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SUMMARY 

J a p a n , be ing one of the l e ad ing v o l c a n i c c o u n t r i e s in the 

w o r l d , h a s v e r y abundan t p o t e n t i a l r e s e r v e s of g e o t h e r m a l e n e r g y 

12 
tha t a r e r e p o r t e d l y e s t i m a t e d at one TW (T = 10 ), in t e r m s of 

p o w e r g e n e r a t i o n output , wh ich i s equa l to about four t i m e s the 

p r e s e n t t o t a l e n e r g y demiand of the c o u n t r y . On the o t h e r hand, 

the ex i s t i ng s c a l e of g e o t h e r m a l power s t a t i o n s in J a p a n , inc lud ing 

t hose u n d e r c o n s t r u c t i o n , i s about 220 MW, and m u l t i - p u r p o s e 

u t i l i z a t i o n is now being appl ied to ba th ing , s m a l l - s c a l e g r e e n h o u s e 

cu l t i va t ion , e t c . F r o m the point of view of e n e r g y supply d i v e r s i ­

f ica t ion and l o c a l c o m m u n i t y w e l f a r e , the i m p l e m e n t a t i o n of the 

d e v e l o p m e n t of g e o t h e r m a l r e s o u r c e s is be ing s t r o n g l y d e m a n d e d . 

In v iew of t h i s s i t ua t ion , the n a t i o n a l g o v e r n m e n t , in o r d e r 

to p r o m o t e the d e v e l o p m e n t of g e o t h e r m a l r e s o u r c e s , ha:s taken 

up g e o t h e r m a l e n e r g y as p a r t of the Sunsh ine P r o j e c t , and is 

going ahead wi th e f fo r t s t o w a r d the e s t a b l i s h m e n t of g e o t h e r m a l 

s u r v e y and p r o s p e c t i n g t e c h n i q u e s , d r i l l i n g and e x t r a c t i o i i 

t e c h n i q u e s , t e c h n i q u e s for power g e n e r a t i o n u t i l i z i ng g e o t h e r n i a l 

hot w a t e r , t e c h n i q u e s for p o w e r g e n e r a t i o n f rom volcanoi-.s o r 

hot d r y r o c k s , and t e c h n i q u e s for e n v i r o n m e n t a l p r e s e r v a t i o n and 

m u l t i - p u r p o s e u t i l i z a t i o n . At the s a m e t i m e , t h e r e a r e u n d e r way 

s u r v e y s , inc lud ing b o r i n g o p e r a t i o n s , on g e o t h e r m a l a r e a s a c r o s s 

the c o u n t r y for. the d e v e l o p m e n t of g e o t h e r m a l r e s o u r c e s , e n v i r o n ­

m e n t a l i m p a c t s u r v e y s to f ac i l i t a t e the p lann ing of g e o t h e r m a l 
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power station s i tes , surveys for effective util ization of hot water , 

commerc ia l iza t ion t e s t s , the provision of loans for construct ion 

of geothermal power s tat ions, and so forth. 

Through these m e a s u r e s , geothermal power generat ion is 

g 
expected to supply about 6 GW (G = 10 ) by 1990 and about 48 GW 

by 2000. 
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I. PRESENT STATUS OF GEOTHERMAL RESOURCES 

UTILIZATION IN JAPAN 

Japan; being one of the leading volcanic countr ies in the 

world, has very r ich potential r e s e r v e s of geothermal energy, and 

depending upon their development, it is possible to cover a con­

s iderable proport ion of the future energy r e q u i r e m e n t s . Besides , 

in the sense of utilizing what can be called the only untapped r e ­

sources , that is expected to contribute toward improving the energy 

situation in Japan that re l ies on o v e r s e a s sources for most of i ts 

energy demand. 

The country has 65 active volcanoes. Including these, there 

a r e more than 200 so-called geothermal a r e a s . It is said that 

there exists one-tenth of the whole geothermal energy of the world 

in Japan. As for the r e s e r v e s of geothermal energy, the Geological 

Servey of Japan, Agency of Industr ial Science and Technology, is 

conducting a country-wide basic geothermal survey on shallow hydro-

thermal sys tems as pa r t of the Sunshine Pro jec t , and the G . S . J , 

tentatively e s t ima tes that about 18 GW elec t r ic power can be gen­

erated through the 30 a r e a s included in the survey. This resul t , 

if extended as such to 200 a r e a s a c r o s s the country, would mean 

that it is possible to genera te about 130 GW. 

Survey and prospect ing techniques on geothernial energy are^ 

still in an initial stage of r e s e a r c h and development, and suffi­

ciently accura te supporting data a r e not avai lable, yet based on 

V. 
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the knowledge and i n f o r m a t i o n a v a i l a b l e to d a t e , inc lud ing o t h e r 

m e t h o d s of g e o t h e r m a l u t i l i z a t i on , the po ten t i a l r e s e r v e s of g e o ­

t h e r m a l e n e r g y , a g g r e g a t i n g sha l low h y d r o t h e r m a l s y s t e m , v e r y 

d e e p h y d r o t h e r m a l s y s t e m , hot d r y r o c k s , vo lcan ic e n e r g y , non-

v o l c a n i c hot w a t e r e t c . , a r e e s t i m a t e d a t about 1 TW, which i s 

equa l about to four t i m e s the p r e s e n t to ta l e n e r g y d e m a n d of 

J a p a n , 

At p r e s e n t , t h e r e a r e five g e o t h e r m a l power s t a t i o n s in 

o p e r a t i o n and two u n d e r c o n s t r u c t i o n , t h e i r p o w e r g e n e r a t i o n ou t ­

put to ta l l ing abou t 220 MW (Tab le 1). 

In a field o t h e r than p o w e r g e n e r a t i o n , t h e r e i s what i s 

ca l led m u l t i - p u r p o s e u t i l i z a t i o n of g e o t h e r m a l r e s o u r c e s , and in 

J a p a n th i s i s l i m i t e d , in m o s t c a s e s , to bathing a p p l i c a t i o n s 

(hot s p r i n g u t i l i za t ion) w h e r e the l e v e l of u t i l i za t ion t e i n p e r a t u r e 

i s low. 

In p o w e r g e n e r a t i o n , m o r e o v e r , the g r e a t a m o u n t s of hot 

, o 

w a t e r ( t e m p e r a t u r e l eve l , abou t 100 C) that flows out a r e a v a i l ­

a b l e for iT iu l t i -purpose u t i l i z a t i on , inc lud ing g r e e n h o u s e c u l t i v a ­

t ion and f ish f a r m i n g . The m u l t i - p u r p o s e u t i l i za t ion of hot w a t e r 

now being p r a c t i c e d o r p lanned in ou r coun t ry i s a s ind ica ted in 

the a c c o m p a n y i n g Tab le 2 and 3. If g e o t h e r m a l power g e n e r a t i o n 

i s a u g m e n t e d in the coming y e a r s , th i s m u l t i - p u r p o s e u t i l i z a t i o n 

wil l be i n c r e a s e d by l e a p s and b o u n d s , going a long way to the 

d e v e l o p m e n t of l oca l w e l f a r e . 



II. MEASURES FOR DEVELOPMENT OF GEOTHERMAL 

RESOURCES 

In order to promote the development of geothermal r e s o u r c e s , 

the following m e a s u r e s a re being taken: 

(1) Geothermal r e s o u r c e s development implementat ion surveys 

Various surveys , including surveys on the diffusion 

of hydrogen sulphide from power station, a re under way 

from the view point of technological needs involved in 

geothermal r e s o u r c e s development. 

(2) Geothermal r e s o u r c e s development surveys 

At present , there a re about 200 promis ing geother­

mal a r ea s confirmed in our country. These a r ea s have 

been under basic surveys since 1973, including geochemical 

surveys and prospect ing, natural heat d ischarge surveys , 

and se i smic prospect ing, and those points deemed par t i cu­

la r ly promising from basic survey resu l t s have been under 

close surveys , centered on boring, since 1974, in o rder 

to de termine underground s t ruc tu re s , the scale of geother­

mal r e s e r v o i r s , and other conditions. 

(3) Geothermal environnnent surveys 

Geothermal power generat ion s i tes tend to be impeded 

because of the opposition from local inhabitants and other 

in te res t s caused by environmental p rob lems . To overcome 
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this situation, the s i tes slated for geothermal development 

a re given environmental survey boring operat ions by the 

government to check and make sure that there a re no 

effects on the local plant life, r iver water , underground 

water , hot spr ings , etc. , by geothermal steam and hot 

water , hydrogen sulphide, etc. 

(4) Surveys for effective utilization of geothernial hot water 

In order to help s t reaml ine the planning of geotherrnal 

power generation plant s i tes , mul t i -purpose util ization 

feasibility surveys and commercia l iza t ion t e s t s , with 

respec t to the mul t i -purpose util ization of hot water fLowing, 

out of geothermal power s tat ions, a re under way as 

delegated to the local governments that have jur isdict ion 

over the planned generat ion s i tes . 

(5) Resea rch and development of geothermal energy technology 

(Sunshine Project) 

In o rder to promote geothermal energy development, 

r e s e a r c h and development have been under way since 1974 

as to techniques for prospect ing and extract ing geo thenna l 

, energy, techniques for power generat ion utilizing hot water , 

volcanic power generat ion techniques, and techniques for 

environmental p rese rva t ion and mul t i -purpose util ization 

(the pa r t i cu l a r s stated la te r ) . 



t 
(6) Otbers 

Loans a re being provided to aid in the construction 

of geiothermal power generat ion s tat ions. 

In this connection, a chart of the re la t ionships among 

adminis t ra t ive .agencies concerned with geothermal develop­

ment, e t c . , is shown in Fig. 1,, and the p rocedure for 

geothermal r e s o u r c e s development, in Fig. 2. 
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III. PROSPECTS FOR DEVELOPMENT OF GEOTHERMAL 

RESOURCES 

As to p rospec t s for geothermal power generation, a repor t 

(Oct. 1969) by the Energy Resea rch Council of the Economic 

Planning Agency gives i ts volume as 145 million kW, but r e fe r s 

to 20 GW as that volume which can be economically tapped at 

existing technological l eve l s . 

Es t imat ing the amount of hot water stored underground, the 

repor t a s s u m e s that it will be extracted continuously during the 

year 2000. 

In est imating that amount of hot water , the repor t puts the 

2 
a r ea of the regions covered at 26,000 km , the thickness of 

formations containing hot water at 1.5 km, and the porosi ty of 

the formations at 10 per cent. 

A repor t (Jan. 1974) by the Geothermal Subcommittee, 

Energy Technology Comrrvittee, Industr ial Technology Council, 

p red ic t s that power generat ion utilizing deep geothermal r e se r« 

voirs , pcwer generat ion utilizing volcanoes or hot dry rocks , 

e t c . , in addition to the system of power generation by sb.allow 

geothermal r e s e r v o i r s which is now in pract ical service , will 

have been put into pract ica l operat ion by 2000, and that, in that 

case, installed power generat ion capacity will reach about 48 

GW (Table 4). 



Meanwhile, a tentative paper (June 1977) on prospec t s for 

long-range energy supply and demand, by the Supply and Demand 

Subcommittee, Advisery Commit tee for Energy, p red ic t s that 

geothermal power generat ion will supply about 6 GW and 330 MW 

will undergo mul t i -purpose util ization, by 1990. 



I . . . 

IV, R E S E A R C H AND D E V E L O P M E N T P R O J E C T (SUNSHINE 

P R O J E C T ) O F G E O T H E R M A L E N E R G Y IN JAPAN 

( l ) F o r w a r d 

In the face of the e n e r g y c r i s i s and e n v i r o n m e n t a l pollu™ 

t ion, J a p a n , to which a so lu t ion to t h e s e p r o b l e m s is of p a r ­

t i c u l a r i m p o r t a n c e ; m u s t m a k e the d e v e l o p m e n t of new e n e r g y 

t echno logy a na t i ona l p r o j e c t . 

"Sunsh ine P r o j e c t " i s an a m b i t i o u s na t iona l t e chno log i ca l 

d e v e l o p m e n t p r o g r a m c o m m e n c e d in 1974 and to be c o m p l e t e d 

by the y e a r 2000. 

T h r o u g h the u t i l i z a t i o n of i n e x h a u s t i b l e , pol lu t ion f r ee 

s o l a r e n e r g y , g e o t h e r m a l e n e r g y , e t c . , "Sunsh ine P r o j e c t " is 

expec ted to a l l e v i a t e the e n e r g y c r i s i s r e s u l t i n g f rom the e x " 

h a u s t i o n of p e t r o l e u m r e s o u r c e s , and to give back to the e a r t h 

i t s f r e s h g r e e n and l i feg iv ing s u n s h i n e . To e x p e d i t e the p r o ­

j e c t , r e s e a r c h and d e v e l o p m e n t i s to be c a r r i e d out on a l o n g -

t e r m t i m e t a b l e , p lanned a s far a s the y e a r 2000 and , a t s a m e 

t i m e , a m e d i u m - t e r m s c h e d u l e . 

E n e r g y s o u r c e s to be t r e a t e d a s the o b j e c t s of the p r o ­

j e c t f r o m the y e a r 1974 a r e a s fo l lows: 

(i) S o l a r E n e r g y 

(ii) G e o t h e r m a l E n e r g y 

10 



(iii) Coal Gasification and Liquefaction 

(iv) Hydrogen Energy 

(v) , Supporting Resea rch 

"Sunshine P r o j e c t " is to be promoted on a national scale 

with full cooperation from national r e s e a r c h insti tute organs , 

un ivers i t i es and pr ivate en t e rp r i s e , as well a s through in te r ­

national cooperation with pro jec ts .in other countr ies . 

(2) Outline of Technological Development 

a) Technology for exploration and extract ion of geothermal 

energy. 

The cur ren t exploring techniques la rgely depend 

upon those used for petroleum r e s o u r c e s exploration, 

both in method and equipment. However, in order to 

attain adequate prec is ion in the future, it is necessa ry 

that new exploring techniques suited to geothermal 

prospecting will be developed. 

With regard to geothermal well dril l ing techniques, 

p r o g r e s s is being made in applying the a i r dri l l ing 

method as well as the conventional mud dri l l ing method. 

In the future, dr i l l ing will be made into rocks with even 

, o o . 

higher t e m p e r a t u r e s (300 ~-400 C), therefore , the 

development of high t empera tu re and corros ion r e s i s t - , 

ant ma te r i a l s is compulsory. Together with a dri l l ing 

11 
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m a c h i n e , m u c h m o r e s e v e r e cond i t ions will be i m p o s e d 

on the wel l logging i n s t r u m e n t s , with r e s p e c t to t h e i r 

h e a t r e s i s t a n c e , p r e s s u r e r e s i s t a n c e , and c o r r o s i o n r e ­

s i s t a n c e ; c o n s e q u e n t l y , e f for t s m u s t be m a d e to i m p r o v e 

t h e i r p e r f o r m a n c e c a p a c i t i e s . In the i n t e r e s t s of p r e -

• vent ing e n v i r o n m e n t a l d i s r u p t i o n and r e d u c i n g hea t l o s s , 

i nc l i ne d r i l l i n g m a y a l s o be wide ly adop t ed . 

C o n s e q u e n t l y , the o b j e c t of s t ud i e s i s to e s t a b ­

l i s h m e t h o d s for c o n f i r m i n g the a m o u n t of g e o t h e r m a l 

d e p o s i t s and to d e v e l o p t echno logy for e x p l o r i n g and 

a s s e s s i n g g e o t h e r m a l r e s o u r c e s a s well a s t echno logy 

for e x c a v a t i n g h i g h - t e m p e r a t u r e r o c k in o r d e r to r e ­

d u c e the r i s k s involved in d e v e l o p m e n t . 

b) T e c h n o l o g y for p o w e r g e n e r a t i o n u t i l i z ing hot w a t e r 

The p o w e r g e n e r a t i n g s y s t e m today, i s Limited 

to the u s e of n a t u r a l s t e a m , but the effect ive use of 

hot w a t e r a s s o c i a t e d with n a t u r a l s t e a m m u s t be 

d e v e l o p e d . F o r th i s p u r p o s e , the d e v e l o p m e n t of 

b i n a r y cyc le p o w e r g e n e r a t i n g s y s t e m us ing l<:>w 

en tha lpy f luids such a s F r e o n o r i s o b u t a n e a s the 

c a r r i e r of h e a t e n e r g y , o r a combined cyc le s y s t e m 

combin ing the f o r m e r wi th the n a t u r a l s t e a m s y s t e m 

a r e e x p e c t e d . 
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The ob jec t of s t u d i e s i s to d e v e l o p the t echno logy 

for c o r r o s i o n - r e s i s t i v e m a t e r i a l s , t echno logy for h i g h -

eff ic iency h e a t e x c h a n g e , e t c . , and to d e v e l o p a h i g h -

eff ic iency b i n a r y - c y c l e p o w e r g e n e r a t i n g s y s t e m by the 

l a te 1 9 8 0 ' s . C o n s t r u c t i o n i s p r e s e n t l y being advanced 

on a 2 ~ s y s t e m (IMW hot w a t e r type , c o m b i n a t i o n hot 

w a t e r and s t e a m type) . T h e s e s y s t e m s wil l be con­

s t r u c t e d by the end of 1977 and u n d e r g o t e s t r un . 

c) Techno logy for a vo l can i c p o w e r g e n e r a t i n g s y s t e m 

The d e v e l o p m e n t of hot d r y r o c k f r a c t u r i n g tech= 

n iques and a r t i f i c i a l hot w a t e r evolv ing s y s t e m for e x ­

t r a c t i n g and u t i l i z ing t h e r m a l e n e r g y p o s s e s s e d by hot 

d r y r o c k s i s v e r y i m p o r t a n t and a cha l l eng ing t h e m e . 

T h e r e is a high po ten t i a l for the d e v e l o p m e n t of 

power g e n e r a t i o n by e x t r a c t i n g t h e r m a l e n e r g y f rom 

v o l c a n o e s and hot d r y r o c k u t i l i z ing the a f o r e m e n t i o n e d 

t e c h n i q u e s of f o r m i n g a r t i f i c i a l hot w a t e r s y s t e m s . 

T h e r e f o r e , s t u d i e s a r e c a r r i e d out to d e v e l o p 

the t echno logy for f r a c t u r i n g into hot d r y r o c k , t e c h ­

nology for f o r m i n g m a n - m a d e hot w a t e r s y s t e m s , e t c . , 

and to d e v e l o p h i g h - e f f i c i e n c y , l a r g e - c a p a c i t y vo l can i c 

and hot d r y r o c k p o w e r g e n e r a t i n g s y s t e m s by the 

n i i d - 1 9 9 0 ' s . 

13 
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d) Technology for mul t i -purpose utilization of geothermal 

energy and environmental preserva t ion 

Effective use of hot water associated with geo­

thermal power generation is important in view pf r e ­

ducing power generat ing costs by allocation and the 

contribution to regional development. The power gener^ 

ating plant in mul t i -purpose use of geothermal energy 

may be called a local welfare type power plant. The 

mul t i -purpose use of geothermal energy will also be 

highly effective in preventing environmental pollution 

caused by the d i scharge of hot waste water . 

Environmental effects brought on by geothermal 

fluids must be fully controlled. These include corro = 

sive gases and chemical components dischargi:;d from 

geothermal fluids, as well as hot water and solids, 

adverse ly affecting the human organism and tlie eco = 

logical s y s t e m s . It is imperat ive that comprehensive 

techniques for environmental protection be establ ished. 

Therefore , studies a r e carr ied out to develop 

technology for t ranspor t ing geothermal fluids, and to 

develop geothermal energy utilization systems for 

regional heating, agr icu l tu re , and other purposes . 

/ , 
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F u r t h e r m o r e , studies aimed at developing tech­

nology for environmental p rese rva t ion in o rde r to p re ­

vent adverse effects on the natural environment and 

ecosystem from the extraction and utilization of geo­

thermal fluids a r e beiiig carr ied out. 

Implementat ion p r o g r a m s of the above-mentioned 

geothermal energy R &, D a re shown in Fig . 3. 

15 
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Table 1. Geothermal Power Stations in Operat ion or under Construct ion 

cr-

Name of company 

In ope ra ­

tion 

Under 

cons t ruc­

tion 

JMC 

KYUDEN 

M'BISHI METAL 

DENPATSU 

KYUDEN 

JMC & TOHOKU 

JMC & HOKUDEN 

Name of 
power 
station 

Matsukawa 

Otake 

Onuma 

Onikobe 

Hatchobaru 

Kakkonda 

Mor i 

Output 
(MW) 

22 

11 

7.5 (10) 

12. 5 (25) 

23 (50) 

50 

50 

Completed and expected 
completion date 

Oct. 1963, and operated 

at 20 MW until April 1973 

Oct. 1967 

June 1974, and operated at 

6 MW until May 1975 

Mar . 1975 

June 1977 

Apr. 1978 

Mar . 1980 

Location 

Iwate Pref. 

Oita Pref. 

Akita Pref . 

Miyagi Pref. 

Oita Pref. 

Iwate Pref. 

Hokkaido 

Note: Values in parentheses a r e planned values . 

JMC : Japan Metals & Chemicals Co. , Ltd. 

KYUDEN : Kyushu E lec t r i c Power Co. , Inc. 

M'BISHI METAL : Mitsubishi Metal Corporat ion 

DENPATSU: E lec t r i c Power Development Corp. 

TOHOKU: Tohoku E l e c t r i c Power Co. , Inc. 

HOKUDEN: Hokkaido E l e c t r i c Power Co . , Inc. 



Table 2. Utilization of Geothermal Resources according 

to Tempera tu re Ranges 

180°C 

170 

160 

150 

140 

130 

120 

110 

100 

90 

80 

70 H 

60 

50 

40 

30 

20 

Distillation, ammonia refr igerat ion, manu­
facture of papers 

Production of heavy v.-ater, drying of diato­
maceous ea r th 

Drying of fish meat, drying of lumber 

Manufacture of alumina, a i r cooling 

Drying of agr icu l tura l products , canning 

Sugar refining 

Production of f resh water 

Drying of cement 

Hay making, process ing of foods, cooking, 
manufacture of salt 

Manufactuxre of dr ied fish, ice thawing, 
road snow melting 

Dis t r ic t heating, green house, poultry 
farming 

Heating cattle sheds, hotbeds, the rmos ta t s 

Mushroom growing, bathing 

Heating the soil 

Heated swimming pool, fish farming, 
sewage t rea tment 

Road snow melting by spraying hot water 
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T a b l e 3. P r e s e n t S t a t u s of M u l t i - P u r p o s e U t i l i z a t i o n of G e o t h e r m a l Hot W a t e r 

00 

P o w e r 

s t a t i o n 

M a t s u k a w a 

J M C 

(in o p e r a ­

t ion) 

O take 

H a t c h o b a r u 

K Y U D E N 

Hot w a t e r output 

(Heat exchange of 

s t e a m and f r e s h 

w a t e r ) 

• 

Otake 370 t / h r . 

H a t c h o b a r u 190 t / h r . 

