-ems to me that the molten lavas are another order of magnitude as far as difficulty goes.
hasn't been much thinking about it.

It

There

I think there ought to be a lot more thinking and perhaps some

work on harnessing energy from magma.

There have been some proposals by Sandia to make some

studies of this nature.

Brandvold
At Sandia, we are six months into just worrying about the long downstream problems of
utilizing magma. We1ve done a lot of high-temperature engineering at temperatures far exceeding
those of magma.

I think the real practical difficulty is that even though reactors are hot, they are a controlled
environment, one that we constructed ourselves.

The problem with magma chambers, or course,

is that Mother Nature constructed them, and we don't really have control over them.

As somebody

mentioned earlier, we ought to look past the hydrothermal systems and provide some support of
research on farout ideas.

Furumoto
If there are no further comments--I appreciate your coming to this final session.

have heard some good recommendations.

I think we

Thank you.
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Comments

A. S. Furumoto
University of Hawaii.

One of the requests of the National Science Foundation to the American coordinator of the
seminar was that the final report should contain "comments on the technical and overall success
and benefits of the meeting." This section of the report purports to fulfill that request.

Although

opinions of other participants were sought at the final discussion session, and although these
opinions were incorporated as much as possible, nevertheless the statements contained here
reflect the judgment and critique of the author of this report.
No one among the participants challenged the statement made by R. Decker on Tuesday
evening session that there was an abundance of observational data in regard to volcanoes. As the
papers at the seminar demonstrated, various types of geophysical measurements -- gravity,
magnetic, seismic, electrical, thermal, geodetic methods -- have been tried and quality data have
been obtained.

This is true of the volcanoes of Japan as well as the few volcanoes investigated

in the United States.

However, these surveys are characterized as surface surveys, i. e., obser-

vations carried out by instruments on the ground surface or in airborne carriers.

From surface

data, inferences are made as to the internal structure and constitution of volcanoes.

These sur-

veys are indirect methods of investigation, and being indirect, they fall short in many ways to give
the real details of the interior of a volcano.
The seminar has shown that surface surveys have been done extensively over numerous
volcanoes, and that the investigators understand well the versatility as well as the limitations of
the surface survey methods.

Continuing these surveys will increase detailed knowledge and will

add to the cumulative reservoir of data of particular volcanoes which are being investigated, but
it is feared that these surveys will not contribute significantly to the basic understanding of
volcanoes.
To put matters simply, the problem of a volcano is in essence one of thermodynamics - - i. e. ,
the location of heat source, its shape and dimensions, transmissivity of heat through the volcanic
edifice, the mechanism of mass transfer by eruptions or fumarole activity.

Surface data obtained

in the form of electrical, magnetic, gravimetric, acoustic, seismic and other parameters are
interpreted so that inferences can be made in regards to the thermal regime inside the volcanic
edifice.
Now can the thermal structure inside a volcano best be obtained if we can stick thermometers
deep into volcanoes and if we can obtain samples of gases, fluids and rocks from the interior?
The only way to accomplish this is by drilling.

But as drilling is an expensive undertaking, precious

little drilling has been done with exploratory and investigative objectives.
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The paper by Keller on drilling in Kilauea was very significant.
well log data has introduced a new phase in the science of volcanology.

The mere publication of
The only regret is that the

drilling did not go any deeper.
As it now stands, volcanology has arrived at the close of a phase of development.

Surface

survey data have given us great understanding of volcanoes, but they have now reached a point of
diminishing returns.

Volcanology is at a stage of transition, where understanding can be deepened

only by a very expensive method of exploration, drilling,
If drilling programs were carried out on several volcanoes, the amount of information re-

trieved would be tremendous,

Direct information from the boreholes -- temperature profile,

density profile, electrical conductivity profile -- will give a true picture of the structure of the
volcano.

But the greatest benefit will come in giving meaning to the vast amount of surface survey

data accumulated over the years.

