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I. INTRODUCTION 

As the world demand for energy increases 
yearly and the global supply of fossil fuels 
diminishes at a fearful pace, the search for 
alternate sources of energy has become imperative. 
One alternate source frequently mentioned is 
geothermal energy. This is a generic term; in a 
broad sense, it is defined as heat from the interior 
of the earth. It occurs in several forms, such as hot 
intrusive rocks, volcanoes, hydrothermal reser­
voirs, and geopressured rocks; of these, only a few 
hydrothermal reservoirs have thus far been 
harnessed for electrical power generation. AI· 
though the popular concept of geothermal energy 
is an erupting volc\lno, productive geothermal 
fields are usually located tens of kilometers away 
from active volcanoes. So far, volcanoes have 
eluded the efforts of man to harness them. 

For generating electrical power with present­
day technology, a geothermal source should be in 
the form of a vapor-dominated or hot-water hydro­
thermal reservoir, rather rare geological forma­
tions. Throughout the world' today, there may be 
as many as a dozen or so productive geothermal 

*Hawaii Institute of Ceo physics Contribution No, 755. 

fields with a total global power output of 1000 to 
1500 MW. Considering that a single American 
nuclear power plant can produce 1100 MW, the 
present global output of geothermal energy is 
dishearteningly small. This small output is not 
because finances, are lacking (geothermal elec­
tricity in terms of cents per kilowatt hour is much 
cheaper than petroleum-fired electricity even 
when research and development 'costs are 
included), but tbe simple fa~t is that geothermal 
fields of usable hydrothermal aquifers are rare. 

On the other hand,· there are 800 volcanoes in 
the world that have been recorded as active during 
historical times. 1 ,Obviously, a vast resource is still 
untapped. In this paper we shall discuss the 
problems involved in utilizing this resource. As 
background to the subject, we shall touch on the 
various forms of geothermal energy and present 3 

resume of volcano research up to 1973. The main 
body of this paper will consist of examples of 
recent accomplishments in volcano research, and 
the conclusion will present a discussion of the 
prospects of practicable utilization of volcano 
energy. 

The authors apolQgize for the fact that their 

**The hypotheses and illferences in this article are as of June 15, 1975. They arc subject to change with new data and in' 
formation. 
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di','u"j')!lS art' lilllikti to gl'O!Ogy ~i;ti geophysics 
of V()k:lll\) energy utiiil.ation. They leave discus· 
sions Ull turbines, heat cOllverters, transducers, 
plumbing, and other engineering aspects to more 
compeknt persons. 

II. DIFFER.ENT FORi\IS OF 
GEOTHERMAL ENERGY 

The various known forms of geothermal energy 
may be enumerated as follows: (l) hydrothermal 
aquifer, (2) hot intrusive rock, (3) magma reser­
voir, (4) lava lake, and (5) geopressured rock. The 
hydrothermal aquifer can be divided into two 
different systems, vapor dominated and hot 
water. 2 The hot-water aquifer in turn is subdivided 
into high- and low-temperature types. Of all these 
different forms, the ones successfully harnessed 
for electrical power generation are the vapor­
dominated hydrothermal aquifer and the high­
temperature hot-water aquifer. The forms usually 
associated with volcanoes are hot-water hydro­
thermal aquifers, hot intrusive rock, and magma. 

Vap~r-dominated and high-temperature hot­
water systems are usually found as confined 
hydrothermal systems. In this structural arrange­
ment, a layer of permeable rock saturated with 
water is heated from below by hot intrusives and is 
overlain by a relatively impermeable cap rock. In 
effect, the aquifer is a natural steam boiler or 
pressure cooker, and a borehole drilled into the 
pressurized aquifer will release the steam or 
superheated water. To be economically utilizable 
with available technology, the temperature in the 
aquifer should be at least 180°C; a more desirable 

, ° temperature is about 250 C. 
A hot-water unconfined hydrothermal aquifer 

can become utilizable under certain conditions. 
How such a system works can be explained by 
using the schematic illustration shown in Figure 
1.3 A partly cased borehole is drilled, to a depth 
H, into a hyd rothermal aquifer which becomes 
hotter with depth. The aquifer need not have a cap 
rock. For the sake of discussion, the lower part of 
the aquifer is considered to have a uniform base 
temperature, T 3. A fter the hole has been com­
pleted and cased part way into the temperature T 3 

region, the water in the bottom of the hole is 
disturbed by injecting compressed air into the 
bottom, and the pressure P4 at depth II is 
reduced. The resulting buoyancy pushes the hot 
water to a level Z*, at which point the hot water 
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f1ashes to steam at saturated vapor pressure (SVP). 
The steam will shoot out of the well with a well 
head pressure (WI IP). In a /lashing condition, the 
pressure P 4 at depth H will be 

p. '" SVP + P3 g(Il- Z*) 

where 

(1) 

P3 == the density of water at temperature T 3; 
g == acceleration due to gravity. 

The system will continue to flash if the pressure 
in the aquifer, P3 , remains sufficiently greater 
than the pressure in the borehole, P 4, so as to 
overcome WHP and the hydrodynamic resistance 
along the borehole. 

The question is, how will P3 be greater than P 4. 

If the mathematical reasoning qf Elder3 is 
followed, one must conclude that the rock 
formation contributes to P3 by overburden 
pressure. This means that the rock formation is 
deformable and it follows that, if hot water is 
continually removed from the aquifer without 
recharge naturally or artificially, there will be 
ground subsidence around the borehole. Some-
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FIGURE 1. Diagram of a borehole drilled into an 
unconfincd aquifer in a deformable rock formation: 
(WIll') wcll head pressure; (SVI') saturation vapor pre­
ssure; (D) diameter of borehole; (L) length of uncased 
part; (P,) pressure in aquifer; 0'.) pressure in borehole at 
datum plane II; rr,) base temperature of aquifer. 
(Courtesy of the American Geophysical Union.) 

til11CS the suhsidl'rlcC can ~l:~')U!n': al~ln11ill~~ prnp(\I'­

tions, as a few exarllp[cs from the \V;Jirakci 
gcothcnnal t1cld in New Zealand show. On the 
other hand, if the rock matrix of the aquifer is 
relatively rigid, sllch as is the case of basaltic tlows, 
the system as shown in Figure I wi!1 not con! inuc 
to flash. 

Recently, Nathensen4 has shown that if flash­
ing can be induced at a lower level so that it occurs 
within the region of base temperature .T 3, the 
system will _ continue to flash even if the rock 
burden is rigid and does not contribute to P3 . The 
calculations were done for base temperatures of 
200 and 250°C. 