(200 t / h r . r i v e r 

w a t e r hea t exchanged 

to 79 C and suppl ied , 

and g e o t h e r m a l hot 

w a t e r to ta l ly r e i n j e c t e d 

into u n d e r g r o u n d ) 

C o n s u m e r & supp ly v o l u m e 

H a c h i m a n t a i hot s p r i n g 

d i s t r i c t , M a t s u o Vi l l age 

(5 . 5 k m f r o m p o w e r s t a t ion ) 

- - 1, 000 t / m i n . , 75°C 

F o r e s t r a n g e r huts & M a t s u k a w a 

hot s p r i n g ho t e l s (3) - - 20 t / h r . 

P r i v a t e h o u s e s (110) "1 

Hotels (30) 1 ^°9 ^/^^-

S t a r t i n g d a t e 

of supp ly 

1971 

Aug . 1973 

S u p p l i e r 

H a c h i m a n t a i 

Hot Spr ing 

D e v e l o p m e n t 

C o . , L t d . 

•JMC 

KYUDEN 

' , ^ f ^ l '.V^SS^iK'_; • i l r J . • --J. ^ A ^ 



T a b l e 3. P r e s e n t S ta tus of M u l t i - P u r p o s e U t i l i z a t i o n of G e o t h e r m a l Hot W a t e r (Cont 'd ) 

P o w e r 

s t a t i o n 

O n u m a 

M'BISHI 

M E T A L 

K a k k o n d a 

( u n d e r 

p l ann ing) 

Hot w a t e r output 

2 66 t / h r . 

(15 t / h r . s w a m p w a t e r 

h e a t e x c h a n g e d to 60 -

70 C and supp l i ed , and 

g e o t h e r m a l hot w a t e r 

t o t a l l y r e i n j e c t e d in to 

u n d e r g r o u n d ) . 

2, 000 t / h r . 

C o n s u m e r & supp ly v o l u m e 

L o d g i n g f a c i l i t i e s in the n e i g h b o r ­

hood - - 15 t / h r . 

M o r i o k a Ci ty & Sh izuku i sh i Town 

- - 1 ,900 t / h r . - - d i s t r i c t h e a t i n g . 

r o a d snow m e l t i n g , g r e e n h o u s e 

g a r d e n i n g , t o u r i s m , i n d u s t r y 

S t a r t i n g da te 

of supp ly 

1972 

19 78 

S u p p l i e r 

K a z u n o City 

^•;A,'.-;'^aU^^wai'^"''p-^.- •' '1 



Table 4 , P r o s p e c t s for Geothermal Power Generat ion Development 

(Unit : MW) 

tVJ 

O 

1975 

1980 

1985 

1990 

2000 

Power generation 
utilizing steam 
from shallow 
r e s e r v o i r 

50 

220 

500-1,000 

3, 000 

1,950 

^ ) 

Power generat ion 
utilizing steam 
from deep r e ­
servoi r 

-

-

200 

2, 150 

12,000 

^ 

Power generat ion 
utilizing geo­
thermal hot water 

-

2 

210 

910 

11,000 

Power generat ion 
utilizing volcanoes 
and hot dry rock 

-

-

-

-

5, 500 

J 

Total 

55 

222 

910-1 ,410 

6,060 

48,000 

Conventional 

technology 

New technology (Sunshine Project) 

Tentative 

p rospec t s 

I 



including Administrat ive Agencies concerned with Geothermal 

Energy Development 

In teres ted Local Public Bodies and Pr iva te Organizat ions, etc. Government Adminis t ra t ive Agencies 

Diet Members Council on Development of Geothermal Resources 

(L ibera l -Democra t i c Par ty , 149 m e m b e r s ) 

National Liaison Council for Promotion of Development and 

Utilization of Geothermal Resources (17 prefectures) 

Council of City, Town, and Village Heads on Geothermal 

Power Generat ion (34 cit ies, towns, and villages) 

Japan Geothermal Energy Association (academic r e s e a r c h body) 

. 1. Investigation and resea rch into science and technology 

re la t ing to geothermal development and utilization 

2. Collection, distribution, and exchange of data and 

information on science and technology relating to 

geothermal development and utilization 

3. Disseminat ion of science and technology relating to 

geo thermal development and utilization 

4. Others 

Geothermal Energy . Research and Development Co. , Ltd. 

( r e s e a r c h and development enterprise) 

1. R e s e a r c h and development of new techniques for prospect ing 

geothermad energy resources and for geothermal fluid 

. production 

2. Resea rch cind development of envi ronmenta l -preserva t ion ••• 

and heat uti l ization associated with geothermal energy r e s o u r c e s 

3. R e s e a r c h and development of the manufacture of machinery and 

equipment for prospecting, drilling, production, util ization, and 

Agency of 
Industr ial 
Science & 
Technology, MITI 

"Sunshine Project" 
(development of 
geothermal energy 
technology) 

1. Development of geothermal energy 

technology 

(1) Techniques for prospect ing and 

extracting geothermal energy 

(2) Techniques for power generation 

utilizing geothermal hot water 

(3) Techniques for power generation 

from volcanoes and hot dry rocks 

(4) Techniques for mul t i -purpose 

utilization of geothermal energy 

r e sou rces toward environmental 

p rese rva t ion 

(5) Supervision and guidance of 

Geothermal Energy Research 

and Development Co. 

Resources and 

Energy Agency, MITI 

Conduct of admini­
s t ra t ive affairs and 
bus iness relating to 
geothermal energy 
r e s o u r c e s 

1. Promoting the development of geother­

mal r e sou rce s 

2. Investigation for the promotion of 



e q u i p m e n t for p r o s p e c t i n g , d r i l l i n g , p r o d u c t i o n , u t i l i z a t i on , and 

p o w e r g e n e r a t i o n r e l a t i ng to g e o t h e r m a l e n e r g y r e s o u r c e s 

C o n s u l t i n g s e r v i c e s for the p r o s p e c t i n g and p r o d u c t i o n of 

g e o t h e r m a l e n e r g y r e s o u r c e s , hea t u t i l i z a t i o n , e n v i r o n m e n t a l 

p r e s e r v a t i o n , e t c . 

G a t h e r i n g i n f o r m a t i o n r e l a t ing to g e o t h e r m a l e n e r g y d e v e l o p ­

m e n t and the in t roduc t ion of g e o t h e r m a l t e c h n o l o g i e s f rom 

a b r o a d 

J a p a n G e o t h e r m a l E n e r g y Deve lopment C e n t e r ( d e v e l o p m e n t and 

u t i l i z a t i o n p r o m o t i n g body) 

1. I n v e s t i g a t i o n and r e s e a r c h r e l a t i ng to the d e v e l o p m e n t and 

u t i l i z a t i o n of g e o t h e r m a l ene rgy r e s o u r c e s . 

2. I n v e s t i g a t i o n and r e s e a r c h r e l a t i n g to the s a i e t y of m a c h i n e r y 

and e q u i p m e n t u sed for g e o t h e r m a l e n e r g y r e s o u r c e s d e v e l o p ­

m e n t and u t i l i z a t i o n , and t e s t s invo lved t h e r e i n 

I n v e s t i g a t i o n and r e s e a r c h into t e c h n o l o g i c a l s t a n d a r d s r e l a t i n g 

to the d e v e l o p m e n t and u t i l i za t ion of g e o t h e r m a l e n e r g y r e s o u r c e s 

I n v e s t i g a t i o n , r e s e a r c h , and gu idance r e l a t i n g to e n v i r o n m e n t a l 

p r e s e r v a t i o n and pol lu t ion con t ro l a t t endan t on the d e v e l o p m e n t 

and u t i l i z a t i o n of g e o t h e r m a l e n e r g y r e s o u r c e s ' 

S e c u r i n g of l i a b i l i t i e s a s s o c i a t e d wi th the p r o c u r e m e n t of funds 

i n c u r r e d in m o d e r n i z i n g the f ac i l i t i e s of g e o t h e r m a l we l l d r i l l i n g 

e n t e r p r i s e s 

O t h e r s 

3. 

4 , 

5. 

6, 

2. I n v e s t i g a t i o n for the p r o m o t i o n of 

g e o t h e r m a l deve lopmen t 

3. I nves t i ga t i on for the effect ive u t i l i z a ­

t ion of hot w a t e r f rom g e o t h e r m a l 

p o w e r s t a t i o n s 

4. F o r m u l a t i o n of l o n g - r a n g e p r o g r a m s 

for the d e v e l o p m e n t of g e o t h e r m a l 

r e s o u r c e s 

5. P r e p a r a t i o n of gu ide l i ne s r e l a t i n g to 

e n v i r o n m e n t a l p r e s e r v a t i o n and the 

s e c u r i n g of safe ty 

6. S u p e r v i s i o n and gu idance of J a p a n 

G e o t h e r m a l E n e r g y D e v e l o p m e n t C e n t e r 

7. I n t e r c h a n g e of t e c h n o l o g i e s wi th 

o v e r s e a s s o u r c e s 

8. G e o t h e r m a l d e v e l o p m e n t i n v e s t i g a t i o n 

9. F o r m u l a t i o n of b a s i c p l a n s for the 

d e v e l o p m e n t of g e o t h e r m a l r e s o u r c e s 

10. L i a i s o n and c o o r d i n a t i o n wi th i n t e r e s t e d 

g o v e r n m e n t a g e n c i e s , e t c . , upon 

m a t e r i a l i z a t i o n of p o w e r s t a t i on c o n s t ­

r u c t i o n p l a n s 

11. Gu idance and s u p e r v i s i o n of 

l i a b i l i t i e s s e c u r i n g b u s i n e s s 

12. S c r e e n i n g b u s i n e s s for the p r o v i s i o n 

of loams 

13. A s s e s s m e n t and s u p e r v i s i o n r e l a t i n g 

to the d e l i v e r y of d r i l l i ng s u b s i d i e s 

for g e o t h e r m a l t e s t we l l s 



Fig . P r o c e d u r e for Geothermal Resources Development 

Governmental 
m e a s u r e s 

'Car ry ing out 
^basic survey 

out \ 
vey I 

'Ca r ry ing out "̂  
geological 

,^structure survey ' 

'Car ry ing out of' 
environmenta l 
^survey 

' P r o v i s i o n of 
i loans ) 

Prac t i c a l appl i ­
cation survey for 
mul t i -purpose 

.utilization 

1. General survey 
/De te rmin ing the d i s -
1 tr ibution of geothermal 
\ r e sources 

2. Geological 
s t ruc tu re 
survey 

3, Environmental 
survey 

4. Tes t well dri l l­
ing survey 

5. Production well 
dri l l ing 

6. Construct ion 
of power 
station 

7. Mult i -purpose 
utilization of 
geothermal 
r e s o u r c e s 

Surveying possibi l i t ies 'v 
of geothermal r e s o u r c e s 

.development I 

•Surveying and a s se s s ing 
the effects of test well 
and reinjection well 

^drilling on environment 

• Ascer ta in ing and quanti--
tatively determining the 
p resence of geothermal 
r e s o u r c e s 

,Securing amounts of 
s team requ i red for 
geothermal power 

.generation 

' Instal l ing turbine, 
genera tor , and power 

\ t ransmit t ing facilities^ 

Mult i -purpose util ization, 
for d i s t r i c t heating, hot \ 
water supply systerri, 
greenhouse gardening, 
ag r i cu l tu re , f i she r i e s , / 
e t c . 
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35: j 

Hydrothermal Alteration in the Otake 
Geotiiermai Area, Kyushu 

B y M a s a o H A Y A S H I * 

A b s t r a c t Geology of the Oi.ike geothermal area is composed of andesitic effusive rocks 
belonging to the older Hohi and younger Kujyu volcanic complexes of the Pleistocene age,which 
cover sediments of ihe Miocene Kusu group. Various altered rocks have been formed in a 
thick pile of pyro.xene .nndesiies of ihe Hohi complex, mainly by action of two kinds of hydro-
thermal solution, acidic and weakly alkaline. The alterations have been studied by micro­
scopic observations, X-ray diffractions and electron probe microanalyses of minerals, X-ray 
speciro-analysis of rocks, and atomic absorption spectro-analysis of hydrothermal solutions. 

Measured temperatures in the area range up to 267°C at a depth of 800 m, and vapor 
pressures up to 42 kg/crrf at a well head. The hydrothermal solutions contain 2, 000 to 6,000 
ppm dissolved solids, primarily CI, Na, K, SiOa, SO4 and HCO,. 

Altered rocks in the area are classified inlo five lypes according to essential alteration 
minerals and pH values of acting solutions. Type I is characterized by the predominant forma­
tion of silica minerals, Type D by alunile and its kindred sulfates, Type i by aluminum-
silicates wilh layer structures such as kaolinite, dickite and pyrophyllite. Type IV by alumi-
nosilicaies with layer structures such as montmorillonite, chlorite, sericite, etc., and Type V 
by aluminosilicates with framework structures such as Ca-zeolites, Na-feldspar and K-feldspar. 

Each type is further classified into four subtypes according 10 alteration teniperature and 
pressure. Respective estimated lemperature, total pressure and fluid pressure of each 
alteration subtype are : below lOCC. below 50 atm and below 13 atm for Subtype a; 100 lo 
200°C, below 150 aim and below 30 aim for Subtype b; 150 to 250'C, below 250 aim and be­
low 60 atm for Subtype c; and above 230°C, above 250 atra j nd above 50 atm for Subtype d. 

Chemical conditions of each alteration type are inferred as follows: Type 1 may be pro­
duced by strongly acidic lo acidic solution, by a very high chemical potential of SiOj, and 
by perfect mobility of all components. In the case of Type D and IB, which may have been 
formed under sulfuric acidic and acidic conditions respectively, three components, Si02, AUOj 
and TiOz, are almost immobile. . Varialions of alteration type may result from differences 
in chemical potentials of some mobile components in acting solution. In addition to the 
above three components, FezOj, CaO and MgO become almost immobile in Types IV and V, 
which may have been formed under weakly acidic to weakly alkaline condilions. Two 
alkalis, NajO and K2O, are still mobile even in these types. 

I. I N T R O D U C T I O N 

I h e O t a k e g e o t h e r m a l a r ea is located 

.•ipproximalely 6 k m n o r t h w e s t of M t . 

Ku jyu C l ,787 . 8 m ) , t h e h ighes t m o u n t a i n 

ill K y u s h u ( F i g . 1 ) . T h e a rea is divided 

l<'-"-aifli Insliluie 0/ Induslrial Science, Kyashu University 

' - ' W.';r.v.,!!il.I7'|:Egi>'E!lWi<!2l-ii 
t f h \ '»\ . 10, No. 3 (Ser. No. 38) 1973 

into two fields. T h e o n e is t he O t a k e 

field on t h e n o r t h , -where a g e o t h e r m a l 

power p lan t of a capaci ty of 10 M W w a s 

buil t in 1967 b y t h e K y u s h u Elec t r ic 

Power C o m p a n y , a n d t h e o t h e r is t he 

H a i c h o h a r u field ( o r K o m a t s u field) o n t h e 

south , w h e r e a p l an of cons t ruc t ion of 

a n o t h e r power p lan t on a l a r g e r scale is . 

in progress . 
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Pig. 1 Location of the Otake geoiher­
mal area. 

!>;• E 

The Oiake area not only is an active 
geotherinal area with many hot springs, 
fumaroles, and altered zones on the sur­
face, but is posses.sed of many favorable 
conditions for the study of hydrothermal 
alte'ration as follows: 

1) The "deep water", which means the 
hydrothermal solution from depths, shows 
weak alkalinity of about pH 8 in the Otake 
field, while two kinds of deep waler, acidic 
and weakly alkaline, are recognized in the 
Hatchobaru field, and a variety of altered 
rocks occurs affected by these conditions. 
In most of the geothermal area in the 
world, one kind of deep water, either aci­
dic or alkaline, is produced, and co-exi­
stence of the both kinds of deep waler, as in 
the Otake area is a very rare case. The 
Matsukawa area in Tohoku district of 
Japan (Sumi, 1968) and the Tahuangtsui 
area in Taiwan (Chen, 1967) produce aci­
dic deep waiers, and weakly alkaline deep 
waters are produced in many other geo­
thermal areas, such as Wairakei (Steiner, 
1953 and 1968; Grindley, 1965) and Broad-
land (Brone, 1970) in New Zealand; Salton 

• Sea and Salton Trough (Mufller and Whi­
te, 1969), Steamboat Springs (Sigvaldason 
and White, 1961), Yellowstone (Honda 
and MufBer, 1970) in U.S.A.; Pauzhetsk 
(Piip et al., 1963) in Kamchatka; and 
Hveragerdi (Sigvaldason, 1963) in Iceland. 

2) The original rocks of altered zones 
are mostly pyroxene andesites with almost 
invariable chemical composition, and con­
sequently, the difference of original rocks 
does not affect considerably the conditions 
of alteration. 

3) Furthermore, as no silica mineral is 
contained in the original andestites, all the 
silica minerals in alterd rocks can be con­
sidered to be alteration products. 

4) Many production wells and test 
bores drilled so far have been observed in 
detail and the cores and cuttings have 
been preserved well. 

5) The locations and sizes of cracks as 
the passages for deep waters and gases 
have been confirmed at the time of drill­
ing together with the amount of lost cir­
culation water. 

6) Since measurements have been made 
of the temperatures at different depths in 
drillholes and of the vapor pressures at 
well heads, the alteration temperature and 
pressure can be estimated reasonably. 

7) There is an accumulation of analy­
sis data of deep waters and gases produced 
from the production wells. 

In the previous papers (Hayashi and 
Yainasaki, 1969; Yamasaki and Hayashi, 
1970; Yamasaki,' Matsumoto and Hayashi, 
1970), it -was clarified that the following 
allered zones had been formed from the 
original rocks of almost invariable chemical 
composition in the Otake area mainly by 
the differences in physicochemical proper­
ties of acting hydrothermal solutions: the 
alunite, the kaolin, the pyrophyllite, the 
montmorillonite, the zeolite and the chlo­
rite zones. This classification is based on 
the most characteristic alteration mineral 
in a altered zone. However, in this 
classification, similarly to the other classifi­
cations of alteration, chemical conditions • 
are stressed in some cases and physical 

— 10 — 
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conditions in the other cases, and it is not 
a very systematic one. 

In the present paper, the wriier intends 
to classify systematically the lypes of alte­
ration. First, they will be classified ac­
cording to chemical features of essential 
alteration minerals and the pH values of 
hydrothermal solution. Next, each type 
will be further classified into subtypes by 
the physical condilions of alteration such 
as temperature and pressure. This kind 
of systematic classification is considered to 
make possible the correspondence between 
the lypes of alteration and the physicoche­
mical conditions of acting hydrothermal 
solutions. 

II. EXPERIMENTAL METHODS 

About 250 specimens of altered rocks 
were collected from the surface of the 
Oiake area, and were examined using an 
X-ray diffractometer. Cores from T - l and 
T-2 bores were almost coniinuously avai­
lable, but were actually studied every 10m. 
Cores every 50m and cuttings about every 
25ni were taken to examine from all the 
production wells. 

(l) X-ray Diffraction 
For identification of minerals a Rigaku-

denki D 3 F X-ray diffractometer and a po­
larized microscope were mainly used. In­
strumental settings of the diffractometer 
were as follows: CuKa (;. = 1. 5418A), 30 
KV, 10 mA, Ni-filter, full scale £00 cps, 
time constant 2 s e c , slits 1-1-0.4 mm, 
scanning speed _2°/min. and chart speed 10 
mm/min. 

Clay minerals were purified by a centri­
fugal separator, and examined by the dif-
fniciomeier on both random and orienied 
samples. Heated or chemically treated 
samples were also examined in some cases. 

Cell parameters were determined under 
a slow scanning speed, 0. 5°/inin., and sili­
con powder was used as an internal stan­
dard. The cell parameters were calculated 
liy the FACOM 230-60 computer of Kyu-
.sliu University, using a program written 
by Moinoi (unpublished). 

(2} X-ray Speciro-analysis 

Most of chemical analyses of rocks were 
performed after the fusion method reported 
by Norrish and Hutton (1969), using a 
Rigaku-denki KG-4 X-ray spectrometer. 
The weight percentage of each component 
obtained by the procedure will be variable 
generally within ± 3 percent of the correct 
values. The concentrations of NaaO and 
MgO were determined by an atomic ab­
sorption spectrometer because of their re­
latively large errors by that method. 

(3) Electron Probe X-ray Micro-analysis 
Quantitative chemical analyses on mineral 

species were carried out using an electron 
probe X-ray micro-analyser (Japan Electron 
Optics Laboratory Co., Ltd., Model JXA-
5A with take-off angle of 40°). 

For common rock-forming minerals such 
as silicates, the following selected materials 
were used as standards: Na, natural albite; 
Mg, synthetic periclase; Al, synthetic co­
rundum; Si, synthetic quartz; Ca, synthe­
tic wollastonite; K, natural orthoclase; Ti, 
synthetic rutile; Mn, nalural manganosite; 
and Fe, natural magnetite. The accelera­
ting voltage was 15 KV, and the specimen 
current was 0. 015/iA on pure iron. The 
electron beam diameter was about Wp 
ihrough all the measurements. 

Counts for the unknown and standard 
specimens were corrected for dead time 
and background, and theii the relative in­
tensities were calculated. Corrections for 
absorption, atomic number and fluorescence 
were made by the method of Sweatman 
and Long (1969). Calculations of the cor­
rections factors were done by the FACOM 
230-60 computer of Kyushu University us­
ing a program written by the present 
writer (unpublished). 

(4) Aiomic Absorption Spectro-analysis 

Concentrations of cations in deep water 
from drillholes were measured by a Hitachi 
303 atomic absorption spectrometer, but 
the analyses for sulfur and for chlorine 
were done by the gravimetry method and 
the titrimeiry method respectively. 

111. GEOLOGIC SETTING 

The geology of the Otake geoihermai 
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Fig. 2 Geologic map of the Otake geothermal area and its surroundings 
(Yamasaki, Matsumoto and Hayashi, 1970) 
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area has already been studied by Yamasa­
ki and Matsumoto (1967), Yamasaki, Ma­
tsumoto and Hayashi (1970), Ota, Maisuno 
and Nishimura (1968) and others. Geolo­
gic rnap and succession of the area are 
shown in Fig. 2 and Table 1 respeclively. 

The Otake geothermal area (lat. 33°17' 
N, long. 131°12'E) is located in the Ku­
jyu volcanic region, north-central of Kyu­
shu island, covered widely by effusive 
rocks mostly of the Pleistocene. The gra­
vity survey by Kuboiera et al. (1969) con­

firmed that the Kujyu region showed the 
characteristics of "lowanormaly type cal­
dera", though the existence of caldera 
could not be clearly identified from the 
topographical viewpoint. 

The basement rock clarified so far in the 
area is of the Miocene Kusu group, which 
is found only at considerable depths in the 
Hatchobaru field. At the Kusu basin, 
about 20 km north of the Otake area, it 
crops out locally consisting of tuffite, 
pumice tuff and pebble fine sandstone, of-
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Table 1 Geologic succession of ihe Oiake geoihermal area and its surroundings 
(Yamasaki, .Matsumoto and Hayashi, 1970). 
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ten intercalated with diatomaceous beds. 
Cuttings from deeps of the Hatchobaru 
production wells, however, are entirely al­
tered in most cases, so that it is very di­
fficult to identify their original rocks. It 
is believed that steam and hot water of the 
Hatchobaru wells have been going up from 
the unconformity between the Kusu group 
and the younger Hohi volcanic complex. 

