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ABSTRACT

This paper is intended as s summary of works in which the writer has been engaged for the
last ten years in the field of geothermal energy for steam in Japan. The difficulties met in this
subject are well known. Such & problem can only be solved by the complex studies of heat,
state of interstitial water and the characteristics of rock formations, and these depend on the
fundamental geophysical studies of the thermal state in the upper part of the earth’s crust.
From these points of view, geophysical study of the underground structure in geothermal prov-
‘ince has been carried out by the author.

I. IxTRODUCTION

Historical skeich and outline of the present study

Natural steam was first utilized practically in 1913 in Tuscany, Italy,
as a source of thermal energy for electric power, and today steam from nu-
merous bores is said to be producing more than 350,000 kilowatts of power,
Recently, since 1949, scientists and engineers in New Zealand have also studied
very carefully the factors involved in the utilization of geothermal steam for
power and they succeeded in developing power from geothermal steam in
1955. At Wairakei in New Zealand, drilling of production boreholes has

* Geological Burvey of Japan, Tokyo, Japan.
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now reached a stage where sufficient steam is available to generate approxi-
mately 150,000 kilowatts (Smith 1958).

Iceland, the U.S.S.R., Mexico and the United States are also planning
the exploitation of steam energy, and some of them have already succeeded in
preliminary experiments.

In Japan, the volecanic zones extend both along and across the islands.
This country has many active and dormant volcanoes, famaroles and hot
springs, consequently people have utilized the heat of fumaroles and springs
for medicinal and therapeutic purposes.

In 1947, a geothermal advisory committee was set up in the M.I.T.I.
(Ministry of International Trade and Industry), and it made a plan to obtain
basic scientific data relating to the evolution of geothermal energy. In
response to this proposal, scientific investigation was begun by the staff of
the Geological Survey of Japan, and they succeeded in producing some power
in Kyushu. It was only an examination and various test experiments were
carried out by this pilot plant.

Since that time, test surveys have been continued covering many geo-
thermal areas including Kyushu, Tohoku districts and Hokkaido in Japan
(Studt 1957; Grange 1955; Mon. Rep. geol. Surv., Japan, 1955).

Recently, we have been carrying on geophysical prospectings on two
areas in Onikobe and Matsukawa, both situated in Tohoku district. For a
few years to come, both field and laboratory studies will be carried out.
Therefore, the author believes this is a good time to reconsider the method of
study and to present his ideas on this problem.

The first part of this paper is devoted to the consideration on the geo-
thermal source. The middle part deals mostly with the transportation of
heat associated with steam and, secondarily, with the conduction and con-
vection of it through the reservoir and fissured formations. This is followed
by discussions on the method of exploration, applying geophysical prospecting.

However unsolved the problem of the origin of heat may be, we could
imagine the existence of magma or migma as the geothermal source of heat.
After once the magma forms, the heat of this melt would be gradually infil-
trating and penetrating the surrounding country rocks; consequently,
this melt would begin cooling during solidification. According to the writer’s
caloulation, the temperature decrease of magma takes 104 or 10° years by
assuming a spherical model as the heat source. Therefore, the result does
not contradict that of the average life of a volcano.

Next, by considering the increase of vapour pressure owing to the tem-
perature decrease, the relation between vapour pressure, temperature and
possible content of volatile components (HzO) in this melt relating to depth
is obtained. In this case, the writer uses Bowen-Tuttle’s ternary system
Hy0-MgO-Si0Og as the magma pattern (Bowen and Tuttle 1949). In the
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utilization of the geothermal energy, we must take into account such a relation.
Furthermore, in consideration of the vapour expansion at shallow depths,
we can presume the domain of the geothermal province.

In spite of a number of geophysical studies, very little is known about
the true geothermal structures. The author assumes a subterranean pressure
jet, including temperature element, and calculates the distribution of per-
meable pressure and temperature. In addition to these, temperature distri-
bution of heat conduction is also calculated.

Moreover, he assumes a cylindrical pattern for the reservoir and celculates
the pressure and temperature inside the reservoir. In this case, the tem-
perature distribution by heat conduction is also calculated.

By combining these data, we can imagine the geothermal state in the
upper part of the earth’s crust. Some comparisons with the practical examples
are shown in this paper. One picture shows the temperature decrease due
to the distance, while another indicates how the cover rock plays the part of a
blanket to the vapour and heated liquid. The examples and the calculated
results show a good agreement.