Of the above mentioned forms of utilizable 
geothermal reservoirs, vapor-dominated systems 
are usually found tens of kilometers away from 
active volcanoes or near ancient volcanoes that 
ceased activity in past geological ages. High­
temperature hot-water systems of New Zealand are 
also quite removed from volcanoes. In Iceland, 
high-temperature hot-water systems are found in 
the volcanic -zone but have not been harnessed for 
power generation. On the whole, thermal sources 
of volcanoes, in whatever form, have not been 
utilizable with present-day technology. 

III. VOLCANO RESEARCH UP TO 1973 

Volcanoes have been studied for decades from 
the academician's viewpoint, namely because vol­
canoes are fascinating phenomena. Along the way 
scientists began to give serious thought to defining 
the role that volc~noes play in geological pro­
cesses. With the advent of plate tectohics theory, 
the amount of money and effort expended in 
volcano research increased significantly. As most 
of these research efforts were directed toward 
understanding basic geological processes, they 
were not geared to obtaining those parameters that 
would be useful in energy application. Neverthe­
less, a tremendous amollnt of information on 
volcanoes has become available in scattered places. 

To ascertain the present-day level of volcano 
knowledge and to assess how far we have to go 
before volcano energy utilization becomes a 
reality, a U.S.-Japan Cooperative Science Seminar 
on Volcano Energy Utilization convened in Hilo, 
Hawaii for 1 week in February 1974, under the 

Science. In acldrtion to J 
participants, then; \'/\,:1 c ubservers lrUIf1 I he 
Philippines and Spain. The !!rOlip n 
brlJad {)r ink: 
physicists, geollJgists, engineers, econumiq:;, 
lawyers, and businessmen. ;\lthough the con .. 
clusions of (he seminar have been published 5 and 
the papers and associated discussions have been 
edited and published,6 the highlights of the 
seminar will be repealed here for the convenience 
of the reader. 

The seminar provided an overall view of the 
status of volcano research in 1973. The partici­
pants were actively engaged in research in Japan, 
the Philippines, Papua New Guinea, New Zealand, 
Hawaii, the continental U.S., Alaska, and the 
Canat"y Islands; each was tackling problems 
pecullar to the volcanoes of his region. The 
seminar provided a forum where volcano 
researchers could obtain an overview of the 
present status of volcanology. 

Some papers dealing with regional geology of 
volcanoes showed that heat flow through vol­
canoes accounts for only a small percentage of 
regional heat flow. Although not specifically 
expressed, these- papers implied that for' the 
purposes of volcano energy utilization, a volcanic 
zone, rather than particular volcanoes, should be 
studied. Volcanoes are, of course, surface 
indicators of sources of thermal energy. 

One of the strong opinions expressed was that 
surface methods of exploration, i.e., geological, 
geophysical, and geochemical, have been used to 
their limit, and volcanology must now go into a 
new phase of extensive drilling programs if it is to 
advance significantly. Without probing into the 
interior of volcanoes, volcanologists have no check 
on evaluating the validity of their conclusions 
inferred from surface data. Some conclusions 
reached at the fmal discussion session of the 
seminar were that theoretical models of the 
relationship of volcanism-to-plate tectonics are 
insufficient and the heat transfer mechanism of 
the magma-hydrotherl1131 system is not well under­
stood. 7 

At the seminar Nakamura 8 proposed a classifi­
cation 0 f volcanoes according to global tectonic 
setting. Although we shall follow his line of 
thought, we hal'c changed the nomenclature and 
list the types as follows. 
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I. 

I Subduction lUlle' \'(lk~lnoc's. 
3. Intrllplalc vokai\ucs, oceanic type. 
4. Intraplate volcanoes, continental type. 

The' association llf vllicanocs with the processl'S 
of plate tectonics can be briet1y explained with the 
assistance of Figure 2. Volcanoes of fissure-type 
eruptions producing basaltic flows occur along 
oceanic spreading centers, where mantle material 
wells up to form new plates. In subduction zones 
compressive forces cause rocks to melt, and the 
molten rocks find their way to the surface to form 
volcanoes. The mechanism of melting is a point of 
debate among geochemists, Erupted rocks along 
subduction zones are andesite, dacite, and related 
types. Volcanoes often appear in the middle of a 
plate, whether the plate is oceanic or continental. 
Both the hot spot theory9 and the progressive 
crack theory! 0 have been advanced to explain 
these volcanoes. In oceanic plates the rocks are 
usually shield basalts; in continental plates the 
rocks may vary from flood basalts to rhyolitic 
flows. Figure 3 shows the locations of recently 
active volcanoes with reference to such obvious 
tectonic features as oceanic ridges and trenches. It 
can be quickly seen that most of the volcanoes are 
associated with subduction zones. Table I gives 
the rate of production of volcanic material from 
different types of volcanoes, as enumerated by 
Nakamura.

8 
Spreading zones apparently eject 

more material than subduction zones, but ejection 

takes place su qlJi~iiy and smouthly that the 
activity is not recognizl'd as an eruption. 

In subsequent sectiom of this paper, we shall 
discuss research of volcano energy utili-cation in 
the four types of volcanoes. Although the seminar 
was held in February 1974, the amount or 
publication that has come to light since then is 
significant enough to justify devoting the body of 
this paper to the most recent accomplishments. 
1110se who are interested in previous work should 
consult the proceedings of the seminar6 and a 
recent monograph On physical volcanology.! ! 

IV. SPREADING ZONE VOLCANOES: 
ICELAND 

The active volcanoes of Iceland are situated in 
the spreading zones of the mid-Atlantic Ridge. As 
volcanism occurs along fissures of a spreading 
zone, geothermal specialists of Iceland tend to 
study the characteristics of the volcanic zone 
rather than the individual volcanoes. Because of 
ample ground water fed by high rainfall, uncon­
filled hydrothermal systems are found along 
volcanic zones. To date, thermal waters from these 
hydrothermal systems have been used mainly 
for space heating. 

Bodvarsson! 2 has grouped the geothermal 
regions of Iceland into high-temperature and low­
temperature areas. Of the approximately 250 
geothemlal areas, 13 are high temperature. These 
areas are characterized by aquifer temperatures of 
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FIGURE 2. Relationship of volcanoes with tectonic processes. 
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TAIlLE J 

Annual pr"duction 
rate 7 of volcanic 
matt.'rial in kill'" 

Spreading zone volcanoes Oceanic ridge-axis 
volcanoes 

4-6 

Subduction zone volcanoes 
Int'rapla te oceanic 
volcanoes 

Intraplate continental 
volcanoes 

Island arc volcanoes 
Vokanic islands 
seamounts, guyots 

Flood basalts, 
cryptovoJcanics 

-0.75 
~1 

-0.1 

Total 

aEquivalcnt to 1 - 3 X 10'" crg/yr. 

about 250°C (see Figure 4). The four high­
temperature areas in Reykjanes Peninsula appear 
to lie on a plate boundary, i.e., a spreading zone, 
where an en-echelon fault swarm crosses the plate 
boundary.13 Low-temperature areas are charac­
terized by aquifer temperatures of around 100De 
and are commonly about 10 km from the axis of 
the plate boundary. 