Overlying the Kusu group, the Quater­
nary volcanic rocks are predominant. They 
are divided into two complexes, the lower 
Pleistocene Hohi volcanic complex and the 
middle to upper Pleistocene Kujyu volcanic 
comiilex. The former is characterized by 
pyroxene andesites and the latter by horn­
blende andesites. 

The Hohi volcanic comple.x (Matsumoto, 
1963) with voluminous and widespread 
pyroxene andesites has been found at many 
localities in the north and ceiitral Kyushu 
ns a basement of the middle to upper Plei­
stocene volcanoes. The complex is also 
distributed widely under the Kujyu volca­
nic region though it crops out locally in 
the Otnke area as the so-called "fenster" 
surrounded by the younger Kujyu complex. 
It has, however, been confirmed by test 
liores and the Hatchobaru wells that the 
complex occurs deeply with a thickness of 

at least 900m as shown in the geologic cross 
section in Fig. 2. It is composed of al­
ternation of lavas and tuff breccias, mainly 
of augiie-hypersthene andesite and some­
times hornblende bearing augite-hypers-
thene andesite. 

The Hohi complex in the Otake area 
may be roughly divided into three forma­
tions: upper, middle and lower. The up­
per and lower formations, with thickness 
of about 250 and 400 m respeclively, consist 
mainly of lavas, iniercalating with thin 
layers of tuff breccias and other tuffaceous 
rocks. In the middle formation, appro 
ximately 150 to 200 m thick, permeable tuff 
breccias are so predominant that the stratum 
is considered to coincide with "main re­
servoir" of geothermal eiiergy which has 
been utilized by the Otake power plant. 

The Kujyu volcanic complex overlies 
the Hohi complex and forms many lava 
domes in and around the Otake geother­
mal area. It is composed of relatively vi­
scous lavas of hornblende andesites, frequ­
ently containing augite and hypersthene 
and sometimes quartz or biotite. It is pre­
sumed that the modern hot spring aciivity 
of the area has been caused by the post 
volcanic action of Mt. Kuroiwa which 
probably erupted last. 
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There are many faults confirmed or 
pre.sumed so far in the area, trending ge­
nerally in a direction of northwest to 
southeast. Of these, the most prominent 
is the N W fault which runs near by the 
T-2 bore. It is revealed by the correla­
tion of T - l and T-2 bores that the north­
east wing of the fault is downthrown 
about 270 m in height. Most faults, ac­
companying subfaults, joints and fissures 
have close relation with the distribution of 
hot springs, fumaroles, solfaiaras and al­
tered rocks. 

IV. PHYSICAL AND CHEMICAL 
PROPERTIES OF HYDROTHE­
RMAL SOLUTION AND GAS 

I V - 1 . General Remarks 

The outline of production wells and tesl 
bores is shown in Table 2. All the pro­
duction wells are 8 inches in diameter. The 
Otake production wells, which are num-
berd from No. 6 to No. 10, range from 350 
10 600 m in depth, while the Hatchobaru 
production •wells, numbered from H-1 to 
H-6, go down to 1,200 m in depth. The 
former wells are entirely within pyroxene 
andesites of the Hohi volcanic complex, 
and the latter wells were drilled down to 
the Kusu formaiion. 

All wells encountered many cracks in­
cluding small ones as well as large ones 
(geologic columns in Figs. 12 a to 12 j ) . 
Their water tables were found between the 
depths of 90 to 225 m. 

They have been producing a mixture of 
vapor and water, of which water is predo­
minant. With respect to No. 8 well, how­
ever, vapor was the only product from the 
well until 1967 when it was made deeper 
to 154 m. Then the well began to dis­
charge waler in quantity about equal to 
vapor as shown in Fig. 3. 

The figure indicates variation in the qu­
antities of vapor and water flow from the 
Otake production wells since drilling was 
terminated. It is worthy of note that No. 
7 well had been producing the largest qu­
antity of vapor and water, though it was 
the shallowest, and that the quantity has 

Table 2 Outline of production wells and 
test hores (mainly afler Hayashi 
and Ejima, 1970). 

« n 

•? 8 

S S 
» t> 

w -
b c 

i ^ 
» r* 

» o< 

« r* 

w c 

1 A 
c o 

s 1 
n 

9 JD 
p e 

< «>. 
m « 

s g 
« M 

w > 

S £ 
•V o 
•o o 
9 Ol 

f- •-< 
n 

6- C 
i i 

° i 

(0 tf) 
t « 

ffi w 

O 10 

•n o 
g 

"§ 

o O 

m o 
o 

" 8 
•o 

O O 

^ 

•« M 
V 

s 
Is 

s •• 

9. 

m 
<o 

«n 

s 

%. 

I 

-a 
e 

. 4 U 
t > . 

1 " 
5 

"S £ 
< w 

o 

" « t ' 
5 

1 
« U 

• S! 
0. 
4 

> 
1 
« »• 0 

^ 5 
t ' 
% 

% 
c 

n 

g 
r. 

« S 

S 

g 
f » 

I n I I I I 

£ £ 

8 " S 
; { -

•; s. 

. . O) 

8 & 

° S 

U 61 — 
— u n 
^ 3 ^ 

-^ e *- h a 

O O m o . 

c c 

« C a £ *. a - T ) V. 

ii >' 
ul X 

4 u a— If 01 o a, fi. « ^ 
i - •?• IS, . S S 5 2 

gradually decreased, and at present is 
smaller than that of Nos. 9 and 10. 

No. 6 well began to decrease rapidly in its 
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jroduciion wells and 
mainly af'^r Hayashi 
1970). 

^ V o 

Sept. 1973 

Fig. 3 Variations of amount of vapor and hot water discharged from the Otake 
production wells (Hayashida, 1970). 
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eased, and al present is 
lat of Nos. 9 and 10. 
' an to decrease rapidly in its 

flow after twenty months of operation pro­
bably caused by the formaiion of scale, 
and finally slopped to discharge in 1967. 
The scale of the well is almost entirely 
composed of CaCOs in contrast to other 
wells which precipitate scales of SiOz. 

IV-2. Tempera ture a n d Vapor Pressure 
The temperatures in Table 2 were mea­

sured in the course of drilling or wiihin 
.several hours after having been drilled in 
most cases, therefore they may be some­
what lowered by the cooling effect of dril­
ling. .Among them, the temperatures of 
Nos. 6 and 8 and T-2 will be close to 
r»:nl values, because these were measured 
many hours afler drilling. The highest 
icm|Kiraiure so far measured is 267°C at a 
dt'pih of SOO in in T-2 bore. 

Tlie estimaled lemperalures in Table 3 
were calculated by the chemical meihods 
which depend upon solubility of quartz 
(.Morcy ct al., 1962) and/or the Na/K ratio 
(Ellis, 1957). When the method using 
quariz solubility was applied for the tem-
IK:r.nturc estimation, the quantities of vapor 
plus water in Fig. 3 were used. The rea­
son is that the .solutions were concentrated 
by fl.Tshing in proportion with the ratio of 
w.-iiur to \-a\Ktr. On the contrary, the Na/ 
K r.nio would not change during the flash-
inK. The esiimalcd temperatures are in 
KO'xl accordance with those measured many 

hours after drilling. These estimations 
revealed that the Hatchobaru wells had 
higher temperatures in scores of degrees 
than those of the Otake wells. 

As well as the temperature, the measured 
pressures in Table 2 will be lower than vapor 
pressures in the underground reservoir on 
account of pressure loss by frictional resi­
stance during flowing and by other factors. 
The Otake production wells have shut-in 
pressures ranging from 4 .3 to 11. 3 kg/cm' 
G, and the maximum shut-in pressures 
from 7. 0 to 17. 8 kg/cm'^G. These values 
are lower than those of the Hatchobaru 
production wells, of which the highest 
pressures so far measured is 42kg/cm'^G at 
H-4 well. 

A shut-in pressure is measured just at 
the time when the flowing of vapor and 
water have been slopped by closing a valve 
at the well head. After that, the pressure 
gradually increases for some time. The 
maximum shut-in pressure is the maximum 
value after the flowing has been stopped. 
Therefore, it is considered to be closer to 
underground fluid pressure than the shut-in 
pressure. However, it is troublesome to 
keep the valve closed for a long time due 
to possible damage to the well. 

T h s estimated fluid pressures in Table 
3 could be evaluated from some of the 
drilling data; for example, the depth of 
reservoir, the depth of water table, the 
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maximum lemperature measured or esti­
maled and so on. The estimation method 
is as follows: if a well dose not gush out 
water or vapor when the drilling is fini­
shed, then the pressure is considered to be 
less than that induced by the water colu­
mn between the water table and the re­
servoir. And, the pressure must be higher 
than both of the maximum shut-in pressure 
and a saturate pressure, latter of which 
corresponds to the maximum temperature 

of solutions. 

IV-3. Chemical Properties of Hydro­
lhermal Solution and Gas 

Table 3 shows chemical composition, pH 
value and electric conductivity of hydro-
thermal solutions and gases from tbe drill 
holes (Koga, 1970; Hayashida and Ejima, 
1970; Hayashi, unpublished dala). The 
deep waiers from all the Otake production 
wells are neutral to weakly alkaline in pH 
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F ig . 4a Variations of concenlralion of Cl, Na and SiOj in hot water from 
the Otake production wells. 

F ig . 4b Variations of concentration of K and S04' in hot waler 
from the Oiake -roduction wells. 
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No,7 SOj 

vnluc, but those from N o s . 8 a n d 9 w e r e 

o n e r tcmj>orarily weak ly acidic . I n the 

I Inii-liob.'iru field the re a r e some dril l ho les 

which li.Tvc been p roduc ing acidic deep 

wntcru r a n g i n g from 3 .4 lo 4 . 6 in p H 

vnluc , n.ninuly T - 2 , H - 2 a n d H - 3 . 

Mlcrtric conduct iv i ty of t he deep w a t e r s is 

in o rniiRc from 2 ,500 to 5 ,100 / iv / c ra for 

«hr Oinl tc Wflls, a n d in a h i g h e r r a n g e 

(foin fi. 4(X) to 8 ,000 / iv / cm for the H a t c h o -

l i a m w r l l s . 

T h r cirrp w:i icrs conta in 2 ,000 to 6 ,000 

jFjiiti of ciiiNolvcd solids, j j r imar i ly Ci , N a , 

Si(,>,. S^"). ••ind H C O . , jilus a host of m i n o r 

cons t i tuen t s . T h e concen t r a t i on in T a b l e 

3, however , does no l r epresen t the t r u e 

va lues of deep w a t e r s in reservior , s ince 

all cons t i tuen t s m u s t have been concen t ra t ­

ed by flashing in p ropor t ion to the vapor-

w a t e r ra t io . T h e cor rec t ion coeflficients to 

mul t ip ly a r e 0. 80 for N o . 6, 0. 82 for N o . 

7, 0 . 7 8 for N o . 9, 0 . 8 1 for N o . 10, 0 . 6 2 

for H - 1 and 0 . 7 3 for H - 2 , respect ively. 

T h e u n d e r g r o u n d wate r s , therefore , will 

con ta in 9 0 0 ~ 1 , SOOppm of Cl, 5 0 0 ~ 9 0 0 p p m 

of N a , 6 0 ~ l S 0 p p m of K, 3 5 0 ~ 7 0 0 p p m of 

S iOi , 9 0 ~ 3 0 0 p p m of S O . and 40—60 p p m 

of H C O j . S u c h bases a s Ca , M g , F e and 

— 17 — 



Vol. 10 No, 3 (No, 38) 

.1-
• ( ^ 

Fig. 5 pH values of deep water from drill­
holes and of distilled waler in which 
rock powder of each type was im­
mersed. Solid circles for deep water 
from drillholes and open circles for 
the immersed solution. 
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Al, which are abundant in mother rocks, 
are very poor in the waters. 

As a matter of course the rnajor consti­
tuent of gases is composed of vapor, which 
is over 99. 5 in weight percent. The re­
mains, noncondensable gases, are composed 
of COB, H2S, O2, N2 and others. The 
content of HjS is generally high in the 
gases from the wells which have been 
producing acidic waters. The pH values 
of the condenced waters range from 3.5 
to 5.7. 

Figs. 4a and 4b show the variations of 
concentration of major elements in the 
deep waters from ihe Otake production 
wells. When the amount of production 
decreases, the concentration of Cl is gra­
dually decreases. On the contrary, SOj 
increases as in Nos. 6 and 7 wells. The 
deep -waters from the wells, whose produc­
tion did not show a considerable change 
in amount, are unchanged in chemical 
composiiion from the begining of the first 
flow. 

Fig. 5 presents pH values of solutions 
of 50cc of distilled water in which 5 grams 

of rock powder have been immersed for 1 
hour. The pH values of deep waters from 
bore holes are also plotted in the figure. 

Except for Type* I, their pH values in­
crease in order of Types II, III, IV and 
V. Moreover, it is interesting that the pH 
values of the solutions are roughly in ac­
cord with those of the deep waters from 
the corresponding zone. Bul the Type V 
.solutions are weakly acidic and is in op­
position to the deep waters from the corres­
ponding zones which are weakly alkaline. 

Fig. 6 illustrates the changes of pH of 
two kinds of deep waters which have been 
oxidized by introducing air. After 10 
hours duration of this operation, the acidic 
waters were gradually oxidized from pH 
value 5. 9 to 3. 8. But, the pH value of 
the weakly alkaline waters barely changed. 

V. HYDROTHERMAL A L T E R A T I O N 

V-1 . General Remarks 
Conspicuous hydrothermal alteration has 

been recognized in the sediments of Kusu 
group, in the pyroxene andesites of the Hohi 
volcanic complex, and also in the lower­
most hornblende andesites of the Kujyu vol­
canic complex. Most materials for the study 
of alteration came from the Hohi complex 
since it is widely distributed underground 
in the Otake area with a ihickness of 
about 900 m. Although the Hohi complex 
is a thick stratum, the pyroxene andesites 
from various depths are similar in their 
chemical composition to one anolher. In 
addition, the original andesites contain no 
silica mineral. All silica minerals in al­
tered rocks, therefore, are obviously alte­
ration products. Thus the Otake geother­
mal area is possessed of good conditions 
for the sludy of hydrothermal alteration. 

V-2. Mineral Identification 
Alteration minerals were identified using 

both an X-ray diffractometer and an elect­
ron probe X-ray micro-analyser. Each 
mineral will be described below. 

(1) Silica minerals 

* .'Vs 10 the description of lypes of alieraiion. 
refer 10 the chapter V-3. 
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Fig. 6 Changes of- pH values of two kinds of deep waters by oxidation. 
PHJ 

10 hour 

Fig. 7a X-ray diffraction patterns of trldy-
mite and crisiobalite. 

T:Tildjm»e 

C Ciislobatlle 

(A Alunite) 
t o Ouorll) 

area has several weak peaks in addition to 
the strongest one (010). The pattern of 
the tridymite in the figure shows that it is 
probably mixed with a little amounts of 
crisiobalite since the strongest peak is too 
high. 

Dennen and Blackburn (1970) pointed 
out that a trace aluminum content in quartz 
varied linearly and exclusively with its 
temperature of crystallization. However, 
the results of semi-quantilalive analyses of 
the aluminum in quarlz from the Otake 
area do not show such clear relationship 
between its content and alteration subtypes 
as shown in Table 4a. 

Table 4a Semi-quantitative analysis of Al in 
quartz (ppm) 

L^iiJlo-i 
•ul.t y\i-

h 

c 

d 

typo 

>->^ 1 

ao-juo 

50 -120 

40-BO 

11 

ao -.170 

s o - 1 4 0 

-

I l l 

100-530 

M - 9 0 

X ^ b O 

I V 

40«7O 

7 0 - 110 

6 0 - 1 4 0 

In almost all of altered rocks from the 
Otake area, one or more silica minerals 
are formed as alteration products. They 
are low-quartz, low-cristobaliie, amorphous 
silica and a little amount of low-tridymite. 

As shown in Fig. 7a, the X-ray diffrac­
tion patiern of the crisiobalite from this 

(2) Alunite 
Fig. 7b shows the X-ray diffraction pat­

tern of alunite from this area. The che­
mical compositions of alunites in Table 4b 
show that it contains Na20 ranging from 
0.71 to 2. 26 in weight percent, which de­
creases with a rise of alteration tempera­
ture. The present wriier already reported 
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Fig. 7b X-ray diffraction pattern of alunite,. 

Table 4b Chemical composition of alunite. 

SiO^ 

" 2 ^ 3 
F r t jO j 

C K O 

X . ^ 0 

V 
SO3 

H j O t * 

T o t a l 

1 

0 . 1 8 

3 6 . 1 9 

O . K 

0 . 1 5 

l . U 

8 ,12 

3 8 , 1 2 

( 1 3 , 1 5 ) 

( 9 8 , 3 1 ) 

2 

0 . 2 8 

36 .54 

0 . 3 1 

1.00 

1.74 

7 . 5 3 

37 .55 

( 1 3 . 1 7 ) 

( 9 8 , 0 2 ) 

3 

0 . 1 6 

. 3 6 . 2 1 

0 . 0 8 

0 . 3 0 

0 . 7 1 

9 .33 

3 7 . 5 5 

( 1 3 . 1 2 ) 

( 9 7 , 4 6 ) 

• CalculAtcd value using The chpraical fo rnulas bplow. 
(1) Aluni te in j i luni t ( . -c t i s t r ibal i t e reck at tho fu r / ace in 

the OtaVc f i e l d (Subionc l i s ) . 
Co ,N»« , ) l . ( * ] •0.72 " O . S l ^ O , 0 1 ' 1 . 0 4 ' " ' 2 . 0 8 0.01 ^ '0 .01 ' 3 , M 2,00 8 
(OH)j 

(2) Aluni te in aluni lo-Vaol j n i l ry-quartz-j .yri to r.iCk (12-220 
a ) from Subxone l i b . 

" ' 0 . 6 7 ' " o . 2 4 ' ^ 0 . O e > O . 9 9 ' " 2 . 9 9 ' ' ' ' o . O l " o . O 2 ' 3 . O 2 S l . 9 8 ° 8 

(3) Alun i t e in a l u n i t c - p y r o p h y l l I t e - K a o l i n i t e - q u a r t s - p y r i i e 
rock (T2-350 n) ftora Subxone l i e . 

' ' 'O.84' '*0.10^' 'o.03'o.97<*'3.0l ' ' ' 'o.004*'o.0l '3.03^1.99°8 

the same relationship between Na content 
and the temperature for the alunites from 
fumaroles in the Unzen hot springs area 
(Yoshimura, Hayashi and Seki, 1968). 

(3) Kaolin-Pyrophylliie-Diaspore 
Fig. 7c shows the X-ray diffraction pat­

terns of dickite and pyrophyllite from this 
area. Judging from the powder pattern, 
the dickite in the figure is almost pure. 
The pyrophyllite, which gives the sharpest 
diffraction pattern in the Otake area, is 
obviously monoclinic type referred lo the 
powder dala by Brindley and Wardle(l970). 
Most of the other specimens show disor­
dered patterns as those of disordered kao­
linite. 

The chemical compositions of kaolinite, 
dickite, pyrophyllite and diaspore from this 

Fig. 7c X-ray diffraction palterns of dickite 
and pyrophyllite. 

. r - , - , - , - . -^ - , - , - , - , I . . . l - l - r - r • ' I 

002 00( 

I'U '-UiJ. 'LJLJUI ̂UJUV^w. 

^ • ^ ^ ^ 'v -V m.MiJj 
C„ « 10 so »0 50 ' I '»• 

Table 4c Chemical composition of kaolinite, 
dickite, pyrophyllite and diaspore. 

SiO, 

A l j O j 

Fi- jOj 

' V -
Tota l 

4A 

3 9 

n 

( 1 3 

(ICO 

76 

6 1 

d . 

0 * 1 

3 3 ) 

a 

46 

3 8 

n 

2 4 

B9 

•). 
(13.»6) 

(99.09) 

3 

66.21 

20.19 
n ,d . 

(5,00) 

(19,40) 

-
0 

R4 

0 

44 

BB 

21 

(15,01) 

(100,54) 

5 

0 

84 

O 

(15 

(M 

4 1 

4 5 

11 

0 1 ) 

9 6 ) 

[1) Kaojinitt! in Vaol in i to-quir i i -pyi i* e tf-ck (T?-260 • ) 
froa Subzonv I I l b . 
"2 ,Ool"2 ,00°5J ' ° ">4 

(2) Dickite in dickltn-»nhy<Ji i t«*-qu»ri »-pyri tf ror.k (T2-
660 n) fron Subionc I H e . 
" 2 , 0 l t " l . 9 9 ° 5 J < * > 4 

t3) Pyrophylliis in pyrophylJiti'-di»«por<j-qu»ri«-pyfii« 
rnek (12-a30 a) from Subzon* I l ld . 
'^>2.Ol£**3.90°lJ»°"J3 

(4) DiAsporv In dI«»poi«-dickJia bearing s i l l c i f t e d ifick 
{T2-720 n) ftoa Subion* i H c . 
l*'0.9«^*O.«>4''«0.O03'l.O0°("*> 

(5) DSAijKtra In pyrophyJ l i i c-diiapuj-f-ou^ri c-pyr i i • ri-ck 
(T2-a30 B) / I O S Subsune IHd . 
" " O . 994"0, .104 ' ' '0 ,001 ) l ,00°1'="1 

area are very close to the ideal forrnulas, 
as shown in Table 4c. 

(4) Zeolites 
Fig. 7d shows the X-ray diffraction pat­

lerns of Ca-zeolites, laumontite and waira-
kiie from this area. The X-ray powder 
dala of laumontite had already been re­
ported by the present writer in some detail, 
though it was partially dehydrated to leon-
hardite (Hayashi and Yamasaki, 1971). 

Wairakite with monoclinic structure is 

— 20 
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, palterns of dickite 

^ J . 
J oto 

P,,oph,m» 

omposition oi kaolinite. 
rophyllite and diaspore. 

66.21 
36.19 

0.44 0.41 

84.88 84.45 

n.d, 

,5.00) (•'•")_ J l i f l l 
• ; ; ; Z r (100.54) i^-^± 

,^„ ,h . . l c . - l fo,».l»» • > • ' - -

. . u a r . - W " ' - " ' " - " " • ' 

^ , l , . . , u a . , . - p y T i . . rock (T2-

• C . 

„„„ ,_di . .po . - . "" ->"" ' " 
ub»on« • " " • 
U W t . boarin, . l l l c i f i e d rock 
• i n c . 

« 1110. 
1 , , 0 0 ° " " ' 

to the ideal formulas, 
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Fig. 7d X-ray diffraction,patterns of laumo­
ntite and wairakite. 

- I • • • • I • • • ' I I • • ' ' I 

J L 
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C u 3 0 * 1 5 3 0 1 5 3 0 3 5 4 0 4 5 ' 

Fig. 7e X-ray diffraction patterns of mon­
tmorillonite, sericite/montraorillo-
nite, and sericite (oriented samples). 

Mor,lmorillontl* 

distinguishable from its disordered phase, 
as shown by Seki (1968): 

1) sharp appearance of the 200 reflec­
tion; 

2) clear separation of 004 reflection 

Fig. 7f X-ray diffraction pattern of 
anhydrite. 