In addition to such a transportation and conductivity of heat, the occlu-
ded water of the melt is also important. Sometimes, in places the heat flow
is greater and gives rise to convection of the underground water.

There are various combinations of subterranean states between heat
flow (transportation, conduction and convection), rock formation character-
istics (porosity and permeability) and condition of Hy0 (liquid, vapour and
their mixture) (Fig. 1).

It is impossible to discuss all combinations of all these patterns. How-
ever, we can assume the approximate geothermal state within the subsurface
structure by combining such properties.
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II. Scarr or THE HEAT SOURCE AND 118 LIFE

Direct observations in mines and boreholes show that temperature
~ increases with depth, although the rate of increase varies greatly from place to
place. This variation is characteristic of the crustal layers. Measured
thermal gradients in the crust range from 10° C/km to 50° C/km, and a mean
value of 30° C/km is often used.

From this value, the average outward heat current through the surface is
ocaloulated to be 1-2x 1076 cal/cm?/sec by the use of average thermal gradient
and thermal conductivity of rocks (Uyeda et al. 1958).

One gram of radium produces heat of 200 cal/hour. The problem of
temperature distribution within the earth has been carefully analysed by
Slichter (1941) and Urry (1949). The major part of heat conducted to the
surface comes from the disintegration of radioactive elements within the
crust. It has been calculated that the total amount of heat flowing out of
the earth could be generated in a layer of granite 30 km thick. Recent esti-
mates indicate that radioactivity within the crust is responsible for over
70 per cent of total heat flow to the surface.

In local thermal areas, such as those of Italy, New Zealand, Japan and
so on, the natural outward heat flow is from ten to several hundred times
as great (Smith 1958; Uyeda et al. 1958), much of the discharge being con-
centrated in fumaroles, hot springs and other geothermal areas.

Several sources have been proposed to explain the origin of heat described
above, including:

1. Gravity contraction and energy dissipation due to friction on
fault planes.

2. Chemical reaction between gases and country rocks (for example,
the oxidation of ferrous oxide by steam produces hydrogen,
this is an exothermic reaction).

3. Heating of ground water by an intrusive mass of hot rocks.

4. High temperature gases escaping from magma at several kilo-
metres depth.

However, 3 and 4 seem to be reasonably satisfactory for our present
purposes. From the geothermal standpoint, the upward movement of magma
brings with it a certain amount of energy. The problem of how magmas or
migmas originate is still unsolved. Nevertheless, we can consider the exis-
tence of magmas or migmas as geothermal source of heat. After it is pro-
duced, the geothermal energy is dissipated into the surrounding matter during
cooling and solidification. .

The writer assumes here a spherical model of this melt (magmas or
migmas) described above, and calculates the cooling of this sphere by heat
‘conduction (Kodaira 1933).
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In this case, the equation of motion is as follows:—
o(ru) = k2 9%(ru)
ot

ore
where k2 is the emissivity and the initial condition becomes
(Wtmo = [ ()
Now, we put :
=v
Then, the equation of motion and the initial and boundary conditions become

as follows:—
ov 0%y
% = kza—7‘—2 s (”)t=0 = rf(r), (’l))'__:0 =(
Here we assume the initial temperatures within the sphere are constant and
the value is %' and 0° C outside this sphere., After calculations, the tem-
perature  at time ¢ and place r becomes
7 ( 3———'_ atr v
"= 2 [0 v min= [, (~rvamvipesa
- :

24/t 2k0/1

. (1)
considering a case of ¢ = 1,000 m, »' = 1,000° C, k2 = 0-0118, and by putting
these values into equation (1), we obtain the result as in Fig. 2.
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Needless to say, in heat conduction, the time elapsed is proportional to
the squares of distances. Therefore, if we assume' the radius of this sphere as
three times of the case in Fig. 2 (strictly speaking 3:15 km), the time scale
becomes ten times the initial state. (For example, 10,000 years — 100,000
years.)

It is well known that the average life of a volecano is 100,000 years. For
obtaining this value, we may assume a spherical model of heat source having
the radius of three kilometres. It is possible to suppose this size with our
present knowledge of volcanology.