A. High-temperature Areas 

The high-temperature area of Krisuvik (see 
Figure 4) in the Reykjanes Peninsula has been 
studied systematically.14 The area is characterized 
by two parallel hyaloclastite (volcanic ash) ridges 
which seem to indicate the location of subsurface 
maximum tectonic activity: in this case, plate 
accretion and spreading .. Geophysical surveys 
carried out over the area reveal a rather consistent 
picture of cmstal structure (Figure 5). A crustal 
layer with a P-wave velocity of 6.5 km/sec is 
encountered at a depth of 3 km. This layer is also 
the location of a concentration of microearth­
quakes and is characterized by low electrical 
resistivity. Icelandic geophysicists refer to this as 
Layer 3 and consider it to be the source a f thermal 
energy for the hydrothermal aquifer riding on it. 
Electrical surveys showed another layer of low 
resistivity abou t 120 to 200 m below the surface, 
but borehole data from the area show that 
maximum temperatures exist to depths of 400111 
(see Figure 6) followed by a temperature inversion 
at greater depths. 

To account for the geophysical data and the 
temperature inversion at depth, J\rnorsson et al. 14 

ha\'c proposed two scparate llIoclels. In thc first 
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model (Figure 7 A) they assume that Layer 3 
represents upwelling material in the tectonic 
spreading process and that heat is continually 
supplied through Layer 3. In the model, then, the 
aquifer wiII be in rapid convective motion with 
rising plumes of hot water (Figure 7 A). In the 
second model (Figure 7B) Layer 3 is assumed to 
be an intrusive sill with a residual, diminishing 

source of heat. Convective motion in the aquifer 
will then be a more leisurely riSing column of 
water. Both the gcophysical data and the mineral 
content of water from the aquifer tend to favor 
the second model. 

According to Arnorsson et al.,14 if the first 
model and hypothesis are correct, then water at 
260°C can be recoyered for electrical power 
production. Conversely, if the second model and 
hypothesis are correct, only insignificant amounts 
of water about 230

0 e will be recovered and 
electrical power production is not feasible. How­
ever, the hot water could be used for space 
heating. To test which model is correct, Arnorsson 
et al. propose that a borehole be drilled to a depth 
of2000 m. 

B. Low-temperature Areas 

Thc low-temperature geothermal areas of 
Reykjavik and Reykir, which have bcen dcscribed 
in detail by Tomasson et al.,1 5 occur adjaccnt to 
the volcanic zone and not too far from thc high­
tcmperaturc ficld of Krisuvik (Figure 8). Both thc 
Reykjavik and Reykir ficlds arc compriscd of 
quaternary volcanic rucks. 

The ground water cycle of the low-tcmperature 
ficlds has been explained by TomassoIl et al. as 

, 
o 
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FIGURE 4. Volcanic zones of Iceland (shaded areas), high-temp.::rature areas (circles), andlow-~emper~lt~lfc ar;as (br~~e; 
lines). Magnitudes of thermal areas were del1ned in terms of total heat output: (I) 5. to 25 X 10 ,ca.l/sce, (II) ~5 tOlL 
106 cal/sec; (III) 125 -to 750 X 106 cal/sec. (from Bodvarsson, G., Nell' Sources of Energy, Procctdlllgs of UI/lted j\ allO/ls 

Conference, Vol. 2, 1961, 82. With permission.) 
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their relation to the volcanic zone, quarternary and tertiary volcanoes. The arrow 
shows the general direction of ground water flow. (From Tomasson, J., 
Frioleifsson, LB., and Stefansson, V., in Proc. 2nd United Nations Symp. on the 
Development and Use of Geothermal Resources, San Francisco, 1975.) 

follows. Rain water from the highlands seeps 
through the ground, moving toward the ocean 
following geological trends. As the volcanic zone 
in the Reykjanes Peninsula is a linear feature 
trending northeast-southwest, the dike zones in 
the quaternary rock zone parallel the volcanic 
zone, since the quaternary rocks originally formed 
at the spreading centers and moved westward 
along with the Atlantic plate movement. Ground 
water then percolates seaward through porous 
sections between dike complexes in the general 
direction indicated by the arrow in Figure 8. 
Figure 9 illustrates how the three thermal fields 
(Seltjarnarnes, Laugarnes, and Ellioaar), which 
occur within the Reykjavik low-temperature area, 
are separated by dike complexes. Ground water 
flows between the dike complexes is similar to 
channel flow. However, heat from Layer 3 warms 
the moving water and forms a convective pattern, 
as shown in the Ellioaar field to the right. 

By deuterium studies, Tomasson et al. IS con­
cluded that the ground water is of meteoric origin, 
that there is little mixing between channels, and 
that hot water from the volcanic zone does not 
penetrate the low-temperature areas. 

The EIlioaar field which is closest to the 
volcanic zone has the lowest temperature of the 
three fields. This inverse property is explained by 
the higher porosity of the EIlioaar field, through 
which the ground water moves more rapidly than 
through the other two fields. 

The temperature in these three fields ranges 
from 70° to 145°C, making the resource imprac­
ticabie for electrical power generation with 
present-day technology. However, the hot water 
from the fields is used extensively for space 
heating. As a result, today Reykjavik is a smoke­
less city in thc SC\,';lcst winter, with sllch luxuries 
as swimming in heated pO'lls all year round. By 
means of hothouse' agric\lltllr~, the anom:i1olls 
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has become a reality. 

V. SPREADING ZONE OVERLAIN 
BY A CONTiNENTAL PLATE: 

SALTON TROUGH, U.S. 

On its northern end the spreading zone for the 
Pacific Ocean plate (the East Pacific Rise) enters 
the Gulf of California and plunges under the North 

A 

/-\!1lt" 

of the 
Trough, which illchdc'; the and 
Salton Sea of Calirurnia and the i\!cxicali Valley uf 
lvlexico. All eXCGilent summary of st!llctura! 
geology and lec[(JlJic proces;·:s of the S:,ltun 
Trough region is given by Elders et al. l 

G III fact, 
we shall use their pictorial representation of 
tectonic history (Figure 10). 

According to Elders et al.,16 a two-layered 

A' 

RISING GEOTHERMS 

BASALT MAGMA RISING 

FIGURE 10. Tectonic history of the Salton Trollgh, case of a 
continental plate overlying a spreading zone. For explanations of 
variolls stages, sec text. (From Elders, W. A., Rex, R. W., Mcidav, T., 
Robinson, P. T., and Bichler, S., Sciellce, 178, 15, J 972. With 

permission.) 