010 

A/^^-^-A—AJAA..V/JW 

from that of 400; and 
3) paired reflections of 332, 332; 422, 

422; 431, 431; and 521, 521. 
The pattern of wairakite in the figure has 
these characteristics, though some of the 
paired reflections cannot be clearly observ­
ed. The calculation of the qualified reflec­
tions yeilded the following cell parameters: 
ao=13.67A, bo=13.65A, co=13.63A and 
)8=90°20'. 

The chemical compositions of heulandite, 
laumontite and wairakite from this area 
are subject to a little fluctuation as shown 
in Table 4d. Among them the wairakite 
in 6 th column in the table is noticeable 
that it contains 1.80 percent of NajO, 
which corresponds to 25 percent of analcime 
molecule. It is worthy of note that the 
content of Na is generally higher in waira­
kite than in laumontite, whereas that of K 
Table 4d Chemical composition of Ca-zeolites. 

SiOj 

A l j O j 
C A O 

»*,0 
K , 0 

H^O.. 

• Io\» l 

1 

ST. 61 
16.62 
7,80 
0.26 
0.6< 

tM.BO) 

3 

53.34 

22.01 
11.eo 
0.36 
0.13 

t n . 9 7 ) 

(99. * 0 

3 

52.97 
21.36 
11.31 
O.lO 
0.30 

(n .«) 
(98.01) 

4 

55. ?3 
22.73 
12.63 
0.04 
0 . 0 2 ' 

199.50) 

5 

54.63 
25.48 
12.30' 
0.43 
O.Oft 

(B.30) 

(99.40) 

6 

35.42 

23. Sl 
9.32 
l.BO 
0,2a 

t8.»<) 
(99.21) 

* C*lcuZ*t9^ v«lu« using th« chcnical rarBu]*> b*)o«. 
(>] HrulAndilv in h«ul«ndii«-MoniBorlllonil*oC4lcll«-criai(^Mtii« 

•pyrite fOCk (Mo. 7-a2 n) fitm Subxema V4. 
('^•0.e7«*0.05"0.08»1.00('«6.0C*»2.04>B.00°16l*V. 

(2) L-«u)K>ntiiB In l*u>aonttl*-ehlorlte-C4lcllvqu^rta-pyilte rock 
(No. 9-290 m) fros Subspn* Vb. 
(*=*O.94'**0.05Voi>l.Oo[<"4.O4«,.g6'6.00°l»l^"2O 

(3) LAuaontll* in l»u»on\il*-«kiT»klA*-»anim»illenli*-c*lclt«~ 
quArlvpyrii* rock (No. 1O-280 n) ftO» 9ub<on« Vb. 
<='0,93"*0,03«0.03>0. .6 l '"4.07»ll..4)6.01013) W j " 

(4) W«lr«kii« in <i*iraklt»-chlorl t»-calril*-qu*rt<-pyrlto (oCk 
(No. 7-335 •) tro» Subion* Vb. -
<*^0.99'^O.OO5*O.OO2'l.a)(("4.O4*»0.96»6.00Ol2l*"2*» 

(5) W«ir«(iit# In *«iTJ>k] I r-l*uaoni ii«-rhlDri l<>-C4lci ttf-qturl >-
pyritff rock (No. e-270 •) rroa Subsun* Vb. 
<^*O.96«*O.O6''0.OO5>1.03l***3.W*'2.Oll4.O0°»2l^V 

(6) V4ir«klt« in wi i*kl 1 #-a*ficii«/M>ni«Qrl 1 lonlt«-chlorlir> 
c»lclt«-qu*Tli-pyTll9 roek (Ho. 9-335 •) tttm Subson* Vb. 
"=*o.3^"*o.S5^.o^'l.ool'"4.o3*'^.o.'4.04°l^l'"3° ^ 
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Fig. 8 Distribution of Ca-zeolites in the 
Otake field. 
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is higher in laumontite. 
Fig. 8 indicates the spacial distribution 

of the Ca-zeolites in the Oiake field. No 
clear zonal arrangement is recognized. 

(5) Feldsper 
Na- and K-feldspars are recognized as 

alteration products as shown in Table 4e. 
Albite contains about 1. 6 percent of CaO 
corresponding 8 percent of anorthite mole­
cule. Adularia contains only a little amount 
of NasO. 

Table 4e Chemical composiiion of feldspars. 

" ° 2 
" l ° 3 
CaO 

NajO' 

S° 
Toial 

67 

10 

1 

10 

• 0 

99 

1 

4 3 

4 9 

6 3 

89 

07 

51 

66 

30 

1 

10 

0 

99 

2 

4 9 

5 5 

64 

1 3 

31 

3 2 

3 

64 

1 8 

0 

0 

14 

9 8 

5 5 

37 

10 

B4 

54 

4 0 

( ! ) A l b i t e In l A u a o n t i t < ? ' j i ] b i t c - c h l o r i i c - c a ] c i t o - q u « r l z -
p y r i t e rock <No. JO-312 n) i r o a Subzone Vb. 

(2) A lb i t a in ftlblto^chloxite-scricilo/nonieiorillonite* 
c s l c i t c - ( ) u A r t s - p y r i t e rock (No. 6-492 D ) f roa 
Subzona Vc. -
' ' ' • o .S9 ' ' o .0s ' ^0 .08 'o .»9 l ' "2 .94" l .O7>4 .O l ' ' 8 l 

(3) Adularia i n a d i i l a 3 i B - c h l o r i t c - c p i d o t e - a n h y d r i t c - q u a r t z -
p y r i t * rock (Tl-994 la) from Svjbzono Vd. . 
' ' ' *0 .08 '<0 .86 '= 'o .00S>0 .95(<"3 .01* ' l .O l '4 .02°a ] 

6) Epidote 
The chemical compositions of epidote 

from this area are listed in Table 4f, 
which shows that there are considerable 
varialions among grains of epidote as well 
as zonings in a single grain. 

7) Sericite-Montmorilloniie 
Fig. 7e gives the X-ray diffraction pat­

lerns of montmorillonite, a randomly in­
terstratified sericitemontmorilloniie, and 
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Table 4f Chemical composition of epidote. 

S i O , 

A l j O , 

F . j O , 

Mirt 

MSO 

CaO 

»2°-
T o t a l 

1 

36 .81 

2 6 . 0 4 

9 . 0 5 

0 . 4 1 

0 . 0 6 

2 3 . 2 8 

11.931 

( 9 9 . 6 1 ) 

2 

9 7 . 0 9 

22 .81 

1 4 . 5 0 

0 . 4 5 

O.OO 

2 3 : 5 7 

11 .87) 

{10O.27J 

3 

37 .66 

2 6 . 5 5 

1 1 . 5 0 

0 . 2 7 

0 . 0 9 

2 1 . 8 3 

( 1 . 9 1 ) 

( 9 9 , 8 1 ) 

4 

3 7 . 9 3 

22 .61 

1 4 , 5 3 

0 . 4 4 

0 . 0 1 

2 J . 98 

( 1 . 0 8 ) 

( 9 9 . 3 8 ) 

• C a l c u l a t e d v a l u . u a l n g t h e c h e a i c a l f o r s u l a s b e l o w . 

(1) Epidote in ep idoto-chlor i te -a lb i te -ca lc i to-ouar t i - t ty r i te 
rock (ri-726 B) from Subrone Vc. 

<'^*1.96'%.O3'"'o.01 >2.00<' '«0.54"o.oi»>2.41'3.0o"3.00°iJ 
(OH) 

(2) M t t o . 

'='2.0l'*'o.O3'2,O4"'«O.87"2.1l'2.98<"2,96*'o,04'3.00'' l2 (OH) 
(3) Epidote in epidote-adural ia-chloi i tc-anhydri to-quarte-

pyri to rock (71-994 a) froa Subrone Vd. 

'"=*!.84%.lo'%.02"°0.0l' l.97<''«0.58*'2.42>3,0o'^'2.96 
'"0.04l3.00°»2<™l 

(4) Dit to. 
^ ' "^ l . a9"o .01** '0 .O3 '"«0 .00 l ' l .93" ' ' 0 .e7"3 . I3 '3 .0o"3 .03° l2 

(OH) 

sericite from this area. The patiern of the 
interstratified mineral in the figure indi­
cates that it is rich in montmorillonite com­
ponent in accord with the results of chemi­
cal analysis. The sericile in the figure 
may also contain a little montmorillonite 
component judging from the rather broad 
line profiles. No regularly interstratified 
mineral was found. The results of semi­
quantitative analysis of these minerals are 
shown in Table 4g. 

Table 4g Chemical composition of sericite­
montmorilloniie. 

SiOj 
AljOj 
Fej03 
« 9 0 

CaO 

NajO 
K , 0 

Total 

1 

52.1 
19.3 

3 . 9 , 
2 . 9 

2 . 0 

0 . 4 

0 . 4 

(81.0) 

2 

43.7 
28.8 

1.6 

4 . 0 

0 . 9 

0 . 1 

5 . 7 

(84.8) 

3 

51.8 
32.J 

1 .4 

1 .1 

0 . 2 

0 . 1 

8 . 3 

(95.0) 

(1) Honimor l l lon i t s i n B o n i D o r l l l o n i t o - c i i s t o b A l i t c - p y r l t e 
rock (No. 6-65 ») f roa Subzone IV*. 

(2) S c r i c l t c - D o n t a o r i l l o n i t o i n t e r s t r a t i f i e d o incrk l i n ft 
rock ( t l - 140 a ) frota Subxone XVb. 

(3) S e r i c i t e in «<ir ic : l tc-anhydrl to-quftr ts-pyrl te rock (Ta-
9O0 n) ftom the Subzone IVd. 

8) Chlorite 
The chemical compositions of chlorite 

from this area are shown in Table 4h. 
They are Fe-Mg chloriies slightly decreas­
ing in FeO content with a rise of altera­
tion temperature. 

9) Anhydrite 
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nposition of epidote. 

3 

37.66 
26.55 
11.50 

0.27 
0.09 

21.83 
(1.91) 

(99.81) 

4 

37.93 
22.61 
14.53 
0.44 
0.01 

21.98 
(1.88) 

(99.381 I 

chealcal /oraolM > " " " • 
- a l b i l e - c a l c i t e - q u a r t r - p y r l t a 

0 . 5 ! " o . o i * ' 2 . 4 l ' 3 . 0 o " 3 . 0 o ' ' l 3 

'2,11>2.98<"2,96"0.04>3.00' '12 

,-chlorito*ai\hydritc-quartz-
B Subzone Vd. 
1.97<''«O.50*»2.42'3.00<"2.96 

>1.93<''«O.B7*»2.l3>3.00"3.03<'l2 

:a. The patiern of the 
ll in the figure indi-
1 montmorillonite com-
th the results of chemi-
sericite in the figure 
I little montmorillonite 
from the rather broad 
regularly interstratified 

The results of semi-
3 of these minerals are 

composition o 
illoniie. 

2 

43.7 
28 .8 

1 . 6 

4 . 0 

0 . 9 

0 . 1 

S . 7 

f ser i i 

3 

51.6 

32.1 
1 . 4 

1 .1 

0 . 2 

0 . 1 

8 . 3 

(84.8) (93.0) 

» n t » o r l l l o . i i f - c r l . t o b . l l « - P y l " 

^ t . ^ J S « . " : i i « . - -In-rAl in . 

-. ' ,5, ' ' ;X,Tti '?^r,.-pyrit. rock (T2. 

Dn« IVd. 

compositions of chlorite 
are shown in Table 4h. 

chloriies slightly decreas-
;nt with a rise of aliera-
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Table 4h Chemical composition of chlorite. 

SlOj 
Al jO, 
roo 
MgO 

CaO 

HjO.» 

Total 

] 

28, 

16, 

23, 

18, 

0, 

111, 

,46 

,21 

,95 

,17 

,19 

58) 

(98.56) 

2 

28. 

16 

23. 

17. 

0. 

(11 

(99. 

,68 

,90 

,71 

,B5 

,26 

,61) 

.01) 

3 

27, ,51 

19 37 
19, 

20, 

O, 

(11, 

(98, 

,86 

,46 

,18 

,80) 

,98) 

* Calculated value ui ing the cheaical foraulaa below. 
(1) Chlorite In wa i rak l t e -ch lo r i t e -ca lc i to -quar tz -pyr i t e rock 

(No. 7-335 a) fioa Subzone Vb. 
<"»2.85' ' '2.11=*O.O2*>l.Ol'5.99l<"3.0o'"l.Oo'4.0O°lo)t»'>6 

(2) Chlorite in a l b l t e - c h l o r i t e - c a l c i t e - q u a r t s - p y r i t ^ rock (Ho. 
6-492 a) froa Subzone Vc. 
<"«2.78'''2.O7'=*O.O3"l,O»'5.96t<"3.OO*»1.00'4.O0°10)<"'>8 

(3) Chlorite in adular ia -chlor i te -anhydr i te -quar tz -pyr l te rock 
(Tl-994 a) froa Subzone Vd. 
<«»3.14' ' ' l .7l '^O.O2"l.l5 '6.O2(<"2.83*'l . l7>4.0O<'l0l<'»'>B 

The X-ray diffraction pattern of anhy­
drite from this area is shown in Fig. 7f. 

10) Other minerals 
In addition to the above-mentioned mine­

rals, the following minerals were found in 
the Otake area: a randomly interstratified 
chlorite-montmorillonite, jarosite, meiante-
riie, hallotrichite, gypsum, calcite, rutile 
and native sulfur. 

V-3 . Minera l Association a n d Classi­
fication o f Types o f Hy d r other-

Table 5a Mineral association in altered 
rocks from the surface. 
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mal Alteration 
The mineral associations of altered rocks 

from the surface, and cores or cuttings of 
some selected wells are listed in Tables 5a 
to 5h. The locality of the rock specimens 
is shown in Fig. 9. 

Many kinds of alteration minerals have 
been detected in the Otake area. Of these, 

Table 5b Mineral association in cores and 
cuttings from No. 6 production 
well. 
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Table 5c Mineral association in cores and 
cuttings from No. 7 production well. 
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Table 5d Mineral association in cores and 
cuttings from No.8 production well. 
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Table 5e Mineral association in cores and 
cuttings from No, 9 production 
well. 
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characteristic minerals which infer chemi­
cal con(3itions, mainly pH values, of acting 
hytJrothermal solutions can be (3ivide<3 into 
the following five groups. 

1) Silica ininerals: are conspicuously 
enriche<3 around the conduits of the hy­
drothermal solutions being strongly acidic 

Table 5t Mineral association in cores and 
cuttings from No. 10. production 
well. 
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Table 5g Mineral association in cores from 
T-l bore. 
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to acidic, though it is conlained in almost 
all allered rocks. 

2) Alunile and its kindred sulfates: oc­
cur in the strongly altered rocks which 
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Table 5h Mineral association in cores from 
T-2 bore. 
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Fig . 9 Locality of allered rocks. 

Jl 

have been formed under the conditions 
with strong sulfuric acid. Anhydrite, 

which is well-developed in the Otake area, 
is not included in this group because it 
may be formed under both conditions, aci­
dic and alkaline. 

3) Aluminum-silicates with layer struc­
tures such as kaolinite, dickite and pyro­
phyllite: occur in the strongly altered to 
intermediately altered rocks which have 
been formed under acidic conditions. These 
characteristic silicates are conspicuous by 
the absence of bases except for aluminum. 

4) Aluminosilicates with layer structures 
such as montmorillonite, chlorite, sericite, 
etc.: occur in the intermediately to weakly 
altered rocks which have been formed 
under weakly acidic to neutral conditions. 

5) Aluminosilicates with framework st­
ructures such as Ca-zeolites, Na- and K-
feldspars: occur in the weakly altered 
rocks whicli have been formed under neu­
tral to weakly alkaline conditions. The 
characteristic minerals are aluminosilicates 
containing only alkalis or alkaline earths 
as major elements. They are usually ac­
companied with the minerals of the group 
4. 

To state clearly the physicochemical con­
ditions of various kinds of altered rocks 
which have been formed in the Otake area, 
the writer proposes a systematic classifi­
cation as shown in Table 6a and 6b. First, 
the altered rocks are classified into five 
types based upon the mineral groups above-
mentioned. Next, each type is further 
classified into four subtypes in order of 
temperature and pressure of alteration 
which resulted in progressive changes of 
essential mineral associations as shown in 
Figs. 10a to lOe. Consequently each sub­
type may denote sufficiently both chemical 
and physical conditions of hydrothermal 
alteration. 

Type I is characterized by the predomi­
nant formation of silica minerals. There­
fore, this type corresponds to so-called 
"silicification". • Of four subtypes. Subtype 
la can be easily distinguished from the 
others, but it is often difficult to identify 
the other three subtypes. In such cases, 
the mineral associations of surrounding 
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Table Ga Classification of lypes of hydro­
lhermal alteration in the Otake 
geothermal area. 
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Table 6b Estimated temperature and pres­
sures of each alteration subtype 
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Fig. 10a Progressive alteration of Type 1. 
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rocks may be useful for the identification. 
Type II is characterized by the appea­

rance of alunite including other kindred 
sulfates. Jarosite, inelanterite and hallo­
trichite are sometimes formed. This type 
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Pig. 10b Progressive alteration of Type D. 
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Fig. lOd Progressive alteration of Type IV. 
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generally accompanies the formation of the 
aluminum-silicates of Type III, but never 
the aluminosilicates of Types IV and V. 
Except for Subtype Ila, the other three 
cannot always be identified mineralogically 
as in the case of Type I. Although 
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Fig. lOe Progressive alteration of Type V. 
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Subtype l id has not been detected in the 
area, an expected mineral association for 
this subtype is shown in Fig. 10b. 

Type III is characterized by the forma-

Fig. 11 Geologic and aheration indexes for 
the figures 12a lo 12j. 
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tion of aluminum-silicates such as kaolinite, 
dickite and pyrophyllite, with an accessory 
formation of diaspore. This type can co­
exist with both Types of II and IV, but 
not with Type V which contains zeolite or 
feldspar as characteristic minerals. Dias­
pore occurs in Subtypes IIIc and Illd. 

Type IV is characterized by the forma­
tion of aluminosilicates such as montmoril­
lonite, chlorite, sericite, etc., but lacks in 
zeolite or feldspar. Interstratified minerals 
of sericite and montmorillonite persist 
through the whole of altered rocks of this 
type. 

Type V is characterized by the forma­
tion of aluminosilicates such as Ca-zeolites 
and Na- and K-feldspars, always being 
accompanied by the formation of clay 
minerals of Type IV. Ca-zeolites, such as 
heulandite, laumontite and wairakite occur 
at low temperature parts, Na-feldspar tends 
to appear with increasing temperature, and 
finally K-feldspar occurs at the highest 
temperature parts. 

V-4. Spacial Distribution o f Altered 
Zones in Relation to Tempera­
ture 

Stratigraphy, alteration types and mea-

Fig. 12a Stratigraphy and alteration types 
of No. 6 well. 

h : atonding hotr» 
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sured temperatures of the selected ten drill 
holes are shown in Figs. 12a to 12j. 

Fig. 12b Stratigraphy and alteration types 
of No. 7 well. 

No. 7 
100 1 » TOO JSO't 

h : alonding heuft 

Fig. 12c Stratigraphy and alteration lypes 
of No. 8 well. 

50 IOO 150 ?00 350'c 

h : Ktending htKit% 

During drilling, all wells ecountered 
many cracks including small ones as well 
as large ones, some of which might be 
the conduits of hydrothermal solutions and 
gases. The size of those cracks could be 
roughly estimated by the amount of the lost 
circulation water indicated in tons per hour 
in the figures. According to the results 
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Fig. 12d Stratigraphy and alteration types 
of No. 9 well. 

No. 9 
' * ^ " ' Al iHudr t S O m TOO no ?00 2itlt 

• S. 

h : s lond ing hours 

Fig- 12e Straiigrnphy and aheraiion lypes 
of No. 10 well. 

^ " * Al t i luD* B l T m 

no'A 

oo'A 

Grond 
wotvr 

y (•v.l 
TOti 

\ 77.5h 703.8h 

2 t ,5h " - S h 

h : stoirding hous 

• 

of calculation of jjenneability, such cracks 
seldom exceed 1 cm in width if they extend 
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Fig. 12f Siraiigraphy and alteration types 
of T-l bore. 

so 100 n o IOO JStfe 

ig. 12g Siratigraphy and .alteration types 
of T-2 bore. 

h iiofyling hc.«« 

Fig. ]2h Strniigraphy and alieration lypes 
of H-3 well. 

h : ilorxling hour* 

Fig. 12i Stratigraphy and alteration lypes 
of H-4 well. 

h : s tanding hour* 

infinitely (Ejima, personal communication). 
However, there is a record of a cavity 80 
cm across at a depth of 560 m in T - 2 bore 
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Fig. 12j Stratigraphy and alteration lypes 
of H-6 well. 
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(Yamasaki, Matsumoto and Soejima, 1966). 
Ro:ks surrounding these cracks have been 

usually wholly converted to the assembla­
ges of alter.3tion minernls. When the act­
ing hydrothermal waters are acidic, strongly 
altered rocks of Type I may have been 
formed, as observed at depths 560, 720 
and 815 m in T-2 bore. 

On the contrary, in the case of neutral 
to alkaline solutions rocks of Type IV or 
V are found around cracks at deep levels, 
though it is slightly silicified. At shallow 
levels silicification of the rocks of these 
types does not progress. 

The depth-temperature curve rises sud­
denly up to higher temperatures at around 
cracks at depths of 265 m in No. 6 well, 
290 ra in No. 8 well and 560 m in T-2 
bore, indicating the conduits of high-tem­
perature deep waters. 

The temperature also increases steeply 
at transitional places from partially allered 
rocks to wholly allered ones. In this con­
nection it is worthy of note that the tem­
perature gradient in H-4 well, where 
partially allered zones are predominant. 

is not high as in other well, though it is 
the most proininent in the Otake area. 

Fig. 13 shows distribution of alieration 
zones at the surface in the Otake geother­
mal area. It is evident from the figure 
that many lenticular bodies of Type II are 
distributed in and along or nearly parallel 
to the faults of north-west direction. Sur­
rounding the zones of Type II, the zones 
of Type III are well-developed in the Hat­
chobaru field, whereas in the Otake field 
the zones of Type IV are predoininant. 
The strongest alteration zone, Type I, is 
found quite locally as small veins in out­
crops of Types II and III. 

The schematic section of the distribution 
of alteration zones in the Otake field is 
shown in Fig. 14. The figure indicates 
that the zone of Type II occurs as a len­
ticular body at the surface and only at 
shallow levels in wells Nos. 8, 9 and 10. 
Under the Type II zone, a thick partially 
altered zone interbedded by thin layers of 
Type III appears in all the wells. The 
partially altered zone seems to play the 
role of "cap rock" for geothermal energy 
because it is mostly composed of compact 
pyroxene andesite lavas. At deeper levels, 
the partially altered zone is followed by 
the zone of Type V which contains Ca-
zeolites, laumontite and wairakite. This 
zone is considered to be the very reservoir 
of the geothermal energy which has been 
utilized for the Oiake power plant, as is 
evident from the following facts: 

1) all wells encountered many cracks 
in this zone, 

2) temperature suddenly iricreases at 
the top of this zone, and 

3) it is mainly composed of tuff brec­
cias with a high porosity. 