On the other hand, we can know the heat flow per unit area is governed

by the following equation :—

T
Q=KnZ .. .. . . @

where K, = thermal conductivity at depth x and temperature 7. In general,
K, increases with temperature and with compaction of rock.

Caloulating heat flow from equations (1) and (2) we obtain 1x1075
~ 53X 1074 as outward heat flow.

This result is discussed in section IV.

ITI. DErpre oF THE HEAT SoURCE AND ITS OCCLUDED WATER CONTENT

For the saké of convenience; the writer takes up here a body of magma
as the heat source.

The magma is the parent source of igneous rocks with various mineral
associations. In order to understand and interpret the complex phenomena
of crystallization responding to changes in thermodynamical environments
brought about by cooling or by changes in pressure, it is necessary to study
the phase equilibrium relations in a large number of silicate systems.

Fundamental information concerning the origin of minerals has been
obtained mainly by the staff of the Geophysical Laboratory of the Carnegie
Institution of Washington and others. The author makes use of the full
knowledge of these data.

We may begin by examining the behaviour of a melt enclosed by country
rocks under a pressure of some hundreds (or more than one thousand) atmo-
spheres, corresponding to the assumed pressure within the crust of some five
kilometres depth.

The melt exists as a solution, no matter what the temperature may be,
-and regardless of whether the temperature be higher or lower than the solidi-
fying temperatures of the individual substances. The heat of this melt
(magma) gradually penetrates into the country rocks while the melt decreases
in temperature. Generally, this' melt (magma) consists of silicates of Al,
Fe, Mg, Ca, Na, eto. As the temperature decreases, these silicates crystallize

6
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giving the orystals of Olivine, Pyroxene, Amphibolite, Biotite, Potassium
Feldspar, Quartz and so on.

On the other hand, all magmas contain volatile material, but the com-
position of the volatile components cannot be directly determined. We
cannot help presuming it from the analysis of the gases evolved on heating
igneous rocks, observations of materials deposited in fumaroles, and the
analysis of gases collected around volcanoes. They show that the major

Tarir 1

At 900°C | Pres, (bar) | 490 980 1940 1960 2940 3000 3920 4080

% of HgO | 373 570 8-21 814 8094 892 087 930

At 980 bar | Temp, 0°C | 600 750 8-00 9-00 10-00 12-00

% of HeO | 596 630 594 570 530 4-83
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(after Bowen and Tuttle 1949; Goranson 1931, 1954)

Fia. 3. Relation between vapour pressure, temperature and possible content of volatile
component in magma,

constituents of the volatile matter are Hy;O0, CO, and sulphur compounds,
and that HyO is dominant, generally making up over 80 per cent of the whole
by volume; CO,, H,S, S, SO,, HCl, and NH,Cl are often abundant; and
HF, N,;, H;, CH,, B;O3 and CO have been recorded in lesser amounts.

The data of the solubility of water in artificial silicate melts have indi-
cated that the solubility of water in granitic glasses at 900° C is 3-75, 5-75,
8-15, 8-90 and 9-35 weight per cent at 0-5, 1, 2, 3 and 4 kilobars respectively

(Goranson 1931). The solubility of water in the glass decreases by 0-3 per
6B )
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cent per 100° C rise in temperature in the 600° to 1,200° C temperature
range, i.e. at 800° C the solubility of water is 6-0 per cent and at 1,200° C it
decreases to 5-4. The limiting solubility of water in granitic melt is about
10 per cent, which suggests that magmas probably contain less than this
amount.

These volatile substances very rarely constitute a part of rock-forming-
minerals; therefore, the more the development of crystallization, the more
the concentration of volatile gases (H,0, etc.) in remnant liquid phase (residual
magma) increases, while the pressure also increases as the crystallization
develops with fall of temperature.

The ternary system H;0-MgO-SiO; has been studied over the tem-
perature range from 200° C to above 1,000° C by Bowen and Tuttle (1949)
and Goranson (1931). The P-V-T relations of H,O in magma are obtained
by combining the result of P-T relation of this ternary system, solubility of
H,0 in a granitic glass at high pressures and that of specific volume of HO
vapour (see Fig. 3 and Table 1).