('\)1\11!1."1I\:11 CrUSI 1 .•. 1 h· d by rising 
he)! Imh'li.iI froill the' dcep mantic (Figure 10. 
St:l~;l' I). Due tel $pt'cading ~ldi()n. a trough is 
(urmcd, which beeomes parlly (illed by sediments 
(Slag.: 2). The widening tl\1l1~~h is inv~dt'd by 
basallic' 111;1,:11):1. and Illct:llll\lrplii:;ill ()[ the sl'di-

menl lakes p/Jee (Stage 3). This is followed by the 
melting of the basement and cxtrusion of rhyolitic 
magma. Ascending hot brines then form a hydro­
thcrmal system in the sediment. 

The gcothermal fields of thc Salton Trough 
contain unconfincd hydrothcrmal systems in sedi­
mentary layers, a utilizable form of geothermal 
encrgy. At the present time, at 37-MW geothermal 
power plant is in operation at Cerro Prieto in the 
Mexicali Valley. In the Imperial Valley on the 
American side, no electrical power plants are now 
in operation, but plans for large-scale exploitation 
have been laid. A pilot plant for desalinization of 
water using energy from hot brine is in operation 
at East Mesa in Imperial Valley. I 7 

Exploitation of the thermal fields of the Salton 
Trough has been delayed because of the extremely 
high salinity of the thermal waters. Solutions to 
the problem are being developed. One proposed 
method for utilizing the hot brine is the total flow 
concepL 18 In this method hot pressurized brine is 
allowed to flash at the well head to drive a 
hydraulic impulse turbine. The great advantage of 
this system is that corrosion-erosion resistant 
material can be used in the fabrication of the 
turbines and accessories. Since the literature on 
the geothermal fields of the Salton Trough is 
abundant (e.g., Palmer et al.,19 Rex et aI.20

), we 
will end our discussion here. 

VI. SUBDUCTION ZONE VOLCANO: 
EXPERIMENTS ON SATSUMA-IWO JIMA 

VOLCANO, JAPAN 

As previously pointed out, by far the largest 
number of active volcanoes occur along subduc­
tion zones. Volcanism results from partial melting 
of rocks as they are compressed by tectonic forces. 
There are several theories to explain the paradox 
of how a downgoing lithospheric slab, which is 
relatively cold, can contribute to melting; they all 
seem to agree that water (which is present in the 
sediments and cnlstal portion of the lithosphere), 
by lowering the melting point of rocks, is the 
active ingredient. The molten rock or magma 
ulldergoes differentiation, and the less dense por-
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ti()l1~ upw;ml (() l'I'UP! on the earth's 
slIrCI,',' :15 ~l1dl'si[ic nr d:ll'itic lava. 

Along t!le suhduction zones conventiollal 0eo-b 

thermal reservoirs may be found, but. as pre-
viollsly ll1ention,~d, I'olcanoes are much l1lor.; 
nUIl"!t'IUUS than geothermal fields. Thus far, con­
ventional geothermal fields have been found 
separated from active volcanot!s, usually occurring 
in regions of ancient volcanism. Many a covetous 
eye has been cast on the volcanoes to harness them 
for electrical power generation, just as has been 
the case with conventional geothermal fields. 

In Japan (as part of a national effort called the 
Sunshine Project, to exploit various domestic 
sources of energy) the volcanic island Satsuma-Iwo 
Jima (off the southern coast of Kyushu) was 
selected as the site of a test project to utilize 
volcano energy. This is the only project known to 
date where a case study has been initiated 
specifically for volcano energy utilization. As this 
case study is intended to be as comprehensive as 
possible, it includes all conceivable stages from 
exploration to development to power generation, 
and even to_ the study of the impact on the 
environment, economy, and social structure of the 
local community. At the present writing, the 
project is at an advanced stage of exploration. 
Table 2 shows a rough outline of the plan up to 
1976. 

Satsuma-Iwo Jima is an island located at 
30° 47'N, 130° 17'E on the north end of the 
Ryukyu Archipelago. It is 6 km long in the 
east-west direction and 3 km in the north-south 
direction, encompassing an area of 8.25 km2

. 

Together with its small neighbor to the east 
(Takeshima), Satsuma-Iwo Jima is part of the 
northern section of the outer rim of a large caldera 
called Kikai Caldera. 

The island is made up of four topographical and 
geological features, which will be explained with 
the use of the map in Figure II. The first feature 
is Yahazudake Peak which is part of the second 
feature, a ridge running from the northern end 
(Heikenojo) to the western end (J onohara). The 
third feature includes the two cones, Iwodake and 
Inamuradake. The fourth feature is the plateau 
surrounded by the peaks, ridge, and cones. 
Yahazudake is an old volcano, while Heikenojo 
and Jonohara are ridges formed by lava and ash 
flows. The southern part of Yahazudake and the 
ridge are cut by a steep cliff, which in effect is the 
northwest wall of the large Kikai Caldera. Iwodake 
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FIGURE 11. Map of Satsuma-Iwo Jima Island with its 

four geological divisions. 

and Inamuradake are stratovolcanoes or cones 
inside Kikai Caldera. 

The last eruption occurred in 1934 to 1935. 
During that eruption, a new island, Shin-Iwo Jima, 
appeared at 30 0 48'N, 1300 20'35"E (2 km east of 
Satsuma-Iwo Jima) as a result of submarine erup­
tion. At the present time the new isl3nd is 500 m 
long in the east-west direction, 300 III wide in the 
north-south direction, and 26 111 high. 

There arc many funaroles and hot springs on 
the island of Satsuma-Iwo Jima. Most of thc:m are 
located ncar the crater of Iwoclake (Figure' 12). As 

seen from Table 3, there is spatial and temporal 
variation in the temperatures of the fumaroles. 
Table 4 shows the chemical composition of the 

. fumaroles. Most of the hot springs are located 
along the seashore, where interaction of the 
thermal waters with sea water discolors the sea by 
producing milky white or reddish precipitates. The 
analysis of the thermal waters is given in Table 5. 
Because of the steep cliffs and dangerous choppy 
conditions of the sea, temperature measurements 
and water sampling were done by a remotely 
controlled unmanned boat (190 cm long and 67 
cm wide) filled with equipment. The occurrence of 
high temperatures over a large area indicates that a 
large volume of hot water is entering the sea. 

The best way to keep tabs on subsurface 
volcanism is by monitoring the microearthquakes 
associated with a volcano. As silica content of the 
lava here is known to be about 65%, which means 
that the magma has a high viscosity, subsurface 
movement of the magma will be accompanied by 
detectable earthquakes. 

Three seismic stations were establishc:d in the 
central area of the Oat section of the island. These 
statiolls (shown as A, D, and C in Figure 13) 
telcmctcrcd their signals by hard wire to a centr~ll 
recording ullit. Station A h3c1 thrl'C-COlllpOl1Cnt 
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FIGURE 12. Locations of fumaroles and hot springs on Satsuma-Iwo Jima Island. 