The spacial distribution of alteration 
zones in the Hatchobaru field is different 
remarkably from that in the Otake field 
as shown in Fig. 15. In the Hatchobaru 
field, the alteration zones of Types II and 
III, which have been formed under acidic 
conditions, are conspicuously developed 
around T-2 bore in a funnel-like shape. 
Type II zone reaches from the surface to 
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F 'g - 13 Dis l r ibu l ion of a l terat 
ion zones a l the surface in the O inke geollic-rmal ar 
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chobaru production wells are coming. The 
altitude of this zone corresponds geologi­
cally to an unconformity between the Kusu 
group and the j 'ounger Hohi volcanic 
complex. On the other hand, the geother­
mal energy of T-2 bore which did not 
reach to the unconformity, was found in 
cracks at a deplh of 560 m (Fig. 12g). 
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Fig . 14 Schematic seciion showing distribution of allcralion zones in ibc Oiake field. 
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Fig . 15 Schematic seciion showing dislribulion of alteration zones in ihe Hatchobaru field. 
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V-5 . Zonal- Arrangement o f Alieration 
Zones 

As descrived above, the five types of al­
teration zones are arranged in accordance 
with a certain regulation depending mainly 
upon chemical properties of acting hydro-
thermal solutions. Zonal arrangements 
from center to margin which are commonly 
recognized in the Otake area are as follows: 

Arrangements of alteration zones pro­
duced by acidic hydrothermal solutions 

A. Type II-Type I l l -Type lV-(partially 
altered) 

B. Type I-Type I l l -Type IV-(partially 
altered) 

C. Type I-Type I l l -Type IV-Type V -
(partially altered) 

D. Type I l l -Type IV-Type V-(partially 
altered) 

Arrangements of alteration zones pro­
duced by neutral to alkaline hydrolhermal 
solutions 

A. Type IV-(partially altered) 
B. Type IV-Type V-(partially altered) 
C. Type V-(partially altered) 
D. Weakly silicified Type IV-(parfially 

.nliered) 
K. Weakly silicified Type V-(p.Trtially 

.-iliered) 
I ' l uk r the acidic conditions, the strongly 

nluTi'd zones of Type I or II have been 
lirodiiced at the cenieral part where hydro-
ihc-rinnl solutions have been flowing. It 
i.s transformed into the intermediately alte­
red zones of Type III, probably due to the 
incri-asing pH value of the solutions. Such 
xtjiics of acidic type are surrounded by the 
f.iinc of Type IV at the inner part and by 
ihni of Type V at the outer pan . 

On the occasion of neutral to weakly 
nikniiiif solutions, the zonal arrangements 
of A nnd B in the above-described list 
rominonly occur at shallow levels, but the 
oihcrs npiTCar at deep levels. 

VI. ClIANGKS I.N CHKMICAL COM-
I't^SITION OF ROCKS DURING 
AI.TIIRATIO.N 

\ ' \ 1. Ih-lninal Riick 

Ihc nlicii-d ro*-ks studied arc mostly dis­

tributed within a thick pile of pyroxene 
andesites of the Hohi volcanic complex. The 
original andesiies are compact, dark green 
in color, and are almost invariable in che­
mical composition as shown in Table 7a. 
Apparent specific gravity of the rocks 
ranges from 2.67 to 2.90. An average 
content of each oxide in gram per 1,000 
cc of the rock is also shown in the 6 th 
column in the table. 

Table 7a Chemical coniposition of pyroxene 
andesites and iheir partially al­
tered equivalents. 
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Table 7b Chemical composiiion of some 
phenocrysts in a pyroxene ande-
siie in the Oiake field. 
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Table 7b gives the results of chemical 
analysis of some phenocrysts in an ande-
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site of the Hohi complex. There are two 
varieties of plagioclase, bytownite (Abst 
An74 Ori) and labradorite (AbijAneoOrj), 
which are inferred to be the repre.sentatives 
of Ca-rich and Ca-poor menbers respecti­
vely. There are also two kinds of pyroxene: 
clinopyroxene, augite CMg4,FenCa46), and 
ortho-pyroxene, hypersthene (MgeaFejj). 
Most opaque minerals are titanomagnetite 
ranging 4 to 7 percent in TiOj content. 

VI-2. Changes in Chemical Composition 
o f Rocks in Zones o f Each Type 

(1) Altered Rocks of Type I 
Table 7c shows the chemical composi­

tions of four specimens of allered rocks 
belonging to Type T, No. 1 is a crisiobalite 
rock collected from the surface, Nos. 2 and 
3 are compact silicified rocks at deep levels, 
and No. 4 is a weakly silicified ro:k form­
ed under weakly alkaline condition. An 
average content of each oxide in gram per 

Table 7c Chemical composiiion of altered 
rocks from the zone of Type I. 

SiO, 
TIO, 
A1,0, 

'•2O3 
f*90 
CaO 

"AjO 
K , 0 

? 
I g . lo4a 

7otAl 

Ap. C 

1 

"85.1 
1.19 
4.63 
0.23 
0.01 
0.15 
0.41 
0.55 
0.92 
6.38 

99.50 

1.98 

2 

89.9 
1.34 
4.76 
1.03 
O.06 
0.13 
O.07 
0.05 
0.50 
1.32 

«9.16 

3.34 

3 

00.5 
0.46 
2.02 
2.58 
0.31 
0.3J 
0.33 
0.56 
1.68 
1.94 

101.39 

3.75 

4 

75.8 
0.77 

10.3 
3.61 
0.S6 
1.64 
0.30 
1.68 
1.26 
S.31 

101.13 

3.40 

3 

2298 
22 

9S 

47 

39 

43 

(1) PQiou* C T l s t o b a l i t * rock At tha txirfmcm in tha 
HAichobAtu f i a l d . 

(3) OlcVl ta -py i i t a boArlng B i l i e t f l r d rock at a depth 
of i t o a In T-3 b o t 9 . 
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rock At A dtfpth of 1,054 a in H-S M H . 

(5) An Avcitga contAnt I n g i a a poi 1,000 cc of tb« 
typtcAl sll lCA typ« locka , Nos. 2 and 3 . 

1, oeo CC of the rocks is also shown in the 
Sth column in the table. 

Assuming that there was no volume 
change during alteration, addition and 
subtraction of each component during this 
type of alteration were calculated as shown 

Fig. 16a Changes in chemical composiiion of rocks during altcralion of Type h showing ihe 
amount of each oxide in log gram per l,000cc of original and altered rocks 
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in Fig. 16a, in which components ahove 
the dotted line may be added to the altered 
rocks from acting hydrothermal solutions, 
and components under the line may be 
leached from the original rock into the so­
lutions. The components near the dotted 
line are regarded less mobile. 

Although the cristobalite rock has a high 
content of SiOs, only a little addition of 
SiOs is inferred. Whereas the compact 
silicified rocks are accompanied with a 
great addition of Si02, and a great sub­
traction of the other components except 
for TiOs. The weakly silicified rock 
shows a little addition of Si02 and conside­
rable subtraction of the other components. 

(2) Allered Rocks of Type II 
The chemical compositions of five speci­

mens of allered rocks of Type II, in which 
two specimens contain the aluminum-silicate 
clay minerals, are shown in T.ible 7d. 
The tolal weight percent of each specimen 

Table 7d Chemical coinposition of altered 
rocks from the zone of Type II 

« o . 
TiO, 
A l jO , 
r - jO j 
HgO 

C A O 

HA,0 
K j O 

8» 

I g . Los* 

TotAl 

Ap. C 

1 

59.6 
0.54 

12.9 
0.20 
0.01 
0.13 
0.97 
3.63 
4.77 

12.0 

93.74 

2.24 

3 

54.3 
3.32 

13.0 
2.25 
0.01 
0.24 
0.67 
2.70 
5.13 

11.3 

91.70 

1.95 

3 

49.0 
0.83 

23.6 
3.86 
0.01 
0.20 
0.37 
1.87 
3.33 

13.5 

96.49 

3.51 

4 

60.1 
0.48 
9,30 
6.30 
0.03 
0.14 
0.73 
3.19 
6.43 
6.12 

93.04 

3.49 

5 

30.O 

o.ei 
14.6 
3.59 
0.01 
0.34 
0.49 
3.3a 
7.97 

10.3 

92.39 

2.62 

6 

1 7 U 

23 

3S0 

91 

1 

3 

13 

37 

133 

350 

1 

• t o t . l ot (S * SOj) • • S 
(1) A I u n l i . - c r l f i . b . l U . i « V . 1 t h . . u r f u : . In I h . O t . k . f l . l d . 
(2) A l u n i i . - c i l t t e b . ) l t . . p y , l t . rock . t . <t.ptb of M > In T-a 

ber*. 
(3) A l u n l t . - V . o l l n l t . - ( i u . f 1 i . p y t f t . t « k . t . d .p ih o t 160 • In 

I - J h o , . . 
(4) A l u R l , « - ( ] u . r i r - p y r l i . rock . t . d .p th of lAO • In T-3 b a r . . 
(5) A ] u n l t . > p y r o p h y l l l t . - k . o l l n i , . - < ] u . r t i - p y r l t * reck . t . d .p tb 

of 3S0 • In T-3 her* . 
(6) Aa «v«i.g« con lMtf lo » r « p . , l.OOO cc of t h . . I t . r . d r o c k . . 

is considerably less than 100 percent, be­
cause the S-t-SOa is measured as S. Chan­
ges in chemical composition during this 
type of alteration are also shown in Fig. 
16b. 

Fig. 16b Changes in chemical composition of rocks during alteration of Type H. 
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The two components, SiOj and AUOs, 
are almost immobile in all the specimens. 
The mobility of FejOj, most of which 
must be expressed as Fe, varies greaty 
among them. The alteration of Type II 
is generally accompanied with a little ad­
dition of K and a great addition of S as 
well as SOj, resulting in formation of alu­
nite which is the characteristic mineral of 
this type. The other components in ori­
ginal rocks are strongly leached into hy­
drothermal solutions except for TiOa-

(3) Altered Rocks of Type III 
The chemical compositions of five speci­

mens of altered rocks of Type III are 
shown in Table 7e. Changes in chemical 
composition during the alteration of Type 
III are also shown in Fig. 16c. 

It is obvious from the figure that the 
three components, SiOa, AljOj and TiOa, 
are almost immobile during the alteration 
of this type. The great addition of HzO 
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Table 7e Chemical composition of altered 
rocks from the zone of Type 0. 

S I O , 

T I O , 

* l j O , 

' • 2 « 1 
MgO 

CAO 

H.3O 

s« 
S 

I g . l O A l 

T e t A l 

*p . c 

1 

7 0 . 1 

C V J 

19-6 

3 .83 

O . I 3 

0 .14 

0 .15 

0 . 0 9 

1.70 

4 . 1 5 

100-93 

2 .5S 

3 

6 3 . 9 

1.45 

1 8 . 3 

3 .66 

O.OI 

0 . 4 2 

0 . 0 5 

O.OS 

3 .05 

B.ao 

96 .6« 

a .35 

3 

»6 .1 

J . ) 4 

1 9 . 1 

4 . 3 0 

0 . 1 2 

0 .29 

0 . 3 1 

0 .27 

3.07 

S.56 

09.16 

3 .45 

4 

6 3 . 5 

1.51 

3 3 . 6 

1.31 

0 . 0 7 

0 . 5 ) 

0 . 0 3 

0 . 0 3 

0 . 9 6 

1 0 . 4 

100.01 

2 .65 

5 

6 3 . 0 

1.06 

3 0 . 0 

4 . 9 6 

0 . 0 3 

0 .33 

O.0« 

0.O4 

3 .31 

• . 73 

100.31 

3.T3 

• 
1637 

11 

SOO 

69 

3 

• 3 

3 

SO 

191 

(1) KAoltMtvquArts-pyrl l* tock •! A daptb af 200 » In T-3 tMi« 
13) DI110 At A depth of 3£rO m In T.) t>orA. 
13] ry(ophyllilA-kAoll(il i*-4]ttAitcprrlt« tock at A dvpth of 410 « 

in 1-9 boT«. 
(4) Py(Dphyll t t*-dtcklt»-di>*poi*-^u' t tA-pyil t« rock at A Orpih 

Of 730 » in T-3 bora. 
(5) ryfOphyUlts-dlAsporu-quATti- p jn t t» lock at a dvpth of B30 « 

in T.3 boT«. 
(6] An avAi«g«contsnt I n c i a * p«I 1,000 ce of tb* a l ia r*d t « k B . 

is inferred in the altered rocks. The other 
components are almost completely subtract­
ed from their original rocks except for Fe, 
a part of which combines with S to form 
pyrite. 

(4) Altered Rocks of Type IV 

Fig. 16c Changes in chemical composition of rocks during aheration of Type EI. 
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lical composition of altered 
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Table 7f Chemical composition of oltered 
rocks from the zone of Type IV. 

Table 7g Chemical composition of allered 
rocks from the zone of Type V. 

S i O , 

1 1 0 , 

* l , O j 

F . , 0 3 

M90 

C A O 

NA^O 

5 

J p . l o » » 

T o i A l 

Ap. O 

S S . l 

1 .07 

1 6 . 4 

S.91 

I . I W 

4 . 3 1 

3 . 1 3 

0 . 6 7 

3 .SB 

1 0 . 6 

1 0 0 . 3 6 

5 2 . 8 

0 . 9 6 

I S . S 

4 . 3 7 

3 . 3 3 

s.a7 
0 . 1 6 

1 . 3 1 

3 . 3 0 

I S . S 

9 6 . 7 0 

2 . 3 

6 4 . 1 

0.41 
13.5 

3 . 6 6 

0 . 6 3 

0 . 4 0 

2 . 4 1 

a.s6 
O.M 

10.9 

99.63 

a.o 

0 0 . 0 -

0 . 4 9 

1 7 , 7 

5 . 7 1 

0 . 2 B 

3 . 2 3 

0 . 4 3 

3 . B 8 

3 . 6 0 

5 . 7 0 

9 9 . 0 1 

3 . 6 0 

14.S 
2.BB 
0.33 
4.00 
0.50 
4.27 
4.31 
5.87 

9 9 . 5 9 

3 . 7 0 

( I ) H^n t»er l I )an l lo -cAlc f to -quAr t ( -p}n l t« clAy At A depth 
of 200 • in T-l boro . 

(3) Di t to At A iS«ptb of 417 • in T-2 boro . 
(3J 5« i l c l t a /Ban tM>r l l lon l t9 -quATtz-pyr l t« c l ay At A d^pth 

of 140 • In T-l bora . 
(4) S«t ie l t«-Anhy<3rl ie-quArt j -pyi l to tock At A dvpth of 

B30 m In T-3 bor« . 
(51 m t t o At A depth of 900 • In T>2 b o i * . 
(6) An AVAiAgcconlAnt in graja p«i 1,000 cc of th« a l i c r v d 

tockM. 

T h e chemica l compos i t ions of five speci­

m e n s of a l te red rocks of T y p e IV a r e 

s h o w n in T a b l e 7f. C h a n g e s in chemica l 

composi t ion d u r i n g the a l t e ra t ion of th i s 

type a re a lso s h o w n in F i g . 16d, 

In add i t ion to S i02 , AlaOs and T i 0 2 , 

S I O , 

7 , 0 , 

* 1 , 0 , 

r . , 0 , 

r«« 
HnO 

M9O 

C A O 

K A , 0 

"2° 
'3«5 
S 
I Q . loaa 

T o t a l 

5 6 . 3 

0 . 6 9 

1 6 . 9 

4 .62 

0 .&2 

0 . 2 0 

3 .19 

3 .72 

0 .77 

3 .93 

0.O4 

0 .72 

9.46 

99 .30 

31.4 
0.99 

I B . 7 

6 . 0 9 

0 .07 

0 . 3 4 

3 .91 

6 .33 

3 .03 

1.64 

0 .12 

1.00 

A . 8 9 

59.1 
0.77 

16.0 
5.25 
0.64 
0.15 
3.72 
5.S5 
0.24 
1.53 
0.05 
0.74 
6.46 

99 .41 100.73 9 9 . 3 0 

3 . 2 0 2 . 4 3 3.50 

SB. 3 

0.82 
16.B 
6.31 
0.75 
0.20 
2.74 
4.41 
2.59 
0.6O 
0.00 
0.86 

6 . 3 5 

6 0 . 2 

0 . 7 6 

1 4 . 4 

6 . 3 3 

0 . 9 I 

O.09 

I . 3 S 

3 . 7 2 

0 .33 

5 .39 

0 . 0 0 

1.04 

7 , 6 1 

58.0 
0.73 

1 9 . 3 

7 . 9 3 

B.d. 
n .d . 
2.33 
7.03 
J . 93 
3.M 
n.d . 
0.6O 
3.B1 

5 t . B 

0 .97 

16.4 

B.56 

n . d . 

n . d . 

1.89 

6 . 5 4 

3 .26 

2 . JO 

n . d . 

0 . 6 1 

3 . 7 3 

100.96 99.OB 

2 .66 , 2 . 5 9 
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(3) LAunontlt*-cAlclto-AontBotlIIo.-)lt«-quAtis-pyTli« toek at A 
dcpiti of 200 • In Mo. 8 ««11. 

(4) WAltAkit*-lA»MntltA-CBlcli»-aeTl(rliay»antBoilllonIt--<)uatta-
pydtA rock at a depth of 210 a In »o. 10 -Al l . 
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loCk At A depth Of 380 • in Mo. 10 - • 1 1 . 

(6) AlhllA-cbloiliA-eaJclle-quACtc-pyrltA i«rk al • dtpth of 492 
• in 14). 6 M i l . 

(7) AdulAilA-chlorltv-anhydrlta-qwArtcpyrlta tock At A depth ef 
994 m in I-J boiA. 

(B) AD averaac content IncrAn par 1,0OO cc of the aliatAd locka. 

the componen t s of Fe20a and C a O are 

scarcely mobilized d u r i n g the a l t e ra t ion of 

F ig . 16d Changes in chemial composition of rocks during aheration of Type fV. 
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Fig. 16e Changes in chemical comi)osi(ion of rocks during alteration of Ty,pe V, 
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Type IV. The mpbilit'es of cqinponerits of 
MgO, NajO arid KaO vaiy ;gj-eatly among 
the five specimen's. 

(5) Ahered Rocks of Type V 
The chemical conipositions of seven spe­

cimens of altered rocks of Type V are 
shown in Table 7g. Changes in chemical 
comjjosition during the alieration of this 
type are also shown in Fig, ISe. 

There are many immobile components in 
Type V;, Barriely SiOj, AliOa, Fe^Oi, CaO, 
MgO and TiOi. This means that Type 
V is of the most weak alteration among-^ 
the five types, yet.two alkalis, NajO and 
K2O, are. StiU mobile even in, this case, ' 

VII. DISCUSSION 

A distinctive feature of the hydrothermal 
.alteration in the Otake-area is that various 
kinds pf altered rocks have been formed 
from original andesites with almost inva­
riable cheiTiiCal coiTipositjpii. 

In this,chapter, 
1]) chemical conditions of each altera­

tion type will he inferred mainly .after 
the concept of thermodyriamics of open 
sysiem by Koxzhinskii (1956), 

2) temperature and pre'ssure conditions 
'will be estimated taking into consideration 
the measurements of temperature and vapor 
pressure, the estimations of temperature 
by chemical methods, thie calculations of 
total pressure, and the data of hydrother­
mal synthesis published so far, and 

3) comparison of alteration in the Otake 
area with that in other geothermal areas, 
will be made. 

y i I - 1 , Chemical Conditions o f Each 
Alteration Type 

Type I with predominant silica minerals 
will be formed under the highest chemical 
potential of SiOi in hydrothermal solution 
among the five types. And the polential 

— 38 — 



Vo\. \0 No. 3 (No. 38) 

,-,on of Type V. 

/ 
/ 

/ 

3 log 9" 

:T 
conditions of each altera-
be inferred mamly after 
thermodynamics of open 

ihinskii (1956), 
are and pressure conditions 
ed taking into consideration 
nts of temperature and vapor 
estimations of lemperature 
methods, the calculations of , 

and the data of hydrother-

published so far, and 
'on of aheration in the Otake 
, in other geothermal areas, 

emical Conditions of Each 

tcration Type 
^ predominant silica mineral 
ed under the highest chemtcal 

SiO. in hydrolhermal solution 

ive t>T3es. 
And the potential 

Sept. 1973 

must he higher than that of SiOz of all 
(he silicates contained in rocks. Under 
the.se conditions, all the components are 
considered to be perfectly mobile (Kor-
zhinskii, personal communication). There­
fore, Type I may correspond to the stron­
gest type of alteration. 

According to Morey et al. (1962), the 
solubility of silica (quartz) in water is 
nearly independent of concentration of dis­
solved salt species as well as pH value, but 
increases with rising of the temperature of 
solvent water. The deep waters in the 
Otake area contain silica of quantity nearly 
in equilibrium with rocks at temperatures 
as shown in Table 3. That is, high tem­
perature deep waters are generally high in 
chemical potential of SiOa. The rocks 
directly in contact with such solutions are 
considered to be replaced gradually by 
silica minerals, irrespectively of the pH 
conditions of solutions. For instance, even 
in the case of neutral to weakly alkaline 
solutions, silicification of Type I, though 
nol very slrong, is recognized around the 
conduits of solution in Hatchobaru ( H - 6 ; 
1,050 m) and in Broadland of New Zealand 
(Browne, 1970). In the case of acidic 
.solutions, the silicification is accelerated 
because almost all bases are leached inlo 
ihe solutions. T-2 is a good example. 

In the low temperature part at shallow 
levels, the chemical potential of SiOj in 
solulions is usually not so high, therefore, 
silicification may be performed mainly by 
the residual enrichment of silica resulting 
from leaching of bases by acidic solutions. 
Consequently, no practical addition of SiOi 
is observed in porous cristobalite rock be-
iiiK formed at low temperature as shown 
in Table 7c. Iwao (1961) made a similar 
consideration on the silica ore in the Ugusu 
mine. 

Slrong alteration next lo Type I may be 
Tyin; II and III and Subtype IVd, which 
Jirive characteristic mineral associations as 
mentioned already. In these alterations, 
llie ihree components, SiOj, AUOj and 
1 lO,. ;ire almost immobile, of which AI2O3 

••iloiie is a deierinining inert component, 

but SiOa is usually an excess component, 
and TiOz is an accessory component. Va­
riations of alteration type in such cases 
may result from the differences in 
chemical potentials of SO4'", K* and H'^ 
of acting hydrothermal solutions. Thus, 
Type 11 is considered to be formed when 
chemical potentials of all the three are 
high, Subtype IVd when the potential of 
K* is high, and Type III when the po­
tential of H* is high. 

It depends upon the chemical potentials 
of SOi"" and S'" whether some bases other 
than Si, Al and Ti are fixed or not in the 
strongly altered rocks. For instrance, in 
a case that the chemical potentials of SO4'" 
and H* are so high as to form Type II, 
the chemical potential of S'" also may be 
high, then the altered rocks of Type II 
have more Fe content fixed as pyrite than 
those of Type III and Subtype IVd. In a 
case that the chemical potential of SO*'" 
only is high, Ca may be fixed as anhyd­
rite as observed in the altered rocks of 
Type III in the Otake area. Therefore 
pyrite and anhydrite are regarded as mobile 
minerals. 