No longer will surface data produce only conjectures; surface

data properly interpreted in the light of drilling data will lead to conclusions on the structure and
thermal processes of volcanoes,
In carrying out drilling programs, drilling sites should be carefully selected to optimize
benefits to interpretation of surface data.
For significant results, drilling should penetrate deep into the interior, to as much as 5 - to
10-km de'pths,

The technical aspect of whether there are drilling bits that can withstand the high

temperature encountered has inhibited bold plans. However, a ray of hope was provided when
L, Aamodt showed films on the performance of hot wire bits, With this equipment, the high
temperature of volcanoes will not be an obstacle, Hot wire bits are not a panacea, as there are
problems associated with them, but these can be overcome,
In' summary, then, volcanology stands at a juncture where investigations must progress to
the drilling stage in spite of the high cost.

In the progress toward utilization of volcano energy a

series of drilling programs should be carried out and results digested before we can proceed to the
stage of performing field experiments to tap volcano energy,
In the 'seminar most of the volcanological papers dealt with observations carried out inside
calderas or on the flanks of volcanoes - - that is, with data gathered on the volcanic edifice, A
few papers dealt with volcanoes in the perspective of regional geology.

These papers tended to

show that volcanoes are minor features in regional geologic structure and play minor roles in
regional tectoniC!.

Except for Hawaiian volcanoes, the small gravity expression associated with

volcanoes shows that anyone volcano is only a small feature in a crustal block,

Thermal measure-

- heat flow through volcanoes is a small percentage of regional heat flow.
ments show that

In

Hokkaido, Yokoyama's paper brought out that regional highs of heat flow are away from volcanoes.
This may bring about a possible rethinking on utilization of volcano energy. If, in the future,
tapping of heat from the interior of the earth becomes possible on a grand scale, volcanoes may not
be the best place for it, However, volcanoes do indicate that there are vast sources of thermal
energy nearby.

665

A few courageous souls broached the topic of how to utilize volcano energy.

Yuhara' s pro-

posal of injecting water into the flanks of Mt. Fuji remained conjectural because data on the subsurface structure of Mt. Fuji are lacking.

Again, this kind of data can be obtained only by drilling.

Peck's discussion of properties of magmas, using data' obtained from lava lakes, is one of the
initial steps taken toward the goal of magma tap.

Some ideas on hydrofracturing of hot rock as

provided by Aamodt can become applicable only after we have more subsurface information on
volcanoes.
The inevitable conclusion one comes to upon hearing these papers on proposed methods is
that these methods can be tried only after the internal structure of volcanoes becomes clear.
again means drilling.

This

Relying only on surface data will get us nowhere past the present stage of

conjectures and a feeling of being hamstrung.
The energy specialists at the seminar provided glowing pictures for the future of volcano
energy.

Contemplations on the benefits of hydrogen economy, the economic advantage of volcano

energy as compared to the future price of energy from oil and coal warmed the hearts of the
audience.

But the nagging question was, how do we get past our present stage of volcanology with

the presently available research funds?
At the final discussion session, suggestions were made to continue this seminar a few years
later.

No direct

oppo~ition was

voiced to that suggestion. However, Minakami urged that the

present organization be dispersed, since the two groups, the volcanologists and energy specialists,
were too diverse.
selected.

Onodera remarked that for a future seminar a specific topic and objective be

The feeling was that the seminar covered a broad spectrum; and to continue in this

fashion it will be difficult to arrive at an understanding, much less a consensus.
The present seminar as held, although it gathered a wide spectrum of people from field
volcanologists to energy specialists to engineers to even legal specialists, was nevertheless a
success.

It gave a long view of the road to the final goal of volcano energy utilization.

It made

volcanologists realize what stage volcanology is in; it made energy specialists see what are the prospects and what is the time element required to achieve their goal.

In hindsight, a seminar of this

nature was necessary at the time of energy crisis, and it was held at a most opportune time.
Because the seminar was a success, there is no need to hold another one of this nature where
diverse specialists are put together under one roof.

Future seminars should be limited to a more

specific topic, although the general theme of volcano energy utilization should be maintained.

For

the volcanologists, it will be very meaningful if the next seminar is held after several exploratory
drilling programs have been undertaken and after results have been digested.

Without drilling data,

future seminars will only be chewing the cud of obsolete data,
In the seminar, it was obvious that American and Japanese scientists contributed significantly
and that it was difficult to judge which group was ahead.

Most of the papers had been presented at

previous meetings or in journals; but the seminar had great value in that the participants were able
to see, in one whole sweeping view, the present state of volcanology,
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Conclusions

A. S. Furumoto

The impressions and conclusions derived from the seminar can be summarized in the following way:
(1)

Volcanology stands at a transition stage from the era of surface observations to a
time of exploratory drilling programs.