TABLE 3 

Variation of Temperatures of Fumaroles at Summit of 
Iwodake Volcano 

Name of 
solfa lark field 1961 

Arayama 102 
Kamanokuehi 745 
Kitabira 98 
Kotake 98 
Kuromoe 460 
Monogusa 
Nakanoe 
Okabe 106 
Otani 
Takeshimabira 570 

seismometers, while stations Band C had only 
vertical components. The seismic array was an 
unmanned system, including protection against 
corrosive vapors and an independent power 
supply. 

Maximum temperature, °c 

1962 1973 1974 

106 850 
740 235 97 

97 
585 710 890' 
98 99 

835 700 
200 224 105 
205 
575 

Maximum Amplitude at B 
-------- = 0.2 - 1.0, 
Maximum Amplitude at C 

Maximum Amplitude at A 
--------=0.1- 0.7. 
Maximum Amplitude at C 

c:> 
Shiniwojirna 

2000 moters 
I 

(2) 

(3) 

The tabulation of microearthquakes of mag­
nitude less than 0.6 and of S-P travel time of less 
than 5 sec during the period from June to 
December 1975 is shown in Figure 14. These 
earthquakes also have the following charac­
teristics: 

Earthquakes fulfilling all of the above conditions 
would then have epicenters in the area bounded by 
shaded borders in Figure IS. Epicenters of the 
more prominent earthquakes arc also shown. 

CRe Crilico/ Ii tl'iclVS ill EIII'iru/llil<'lIilll COlllrul 

Originally it was thought that there was very 
little ground water on Satsuma-Iwo lima, but since 
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FIGURE 13. Seismic array established on Satsuma-Iwo 
lima. 
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FIGURE 14. Number of earthquakes recorded per day in 1975. 

. the· measiued average annual rainfall for 30 years 
from 1941 to 1970 amounted to 2087 mm or 
about 3.2 X 107 tons, even allowing generously 
for evaporation and runoff, there should be a 
tremendous amount of water seeping into the 
ground. As Iwodake is a stratovolcano, the rain 
falling on the cone should drain downhill through 
and between the inclined layers of ash, and lava 
flows to the foot of the cone to form aquifers. 
Following this line of thought, if we could trace 
the movement of ground water, we could then 
infer the internal structure of the volcano from the 
movement. With this idea in mind, a series of nine 
wells was drilled in 1974 to 1975 (Figure 16). 
Every well had a hydrostatic head except for well 
No.6; the heads became higher as. one went 
'farther inland Crable 6). It seems that a Ghyben­
Herzberg lells exists under the island. Except for 
wells No. 2 and No.4, high temperatures were 
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, 
recorded in the wells, indicating that most were 
affected by volcanic activity of Iwodake. 

From the well data, the following hydrological 
interpretation can be inferred. Part of the ground 
water on Iwodake is heated by conduction or 
fumarolic action. The heated water drains down­
hill through the more permeable layers of the 
stratovolcano to be collected along the lowlands to 
form a lens-shaped aquifer. Permeable layers are 
found on the northern and southern slopes of the 
volcano, and high-temperature ground water is 
found on th'ese slopes. Where the slopes meet the 
sea, hot springs appear. The low temperatures of 
wells No. 2 and No.4 indicate that hot ground 
water does not flow westward toward them. 

An electric survey using the Schlumberger 
galvanic method was carried out to further probe 
the subsurface structure of the island. Figure 6 
shows the two electrical traverses; traverse A was 
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FIGURE 15. Map showing locations of seismometers, epicenters of prominent earthquakes, and the area 
(shaded) of frequent occurrence of earthquakes. 

FIGURE 16. Locations of boreholes driIl:·; .. , map 
ground water and of the two e1ectricJ! ~.:' ·,:ivity 
traverses, A and ll. 



TABU: (, 

T('l11pl'[atuf(, or \Vakr FOllnd in the IlOtl'llOle 

NUlllllL'r Altitudc Depth Depth of \\'ater pH Temperature or Depth 
or weii III III /evd, III of wakr water,nc °C 

1 74 150 63.4 5 95 (77 Ill) 108 (150 Ill) 
2 108 120 50.1 5 29 (60 111) 30 (120 111) 
3 76 100 50.7 5 42 (55 Ill) 54 (100 fIl) 
4 67 134 77.1 6 21 (80 Ill) 22 (100 111) 

23 (134 111) 
5 115 150 104.1 7 97 (l08 Ill) 138 (150 m) 
6 94 120 94.2 7 96 (100 Ill) 117 (J 20 Ill) 
7 95 150 72.4 1 77 (75 111) 79 (109 111) 
8 74 100 56.7 5 29 (58 rn) 101 (100 Ill) 
9 55 80 51.9 4 51 (53 Ill) 85 (80111) 

TABLE 7 

Analytical Results of Galvanic Sounding 

Traverse A 

Resistivity, Thickness, 
Layer n-Ill m 

1 180-450 3.5-9.0 
2 500-2,50G 35-55 
3 60-200 20-40 
4 1.4-2.5 . . 1,000+ 
5 5-20 

3200 m long, and traverse B was 260 111 long. The 
resistivity-depth profile resulting from the survey 
(Table 7) shows a low-resistivity layer of 1.5 to 4 
nom beginning at shallow depths of 100 to 200 m. 
It is not yet certain which part of tltis low­
resistivity layer is due to themal waters and

o 
which 

is due to invading sea water. 
Core samples from the wells and surface rocks 

from Iwodake were examined by X-ray refraction 
methods to determine the degree of hydrothermal 
alteration. In general, rocks below the water table 
were altered significantly, while those above the 
water table were only slightly altered. The core 
samples from the nine wells can be classified 
according to the alteration products found. 

1. Those characterized by alunites. 
2. Those characterized by montmorillonite. 
3. Those including both alunite and mont­

morillonite. 

or these; group 1 is found at about midpoint 
between lwoclake and Inomuradake and at the 
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Traverse B 

Resistivity; 
nom 

250-600 
540-1,900 
40-550 

2-4 
6-10 

Thickness, 
m 

4-6 
7-45 

50-160 
1,500+ 

north-northwest side of Iwodake, while groups 2 
and 3 are found between these two locations. 
Considering these facts and the distribution of the 
-hot springs, it is apparent that geothermal activity 
.occurs roughly along two orthogonal lines, one 
extending from Inamuradake to Iwodake to Shin­
fwo Jima and the other from Minamibira to 
Kitabira to Utanhama (see Figure 12 for location). 

Future plans call for the drilling of a 500-m 
borehole into the flanks of Iwadake to explore the 
interior of the volcanic edifice. The goal is to 
ascertain whether there is a geothermal reservoir, 
an intrusive hot rock, or a self-sealing aquifer. 