According to the experimental study of 
the system KjO-Al.Oa-SiOo-H.O-SO, by 
Hemley et al. (1969), alunile is formed 
under 15, 000 psi and strongly acidic condi­
tions, of which log Wl I-I2SO4 is over —2.8 
(pH smaller than about 4) at 200'C and 
log m H-iSO* is over —2.0 (pH smaller than 
about 3) at 300'C. The log m KjSO* con­
centration has hardly influence on the for­
mation of alunite at 200=0, bul at 300°C, 
about —2 of log >n KoSOj concentration is 
most optimum for the formation, as shown 
in Fig. 17. Therefore, Type II is apt to 
be formed at low temperature and shallow 
levels rather than at high temperature and 
deep levels. 

There are other reasons which are fa­
vorable for alunite formation at shallow 
levels. Under the surface conditions, H2S 
in the waiers is expected to be oxidized 
by air and also by descending ground 
water. Sulfuric acid conditions are caused 
also by the sulfur-oxidizing bacteria as 
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Fig . 17 Stability relations in the sysiem KtO-
Al !0 , -S i02-H20-SO, (Hemley ei al.. 
1969). Quartz is present and lotal 
pressure is 15,000 psi. 

V Mitnilr 

log m MjSOj 

maintained by Schon and Ehrich (1968). 
T h e condition of formation of Type III 

has pH value being nearer to neutral than 
Type II. Therefore, contrary to the case 
of Type II, Type III is apt to be formed 
at high temperature and deep levels if the 
HiSO« concentration in acting solutions 
is the same. 

In the ca.se of weakly altered types IV 
and V, the components such as FcjOj, 
CaO and MgO are almost immobile in ad­
dition to SiOa, AlaOa and TiOs. Among 
these components, TiOa is nn accessory 
component, and SiOs is an excess com­
ponent for both types. The three com­
ponents of FczOa, CaO and Al.Os are de­
termining inert components for Type IV, 
and these three and MgO are for Type V. 
The chemical difference of formation bet­
ween Types IV and V is that the former 
has less inert components than the latter. 
As suggested in Fig. 5, the acting hydro-
thermal solutions may be weakly acidic to 
neutral for Type IV, while for Type V 
neutral to weakly alkaline. 

VII-2. Alterat ion Temperature and 
Pressure 

It is very difficult to estimate total pres­
sure and fluid pressure in hydrothermal 
alterations. In the Otake area, the total 
pressure was roughly estimated from the 
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largest depths of occurrence of each sub­
type, on an assumption that there had been 
no erosion of allered rocks. In the esti­
mation, the specific gravity of rocks includ­
ing waler and void was assumed to be 2. 5. 
For example, Subtype b is not found deeper 
than 600 m, and therefore, the total pres­
sure is less than 2.5X600/10=150 atra. On 
the olher hand, the fluid pressure was 
also estimated roughly based on the mea­
surements of vapor pressure at well heads, 
on the saturated pressure corresponding to 
the measured or estimated temperature, on 
the water pressure between the water table 
and the reservoir, etc. The lotal pressure 
and fluid pressure of each subtype are 
shown in Table 6b. The estimated pres­
sures are very low as compared with 500— 
tens of thousand atm under which general 
hydrothermal synthesis have been carried 
out. 

The stability condition of minerals deter­
mined by hydrolhermal synthesis is gene­
rally considerably different from the condi­
tion of natural minerals. The reasons 
are: (1) hydrothermal synthesis by pure 
water usually determine the upper stability 
field of minerals, (2) synthesis are usually 
made under a condition of total pressure 
equal to vapor pressure, (3) natural hydro-
thermal solutions contain more kinds of 
bases and ions than the most complex so­
lutions used in experiments, etc. In the 
case of the Otake area, the main reason 
is considered to be the fact that the pres­
sure conditions, especially the fluid pres­
sure, are very low compared with those of 
hydrothermal synthesis. 

In general, the slope of equilibrium 
curve of dehydration reaction is given by the 
Clapayron's relation dp/dt = JS/^JV, and the 
curve is nearly parallel to the pressure axis 
in high pressure domain; but in low pres­
sure domain, it becomes nearly parallel to 
the temperature axis as AV becomes larger, 
and the stable field of a high temperature 
mineral extends into low temperature do­
main. For instance, the phase boundary 
of a reaction, 

kaolinite+2 quartz;ipyrophyllite-f vapor 
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which was determined by Allhaus (1969), 
is almost parallel to the pressure axis 
above 2,000 bars, but the slope becomes 
smaller below 2,000 bars as shown in 
Fig. 18. The curve passes the point of 
340''C at 500 bars, the lowest pressure in 
the synthesis. According to the writer's 
calculation for lower temperature and lower 
pressure domain after the consiant entropy 
method (Zen, 1972), the boundary passes on 
the dotted line indicated in the ' f igure. 
This result supports that pyrophyllite can 
be formed under such conditions of low 
temperature and low pressure as in the 
Otake area. Moreover, it explains that 
phase changes of hydrated minerals under 
low pressure depend not only on tempera­
ture but also on pressure considerably. 

Kitj. 18 Stability relation for the reaction 
kaolinite -f2 quariz;=ipyrophylIite-f 
vapor determined by .Althaus (1969). 
The doited line indicates an equili­
brium curve calculated by the pre­
sent writer. 

Vb 

kaotlnite 

I---T:;I1 

2qi«irti = ^ pyiophytlite 

/ 

J 
.vcpor 

200 300 400 500-t 

Next, consideration will be made on the 
nlier;ition lemperature. The boundary 
leiniier.-iiure belween Subtypes a and b lies 
on the lemperature at which cristobalite is 
convened to quarlz. However, according 
to Mir.uiani (1966), amorphous silica is in-
vcried prtidually to quartz through cristoba-
liic with a lapse of time. Judging from 
ilir .Mizuinni's dala and the measured tem-
(-•rniures in the Otake area. Subtype a is 
inferred lo he formed around lOO'C or be-

I he teinperature range of Subtype b 

concerns with the slable field of the asso­
ciations of kaoliniie-quartz ( I l lb) and of 
laumontite-wairakiie-quartz ( IVb) . In No. 
6 well, where accurate temperature measu­
rements were carried out, a zone of Sub­
type IVb occurs at depths 190 to 295 m, 
where the temperature is 120 to 190°C. In 
No. 7 well, where no higher temperature 
subtype than IVb appears, the lemperature 
of deep waters estimated by the chemical 
methods is approximately 200^C. On the 
other hand, the kaolinitequartz association 
( I l lb ) occurs first at a depth of 400 m in 
H-6 well, where the temperature is lOO '̂C. 
The highest temperature of this associa­
tion is 190°C, which was measured al a 
depth of 820 m in H-4 well. From these 
facts, it is concluded that Subtype b is 
formed in a temperature range 100 to 200'C. 

As to the formation temperature for 
Subtype c, the associations of albite-quartz 
(Vc) and of dickiiepyrophyllile-quarlz 
(IIIc) are concerned. The upper limit of 
the alteration temperature of the albite-
quartz association is estimated lo be lower 
than 250''C based on the estimated tempe­
ratures of deep waters from the Otake 
production wells Nos. 6, 8 and 9 (Table 3), 
where this Subtype occurs at the deepest 
in the wells. However, the lowest altera­
tion temperature of this association is not 
known. On the other hand, the lower 
limit of alteration temperature of the di-
ckite-pyrophyllitequarlz association is esti­
mated to be approximately 150°C from a 
measurement around 300 m depth of T - I 
bore. And, the alteration temperature of 
this association would not exceed 268°C, 
the highest temperature measured in the 
Otake area. Therefore, the range of al­
teration temperature of Subtype c is esti­
maled to be 150 to 250°C. 

Since diaspore is occasionally formed at 
the highest temperature part of Subtype 
IIIc, the formation lemperature of diaspore 
is estimated at 250°C or below. 

Subtype d may have been formed under 
the temperature conditions neccessary for 
the formaiion of the association of adularia-
quartz (Vd) or pyrophyllite-quartz (Hid) . 
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The temperature is comparatively low re­
ferred to the data of measurements, e.g. 
200°C ( H - 6 ; 1,050m), 212'C (H -4 ; 1,000 
m) and 220=C ( H - 3 ; 1,000m). But the 
chemically estimated values, 250 to 260^0, 
are higher than the measured ones. There­
fore, Subtype d is inferred to be formed 
at temperatures of about 230'C or over. 

VII-3. Comparison zuith Olher Geother­
mal Areas 

As described already, the distinctive 
feature of the Otake geoihermai area is 
the existence of two kinds of deep water, 
acidic and weakly alkaline. Such cases 
are rare in the olher geoihermai areas, 
where only one kind of deep waler, either 
acidic or weakly alkaline, is usually found. 

Among the geothermal areas producing 
acidic deep waters, alteration has been best 
studied at Matsukawa in Tohoku district 
of Japan (Sumi, 1968). The alteration in 
this area resembles the acidic type altera­
tion in the Otake area, and is characterized 
by the development of minerals of Types 
II and III such as alunite, kaolinite and 
pyrophyllite. However, the alteration stu­
died by Sumi did not reach the depths of 
reservoir, and the relationship between 
the properties of deep waters and the alte­
ration lypes could not be made clear. 
Aside from Otake and Matsukawa, many 
geothermal areas in Taiwan produce acidi: 
deep waters (Chen, 1967), but no detailed 
study has been made. 

The acidic type alteration in Otake and 
Matsukawa, as pointed out by Katayama 
(1969), resembles closely the alteration in 
the pyrophyllite deposits in Japan, but in 
the active geoihermai areas, the silicified 
zone of Tj'pe I has not been developed on 
a large scale and such high temperature 
minerals as corundum and andalusite are 
lacking or rare. 

On the other hand, there are many 
geothermal areas producing weakly alkaline 
deep waters. The alkaline type alterations 
in most areas are nol differeni from that in 
the Otake area essentially. Thus , zeolites 
are formed in low temperature parts, and 

feldspars in high lemperalure parts. There 
are, however, some differences in mineral 
association and in chemical composition of 
minerals among the geoihermal areas ac­
cording to the differences of chemical 
composition of original rocks and of phy­
sicochemical properties of hydrothermal 
solutions and gases. 

In Wairakei, ptilolite, wairakite ( + l a u ­
montite), albite and adularia occur in this 
order towards deeper levels, below the sul­
furic acid and argillized zones of shallow 
levels (Steiner, 1953). The only essential 
difference between Otake and V^'airakei is 
that heulandite is formed in Otake but 
ptilolite is formed at Wairakei at shallow 
levels. This difference seems to be due 
to the following differences in chemical 
composition of original rocks. The ande­
site of Otake is rich in CaO (Av. 6. 50%), 
but the ignimbrite of Wairakei is rich in 

• N a 2 0 ( 4 . 3 1 % ; Steiner, 1953). In addi­
tion, anhydrite, which is common at Otake 
is not found at Wairakei. The reason 
may be that the deep waters at Wairakei 
are poor in SO* and the CaO content of 
the original rocks is low. The alterations 
of majority of other areas resemble those 
of Otake and Wairkei. 

At Yellowsione, however, Na-zeoliies 
such as clinoptilolite, mordenite and anal­
cime are produced, bul Ca-zeolite has nol 
been detected (Honda and Muffler, 1970). 
This may be due to the fact thai the Na/K 
mol ratio of the deep waler is as high 
as 36.1 and the original sedimentary rocks 
are poor in CaO. 

In the Salton Sea geothermal area, 
where no zeolite is produced but feldspar 
is found in deep levels, the hydrothermal 
solutions are weakly acidic to neutral. Ac­
cording to Ellis (1969), the pH value, at 
which Na- and K-feldspars are at equili­
brium with the solution, is dependent on 
the temperature and the molarity of Na-r 
K, and the pH value at 250=C is 7.2 at 
0. 008 m (Hveragergdi), 6. 5 at 0.044 m 
(Wairakei) and 4,6 at 2. 5;« (Salton Sea). 
Therefore, when the molarity of Na-fK is 
large, feldspars can be formed even under 
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acidic conditions. However, zeolites seem 
to be stable only such neutral to alkaline 
conditions as calcite can be formed. 

VIII. SUMMARY 

Hydrothermal alteration in the Oiake 
geothermal area has been studied mainly 
from mineralogical and geochemical view­
points. There occur two kinds of hydro-
thermal solution, acidic and weakly 
alkaline, bringing about various kinds of 
alteration from the original rocks, which 
have almost invariable chemical composi­
tion. 

The alterations are classified into five 
types according to essential alteration mi­
nerals and pH values of acting hydro-
thermal solution. They are Types I, II, III, 
IV and V: Type I is characterized by the 
predominant formation of silica minerals; 
Type II by the formation of alunite and its 
kindred sulfates; Type III by the forma­
tion of aluminum-silicates with layer struc­
tures such as kaolinite, dickite and pyro­
phyllite; Type IV by the formation of 
aluminosilicates with layer structures such 
ns montmorillonite, chlorite, sericite, etc., 
lull is lacking in zeolite or feldspar; and 
Type V by the formation of aluminosili-
c.-iics with framework structures such as 
r.nzeoliies, Na-feldspar and K-feldspar, ac­
companied by the clay minrals of Type 
IV. Each type is further classified into 
four subtypes according to alteration tem-
IKirniure and pressure, which resulted in 
progressive changes of essential mineral 
associations. These are summarized in 
Tallies 6a and 6b. 

Type I may be produced under both 
acidic and alkaline conditions, if the che­
mical jjoieniial of SiOs in acting hydrother-
m:il solution is very high. However, il is 
.T))i 10 be formed under strongly acidic to 
nridic conditions, especially at shallow and 
low iem|>erature levels. All components 
nre mobile in this type of alteration. The-
leftjre, Tyi>e I is regarded as the strongest 
.•iller;ition. 

Types II and 111 and Subtype IVd may 
If .siroiit; to intermediate alterations, in 

which the three comi)onents of SiO^, AWOa 
and TiOs are almost immobile. Of the 
three, TiOz is an accessory component, 
Si02 is usually an excess component, and 
AUOj alone is a determining inert com­
ponent. Variations of alteration type may 
result from the differences in chemical 
potentials of SO*'", K*, H*, etc. in the 
hydrothermal solutions. 

In the case of weak alteration of Types 
IV and V, the components of Fe20a, CaO 
and MgO are almost immobile in addition 
to SiOj, AUOs and TiOj. However, even 
in these weakly altered types, two alkalis, 
NajO and K.O, are still mobile. 

Temperature and pressures of each alte­
ration subtype are inferred using both 
measured and estimated data as listed in 
Table- 6b. The estimated temperature and 
pressures of the alteration subtype, especial­
ly the fluid pressure, are very low com­
pared with those of usual hydrothermal 
synthesis. 
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PRESENT STATUS AND FUTURE PROSPECTS OF THE 
^EOTHEWIAL ENERGY DEVELOPMENT IN JAPAN 

rounding the Pacific Ocean and ranges of volcanoes run through 
the area in succession. Among these volcanoes, Pdts. Mihara, 
Asama, Aso and Sakui-ajima are active and Mt. Fuji was once 
active, though it is now donnant. Hot springs occurring .in 
the vicinity of these volcanoes have been used for bathing 
from the ancient times. Prospective sites for. geothermal 
energy development usually lie around the hot spring zones of 
volcanoes. These areas include the Kuyile volcanic range run­
ning to the Tohoku District along the Ou mountain range, 
Chokai running parallel with the Naau, Fuji in Kan.to District, 
Noritake in Chubu District, Hakusan rvinning along the Japan 
Sea and Kirishima in Kyushu. The tota!l probable reserves 
available for electric power generation in these regions is 
estimated at 140 million kW, of which 20 million will be 
developable by present techniques and under the present 
economic conditions. The latter figure is roughly compared 
with the total hydro power potential in Japan. Exploitable 
reserves will increase with the technical advance in the future. 

SITUATION ACTUELLE ET PERSPECTIVES D'AVENIR 
DU DE^I^PPEMEN^ DE L'ENERGIE GEOTHERMIQUE AU JAPON 

By 

Tsutomu Inoue 
Counciller, Director General's Secretariat 
Agency of Natural Resources and Energy 

Forword 

Energy requirements in Japan are constantly growing with 
the development of industry and the advance of living 
standai-ds of the people. Around 85?̂  of her energy require­
ments is met by oil which almost entirely comes from abroad. 
Under the present tendency towards oil shortage in the 
intemational market and the complicated intertiational situa­
tions the stable supply of energy in Japan is being threatened 
by its high dependence on overseas resources. Japan needs to 
utilize more effectively her domestic energy resources. She 
is one of the most important volcanic countries in the world 
and is assumed to be abundant in geothemal energy resources, 
80 that it is highly desirable to use this form of energy for 
electric power generation and also for space heating of houses 
and garden plants for the benifit of the regional people. 

1. Geothermal Resources in Japan 

The land of Japan forms a part of the volcajiic belt sur-

Fig.l Volcariic Ranges in Japan 

Fig.l Les chaines volcaniques 
au Japon 

Nasu V.R. 

hishima V.R. 

Hakusan V. R 
uji V.R. 

g%:^ Volcanic zone 

-Kirishima V.R. 
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2. Stages of Geothermal Devlopraent 

The geothermal power development is usually carried out 
through the five stages mentioned below: 

(1) The first stage is a general or basic survey.- At 
this stage geological maps showing the distribution of geo-
thermal indications in certain regions covering 200 - 500 km^, 
respectively are compiled by the aid of aerial infrared-
photographs. Rock analysis and chemical analysis of hot 
springs are also conducted. Through these investigations 
prospective areas for geothermal development are fotmd. 

(2) The second stage is a detailed survey and borings. 
The detailed survey including electric and seismic investi­
gations, shallow temperature measurement are conducted in 
prospective sites each covering 2-5 km2. Test borings are 
also carried out to investigate the geological formation in 
the areas by means of examinations and analysis of sand and 
rock, and the temperature logging. Through these investiga­
tions promising sites for geothermal exploitation are selected. 

(3) The third stage is drilling of an exploration well. 
Exploration wells are drilled in the promising sites mentioned 
above to examine the nature of steam and possibility of 
•obtaining the required geothermal energy for the project. 

(4) The fourth stage is drilling of a producing well. 
Producing wells are drilled in those sites v;here the availa­
bility of the required characters has been ascertained by the 
above investigations. 

(5) The fifth and last stage is the installation of 
electric generation and utilization equipments. The geother­
mal energy produced from the wells is fed to the power station. 

3. Brief History of aeothermal Energy Development 

As early as in ig04 geothermal energy was first used for 
electric power generation in Japan. However, a genuine 
development only started after the World War II.I) 

I M I Miyngi Prefectural government planned to exploit 
,*̂ rh??̂ of"̂ ^ t " ^ l P ^" ^^^ ^^®^ °f Naruko and studied its 
Toio n ^^ *''̂  "̂ "-̂  °^ ^^^ s*̂ *̂'" ™ells drilled by the 
Inrindu'?^/at thSt*tf °"''"" ""^""h Ministry of Commerce j.nuuotry at that time commenced a research and 

1) The early development after the War is given inT̂ Ti 
Yoshioka, The Trend of Investigation on E^eftr!" GeAeration 
Fifth W o r ? n ^ Steam in Japan (A paper submitted to the 
Fifth VVorld Power Conference, Vienna, 1956, 22K/1) 
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development of geothermal power generation, establishing 
an engineering committee for the geothermal energy 
development. 

1948 The Tone Boring Co. made experiments on geo­
theriaal power generation at Izu-Atakawa. The Industrial 
Technology Council of the Ministry of Commerce and 
Industry set up the Engineering Council for Geothermal 
Energy Development and the Geological Survey of Japan 
conducted borings at Beppu in Kyushu and generated 
electricity, using the steam produced. 

1951 Industrial Technology Comicil (the present Agency 
of Industrial Science and Technology) of The Ministry of ' 
International Trade and Industry (former Ministry of 
Commerce and Industry) made a tes"t electric generation 
• of 30kW with the steam produced at Beppu. 

-1953 The Geological Survey of Japan commenced a geo­
logical survey at Mt. Showa-Shinzan in Hokkaido and Mt. 
Kirishima in Kyushu. 

Kyushu Electric Power Co. Inc. carried out two 
test borings at Otake. (The company received -a subsidy 
of 27 million yen from the Agency of Industrial Science 
and Tecnnology. 

1955-58 The Geological Survey Institute of Japan 
carried out three test borings at a depth of 200 - 250 m 
at Onikobe. 

i960 The Geological Survey of Japan condacted two test 
borings at Matsukawa area in Iwate Prefecture. Receiv­
ing a subsidy of 13 million yen from Agency of Industrial 
Science and Technology, The Japan Metals and Chemicals 
Co. (then Azvima Chemical Co.) conducted two test borings 
in the same area. 

I96I Succeeded in emitting steam by a boring, made in 
the Matstikawa area, the Japan Metals and Chemicals Co. 
applied to the New Technology Development Coorporation 
for commercialization of the project. 

The Electric Power Development Co. resumed the 
suspenieied -work at Onikobe, conducting three borings 
there. The Yawata Steel Co. Ltd. made a test boring of 
200 m deep at Takenoyu (Kyushu) but abondoned it later. 

1963 Mitsubishi Metal Mining Co. Ltd. started the ex­
ploitation of geothermal energy at Goshokake and Onuma 
areas in Akita Prefecture. 

1964 The Electric Bureau of Tochigi Prefectural 
Government carried out three test borings of which one 
succeeded in emitting steam. However, the work was 
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suspended afterwards. 
1065 The Underground Resources Survey Institute of 
ilaido conducted two test borings at Shikabe which 
ended in failure and moved the exploration to SSunkyo. 

1966 The Japan Metals and Chemicals Co. was entrusted 
l̂ihFh a studv of "producing techniques of geothermal steam 
for electric gene?ation", deceiving a subsidy amounting to 
^05 million yfn from the New Technology Development 
Coorporation'^Ind succeeded in building a geothermal power 
station with a 20 MW capacity. 

1967 The Kyushu Electric Power Co. 1"°. completed a 
Stothermal Power Station of a IIMW capacity at Otake. 

4. Present Status of Geothermal Energy Exploitation 

(1) Geothermal Power Stations under Operation 

At present, the following two geothermal power stations 
are being operated in Japan. 

Name of 
Companh 

Japan Metals 
and Chemi­
cals Co. 

Kushu 
Electric 
Power Co. 

Name of 
Station 

Matsukaw 

Otake 

Loca­
tion 

a 
Iwate 
Pref. 

Oita 
Pref. 

Capacity 

22,000 

11,000 

Date of 

Starting 
Construction 

Sept. 1964 

Jan. 1966 

Starting 
operation 

Oct. 1966 

Oct. 1967 

Note: Matsukawa Station started operation with a capacity of 
20,000 kW in October 1966 and incresed the capacity to 
22,000 kW in April 1973. 

(a) Matsukawa Geothennal Power Station of Japan Metals 
and Chemicals Co. Ltd. 