(2)

Field experiments on volcanoes to utilize their available energy should start when
drilling programs have reached maturity.

(3)

Future seminars should have more specific topics of discussion, although the
general theme of volcano energy utilization should be maintained,

(4)

The next seminar should be held only when data from drilling programs have been
digested,

(5)

Binational cooperation, even multinational cooperation, in drilling programs is
highly desirable.
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Conclusions
R. W. Decker
Dartmouth College
Hanover, New Hampshire

Problems in Volcanology

We need more theoretical models of the relationship of volcanism to plate tectonics, particularly the origins of the three different types of volcanoes: rift volcanoes at diverging plate
margins, orogenic volcanoes at converging plate margins, and intra-plate volcanoes over ''hot
spots." How do developed geothermal resources in these three different locations vary, and why?
What is the deep heat regime in these different locations? How and why do magmatic gases differ
in these locations?
Another area where theoretical models are needed is the mechanics of intrusion and eruption.
Why are eruptions intermittent? Is intrusion from depth also intermittent? How may geothermal
developments change the normal eruption mechanics in an active volcanic region?
Finally, what are the heat transfer mechanisms in magma - hydrothermal systems? The
geometry of magma bodies and the interrelation of hydrodynamic systems is of great importance
to geothermal research.
Both volcanology and geothermal power development can benefit by the differing points of
view.

Volcanologists tend to think from the roots of volcanoes up, whereas the geothermal power

industry tends to think from the surface down.

Volcanologists need to sharpen their models of the

subsurface beneath volcanoes to offer the prospectors more precise, albeit speculative, targets.
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Conclusions:

Vicente Arana
Department of Petrology
University of Madrid, Spain

In any research concerning volcanic areas, efforts must be made to include geophysicists,
geochemists, volcanologists and petrologists in the same working groups to obtain a more complete and comprehensive view of volcanological problems. Hydrologists and physicists must be
called to collaborate in searches dealing with geothermal exploration in volcanoes where a shallow
convective system could be expected.
New prospection techniques must be developed and diffused and experiments in real natural
systems are specially interesting.

It means works like that on lava lakes presented in this seminar

which give some important constraints on the comportment of different physico-chemical parameters
in natural environments which hardly could be studied in theoretical or analog models.
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Recommendation

G. Higgins
University of California, Livermore

A Small Pilot Power Plant
While there is much to learn regarding details of volcanoes and their magma sources, there
is abundant evidence of hot water and steam associated with volcanic activity.

These hot water

resources can be found with some success by relatively simple geophysical measurements. A
number of potentials have been found in Hawaii, Oahu, several Japanese islands and in other areas
6f the world.

Therefore development of geothermal electrical generation from hot water requires

little further fundamental research.

It does urgently require construction and operation of demon-

stration plants to establish reliability and operational characteristics.

Several different types of

plants should be built in similar resource areas in several countries to determine which is most
reliable and efficient.

Small modules, such as one-megawatt electrical, should be sufficient.

In

addition, research is needed to establish sources of hot dry steam, methods for recovery of heat
from hot dry rock and other previously discussed topics.
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Recommendation

Donald Peterson
Scientist in Charge
Hawaii Volcano Observatory

"Geothermal" is an Adjective
It is appropriate to refer to "geothermal power," "geothermal energy," "geothermal

resources," etc.
used the noun.

However, it is not a noun.

Several times during the meeting, speakers have

I make a plea to use the word correctly, as an adjective, not a noun.
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Recommendations

Kzuaki Nakamura
Earthquake Research Institute
University of Tokyo

Progress in volcanology, especially in the understanding of structure and fundamental processes involving the upward transfer of magma and the eruption itself, is essential for the stable
utilization of volcanic energy.

Unfortunately, at the present level of knowledge there remains vast

room for progress.
Hawaiian volcanoes are among the best studied and understood.

Hence it is certain that

increased understanding of Hawaiian volcanoes will directly contribute to the progress in volcanology, leading to safe and continued utilization of volcano energy.
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Recommendations

Augustine S. Furumoto
Hawaii Institute of Geophysics
University of Hawaii

More Drilling Programs

The present seminar has shown that there is an abundance of data on volcanoes obtained
through observations on the ground surface.