The melt of rock-forming minerals with H,O gas will issue out from
magma and penetrate into surrounding formations when and where the inner
vapour pressure becomes greater than the surrounding pressure. We can
imagine the geophysical state of magma from the viewpoint of steam with
high temperature and high pressure. If the decrease in temperature takes
place within the actual subterranean magma, its internal pressure will in-
orease in & manner similar to that illustrated above and will result in ‘boiling’
—a separation of gas phase. Decrease in external pressure may also be
another cause of separation of the gas phase. Though no experimental data
are available at present concerning the actual magma, thermodynamical
consideration is possible on the basis of the data on the fundamental s1hcate
melts, and a study of this sort would be of much importance.

From these data, we can presume the relation between P-V-T and solu-
bility of H,O in magma. Namely, the higher the pressure or the lower the
temperature, the solubility of HgO increases. In other words, in shallow
places, the pressure of magma overcomes that of surrounding formations
" at high temperatures, though the gas pressure is low and the solubility of
H,O in magma is very small. On the contrary, in deeper places, although
the pressure of magma becomes greater than that of country formations
after the temperature decreases comparatively, the magma pressure is very
high and the percentage of water content is great. Furthermore, we may
know the specific volume of steam increases rapidly in shallow places (Goranson
1954). Besides, we must take into account the effect of the occluded water
within the surrounding rocks. According to Lindgren (1935), the deepest
position of mobile underground water is 1 km in igneous rocks, and 2-5-3
km in sedimentary rocks; still more in the case of ¢ perched * water he thought
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it would be possible up to, say, 18 km depth. Ifour case is in such a situation,
we must consider the effect of water of the surrounding formations heated
from the magma in addition to the steam described above.

As already stated above, in the stage of cooling, when the temperature
decreases by some degrees, the pressure at the surface of magma overcomes
that of surrounding formations, though the inner part of the magma is yet
at high temperatures. Consequently, by synthesizing Fig. 1 and Fig. 3, we
can presume the periodical activity and subsequent entry of vapour into the
surrounding formations. A study of this kind would be mterestmg from
the Vlewpomt of voleanology.

IV. TRANSPORTATION OF LIQUID AND STEAM WITH PRESSURE AND
TEMPERATURE

It is suggested that high temperature steam, possibly at a temperature of
the order of 1,000° C, and accompanied by a small quantity of other gases,
enters the permeable formations through fissures in much less permeable
underlying rocks. Sometimes, above the permeable formations, continuous
and extensive impermeable beds may provide a cover which can trap the
steam coming from below,

" In the case of beds without such cover, at the shallower part near surface
the presence of hot water or vapour in the centre, surrounded by an extensive
mass of cooler ground water, will set up a convective system, so that hot water
or vapour escapes at the surface and is replaced laterally by ground water

_(see Fig. 4).

‘Some of the original steam or hot water may escape completely by
mixing with ground water which is moving relatively rapidly through upward-
trending fissures or channels, so producing fumaroles or hot springs.

These are responsible for the heat transfer in rather shallow parts; re-
garding the heat transfer from the deeper source, we can envisage several
ways as follows:

1. Transportation of liquid and steam themselves with pressure and
temperature.

2. Conduction of heat.

3. Convection of heated liquid.

4. Adiabatic expansion and temperature decrease by evaporation.

Now, at first the writer assumes a subterranean pressure jet including
temperature element and ealculates the distribution of permeable pressure
and temperature, and next he takes a cylindrical model as a reservoir and
calculates the pressure and temperature inside this reservoir.

. Generally, within the permeable formations, the average pressure can be
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expressed by an equa.tion similar to the conductivity of heat (Homer 1958)
which is:
fuC a_p
2y =Ll . 2
Vip = T % e .. o (3)

Heat flow  calybec X10°

150+ j\
700 \/J\ﬁ-r/. \‘
. L3 . '\ . -

S0 \\‘\széz
20— Warer discharge CCisec X /07
/'5 v\\\//ﬂ //‘\PJ\ \
10 -—\_‘\\\
o8 Rain fal = =
20F% T T ys t Tt X T 11 T T .t T ]
‘”Hﬂ:ﬁ:ﬂ:ﬂhﬁ:ﬁtﬁdﬂﬂnﬂ:@iﬁH
o

] 2 3 4 5 6 7 & 9§ /0 /7 127 3 5 €
/953 1955 1954~

( after CJ Banwell)

F1Gg. 4. Relation between heat flow and water discharge at Wairakei in New Zealand.

where p is the pressure at a point in the reservoir at time ¢, and f, u, C, K
are the porosity, viscosity, compressibility and permeability respectively, all
assumed to be constant.