Matsiikawa Station is situated in the area of 
National Park Towada-Haohimantai and is adjacent to the 
Matsukawa hot spring zone where hot springs at the tem­
perature of 30 - 500C occur. Seven steain wells from 
No.l to No.7 at depths ranging from 945 - 1,500. The 
produced steam contains HaS and H2CO3. A mixture of 
steam and hot water produced from the wells is separated 
into steain and hot water by a separator provided at each 
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well-head. The separated steam is sent through a trans­
mission main into a steam-receiver at the power station 
and lead through a separator again to a turbine. The 
steam conditions at the entrance of the turbine represent 
a pressure of 3.5 kg/cm^and a temperature of I47OC. 
After passing through a turbine it is condensed by a 
barometric condenser. Cooling water for the condensers 
is supplied from by the River Matsulcawa through a pool in 
the sand.(Fig.2) 

(b) Otake Geothermal Power Station of Kyushu 
Electric Power Co. Inc. 

Situated about 6 km north of Mt. Kuju, Otake'Sta­
tion lies in a steam-field at 900 - 1,100 m above the sea 
level in the Kujtt mountain range riAnning from south to 
north. The station has five production wells from No.6 
to No.10, the last one being a spare well. These wells 
are 360 - 600 m deep, respectively, euid produce steam 
with a high content of COj- The s-fceam produced with a 
pressure of about 2.1 kg/cra2 is led to a turbine through 
a steam reciver. The pressure of steam falls to 1.5 
kg/cm2 at the entrance of the turbine. It is controlled 
by a jet valve. When the pressure rises due to the 
reduction of loads, a jet valve opens and excessive steam 
is discharged into the air through a silencer. Exhaust 
steam from a turbine is led to a barometric type jet con­
denser and condensed with cooling water ejected into the 
condenser. Condenser vacuum is -687mmHg. Non-condensa­
ble gas contained in the steam is taken out by a vacuum 
ptimp and discharged into the air. As the condensed water 
with a temperature of 41°C can not be used, it is sent 
by a hot water pvwip to a cooling tower of a forced air 
cooling type. It,is cooled to 26oc and pressure raised 
by cooling water pump and then ejected into a condenser. 
(Pig.3) 
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Fig.2 Main Flow Diagram of Matsukawa Geothermal Power Station 

Le diagramme du courant principal de l'energie 
geothermique h. Matstikav/a. 
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(2) Geothermal Power Station tinder Construction 

Geothermal power stations under construction or planning 
are shown in the following table. 

Name of 
Company 

Mitsubishi 
Metal 
Mining Co. 

Japan Metals 
and Chemicals 
Co.* 
TDhoku 
Electric 
Power Co. 

Electi-ic Power 
Development 
Co. 

Kyushu 
Electric 
Power Co. 

Name of 
Station 

Onuma 

Katsukonda 

Onikobe 

Hatchobaru 

Location 

Akita 
Pref. 

Iwate 
Pref. 

Miyagi 
Pref. 

Oita 
Pref. 

Capacity 
(kW) 

10,000 

50,000 

25,000 

50,000 

Date of 
starting 
Const­
ruction 

May, 
1970 

Oct. 
1974 

Jan. 
1973 

Jan. 
1974 

Scheduled 
Date for 
Operation 

April, 
1974 

Nov. 
1976 

April, 
1975 

April, 
1976 

Japan Metals and Chemicals Co. installs steam facilities 
and supplies Tohoku Electric Power Co. with produced 
steam. Tohoku Electric Power Co. constructs generating 
facilities and produces electricity, using purchased 
steam from J.M.C. 

(a) Onuma Station of Mitsubishi Metal Mining Co. 

Onwna Station is situated in the area of Towada-
Hachimant.ii National Park adjacent to the border between 
Akita and Iwate Pref eot-ures. Many hot springs and 
fumaroles are found in the area. The Company plans to 
drill four production wells. Three have been completed 
and the remaing one is being drilled. The three com­
pleted wells are emitting steam at the average rate of 
51t/h and hot water at the rate of 288t/h. A trial rvin 
of the generating facilities are going on and the maximum 
capacity reached 6,000 kW, 

The main facilities are: 
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•Site Area 

Station Yard 5,600 m^ 

Steam Well aprox. 3.000 m2 

Station Building 

Floor area 349 „2 

Capacity 3,600 ̂ 2 

Well-Head Eguitiment^ 

Steam Well 

Silencer 
Number: 4 Diameter: 20.3 cm. 
Kuraber: 4 Inside diameter: 2,500 m/m 

Height: 6,000 m/m 
Steam separator Number: 4 Type: Steel cyclone 

Steam Turbine 

Number 

Type 

Rated capacity 10,000 kW 

Speed 3»600 r.p.m. 

Steam consuraption 110 t/h 
(at the rated 

capacity) 

Steam turbine stage 4 stages 

Generator 

Single-cylinder, impulse type 
condensing turbine 

Number 

Type 

Capacity 

Rated output 

Speed 

Voltage 

Pov;er-factor 

Cooling system 

Main Transformer 

Number 

Type 

Horizontal axis, cylindical rotating-
field 

12,500 kVA 

1,000 kW • 

3,600 rip.m. 

6,600 V 
•0.9 

Air cooling 

Oil immersed, se l f -cool ing 
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C a p a c i t y 15 ,000 kVA 
Niimber of phase T h r e e - p h a s e 

Primary side ! 
Secondary sidei 

6,600 V 
66,000 V 

Voltage 

Condenser 

Number 

Type 

Cool-ing Tower 

Number 

Type 

Cell number 

Transmission Line 

From the construction site to the sending end of the 
Company's Akita Transmission Line a 60 kV 
transmission line of the length of 30 km 
is to be constructed. 

Steam Transmission Main 

Barometric jet type 

Mechanical double drafting 

3 cells 

Number 

Insulation 

Inside diameter: 400 m/m Length: 375 m 
Inside diameter: 550 m/m Length: 145 m 

isulation I Magnesia carbonate product and rockfiber 
Material ' 

Thickness of •> 
insulation f Approx. 60 m/m 
material 

Outer Covering Galvanized steel plate or aluminium 
plate 

(b) ̂ Katsukonda Geothermal Power Station of Japan Metals 
and Chemicals Co. and Tohoku Electric Power Co. 

Katsukonda Geothermal Power Station is being built 
jointly by the Japan Metals and Chemicals and the Tohoku 
Electric Power Co. Inc. The site of the Station lies 
within a national forest zone (Shizukuishi-cho, Iwate 
Pref.) and in this region hot springs and ftwiaroles are 
scattered over a distance of 5 km. Emitting steam is 
neutral or weak alkaline and hot water is alkaline, 
having a high Na.Si02 content. Gas content of steam is 
very low, its ratio ranging 0.5 - 0.05 vol%. Four explo­
ration wells have been drilled since September 1972. 
At present.all wells have a high water leakage. Pumping 

a test of v/ater has been made and an unexpectedly large 
qiiantity of steam and hot water have been obtained. 
Approximately 500 t/h of steam will be required for the 
electric generation at the capacity of 50,000 kW. 
Therefore, it is planned to drill 14 wells, assiuning a 
steam output of 40 - 50 t/h per well. 

No.l and No.2 steam transmission mains v/ill be 
built along the Katsukonda River. Their specification 
is given below: 

1) Total length 4,560 m 

2) Diameter 35.55 - 76.19 cm (14" - 30") 

3) Design pressure Max. 10 kg/cm^ 

Design temperattire Max. 2200C 

4) Pressure loss 

5) Speed of flow 

6) Heat insulation 

7) Outer load 
resistance 

Below 1.5 kg/cm2 

Belovi 40 m/s 

Thickness of calcivim silicate 
casing: 75 mm with outer 
covering of altiminitim sheet 

V/ind velocity: 60 mm/s 

Earthquake (horizontal) 0.3 

Weight 10 t/m2 

n < . 4 n«B of 8 t * u TrwiMliaioa tslna «r Katnikaod* StBtion' 
La plan 4a 1 
atatlan da Xatatikonda. 
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The main generating facilities 

Steam Turbine 

Number 

Type 

Rated Capacity 
(generation end) 

Condenser 

Ntjmber 

Type 

Cooling Tower 

Number 

Type 

Capacity 

Voltage 

Cooling system 

Main Transformer 

Ntimber 

Capacity 

Voltage 

Cooling system 

Transportation Road and Si 

Impulse type condensing ttirbine 

50,000 kW 

Jet condenser 

Horizontal axis, rotating field 

59,000 kVA 

Approx. 20 kV 

Direct hydrogen cooling 

59,000 kVA 

Primary side: Approx. 20 kV 
Secondary side: 151-154-157-161 kV 

Oil immersed self cooling 

te 
Exploration well 

Steam producing well 

Main steam transmission 

Power plant 

Ancillary Equitiments 
Building 

Pield office 

Warehouse 

Laboratory 

Repair-shop 

Lodging 

Garage 

Sti 

wooden 

wooden 

wooden 

Road 
House 

Road 
House 

main 

"ucture 

one 
tl 

" 
II 

two-

one-

-st 
and Site 

oeied 

-storied 

-storied 

97 
77 
38 

79 
556 

77 

.20 

.76 

.88 
00 

25,242 
6,000 

34,218 
5,330 

15,960 

24,250 

m2 

m2x 2 
m2 
m2 

068 m2 

76 m2 

m2 

Number 

1 
2 

1 
1 
1 
1 
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(c) Onikobe Geothermal Povver Station of Electric ' 
Power Development" Co. 

Onikobe Power Station is located at a secluded 
place at about 20 Km distance from Kartiko-cho, Miyagi 
Prefecture, v/ithin the area of Kurikoma Quasi-National 
Park near to the border between Yamagata and Akita Prefs. 
In the region, surface indications (fumaroles and mud 
volcano), peculiarities to geothermal fields are found. 

It is planned to drill 12 producing wells and the 
results hitherto obtained from drilling shov/ that 
produced steam has a pressure of 4 kg/cm2 and its output 
is 13-29 t/h. The output of hot water is very small. 
The main generating facilities are given below: 

Lands 

Total Area 124,000 m^ 

Power Station Grounds 28,700 m2 

Steam Equipment Grounds 16,100 m2 

Intake equipments 1,500 m2 

Entering Road to Station 1,000 m2 

Provisional Equipments 3,000 m2 

Pov/er Station Building 

Scale 

Structure 

Number 

Steam Well 

Diametre 

Depth 

Number 

Wellhead Equipment 

Separator 

Type: 
Ntimber: 

S i l e n c e r 

Type: 
Ntiraber: 

Building area: 492 m Total area: 1,045 m 

Ferro-concrete two-floor building 

1 building 

178 ^ 

Approx. 350 m 

12 

Steel plate, vertical cyclone 
12 

Steel plate, vertical absorbed type 
12 

Steam Transmission Main 

Number 4 

Total length Approx. 1,500 m 

Maximum Diameter Approx. 780 f 
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Steam Turbine 

Type 

Capacity 

Number 

Condenser 

Type 

Single-cylinder, impulse type 
condensing turbine 

25,000 kW 

1 unit 

Barometric jet condenser 

Circulating water flo/v 8,000 m3/h 

Number 1 unit 

Coolying Tower 
Type Forced draft absorbing, counter-

flow type 

Circulating water flow Approx. 8,500 m3/h 

Number 1 unit 

Generator 

Capacity 28,000 kW 

Number 1 tmit 

Principal Transformer 

Capacity Approx. 28,000 kVA 

Voltage 11 kV/66 kV 

NiMiber 1 unit 

(d) Hatchobaru Geothermal Power Station of Kyushu 
Electric Power Co. Inc. 

The Hatchobaru area is a natural steam field in 
the Kuju volcanic range and in its neighbourhood a geo­
thermal zone where surface activity of the earth such as 
hot springs and ftoinaroles is active is fotmd. Topographi­
cally, the area forms a plain in the basin of a mountain 
range at 1,300 m above the sea and a tributary of the Kuraa 
river runs through the area. 

After examining the characteristics of the structures 
by drilling exploration wells, the Company plans to sink 
ten producing v/ells. The work- was started from July 
1968 and up to now six wells have been completed. The 
wells produce at the rates of 20-48 t/h and hot water at 
the rates of 50-140 t/h. The pressure varies from 5 to 
42 kg/cm2 and the depth of a v/ell ranges from 740 to 
1,600 m. 

below 
The features of the Hatchobaru Station are given 
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(1) While at Otake Station the produced steam separated 
from hot water by a separator is used, at Hatchobaru 
Station not only the produced steam but also the secondary 
steain obtained by flashing the hot water are used to fully 
utilize the heat. It is expected that by this means the 
generating capacity can be increased by about 20^. 

(2) Hitherto, a steam separator has been provided at 
each well-head and the separated steam alone has been sent 
to a power station. However, at Hatchobaru a mixture of 
steam and hot v/ater produced from wells will be trans­
mitted without separation to a central separator provided 
near to the Station and the separation will be made by it 
collectively. In this new system the total length of 
transmission mains can be considerably shortened and at the 
same time the separating equipments at a well-head will 
become unnecessary, thus making the operation and 
maintenance easier. 

(3) At Hatchobaru Station,, the hot water produced will 
be returned underground by three wells. 

The flow sheet of the electric generation at the 
station is given below. (Fig. 5) 

5. Problems of Geothermal Power Development 

Geothermal energy resources are a natural endowment. 
The question is hov/ to find prospective sites for exploitation. 
Some guidances can be given because geothermal sites usually 
occur in hot spring zones. Hov/ever, it is still to be proved 
by a -through investigation requiring a great deal of expendi­
ture v/hether the development of asite for geothermal pov/er 
generation is actually feasible. These hot spring zones have 
peculiar landscapes such as volcanic valleys and have often 
been designated as national parks or quasi-national parks. 
The geothermal development v/ithin the area of a national 
park needs beforehand permission of the Director of Environ-
nent Agency. The Director gives a decision to the applicant 
after hearing opinions of the National Park Council. It 
often takes considerable time before the permission is given. 
When a development site is situated within the area of a 
quasi-national park, permission from a Prefectural Governor 
is required. 

Hot springs in Japan have been used for bathing and 
tov/ns composed of hot spring inns are usually found in these 
districts. When the exploitation of geothermal energy is 
p l lnnea in the vicinity of a hot spring resort, it would be 
natural that the bathkeepers of the town fear that the hot 
springs they use may run dry by the exploitation. T^e Hot 
Spring Law provides that people who wish to drill a well m 
the area have to obtain permission from the Prefectural 
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Governor concerned and that before giving permission, the 
Governor needs to put the matter to the Hot-Spring Council 
whose members are mainly composed of the bathkeepers in the 
area. Under the circumstances, the Governor's permission 
would not be easily obtained. 

Many volcanic zones are found within the areas of 
national forests. One who wishes to develop geothernial 
energy in these areas must obtain the government permission 
for the lease of the land required in accordance with the 
provisions of the National Forest Law. 

Besides the fact that a great deal of investment is 
required, the necessity to obtain various permits under 
laws would diminish private enterprisers' will to develop 
geothermal energy. 

However, in view of the very high dependance of Japan's 
energy supply on foreign resources, the exploitation of the 
domestic geothermal energy resources should be promoted as a 
national policy to secure the stable energy supply in this 
country. 

6. Government Aids to Geothermal Development in the past 

Government aids given to the geothennal energy develop­
ment in the past are mentioned below; 

(1) In 1954 a subsidy for the experiments and investi­
gations amounting to 27 million yen was granted to Kyushu 
Electric Power Co. Inc. 

(2) In I960 a subsidy for the experiments and investi­
gations of 13 million yen was granted to Japan Metals and 
Chemicals Co. 

(3) In 1966 the Nev/ Technology Development Corporation 
entrusted Japan Metals and Chemicals with a study regarding 
the techniques for the production of geothermal steam used 
for electric power generation, granting a subsidy of 350 
million yen, on the recommendation of the Industral Science 
and Technology Agency. 

(4) In 1972 the New Technology Development Corporation 
entrusted Japan Metals and Chemicals with a atudy regarding 
the techniques for steam pruducing wells for geothermal, 
granting a subsidy of 760 million yen. 

7. Government Policy for Geothermal Energy Development 

in 1973 
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In 1973 the Ministry of Intemational Trade and Industry 
planned to take the following measures for the development of 
geothermal energy. 

(1) Investigations of geothermal power generation 

The Natural Resources and Energy Agency will carry out on 
a two-year plan for the following technical investigations, 
appropriating an amount of 2,061,000 yen for this purpose in 
the 1973 budget. 

(a) Steam emitted from a producing well often contains 
a large quantity of hot water. The steam separated from 
hot water by a separator is led to a turbine. The sepa­
rated hot water can be utilized for the district heating 
and culture of vegetables. The technical study for the 
utilization of hot v/ater will be conducted with the 
purpose of building a geothermal power station serving 
the benifits of the regional people. 

(b) The new technique for detecting geothermal reserves 
and steam well drilling will be examined to improve the 
exploration efficiency and various technical problems 
regarding a large scale geothermal power generation will 
be studied. 

(c) Prospective areas for geothermal exploration are 
usually found in volcanic zones often designated as 
national or quasi national parks under the National Park 
Law for their senic beauty. The geothermal exploitation 
in these areas needs the consideration for the harmony 
with the natural environment. Technical problems 
encountered in .the course of various stage of the develop­
ment including a basic investigation, drilling of explo­
ration and production wells and construction of the power 
station should be fully studied to conserve the natural 
environment conditions. 

A committee for inquiring into technical problems on the 
geothermal development consisting of certain 
scholars, experts and officers from the authorities concerned 
was set up in the Natural Resources and Energy Agency for the 
purpose of studying the technical'problems mentioned above. 
The method of research and development by the Committee is as 
follows: 

The committee considers the general policy for the 
research and development and entrusts The Japan Geothermal 
Energy Association with the technical investigations which 
the Committee proposes. An amount of 1,600,000 yen has been 
provided in the 1973 budget(a calendar year from 1st April 
1963 and to 31th March 1974). 

The Japan Geothermal Energy Association submitts its 

interim report to the Committee when the investigation ĥ .. 

When the definite report is submitted from the Associa­
tion, the Committee will complete its own research after 
studying the report by the Association as basic materials. 

(2) Study of the Hot Water flow system in Geothermal 
rleXuS 

The Geological Survey of Japan of the Agency of Industrial 
Science and Technology plans to conduct a sufvey, on a five-
year basis beginning 1973, over the Onikobe-Naruko, South and 
AKinomiya fields for the purpose of obtaining the basic infor­
mation regarding the subterranean hot water in a geothennal 
field which are useful for effective exploitation of geother­
mal energy. An amount of six million yen has been provided 
for the 1973 survey, covering the following items: 

(a) Research on mass and heat balance of geothermal 
fluid at a geothermal field 

This research will make clear the mass and heat 
balance by measuring natural out-put of hot water and 
steam and in-put of meteoric water into the underground. 

(b) Isotope geology 

To research the origin of geothermal fluid and to 
estimate the age of the fluid which is considered as 
meteoric origin, the study of isotope of oxygen and 
hydrogen etc. will be carried out. 

(c) Research on geothermal fluid reservoirs 

The research on the fractured pattern of strata and 
reservoir engineering will be conducted by the geologi­
cal and geophysical method. 

(3) National Survey of Geothermal Energy 

The Geological Survey of Japan plans to conduct a nation­
wide investigation of the geothermal energy over 30 districts 
on a three-year plan v/ith the purpose of fixing the position 
of geothermal energy development in the government policy. 
Por the 1973 investigation eighty million yen has been appro­
priated in the 1973 Budjet. The standards for selection and 
procedures are as follows. 

(a) The volcanic zones have been classified into ten 
groups in accordance with their characteratics. 
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(b) The areas where the- consent of the regional people 
to the exploitation has been obtained ajid where the 
v/orking conditions are favourable v/ere chosen for the 
1973 investigation. 

(c) Priority was given to the areas v/here the exploitation 
seems to be most promising from the existing data, although 
the explotation has no-t yet been carried out. 

The areas selected for the 1973 investigation are 
igiven below: (Fig. 6) 

(a) North part of Mt. Komagatake (Hokkaido) 

(b) North part of Kurikoma (Akita Pref.) 

(c) North part of Azuma (Yamagata Pref.) 

(d) South part of Izu (Shizuoka Pref.) 

(e) South Satsuma (Kagoshima Pref.) 

(4) The Treasury Investment and Loan 

Based on the findings of the above mentioned technical 
investigations and the. national survey, the government 
policy will be definitely established and various measures 
such as the designation of certain geothermal development 
areas, granting of a subsidy and low-interest loan, prefe­
rential treatment in taxation v/ill be taken. Hov/ever, under 
the existing legislation there remain many problems -to be 
solved for carrying out these measures. 

Meanwhile, as for financial aids, it is decided to make 
the Treasury Investment and Loan to the enterprises from the 
fiscal year 1973. A loan amounting to 650 million yen at a 
special interest of 7.2^ was decided to be made to the two 
geothermal power development projects at Katsukonda, Iwate 
Pref. and Hatchobaru, Oita Pref. of which construction work 
was scheduled to start shortly. 

8. Government Plan for 1974 

The research and development of the geothermal energy 
requires systematic work over a wide area based on the 
scientific study. For this purpose large amounts of invest­
ments must be made long before the start of the production. 
Therefore, the government aids in the fields of techniques 
as well as finance and taxation. 

In succession to the 1973 plan, the Ministry of Inter­
national Trade and industry will take the following measures 
in the fiscal year 1974. 
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(1) The wnoiint of the Treasury Investment and Ijoan 
will be increased from 1,600 mrllipn j e n in 1973 "to 2,;6bO 
million in 1974 and besides the Katsukgnda ̂ and Hatchobaru 
projects, the Onuma Geothermal power, development project 
will be added to the program. 

(2) An, expenditure, of 250 milli'qn yen w'ill be, appro­
priated in the 1974 budget and the investigation, will be 
extjsntied from the 5 area's to 15 areas. 

(3) Baaed on t h e findings; of the 1973 survey,, the 
detail in-vestigatioiia including structure dri li ing will be 
conducted with ail- expenditure of about 280 million yen 
provided in, the 1973 budget', for -the purpose of. promoting 
the ex-pioitation by enterprises on a, commercial ijase; 

In parallel w"it,h, th"e" explo,i>tation using" 'the pre,sent 
te'chniques,'-, the research, arid' dev^eiopment of -a large'r 
capacity geO'thermal power gene'̂ ratibn in -the future: based on 
t,he new 'tec&iiq.ues u.tili'z-ihg sn .eno,rnio'us '•̂ olime of heat 
energy containe.d in tHe hot dry rock of the earth crust will 
be promoted. To extract, the Meat energy on a ..sta.b"l'e' and ' 
•econDm,ical basia, the' development 'of ,a large scale el'e,ctric 
generation Sy gepthermal energy of" volcanoe^s and ultra-deep 
.geothermal steam power of •the '.crust .will be. carried out. 
At first the installation of a mo'del expei^iment equipment 
and' a design of a geothermal power plant of a binary-cycle 
will be made. 

For this purpose t'he. follpwing expendi-fcure. is esrtiimateQL, 

(a) Expenditure for ultra-deep geotheiTnal steam power 
,genera1;in'g 'systein:' 

(b) Expenditure foi- generating system by thermal energy 
of volcanoes " • 

Feasibility study 

Development of 
technology for 
volcanic -energy 
arid heat distribution 
survey 

Development of 
drilling technique of 
Ifigh temperature 
formation. 