These data run the gamut of disciplines: gravity,

magnetics, seismology, thermal surveys, deformation surveys.
However, data from the region below ground surface and from drilling and boreholes are
precious few.

Especially data from depths below sea level are missing.

This leads to wide

Speculation on the structure and thermal processes of volcanoes.
It is recommended that drilling into the interior of volcanoes, in the caldera area and on the

flanks of volcanoes, be initiated whenever and wherever possible.
It is also recommended that these drilling projects be open to wide participation.

projects are in themselves expensive undertakings.

Drilling

For the amount of money put into them, the

benefits should be shared by as many investigators as reasonably possible.
It is recommended that the type of wide participation be similar to that of the Deep Sea

Drilling Project of the Glomar Challenger and that a committee similar to the JOIDES committee
be organized to coordinate participation by investigators from diverse disciplines and research
institutions.
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and Assistant Chief Geologist for Geochemistry and Geophysics, Washington, D. C. 1969-72,
Member, NSF Earth Sciences Panel (Chairman 1970-72). 1970, Recipient, Department of the
Interior Meritorious Award. 1972, Member, Harvard University Board of Overseers Visiting
Committee to the Department of Geological Sciences. 1972, Research Geologist, Washington,
D. C. (Assessment of Federal research programs in geothermal energy and earthquake hazards,
and preparation of reports on Alae lava lake and Sierra Nevada Batholith .. Fellow, Geological
Society of America. Published - 28 reports, 14 abstracts.
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PETERSON, DONALDW(ILLIAM), b. San Francisco, Calif, Mar, 3, 25; mA8; c,3. GEOLOGY,
B. S, Calif. Inst, TechnoI, 49; M. S, Washington State, 51; PhD, Stanford, 61, Asst, Washington
State, 49-51; GEOLOGIST, U,S,GEOL. SURV, 52- Asst, Stanford, 55-56, U,S,N, 44-46,
51-52. AAAS; fel. Geol. Soc, Am; Soc. Econ, Geol; Am, Geophys, Union, Geology and
petrology of volcanic rocks; structural and economic geology; geology and volcanology of
Hawaiian volcanoes.
RAMEY, H(ENRY) J(ACKSON), JR, b. Pittsburgh, Pa, Nov, 30, 25; m,48; c,4, CHEMICAL
ENGINEERING, B, S, Purdue, 49, fel, 49-51, Ph, D, (chern, eng), 52, Asst, Chern, eng, unit
opers, lab, Purdue, 49, radiant heat transfer from gases, 51-52; sr. res, technologist, petrol.
prod, res, Magnolia Petrol. Co, Socony Mobil Oil Co, Inc, 52-55, proj, engr, Gen, Petrol.
Corp, 55-60, staff reservoir engr, Mobil Oil Co, Div, 60-63; PROF, PETROL. ENG, Texas
A&M, 63-66; STANFQRDUNIV, 66- Consult, Chinese Petrol. Corp, Taiwan, 62-63, U,S,A,A,F,
44-46. Am. Inst, Mining, Met all , & Petrol. Eng; (Ferguson Medal, 59). Heat transfer,
thermodynamics; fluid flow; petroleum production,
REX, ROBERTW(ALTER), b.N,Y,C, m.52, GEOCHEMISTRY, GEOLOGY, B,S, Costa Rica, 46;
A,B, Harvard, 51; M.S, Stanford, 53; Ph.D, (oceanog), California, 58, Geologist, U,S, Geol.
Surv, 51-53; oceanogr, U,S, Naval Electronics Lab, 53; geologist, Scripps Inst, California,
54-57; sr, res, assoc, geochem, Chevron Res, Co, Standard Oil Co, Calif, 58-67; PROF,
GEOL, SCI, UNIV, CALIF, RIVERSIDE, 67-, DIR, GEOTHERMAL RESOURCES PROG, 68-,