VII. MIDPLATE OCEANIC VOLCANO: 
HAWAII 

As shown in Figure 2, volcanoes sometimes 
appear in the middle of an oceanic plate, for 
example, the Hawaiian volcanoes. From earth· 
quake data, Eaton and Murata2 

I inferred that 
magma originated frolll depths or 40 to 60 km. 
Two of the theories that have been advanced for 

the Orl[';!11 of !1l;I~'.rn;1 Me (he hilt plum'; tlieoIY') 
and the progressive crack theory. I 0 Leaving aside 
the problem of origin of magma as an academic 
conundrum, let us considcr the shallower structure 
of a volcano for the purpose of possible energy 
utilization. For our example we shall consider 
Kilauea Volcano, where a tremendous amollnt of 
work has been done. 

Kilauea Volcano is the youngest of the five 
volcanoes that make up the island of Hawaii 
(Figure 17). It is located on the southeastern side 
of the island. It has two well-defined rift zones: 
the southwest rift zone and the east rift zone. The 
east rift zone, the more important of the two as 
more study has been done on it, passes through 
what is geographically known as the Puna District 
and enters the sea at Kapoho (Figure 17). 

The shallower structure of Kilauea Volcano 
may be represented schematically as shown in 
Figure 18. The magma rising from great depths 
may be stored for a while in the magma chamber 
or reservoir under the summit caldera. Assuming 

f 11:1 t I 1 I ~ ( : l! Ii !it'd ell 

of roc1::; hut I'fill I l ",1 

bUlln'.!:! or th,; 110 l :·.iiri;d~ !!ili i'e:; I I, i 

that high·lemp<:raturc JlLil'.;riai, if nUl lliullell 

matcrial, occllPies lhe spa,;,; iii d sp:n) from a 
of I (n 10 km bcLml (1;,: c:l::!;fa flUe,;'. 

on ground de formation accompanying 
Moge 3 and Fiske and Kinoshita" 4 pJl)posed 
several different centers for the magma reservoir; 
however, they all fall within the interval of 2 to 4 
km depth. From these evidences it can be con­
cluded that the upper part of the Kilauea reservoir 
chamber is at a velY shallow depth, about a 
kilometer or so below ground surface. 

Topographically, the summit caldera of Kilauea 
is well defined, with steep caldera walls exposed 
through breccia and volcanic ash, except for a 
small section in the southwestern section. After 
carrying out electrical surveys25 and evaluating 
seismic and ground deformation data, Keller26 

carried out a drilling project to study the thermal 
profile of the summit area. The location of the 
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FIGURE 18. Shallow structure of Kilauea Volcano, showing magma reservoir, 
caldera, and the east rift extending into the Puna District. 

drill hole is shown in Figure 19 and the tempera­
ture profiles of the hole in Figure 20. Other data, 
such as electrical resistivity, density, and per­
meability, were logged for ,the hole.2 7 The drilling 
ended at a depth of 1250 m, as funds ran out. 

Murray28 has interpreted the data from the 
drill hole in terms of an unconfined hydrothermal 
system, as illustrated in Figure 21. In essence,. a 
low-temperature field closely resembling the Ice­
landic type was found, with the maximum 
temperature of the aquifer at about 85°C. If the 
temperature gradient observed at the bottom of 
the hole were to be considered constant for the 
conductive regime of Murray's model, then 
temperatures equivalent to molten matter, 
1100°C, would be encountered at a depth of 2.5 
km from ground surface. This projection agrees 
with other geophysical data on depth to the top of 
the magma reservoir. 

The eruptions since 1959 along the east rift of 
Kilauea have left lava pools in Kilauea Iki, Alae, 
and Makaopuhi craters (see Figure 19). After a 
short time a hard crust had formed over all the 
lava pools so that researchers could safely walk 
over them to investigate the properties of the crust 
and lava below. Small holes were drilled through 
the crust into the lava; the holes were logged for 
temperature, oxygen fugacity, and lava vis­
cosity.29 Core samples were taken for measure­
ments of thermal conductivity, magnetic pro­
perties, and chemical analysis. The field work was 
curtailed by the Mauna Ulu (see Fig~re 19) 
eruptions of 1969 that overran Alae crater and 
partially buried Makaopuhi crater. 

The thickening of the crust over the lava pools 
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has been measured over a number of years (Figure 
22). Peck29 has reported that the rate of thicken­
ing is about the same for all pools, and the 
thickness of the crust increases with the square 
root of time. The thickening crust with time 
negated the usefulness of a lava pool as an energy 
source; even experiments of magma tap will be 
difficult to perform there because of the con­
gealing lava. 

After the drilling project in the summit caldera 
was completed, the east rift in the Puna District 
(see Figure 17) was examined for possible thermal 
sources.30 Although a wide range of surveys (from 
infrared aerial scanning surveys to all sorts of 
geophysical and geochemical surveys) were carried 
out, we shall limit our discussion to those results 
that yielded information on the thermal profIle 
along the east rift. 

As it turns out, the magma of the Hawaiian 
volcanoes has a higher density than the country 
rock making up the volcanic edifice. Because of 
this fortunate circumstance, a gravity survey 
would reveal the location and dimension of a dike 
zone or magma conduit. With this in mind, a 
gravity survey was carried out on the eastern side 
of the Puna District, where the east rift shows 
surface expressions of fumaroles and sulfurous 
vents. The results of the survey, assuming surface 
density of 2.3 g/cm3 for Bouguer corrections, are 
shown in Figure 23. The maximum value of the 
gravity data was arbit rarily set at zero. 

All analysis of the gravity data along traverses 
AA' and BB' of Figure 23 projects an anomalous 
body at a depth of about 1 km, if a density 
contrast of 0.6 g/cm3 is assumed (Figures 24 and 
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FIGURE 19. Map of Kilauea Caldera, craters, and drill hole site.(From Keller, 
G. V., Drilling at the Summit of Kilauea Volcallo, Colorado School of Mines, 
Golden, 1974. With permission.) 

25). Of all those attempted; this solution best fits 
the constraints of topography and geology: 
namely, the southern edge of the anomalous body 
coincides with what "is suspected (from the line of 
vents and steep sides)" to be the southern boundary 
of the dike complex of the east rift. A further 
inference from the analysis is that the anomalous 
body will have a density of 2.9 g/cm3 and that 
since the particle density of basalt is 3.0 g/cm3 ,it 
will have an overall porosity of less than 4%. 