Consider now two types of pressure (including heat) transportation.
One of them is the pressure (including heat) emission from the earth’s surface
without cover beds. The other deals with the case in which cover is present.

Now assume & spherical model as the pressure jet including temperature
element (Fig. 5). The equation of motion in steady state and its boundary
condition are as follows (Nemoto et al. 1957) by using equation (3).

5}?"'8_3;2:0 .. . . .- 4)
p = p, at 224 (y—b)? = E2,
0

where b is the depth of the source, R is the radius of the
source, p; is the initial pressure of this source, and in this
case it is assumed that the pressure emission from the
gurface corresponds to Newton’s cooling law.

Fia. 5

The solution is as follows :

R S 224 (y —a)®
P=" 6 Rk (yFap
log—-—-—-b+a
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2 bttt
b= [BlB+(y=ar  F+yFar
Chta

1 ( —22+(y—a)? —a®4(y+a)? }
h’{{x=+ =} (o +ap)
Y {(y+£—a){ ~322+(y+£—a)t}
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_ (y+£+a){ —sx?-+(y+e+a)=}} df]
{z2+(y+E+ar)
where a = \/ﬁz
Changing equation (4) by putting x—a = ¢
e+é=1n, y—>0, b==10R

+

and using

J’ " z (y+é—a){ 322+ (y+é—at} _ (y+E+a){—322+(y+é+a)?) ; df =
3
{224 (y+£—a)2} {22+ (y+£+a)2}
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1 e
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35 [1 he—c2h2e fo ; d/q]

then p becomes in the following:

=

_in [}_2_”_ _ 1 4y
RyE—b2 MR ()f—bR)2

1 o
+W—b$§{1 —h(y—b)—(y ——b)zhze"w b)_[ dn}

y-b K
+—1——-{1 h(y+b)—(y+b)3h2c 0+ f e’ n‘] (3
2h%(y+Db)2 s

Some examples of calculation using equation (5) are shown in Fig. 6 (dotted
line in right side picture). Im this figure, & = 0-0001 corresponds to the case
of existing cover rock, while » = 0-1 shows no-cover rock case.

Although this result is on the basis of pressure, we can presume the
temperature distribution from this pattern, because we kmow the relation
between the temperature of saturated steam and its correspondmg pressure
(Goranson 1954).

* Assuming such a state of saturated steam, the result can be seen in the
same figure (full line on the right side).
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On the left side, the writer shows an exé.mple of temperature ourve
obtained in some borehole in New Zealand (Smith 1958). This graph
- resembles very much the result of present caleulation. However, we must
remember that in the above calculation, porosity, viscosity, permeability and
compressibility, all of them are assumed to be constant. But under the
natural conditions these would be a little different. Also the above calcula-
tions have been done under stationary conditions. Now will be considered
the change of heat transfer state with time.

Pressure and Temperarure
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{ j
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Here is assumed a oylindrical model (Fig. .7) a8 a reservoir (of steam or
liquid with high temperature). There are two cases, one of no pressure (with
heat) supply from the depth, the other of pressure (with heat) supply from

the bottom. o .
Taking the first case the equation of motion®by cylindrical co-ordinates

becomes (Nemoto et al. 1957)

dp _, (9%p 13p ?3_1_;) 6 0gr<a,
-é-t-—-k (55+r8r BE) ()OSZSZ.
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Initial condition:

p=flr,z)ati=0...... (7
?al: =0,atr=a...... (8) (adiabatic, side)

Boundary condition :. %:—+hg) =0atz=1...(9) (pressure emission)

0
?% =0,atz=0..... (10) (adiabatic, bottom)

where b = a/k, « . . . emissivity

the general solution of equation (6) is

p o< e BT () O g

sin
by using recurrence formula J,'(z) = —J,;(z) and boundary conditions, the
writer obtained

'2 ’
By By,
© ) —k l’t "'k’(fi""?)t L w\b
p = X A[.L"C + 2 AA Jo (Am ";
n=1 =1 N ;

Here, by applying the initial condition and introducing the Bessel-Fourier
series, the result is written as follows: .

: ‘2 a 1
By
2 2,2 ‘—k i
4 2 p+R (,s) JJ Y .