RES, GEOLOGIST, INST, GEOPHYS, & PLANETARY PHYSICS, 67- & ASST, DIR, 71-, chmn,
geothermal adv. bd, univ, 70-72, Consult, Jet Propulsion Lab, 63-65; U,S, Bur, Reclamation,
68-;'res. affiliate, inst, geophys, Univ, Hawaii, 69-; mem, tech, adv, comt, to Calif, Geothermal Resources Bd, 71-; consult, Los Alamos Sci. Lab, 71-; Oak Ridge Nat, Lab, 72AAAS; Geol. Soc. Am; Geochem, Soc; Am, Geophys, Union; Arctic Inst, N,Am; Clay Minerals
Soc; Soc, Econ, Paleont. & Mineral. Exploration and resource assessment of geothermal
resources; oil and gas exploration; economic geology; mineral-water interactions; mineralogy of
deep sea sediments and atmospheric dust; x-ray powder diffraction; geochemistry of geothermal
systems; clays and clay minerals; exploration systems, strategy, economics and technology,
RINEHART, JOHN S(ARGENT), b,Kirksville, Mo, Feb, 8,15; m,40; c,2, PHYSICS, B,S, Northeast, Mo, State Teachers Col, 34, A,B, 35; M,S, Calif. Inst, Tech, 37; PhD, (physics), Iowa,
40, Asst, physics, Calif, Inst, Tech, 35-37; Iowa 37-40; Kans, State Col, 40; Wayne, 41-42;
assoc, physicist, Nat, Bur, Standards, 42; sect. tech, aide, Nat, Defense Res, Comt, 42-45;
head physicist & supvr, exp, range, res. & develop, N,Mex, Sch, Mines, 45-48; head terminal
ballistics br, U, S, NavalOrd, Test, Sta, Inyokern, 49-50, mech, br, 50-51, res, physicist,
51-55; asst, dir, astrophys, lab, Smithsonian Institution, 55-58; prof. mining eng. & dir.
mining univ, rels, Insts, Environ, Res, 66-68, SR, RES, FEL, NAT, OCEANIC & ATMOSPHERIC ADMIN, 68- Adj, prof, Univ, Colo, Bounder, 68- Presential Cert, of Merit, Am. Phys.
Soc; Am, Asn, Physics Teachers, Interior, exterior and terminal ballistics; failure of metals
under impulsive loading; hypersonics; rock physics; geysers: geothermal areas.
SHEETS, GEORGE M,
(Biography not available)
STEWART, DONALD H, b, Rochester, N, Y, Aug, 7,20; m,46; c, 5, NUCLEAR PHYSICS. B. S,
Michigan, 42, Chern, engr, Columbia, 42-45; Oak Ridge Nat, Labs, Tenn, 45-52; sr, develop.
engr, Dow Chern. Co, Mich, 52-56; asst, dir. reactor develop, civilian power reactors, U,S.
Atomic Energy Cmn. 56-62, asst, dir. reactor develop, 62-65; CONSULT. TO DIR. NUCLEAR
APPLN, OCEANOG, PAC. NORTHWEST LABS, BATTELLE MEM, INST, 65-, MGR, GEOTHERMAL & PLOWSHARE PROGS, 72- Marine Technol. Soc, Nuclear reactors for civilian,
space and under sea applications; application of nuclear energy techniques and technology to
oceanographic problems.
TILLING, ROBERT I(NGERSOLL), b,Shanghai, China, Nov, 26, 35; U.S, Citizen; m.62; c,2,
GEOLOGY, B.A, Pomona Col, 58; M,S, Yale, 60, Ph.D, (geol), 63, GEOLOGIST, U,S,
GEOL, SURV, Va, 62-72, Hawaiian VolCANO OBSERV, 72- Geol. Soc, Am; Mineral. Soc. Am;
Geochem. Soc. Igneous petrology.
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UYEDA, SEIYA, b. Tokyo, Nov. 28, 1927; m.1952; c.3. GEOPHYSICS. B.S. Univ. Tokyo, 52;
Ph.D. (geophys), Univ. Tokyo, 58. Res. Assoc. Geophys. UNIV. TOKYO, 57-64, Assoc. prof.
geophys, 64-68, PROF. GEOPHYS, 69-, British Council Scholar, Cambridge and Oxford,
57-58, Geophysicist, Scripps Inst. Oceanog., 61-62, Visiting Prof., Stanford Univ., 64-65,
Visiting Prof. MIT, 72, AAAS. Am. Geophys. Union; Roy. Astro. Soc. London, Seismol. Soc.
Japan, Volcanol. Soc. Japan, Oceanogr. Soc. Japan, Phys. Soc. Japan, Soc. Geomag.