We shall identify the anomalous body as the 
dike complex through which the magma moved 
down from the summit magma reservoir to the 
east rift. The complex is made up of a series of 
thin vertical dikes, ranging in thickness from tens 
of centimeters to as much as a few meters, a 
phenomenon observed in eroded dike complexes 
of ancient volcanoes. We slIl'mise that in anyone 
eruption vertical cracks appeared through which 
the magma moved rapidly. When the eruption 

stopped due to some as yet undetermined 
mechanism, the magma in the cracks began to chill 
and gradually solidified into a dike. After hun­
dreds or thousands of eruptive periods over the 
ages, the dike complex was formed. Monitoring of 
microearthquake activity over the Puna District also 
generally confirmed the locations and dimensions 
of the dike complex as obtained from gravity data.' I 

Electrical surveys were carried out to locate 
I I .. . tl PD' I . t 32,33 hydrot lerma activity Il1 le una IS riC . 

Five areas with low-resistivity anomalies of 2 to 5 
. f2-m were detected, as shown in Figure 26. The 

smallest area of the anomalies (area A) included a 
drill hole site which was preselected 10 search for a 
geothermal reservoir. The results of the drilling 
will be discussed shortly. 

A number of wells in the Puna Disl riet were 
drilled for irrigation purposes. Some of them were 
abandolled because they yielded thermal wa(ers, 
The highest temperature encollntered in tIl<' wclls 
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FIGURE 20. Thermal profile of drill hole in Kilauea Caldera. Numbers indicate the days in 1973 when 
measurements were taken. (From Keller, G. V., Drilling at the Summit of Kilauea Volcallo, Colorado 
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FIGURE 21. A model of the hydrothermal system in the caldera area of Kilauea 
as proposed by Murray.2. 

was 92°C. Chemical and isotope analyses of water 
samples from the wells were done. The conclusion 
was that the water samples were of meteoric origin 
and less than 3 years old. 

In April 1976 the exploratory drilling into 
low-resistivity area A in Figure 26 was completed 
to a depth of 6445 feet (1964 m)?4 Temperature 
logs of the drill hole are shown in Figure 27. Upon 
completion of the hole, a temperature log probe 
(15 hr, curve of Figure 27) was able to penetrate 
to a depth of 6000 ft, but in a matter of days the 
hole became clogged with solidified drilling mud at 
a depth of 4400 ft (1340 m). In June 1976, the 
mud was flushed out from the hole and another 
temperature log was taken on June 15, 1976, all 
the way to the bottom. The June 15 temperature 
profile suggests that a region of convective niotion 
with a base temperature of 300°C may exist from 
a depth of 4000 ft (1200 m) to 5700 ft (1700 m). 
In ag-hr test on July 22, 1976, the hole flashed at 
a pressure of about 5 kg/cm2

• The hole has 
probably penetrated a geothermal reservoir of 
commercial quality. 

An interpretation of the dikes and hydro­
thermal system of the east rift of Kilauea is shown 
in Figure 28. The hot section consists of the dike 
complex where residues from previous eruptive 
activity remain emplaced. The dike complex is 
about 6 km wide and 4 km in vertical height. The 
bottom at 5 km depth sits on what was the 
original oceanic crust before the volcano was 

formed; the top is at about -1 km depth from 
ground surface. Above the dike complex are 
numerous vents through which eruptions have 
occurred. The rocks around the dike complex are 
in layers whose P-wave velocity values have been 
determined by seismic refraction surveys.3 

5,36 

The exploratory drill hole has penetrated about I 
km into the dike complex. In-between the series of 
vertical dikes of the complex are cracksJormed by 
the contracting of rocks when the temperature of 
the dike became lower. Ground water has seeped 
into these cracks and become heated by the hotter 
parts of the dikes. The dril! hole has probably 
penetrated one or more of these cracks and tapped 
the steam trapped in these cracks.' . . 

In addition to the trapped steam in cracks 
between dikes, it is suspected that another kind of 
hydrothermal reservoir exists. In various drilling, 
the rocks surrounding the dike complex have been 
found to be too permeable, so that at best only 
low-temperature systems have been found. How­
ever, between the extremely permeable neigh· 
boring rocks and the hot rocks of the dike 
complex should be a region of proper permeability 
where a high-temperature hydrothermal system 
can exist and where the recharge rate is sufficient 
to maintain a productive geothermal well. Such a 
section may be found in the 3.1 km/sec (of Figure 
28) along the sides of the dike co;nplcx. In 
geographical terms, such a place may b~ found in 
the luw-resistivity area B of Figure 26. 
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VIII. MIDPLA TE CONTINENTAL 
VOLCANO:YALLESGRANDE 

CALDERA EXPERIMENT 

Volcanoes also appear inside a continental 
plate. Magma for these volcanoes originates at 
great depths, but interaction of the magma with 
the continental plate and differentiatio!1 of the 
mix can produce granitic intrusions and rhyolitic 
flows. For example, the Jemez Mountain volcano 
of New Mexico produced basaltic and rhyolitic 
flows. The process of formation of rhyolites is 
similar t.o that occurring in spreading zones 
beneath continental plates, as was explained for 
the Salton Trough. 

FIGURE 28. Structure of the dike complex of (he east 
rift as inferred from various geophysical data. Thecrtlstal 
layers of 3.1, 5.1, and 6.7 km/sec were found by Hill;" 
the surficial layer velocity was determined by 

As the last eruption of the Jemez Mountain 
volcanics occurred only 40,000 to 50,000 years 
ago, 3

7 Fenton I-Jill (which is located only a few 
kilometers west of the Valles Grande caldera in the Suyenaga. 36 
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Jemez? !otlntain cOlllplex) \vas selected by the Lm, 
Alamos Scientific Ltboratory for a dry hot rock 
experim('n(J~ The VaJles Grande caldera itself 
contains commercial quality geothermal fields 
which are being developed by Union Oil Company. 
Proximity of the experiment site to the Los 
Alamos Laboratory is an advantage. Holes were 
drilled into the Precambrian granites underlying 
the Jemez Plateau ,39 where temperatures util­
izable for geothermal power production were 
expected. 