A2 L2 L r\ e M
) A ) ont
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In the special case, when f(r, 2) = py = constant, the result may be written

¢ ]
. . By
N pr R , “"F‘ V2
== Z T I T TEE e * CO8 -
p pn 1[1,”( +M+hl’) adl
2
5 (F-,.‘i‘hl)ﬂml’-,, “kwf’:t 4z rlmz 11
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. n—-l,_;,'lyﬂ-{-hl-‘-kl) l 4

By simplifying equation (11), we obtain

Pl L
P =2p, o

RTI ETIRT XGOS#’ESin.u’ . .. (12)
242 1 1
po(pg +Id+hl) 3 :
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’ M w
where

MSTER R
Some examples of caloulation using equation (12) are shown in the upper
part of Fig. 8 (dotted lines).

In this figure, can be seen the combination of -
k= 01, 0-01, 0-001, 0-0001 and of £ = 0, 0-03, 0-3, 1, 3, 30 years, I = 1000’ (m),

L_ fuC

= = 10-1
% T 10
(gas) (heat transportation).

As already stated, the temperature distribution of saturated steam can
be calculated uniquely from these curves.

For saturated steam the results
are shown in the same figure (full lines).

From these patterns, we can envisage the internal state of the steam
Teservoir.

If the state of H,O is liquid, the time required to continue the

same state as in Fig. 8 (full lines) becomes 1/100~1/1000. This can be under-
stood by the compressibility changes.
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Now, here let us consider the relation between porosity and permeability.
In the case of equation (3), this relation is the ratio of porosity to permeability.
On the other hand, in oilfields the relation is as in Fig. 9. However, in vol-

canic regions this relation does not always hold good, because there are some-
times an abundance of cracks. We must take note of this point.

From equation (2), we can know the heat flow per unit area by using the
data of Fig. 8. The result becomes as follows:

K =1x10"8~10x10"7¢,
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As a good field example corresponding to Fig. 8, the subterranean tem-
perature distribution is shown for the case at Onikobe, Tohoku district in
Japan (see Fig, 10). We can see the good conourrence between theory and
field data (heat source is located just to the right of and below the middle
borehole). Another example (Fig. 11) obtained at Matsukawa, Tohoku
distriet in Japan, shows the difference between cover and non-cover rocks,
by the change of the gradient of geothermal curves.

so
U 400
<X
&
L
b3
\ 15079 20
Distance -
1w00d" 800 o0 400 200 0 O 400 600 07 W00
L ) 1 i 1 1 1 1 1 1.1 |

F16. 10. An example of depth-temperature curve.
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Fie. 11, An’example of depth-temperature curve,

Next is congidered the similar problem concerning the pressure supply

condition from the bottom. )
In this case the pressure consists of two parts, namely,

p=p+p:
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where p, satlsﬁos each condition from (6) to (10) and oonoemmg P, (Fig. 12)

pe=0, att=0 e .. .. ’-'(13)
ago =0, a.tr=a . .. .. i (14)
pe=re F1—e), atz=0 o .. -(15)
%4—7@1)2:0, atz =1 A .. (18)
4
p, 3
L)
1
!
] 2 3 4 5
= ¢ (hour, day, month)
Fie. 12,

Since the solution of p, is equation (12), the author calculates the solution
of py using Duhamel’s method.

9 2
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There are various cases depending upon the relations between the quan-
tity of escaping heat (including pressure) from the top and that of supplying
heat (ineluding pressure) from the bottom. ‘

For example, by equation (17) if the latter (from the bottom) is larger
than the former (from the top), it gives rise to explosion or protrusion be-
cause of the huge amount of pressure even in case the maximum tem-
perature in the reservoir is equal to or less than the temperature below bottom.

\A (rrtical poirt
s %

“~Liguid sataration -

Va,oor:amrit/bn v

F1a.13. P-P-T relationship of Hy04),

Upper: Isotherms of pure substance.
Middle: P-T diagram for water.
Lower: P-¥-T surface for water.

V. ConbpuoTIiON OF HEAT

For heat conduotion, usiné the same models, the equation of motion

becomes as follows :—
a0 028 ' 100 :
—----k(arz-'- )OI' Vze-——ia .. .. .. (18)
~ Comparing the equation of transportation (3) with that of heat con-
duotmn (18), their forms are similar except for their coefficients. Conoermng
the boundary and initisl conditions, their forms are the same.
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Now let us consider here the relation between their coefficients.  From
equations (3) and (18), we know thatig—(c- corresponds to 1/k.