Geoelectr. Japan. Tanakadate Prize f?oc. Geomag. Geoelectr. 54; Okada Prize Oceanogr. Soc.
Japan 69; Alex Agassiz Medal Nat. Acad. Sci, 72. Rock magnetism, paleomagnetism, heat
flow, marine magnetics, regional tectonics of island arcs. Address: Earthquake Research
Institute, University of Tokyo, Tokyo, Japan.
WARD, PETER LANGDON, b.Wash,D.C, Aug. 10,43; m.65; c.2. SEISMOLOGY, VOLCANOLOGY.
B.A, Dartmouth Col, 65; M.A, Columbia Univ, 67, Ph.D. (geophys), 70. Asst. seismol,
Columbia Univ, 65-70, res. scientist, 70-71; GEOPHYSICIST, U.S. GEOL. SURV, 71- AAAS;
Am. Geophys. Union; Seismol. Soc. Am; Geol. Soc. Am. Analysis of earthquakes related to
volcanoes, geothermal areas and tectonic features.
YAMASAKI, TATSUO, b. Japan, Sept. 9,18; m.45; c.3. MINEROLOGY. B.S. Univ. Tokyo 41,
D. Sc.l60; Geologist. North China Devel. Co. 41-46(exp. Military Servo 42-45). Geol.
Engineer Kishima Coal Mining Co. 46-49; Asst. Prof. Econ. Geol. Mining !nst. Fac. Engin.
49-58 & APPLIED GEOLOGY Res. Inst. Indust. Sci, UNIV. KYUSHU 58-64, PROF. 64 ---,
Director of Kujyu Geoth. Lab. 66 ---; Geol. Soc. Japan; Mineral. Soc. Japan; Geoth. Ass.
Japan; Soc. Mining Geol. Japan; Mining & Metal. Inst. Japan; Fuel Soc. Japan. Geologic
studies of geothermal areas in Kyushu; stratigraphy and geologic structures of Paleogene
Coal-fields, Kyushu, with special interest in their volcanic intrusions. Address: Research
Institute of Industrial Science, Kyushu University, Hakozaki, Fukuoka City, JAPAN 812.
YOKOYAMA, IZUMI, b. Nagano, Japan, Jan. 1, 24; m.57, c.l. GEOPHYSICS. B.S. Univ.
Tokyo, 51; Ph.D. Univ. Tokyo, 58; Prof. Dept. Geophysics, Fac. Science, Hokkaido Univ.
Volcanological Soc. Japan, Seismological Soc. Japan. Address: Department of Geophysics,
Faculty of Science, Hokkaido Univ., Sapporo, Japan, 060.
YUHARA, KOZO, b. Kobe, Japan, July 3, 26; m.58; c.l. GEOPHYSICS, B.S, Kyoto Univ, 51;
Ph.D. (geophysics), Kyoto Univ, 62. Res. assoc, KYOTOUNIV. 58-65, Visiting Res.
GEOLOGICAL SURVEY OF JAPAN 65-68, Section Chief, NATIONAL RESEARCH CENTER FOR
DIASTER PREVENTION 68-; International Asso. Hydrogeologist; International Soc. Hydrothermal Techn; Volcanological Soc. Japan; Soc. Exploration Geophys. Japan; Japan Asso.
Groundwater Hydrology. Heat of volcano; hydrothermal system; heat flow in abnormal area;
fumarole and hot spring; groundwater. Address: National Research Center for Diaster
Prevention, Ginza 6-15-1, Tokyo, Japan.
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Cheng, Ping
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Co lp, John
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National Science Foundation

Emmerson, Ralph
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Grose, L. T.

Colorado School of Mines, Golden, Colorado
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Jodry, Richard

Sun Oil Co., Richardson, Texas

Lau, Kah
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Hawaiian Electric Co., Honolulu
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Miller, Frank
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Unger, John
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U.S. Geol. Surv., Hawn Vol. Obs. Haw. Natl
Park

H~waii

Japanese Interested
Parties

680

Fuji, Naoyuki

Stanford Univ., Stanford,

Ito, Junj!

Bishimetal Exploration, Japan

Ohama, Kazuyuki
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