The purpose of the experiment was to produce 
an artificial geothermal reservoir by hydrofrac­
turing. The first hole was drilled to a depth of 3 
!an into the Precambrian granite basement. After 
forming a near vertical fracture by means of 
hydro fracturing techniques familiar to the petro­
leum industry, a second hole was drilled to 
intersect the fracture. The operation was success­
ful, and communication between the two holes 
was established. 4 0 

TOP VIEW 
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I ! I I 
I I i I 
I~-I 

I I 
I I 
I I 
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I /' (\ I 

FRONT VIEW SlOE VIEW 

FIGURE 29. Method of circulating water through 
artificially induced cracks in rocks. (From Aamodt, R. L., 
in The Utilizalioll of Volcallo Energy, Proc. of a COllfer­
ellce, Clop, J. C. and Furumoto, A. S., Eds. Sandia Labora­
tories, Albuquerque, N.lv!" 1974,415. With permission.) 

be llsed for hot water is shu'.','!' in 
figure 29 4 

J Cool surface wakr is pumped dO\'/[J 

the deeper well and is allowecl to percolate upward 
throug.h the crack in the hot rock, to be col1cctc'd 
at th.; top by the s,;cond wdJ. The w~ttcr when 
collectecl at the top should be hot enough for 
power generation. In the Fenton Hill site, the 
temperature at the bottom of the deeper well was 
20S.SoC and that for the second well was 
197°C.39 

This first field experiment at energy extraction 
from dry hot rock was successful as an experiment 
because a crack was produced and communication 
between the two holes was established. The 
amount of water circulated was too small to be of 
commercial value. This success augurs well for 
energy prospects of the U.S., as there are numer­
ous, presumably hot, intrusive rocks in the western 
half of conterminous U.S. It has been estimated 
that the heat content of igneous-related systems in 
the conterminous U,S. is about 30 times the total 
estimated heat content of all tabulated hydrother­
mal systems. 4 2 On the global scale, intrusive 
bodies hidden in the 800 or so volcanoes of the 
world can be tapped, if the dimensions of the 
bodies can be delineated. 

IX. SUMMARY AND CONCLUSIONS 

Compared to the number of utilizable hydro­
thermal systems, whether vapor dominated or hot 
water, the number of volcanoes with potentially 
utilizable heat is far greater, by perhaps an order 
of magnitUde, and represents a tremendous un­
tapped natural energy resource. 

Volcanoes can be classified according to their 
place in tectonic processes: spreading zone types, 
subduction zone types, and oceanic and continen­
tal mid plate types. Whether by pure coincidence 
or design, active exploration and experiments for 
the purpose of energy utilization are being per­
formcd on each type. 

The most common form of cnergy encountered 
in probing volcanoes is the ullconfined hydrother­
mal system of the 10w-tel1lp~'rature type. Theoreti· 
cally, even thermal waters from low·temperature 
are:1S can be used for power gencration. The 
amount of encrgy extractable from a unit volume 
of thermal water at difT,'!('ilt temperatures has 
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hel'1l w()rk"d ('\It nd I:lb\l!:lt,'d hyBoc!"-:li;S\)I1.'l J 

Tlte [Cst is a mali,'! 01' C('Oi1()I\I!cS. In kcl:lI1d 
l(lIv;lt'Illpc'r:lI urI.' :11,':1;; :lr,' disl\'g:ulkd for power 

gcncra tion hc\~allsc hyu rociedric power is avaihblc 
alld compc'titiVt'. III /-j;l\v:lii, wlwrc the source of 
ekctrill powei is :!lm\)s( elllin:ly petroleulll im­
ported froll1 OVNseas, low-temperature nelds for 
electric power generation will be very attractive 
during the next petroleum squeeze. 

The concept behind hot-rock technology is to 
exploit what is' geologically a very simple thermal 
source, that is, a volume of rock that is hot. The 
most efficient approach seems to be to convert the 
hot rock into an artificial hydrothermal system, 
Direct conversion of heat to electricity by thermo­
electric methods does not appear to be presently 
feasible, the main obstacle being the low thermal 
conductivity of rock itself. The process of making 
an artificial hydrothermal system (includes frac­
turing the rock by one means 6r another to 
increase permeability and then injecting water into 
the fractured rock system to produce recoverable 
hot water or steam. Calculations on various aspects 
of hot-rock technology have been done,44 and 
experiments at Los Alamos Scientific Laboratory 
have proved to be promising to date, as mentioned 
earlier. 

l[ hot-rock technology proves to be successfUl, 
the amount of utilizable energy becomes tremen­
dously large. It has been estimated that the 
amount of heat in hot dry rock less than 10 km 
deep within the confines of the U.S. amounts to 

.48,000 ql!adrillion Btu, while the consumption of 
e!lergy hi. the U.S.' in 1974 was just over 70 
quadrillion Btu.4s Even with a low efficiency of 
extraction and utilization, say I %, this still repre­
sents a sizable amount of energy for quite some 
time. 

In a dike zone in basaltic regions, such as 
Hawaii or Iceland, fracturing of the rock may not 
have to precede injection of water. After magma 
has solidified in the cracks to form dikes, small 
openings or cracks will appear between the coun­
try rock and dike due to thermal contraction. 
Nature has already provided cracks in the hot-rock 
system, so that fracturing by hydraulic means or 

. chemical explosions can be eliminated. Holes can 
be drilled into the system so that one will 
intercept the cracks at depths and another will 
intercept the cracks at shallower places. Water can 
thcn be pumped into the deep hole and hot water 
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e;d raded fWIll the shallower hole.46 This process 
is the saml' ;IS that of hot-rock technology. The: 
knowledge gained froIll and techniques devclopcu 
in the Valles Grandcs experiment arc applicable. 

A few words should be said about the proposal 
for a magma tap experiment. The idea is to use thc 
heat contained in magma reservoirs by means of a 
yet.to-be-developed heat exchanger. The presumed 
advantage of this idea is that the convective 
motion of magma in the reservoir will continue to 
supply large amounts of heat. Many obstacles may 
be encountered in trying to realize this objective. 
First, a magma reservoir must be identified and 
delineated. Magma reservoirs are suspected to exist 
under Yellowstone and Kilauea volcano, but their 
vertical and horizontal dimensions, temperature 
profiles, and viscosities are not known. To obtain 
these parameters is no mean feat, even with 
today's geophysical tools. Second, the highly 
corrosive property of molten rock at 800 to 
1000°C makes implanting of any equipment into 
molten magma a difficult project. Research in 
finding corrosion-resistant materials and in using 
cathodic protection is being conducted, but solu­
tions have not been found. A third obstacle is the 
high viscosity of magma. Measured viscosities of 
basaltic lavas range from 103 to 104 cgs, which is 
relatively fluid; but measured viscosities of andes i­
tic and dacitic lavas, which are usually found in 
continental or marginal regions, range from 108 to 
1011 cgS.47 With such viscosities, the velocity of 
convective motion will be very slow. Hardee and 
Larson48 calculated that the velocity of convec­
tive motion of basalt' Qf 4000 cgs viscosity in a 
2.2-km radius magma chamber will be 5.75 X 
10 -4 cm/sec. With such slow motion, heat transfer 
by convection will be about the same order of 
magnitude as heat transfer by conduction. Under 
these conditions, the rate of heat extraction will 
be too small for power generation. The concept of 
magma tap has a long way to go before realization 
is effected.4 9 

In conclusion, we note that progress toward 
volcano energy utilization is being made along 
various avenues. It is most heartening to know that 
actual exploration and field experiments are being 
carried out on all representative types of vol· 
canoes: spreading zone, subduction zone, and 
mid plate types. As progress has been rather rapid, 
we may actually see the realization of a volcano 
energy power plant in a few years. 
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