In gas state:
Jue _ 0-16X1074x2x10"2

K 1076 =03
In liquid state:
fue _ 0-15x1078x 1075 _
'E— 10'6 =0'1X10 2
On fthe other hand,
,l;=%’=gcp=2x105k-1=102
order because
h_i....emissivity
" K....heat conductivity

therefgre in normal geothermal gradient,

2:6x 10~
= =1/2% 1078 = (- ing Tab.
5% 10-3 /2% 10 0:0005 (by using Tab. 2)
K bx10°8
k=—=——— =00125
cP 0-2%2
TABLE 2
* Value of K Cal. em-1. sec.-1 (°C)-1 Value of ¢

Sandy shale 5Xx 10-3 Cement .. 0-21
.Hornblende 5% 10-3 Marble .. 020
Andesite 14 x 10-3 Chalcopyrite .. 0-18
Tuff 1.7 x 10-8 Glass o 104022
Basalt 36 x 10-3 (Water) (1)
Limestone 6 x 10-3
Diorite 6 x 10-8
Lava 2 %X 10-2
Mean 5% 10-3 Mean 02

Considering these values, we see that in heat conduction, it requires 1,000
times of time to have the same state obtained from transportation (in Fig. 6
and Fig. 8). . These results are shown in Fig. 6 (middle) and Fig. 8 (lower)
respectively. From these figures, we can understand that it is impossible to
realize the actual shallow underground geothermal state by only heat con--
duction. However, for the deeper structure (formation) near the heat source,
many phenomens can be explained by combining direct transportation of
liquid and steam with pressure and temperature with conduction of heat.
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VI. CoxvectioN or HEaTeED LiQuip

Besides direct transportation and conduction of heat, sometimes we
must take the convection of heated liquid into consideration. Here the
author shows a model (Fig. 14).

Pressuare

F1e. 14. Possibility of subterrancan heat convection. -

In this graph, 4 is the steam phase, B is the liquid region and C shows
the saturation condition—boiling point/depth curve. Now, in the case of steep
gradient (for example D’ line in this figure), we can arrive at the gas phase
from the liquid phase within 2 or 3 kilometres depth. Actually in Tuscany,
Italy, as the geothermal gradient is four times the mormal value (Goguel
1959) (1° C/8-50 m), we can see the convection of heated liquid at the depth of
2,400 m. The main role of this ‘ convection’ is to equalize the temperature
within shallow and deeper formations, although the extent depends upon
the permeability and porosity of the formation and the geothermal gradient

within it. Anyway, in places with such a steep temperature gradient we
cannot overlook the convection effect.

VII. ADIABATIO EXPANSION AND TEMPERATURE DECREASE BY
EVAPORATION

Although the main factors of heat transfer are direct transportation,
oonduotion and convection as have been explained above, we have two other
factors to consider. These are adiabatic expansion and temperature decrease
by evaporation.

Adiabatic Expansion

The equation of adiabatic expansion is

Tv?-1 = const (19)

where Y=12~14

Pv? = oonst }
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For example, when the liquid or gas comes up from a deeper to a shallow
place very rapidly through fissures (if the pressure drops from 1,000 atm to
100 atm suddenly) in such a case temperature must decrease from 1,000° C to
500° C ~ 600° C, the equation (19) would apply. A
Evaporation of the Heated Fluid by Pressure Decrease

For instance, the heated fluid of 107 ton with 50 kg/om? in pressure and
250° C in temperature corresponds to the specific volume of 1-25 X 107 m8 with
2-569 xX'1012 Koal enthalpy (refer Table 3(1)).

steam
TasrE 3(1) ( liquid | )
1

Specific Volume and Enthalpy of Liquid Water and Superheated Steam

Specific Volume cmS3, g-1 — m8, (-1

Entbalpy cal g=1 = 108 Kecal, ¢-%

Temperature centigrade
Pressure (kg/em®)
: 200° } 250° , 300°

5 -443-7 483-7 532-8

. 6822 706-8 731-1

10 2106 237-5 263-0

676-1 702-8 7280

0 1-1561 114-0 128-1

2 2035 694-0 721-9
50 1-1532 1-2495 4847
9038 259-2 69-95

To obtain the superheated steam with 5 kg/em? pressure and 250° C
temperature from the heated liquid by the pressure decrease, there is an
insufficiency of 4-48 X102 Keal (Table 3(1)). Suppose we supply this defi-
ciency of 4-48 <102 Kecal from the residual magma of 1 km3, then the tem-
perature of the residual magma will decrease 6° C in temperature (Table 3(2)).
Finally, one can show whether’ water or steam can easily penetrate into
the formations. For this it is seen in Table 4 that at any temperature, heat
with liquid penetrates more than heat with steam.
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TABLE 3(2)
Heat Capacity of Residual Magma

Temperature
Volume of
Residual Magma
0°C 200° C 400° C 600° C
1 km3 = 107 m3 0 1:5 X 1014 Keal 3-0 X 104 Kcal 4:5 X 101¢ Kecal
1,000 km3 = 1012 ;3 0 1-5 X 1017 Kcal 3:0 X 1017 Kcal 4-5 X 1017 Kcal
TARLE 4
Properties of Saturated Steam and Water
. Fluid Kinematic

Temp. I(De/nmty Viscosity Viscosity Entl;711)3y "

(°C) g/e.c.) (c-poise) (c-stoke) (c%g Plp
P p ple

‘Water:
100 0-96 0-284 0-296 100 340
200 0-83 0-136 0-164 203 1240
300 0-71 0-095 0-134 321 2400
360 0-55 0-063 0-115 423 3690

Steam: .
100 0-00060 0-012 200 640 32
200 0-0079 0-017 2-15 667 310
300 0-045 0-021 0-47 655 1400
360 0-100 0-027 0:27 590 2180
VIII. GrorHYSICAL METHOD OF PROSPECTING FOR STRUCTURE AND

INTERNAL STATE

To know the underground structure, various methods of geophysical
prospectings have been used. For the prospecting of geothermal structure,
although usual geophysical methods can be applied, the author would em-
phasize two or three procedures. One of them is to use the geophysical
logging method. One Japanese example is seen in Fig. 15. The specific
resistivity of rock R, is proportional to that of interstitial water R, (Wyllie,
1954).

FxR,
Ry = <

where F is formation resistivity factor and it is expressed as follows:

F = C/¢™, where ¢ is porosity.
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F is a quantity related to the structure of rocks and the characteristics of
geological formation. And 8, shows the saturation. Therefore, if we assume
8. = 100 per cent, the value of F can be obtained by R, and R,, is calculated
from S.P. (Self Potential) (see Fig. 15).

Femperatur) 20 40 6080 190 120 0 K0 80'c
Restiuty 1020 30 40 P 6p_7p 80 9p 190
50 .

v

[y
\
)

v Karer level

100

/50

< DeprR

250
m

I =1l : Impervious cover
[ > Il : Thin layer with high resistivity
Il > 1 : Fracture zone or porous and permeable layer

Fra. 15. An example of electrical logging (in Onikobe, Japan).

The next problem is the study of magma itself by means of geophysical
method. Gorshkov (1954) has calculated the locations, depth, size and
figure of magma by the absence of seismic S waves transmitted from Northern
Japan to Kamchatka. The author thinks such a method should be devel-
oped for the geothermal study and volecanology.

Finally, the author wants to show one of the results of the study of inter-
nal structure of a voleano by synthesizing geological and geophysical methods

78
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will be seen that such a complex study including geological, geophysical and

logical and laboratory works.
derstanding the structure of a

ive in un

, 8618mo
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(see Fig. 16). Fig. 16(1) is the seismograph record, and Fig. 16(2) shows

the synthesized result by geological
geochemical researches is very effect

voleano.
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IX. CONCLUSION AND ACKNOWLEDGEMENT

As already explained in the first section, the author has studied not only
for the usual purpose to know the underground structure, but also for the '
geophysical method to obtain the geothermal state.

Although this is only a preliminary work, the author hopes that in the
near future many developments in such fields will be made.

So far as the geothermal problem is concerned, the writer is feeling the
necessity of study of ‘magma’ by geological, geophysical and geochemical
"~ methods.

In conclusion, the author wishes to express his grateful thanks to Prof,
M. 8. Krishnan, F.N.I,, for kindly going through this manuscript and for many
valuable suggestions.
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