Technology of production 
of electric power by 
using volcanic energy 
Study ;o'f a' harmony 
between envirorLtiiehtal 
•effects and the above 
technology 

1,- ,;Measuring teclmigue 
of 'volcanic energy 

2,. Technique to find 
out t)ie underground 
high t.empera-ture' 
part 

3i .Development, o-f 'a 
swvey method of the 
und'erground. fhermal 
structure 

Drilling~-techn'ique of 
the' high -temperature ' 
.formation, which will be 
necessa-ry to develop 
the technology of 
electric production by 
using' vplcanic energy 

9,760 . 
.($42,900) 

109,000 
(8363,000) 

44,450 
($148,000) 

R and D for- Technology 
of physical and che'ini-'̂  
cal measurement in 
geothermal wells 

Development of 
materials- for drilling 

1 

Technology of physical 
and chemlca.1 measure­
ment in geothermal 
weils 
To make clear -fche-
geo-logic ,ahd' p,hys:icai 
-character of strata 
and the 'existing, sta.te 
of the undergrouind 
geo,therraal fluid 

Materials 'wii'ich w'ill be 
available in the. geo­
thermal fluid of high-
terop'erature and pres­
sure- which ig rich iri: 
H2S etc. contents 

. 

1,000 yen 
54v910 

(•$183,000) 

9',920 
(03, GOO) 
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Summary 

Energy requirement - in Japan is constantly growing with 
the development of industry and the advance of living standards 
of the people and they are mostly met by the overseas oil 
supply. The high dependance on the imported oil has caused a 
feeling of uneasiness about the stable supply of energy in the 
future. It is necessary, therefore, to utilize more effec­
tively the domestic energy resources. 

Japan is one of the most important volcanic country in 
the world and is assumed to be abundant in 'geothermal energy 
resources, so that it. is highly desirable to utilize this 
form of energy for the electric generation and also for space 
heating of dwellings and green-houses, for the benifit of the 
regional people. 

The procedure of geothermal energy development in Japan 
-comprises five stages: general survey, detailed survey, 
exploration-well drilling, production-well drilling and 
installation of electric power generating and other equipments. 

It was in 1904 that geothermal energy was first used for 
electric pov/er generation in Japan. However, its real develop­
ment began only after the World War II. 

In 1947 tho government started a fundamental survey of 
geothennal energy and follov/ing this survey several private 
enterprises carried out more detailed surveys in the pros­
pective sites and exploitations. 

At present, the Matsukawa geothermal power station with 
installed capacity of 20,000 kW of the Japan Wetals and 

Chemicals Co. and the Otake geothermal pov/er station with 
installed capacity of 10,000 kW of the Kyushu Electric Power 
Co. are under operation. Besides, the follov/ing four geo­
thermal powe.r stations are under construction and/or planning. 

Onuma Station (10,000 kW) 

Katsxikonda Station 
(50,000 kW) 

Onikobe Station 
(25,000 kW) 

Hatchobaru Station 
(50,000 kW) 

Mitsubishi Metal Mining 
Co. Ltd. 

Tohoku Electric Power 
Co. Inc. 
(purchasing produced steam 
from Japan Metals and 
Chemicals Co.) 

Electric Power Development 
Co. 

Kyushu Electric Power Co., 
Inc. 

tive sites are often found within the area of natural and 
quasi-natural parks or in the vicinity of hot spring resorts. 
The exploitation in these areas needs the permissions of the 
Authorities concerned under the provisions of the Natural 
Park Law and the Hot- Spring Law. These circumstances diminish 
private enterprises' interest in the exploitation. 

Hitherto, the government has assisted the geothermal 
energy development, granting a subsidy to the enterprises. 
On the other hand, the basic survey over 30 prospective fields 
started from 1973 onward and the detailed survey will be 
carried out over certain areas. Besides, the research and 
development of new electric generation systems utilizing 
thermal energy of volcanoes and ultra-deep geothermal steam 
energy of the crust are to be conducted. Financial aid by 
the Treasury on investment and loan will also be made to the 
geothermal energy development. 

A study group for the geothermal energy development of 
51 members from the Liberal Democratic Party l^^^P^^^^^t 
outline of the Geothermal Resources Development Promoting -
Sin "tentatively designated), .with the purpose of submission 
of the Bill to the Diet. 

The development of geothermal energy involves great 
risks and a large amount of investments. Moreover, prospec-
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Resum^ 

Au Japon, la consommation de l'energie est constamment 
augmentee en consequence du d^veloppement de l'industrie et 
du niveau de la vie quotidienne. La pauvret^ des ressources 
de l'energie au Japon n^c^ssite leur approvisionnement par 
les pays etrangers. La dependence en l'energie des pays 
Strangers lui fait inquieter un approvisionnement stable de 
l'energie. 

C'est d 
efflcace des 

e ce fait qu'll faudrait etudier I'uti 
ressources d'energle a I'interieur du 

I'utilisatlon 
pays. 

Le Japon est un des pays volcaniques renommes dans le monde, 
et on prevoit qu'il devait y avoir beaucoup d'gnergie 
geothermique pour la production d'electricit€, et pour le 
chauffage des maisons et des serres de la region restreinte 
dans son pays. 

Au Japon, la manifere d'exploiter l'energie geothermique 
est constituee en cinq etapes, i-l- (1) sondage general du 
terrain, (2) sondage d^taille du terrain, (3) creusement 
d'essai des puits, (4) creusement regulier des puits pour la 
production et (5) mise au point de la station ^lectrique et 
des autres ^quipements. 

En 1904, l'energie geothermique a etd utilisee pour la 
premifere fois. Cependant, c'est seulement aprfes la deuxifeme 
grande guerre raondiale qu'on se mettait & etudier, avec 
ardeur ce problfeme au Japon. 

En 1947, le gouvernement commen?ait les sondages des 
terrains et ces affaires ont ete succedees par des entre-
prises privies dans le but des sondages detailles et de la 
transformation de cette energie k l'energie electrique. En 
ce moment, les deux stations pour la transformation de 
l'energie geothermique h. l'energie electrique sont mises en 
marche: la station de Matsukawa de "The Japan Metals and 
Chemicals Co." avec la capacite de 20,000 kW et la station 
d'Otake de "The Kyushu Electric Power Co." avec la capacite 
de 10,000 kW. Les quatre stations suivantes sont en const­
ruction ou en pro jet: la station d'Omura de "Mitsubishi 
Metal Mining Co., Ltd." (10,000 kW), la station de Katsukonda 
de "Tohoku Electric Povver Co., Inc." (50,000 kW) (en achetant 
la vapeur pr-oduite par "The Japan Metals and Chemicals Co.'5, 
^?\ 00. 'fS/ °'?''°^^'^°-"^^^'=*"<^ P°^^^^ Development Co.'' ' 
i^-owriV:rinc!"'^.5:000°;c\v)? "-='-''--" ̂ « "f^y-hu Electric 

frai3'i^o'?^o^*^:^rbeLc;irdf'^i^'°'"^^r'^- necessite des 
de temps, les localitis co^venablen^ur^' ^'•"^ ^^ P^"?^^^ 
trouvent dans les regions dena^o^ ? ,̂ ^̂  stations se 
national. Oonc, 1'efploi%^t\oT^an"r^°?S'4^ L ^ ^ - ^ ' 

la permission de I'autorite concernant la loi du pare 
national et la loi de la source thermale. Dans cette cir-
constance, des entreprises ne s'interessent pas beaucoup &. 
1'exploitation de l'energie geothermique. 

Jusqu'ici, le gouvernement japonais subventionnait des 
entreprises privees en leur donnant les subsides pour des 
recherches concernant l'energie geothermique. D'autre part, 
des sondages generaux de terrains dans 30 regions du pays 
sont commences sous la direction gbuvernementale. Les 
sondages detailles de certains terrains, des recherches 
pour le developpement du systfeme nouveau transformant 
l'energie geothermique de volcan ou de sousterrain trfes 
orofond &e succ^deront aussi sous la direction Rouvernementale. 
Des aides financieres par le Ministere des Finances pour 
1'exploitation des ressources geothermiques se sont aussi 
accomplies. Un groupe etudiant le problfeme de l'energie 
geothermique organise par 51 membres du parti liberal 
deraocratique a prepare le projet de loi pour acceler le 
developpement de 1'exploitation des ressources geothermiques, 
et il le presentera k la Difete prochainement. 
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PRESENT STATUS AND FUTURE PROSPECTS OF THE 
GEOTHERMAL ENERGY DEVELOPMENT IN JAPAN 

SITUATION ACTUELLE ET PERSPECTIVES D'AVENIR 
DU DEVELOPPEMENT DE L'ENERGIE GEOTHERMIQUE AU JAPON 

By 

Tsutomu Inoue 
Counciller, Director General's Secretariat 
Agency of Natural Resources and Energy 

Forv/ord 

Energy requireme'nts in Japan are constantly growing v/ith 
the development of industry and the advance of living 
standards of the people. Around 85?S of her energy require­
ments is met by oil v/hich almost entirely comes from abroad. 
Under the present tendency towards oil shortage in the 
international market and the complicated international situa­
tions the stable supply of energy in Japan is being threatened 
by its high dependence on overseas "resources. Japan needs to 
utilize more effectively her domestic energy resources. She 
is one of the most important volcanic countries in the vrorld , 
and is assumed to be abundant in geothermal energy resources, 
so that it is highly desirable to use this form of energy for 
electric power generation and also for space heating of houses 
and garden plants for the benifit of the regional people. 

1. Geothermal Resources in Japan 

The land of Japan forms a part of the volcanic belt sur­

rounding the Pacific Ocean and ranges of volcanoes run through 
the area in succession. Among these volcanoes, Mts. Mihara, 
Asama, Aso and Sakurajima are active and Mt. Fuji was once 
active, though it is now donnant. Hot springs occurring in 
the vicinity of these volcanoes have been used for bathing 
from the ancient times. Prospective sites for. geothei-Tnal 
energy development usually lie around the hot spring zones of 
volcanoes. These areas include the Ku-file volcanic i-ange run­
ning to the Tohoku District along the Ou mountain range, 
Chokai running parallel with the Nasu, Fuji in Kanto District, 
Noritake in Chubu District, Hakusan running along the Japan 
Sea and Kirishima in Kyushu. The total probable reserves 
available for electric pov/er generation in these regions is 
estimated at 140 million kV/, of v/hich 20 million v/ill be 
developable by present techniques and under the present 
economic conditions. The latter figure is roughly compared 
with the total hydro pov/er potential in Japan. Exploitable 
reserves will increase with the technical advance in the future. 

! ' • • 

Fig.l Volcanic Ranges in Japan 

Fig.l Les chaines volcaniques 
au Japon 

Nasu V.R. 

'nishima V.R. 

Hakusan V. R 
uji V.R. 

^ ^ Volcanic zone 

•̂ •Kirishima V.R. 
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2. Stages of Geothennal Devlopraent 

The geothennal power development is usually carried out 
through the five stages mentioned below: 

(1) The first stage is a general or basic survey. At 
this stage geological maps showing the distribution of geo-
fnennal indications in certain regions covering 200 - 500 km2, 
respectively are compiled by the aid of aerial infrared-
photographs. Rock analysis and chemical analysis of hot 
springs are also conducted. Through these investigations 
prospective areas for geothermal development are found. 

(2) The second stage is a detailed survey and borings. 
The detailed survey including electric and seis.mic investi­
gations, shallov; temperature measurement are conducted in' 
prospective sites each covering 2-5 k.m2. Test borings are 
also carried out to investigate the geological formation in 
the areas by means of examinations and analysis of sand and 
rock, and the temperature logging. Through these investiga­
tions promising sites for geothermal exploitation are selected. 

(3) The third stage is drilling of an exploration well. 
Exploration v/ells are drilled in the promising sites mentioned 
above to examine the nature of steam and possibility of 
obtaining the required geothermal energy for the project. 

(4) The fourth stage is drilling of a producing well. 
Producing -.veils are drilled in those sites vrfiere the availa­
bility of the required characters has been ascertained by the 
above investigations. 

(5) The fifth and last stage is the installation of 
electric generation and utilization equipments. The geother­
mal energy produced from the wells is fed to the power station. 

3. Brief History of aeothermal Energy Development 

As early as in 1904 geothermal energy v/as first used for 
electric power generation in Japan. However, a genuine 
development only started after the World War II.l) / 

1947 Miyagi Prefectural government planned to exploit 
geothermal energy in the area of Naruko and studied its 
utlization by the aid of the steam wells drilled by the 
Tone Boring Co. On the other hand, Ministry of Commerce 
and Industry at that time commenced a research and 

1) The early development after the V/ar is given in: T. 
Yoshioka, The Trend of Investigation on Electric Generation 
by Subterranean Steam in Japan (A .paper submitted to the 
Fifth World Power Conference, Vienna, 1956, 22K/1) 
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development of geothennal pov/er generation, establishing 
aii engineering committee for the geothermal energy 
development. 

1948 The Tone Boring Co. made experiments on geo­
thermal power generation at Izu-Atakav/a. The Industrial 
Technology Council of the Ministry of Commerce and 
Industry set up the Engineering Council for Geothermal 
Energy Development and the Geological Survey of Japan 
conducted borings at Beppu in Kyushu and generated 
electricity, using the-steam produced. 

1951 Industrial Technology Council (the present Agency 
of Industrial Science and Techtnology) of The Ministry of 
International Trade and Industry (former Ministry of 
Commerce and Industry) made a test electric generation 
of 30kW with the steam produced at Beppu. 

1953 The Geological Survey of Japan conunenced a geo­
logical survey at Mt. Shov/a-Shinzan in Hokkaido and Mt. 
Kirishima in Kyushu. 

Kyushu Electric Pov/er Co. Inc; carried out two 
test borings at Otake. (The company received a subsidy 
of 27 million yen from the Agency of Industrial Science 
and Tecnnology. 

1955-58 The Geological Survey Institute of Japan 
carried out three test borings at a depth of 200 - 250 m 
at Onikobe. 

i960 The Geological Survey of Japan condacted two test 
borings at Matsukawa area in Iv/ate Prefecture. Receiv­
ing a subsidy of I3 million yen from Agency of Industrial 
Science and Technology, The Japan Metals and Chemicals 
Co. (then Azuma C'ne.mical Co.) conducted tv/o test borings 
in the same area. 

1961 Succeeded in emitting steam by a boring made in 
the Matsukawa area, the Japan Metals and C'nemicals Co. 
applied, to th.e New Technology Development Coorporation 
for commercialization of the project. 

The Electric Power Development Co. resiuned the 
suspen-<aed v/ork at Onikobe, conducting three borings 
there. The Yawata Steel- Co. Ltd. made a teat boring of 
200 m deep at Takenoyu (Kyushu) but abondoned it later. 

1963 Mitsubishi Metal Mining Co. Ltd. started the ex­
ploitation of geothermal energy at Goshokake ai-id Onuma 
areas in Akita Pz'efecture. 

1964 The Electric Bureau of Tochigi Prefectui-al . 
Government carried out three test borings of which one 
succeeded in emitting steam. However, the v/ork was 

1 
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suspe:iued aftorv/ards. 

1965 The Undergroiuid Resources Survey Institute of 
Hokkaido conducted two test borings at Shikabe which 
ended in failure and moved the exploration to SQunkyo. 

1966 The Japan Metals and Chemicals Co. was .entrusted 
with a study of "producing techniques of geothermal steam 
for electric generation"; receiving a subsidy amoimting to 
305 million yen from the New Technology Development • 
Coorporation and succeeded in building a geothermal power 
station with a 20 MW capacity. 

1967 The Kyushu Electric Power Co. Inc. completed a 
Geothermal Power Station of a IIMW capacity at Otake. 

4. Present Status of Geothermal Energy Exploitation 

(1) Geothermal Power Stations under Operation 

At present, the following tv/o geothermal power stations 
are being operated in Japan. 

Name of 
Companh 

Japan Metals 
and Chemi­
cals Co. 

Kushu 
Electric 
Pov/er Co. 

Name of 
Station 

Matsukav/ 

Otake 

Loca­
tion 

a 
Iwate 
Pref. 

Oita 
Pref. 

Capacity 
(kW) 

22,000 

11,000 

Date of 

Starting 
Construction 

Sept. 1964 

Jan. 1966 

Starting 
operation 

Oct. 1966 

Oct. 1967 

Note: Matsukawa Station started operation with a capacity of 
20,000 kW in October 1966 and incresed the capacity to 
22,000 kW in April 1973- / 
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v/cll-head. The separated steam is sent through a trans­
mission main into a steam-receiver at tho po'.ver station 
and lead through a .separator again to a turbine. The 
steam conditions at the entrance of the turbine represent 
a pressure of 3.5 kg/cm and a temperature of 147°C. 
After passing through' a turbine it is condensed by a 
barometric condenser. Cooling v/ater for the condensers 
is supplied from by the River Matsukav/a through a pool in 
the sand.(Pig.2) 

(b) Otake Geothermal Pov/er Station of Kyushu 
Electric Power Co. Inc. 

Situated about 6 km north of Mt. Kuju, Otake Sta­
tion lies in a steam-field at 900 - 1,100 m above the sea 
level in the KujQ mountain range running from south to 
north. The station has five production wells from No.6 
to No. 10, tho last one being a spare v/ell. These v/ells 
are 36O - 600 ra deep, respectively, and produce stea.m 
with a high content of 002- The steam produced v/ith a 
pressure of about 2.1 kg/cra2 is led to a turbine through 
a steam reciver. The pressure of steam falls to 1.5 
kg/cm2 at the entrance of the turbine. It is controlled 
by a jet valve. When the pressure rises due to the 
reduction of loads, a jet valve opens and excessive steam 
is discharged into the air-through a silencer. Exhaust 
steam from a turbine is led to a barometric type jet con­
denser and condensed v/ith cooling water ejected into the 
condenser. Condenser vacuum is -687mmHg. Non-condensa­
ble gas contained in the steam is taken out by a vacuum 
pump arid discharged into -the air. As the condensed v/ater 
with a temperature of 41°C can not be used, it is sent 
by a hot v/ater pump to a cooling tov/er of a forced air 
cooling type. It is cooled to 26oc and pressure raised 
by cooling water pump and then ejected into a condenser. 
(Fig.3) 

(a) Matsukawa Geothennal Povver Station of Japan Metals 
and Chemicals Co. Ltd. 

Matsukav/a Station is situated in the area of — 
National Park Towada-Haohimantai and is adjacent to the 
Matsiikav/a hot spring zone where hot springs at the tem­
perature of 30 - 50PC occur. Seven steam v/ells .from 
No.l to No.7 at depths ranging from 945 - 1,500. The 
produced steam contains H2S and H2CO3. A mixture of 
steam and hot water''produced from the wells is separated 
into steam and hot v/ater by a separator provided at each 
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Pig.3 Main Flov/ Diagram of Otake Geothennal Power Station 

Pig.3 Le diagramme du courant principal de l'energie 
geothermique h la station de Otake 
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(2) Geothermal Power Station under Construction 

Geothermal power stations under construction or planning 
are shov.'n in the following table. 

Name of 
Company 

Mitsubishi 
Metal 
Mining Co. 

Japan Metals 
and Chemicals 
Co.* 
TShoku 
Electric 
Power Co. 

Electric Pov/er 
Development 
Co. 

Kyushu 
Electric 
Power Co. 

Name of 
Station 

Onuma 

Katsukonda 

Onikobe 

Hatchobaru 

Location 

Akita 
Pref. 

Iwate 
Pref. 

Miyagi 
Pref. 

Oita 
Pref. 

Capacity 
(KW) 

10,000 

50,000 

25,000 

50,000 

Date of 
starting 
Const­
ruction 

May, 
1970 

Oct. 
1974 

Jan. 
1973 

Jan. 
1974 

Scheduled 
Date for 
Operation 

April, 
1974 

Nov. 
1976 

April, 
1975 

April, 
1976 

* Japan Metals and Chemicals Co. installs steam facilities 
and supplies Tohoku Electric Pov/er Co. with produced 
steam. Tohoku Electric Power Co. constructs generating 
facilities and produces electricity, using purchased 
steam from J.M.C. 

(a) Onvima Station of Mitsubishi Metal Mining Co. 

Onuma Station is situated in the area of Towada-
Haohimantai National Park adjacent to the border between 
Akita and Iv/ate Prefectures. Many hot springs and 
fumaroles are found in the area. The Company plans to 
drill four production v/ells. Three have been completed 
and the remaing one is being drilled. The three com­
pleted '//ells are emitting steam at the average rate of 
51t/h and hot water at the rate of 288t/h. A trial run 
of the generating facilities are going on and the maximum 
capacity reached -6,000 kW. 

The main facilities are: 

/ 
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Site Area 

Station Yard 5,600 m^ 

Steam Well aprox. 3,000 m2 

Station Building 

Floor area 348 m2 

Capacity 3,600 m^ 

V/ell-Head Equipments 

Steam Well Number: 4 Diameter: 20.3 cm. 
Silencer Number: 4 Inside diameter: 2,500 m/m 

Height: 6,000 m/m 

Steam separator Number: 4 Type: Steel cyclone 

Steam Turbine 
Number 

Type - Single-cylinder, impulse type 
condensing turbine 

Rated capacity 10,000 kW 

Speed 3,600 r.p.m. 

Steam consumption 110 t/h 
(at the .rated 

capacity) 

Steam turbine stage 4 stages 

Generator 

Nxanber 

Type 

Capacity 

Rated output 

Speed 

Voltage 

- - Pov/er-factor- -

Cooling system 

Main Transformer 

Number 

Type 

Horizontal axis, cylindical rotating-

field 

12,500 kVA 

1,000 kW 

3,600 r.p.m. 

6,600 V 

•0.9 • -- -• 
Air cooling 

Oil immersed, self-cooling 
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C a p a c i t y 15,000 kVA 
Niunber of phase Three -phase 

Voltage 

Condenser 

Number 

Type 

Cooling Tov/er 

Number 

Type 

Cell number 

Transmission Line 

Primary side : 
Secondary side: 

6,600 V 
66,000- V 

Barometric jet type 

Mechanical double drafting 

3 cells 

From the construction site to the sending end of the 
Company's Akita Transmission Line a 60 kV 
transmission line of the length of 30 km 
is to be constructed. 

Steam Transmission Main 

Number. 

Insulation I 
Material J 

Thickness of •> 
insulation j 
material ' 

Outer Covering 

Inside diameter: 400 m/m 
Inside diameter: 550 m/m 

.Length: 375 m 
Length: 145 m 

Magnesia carbonate product and rockfiber 

Approx. 60 m/m 

Galvanized steel plate or aluminium 
plate 

(b) Katsukonda Geothermal Pov/er Station of Japan Metals 
and Chemicals Co. and Tohoku Electric Pov/er Co. 

Katsukonda Geothermal Power Station is being built 
jointly by the Japan Metals and Chemicals and the Tohoku 
Electric Pov/er Co. Inc. The site of the Station lies 
within a national fores-fc zone (Shizi;ikuishi-cho, Iwate 
Pref.) and in this region hot springs and fumaroles are 
scattered over a distance of 5 km. Emitting steam is 
neutral or v/eak alkaline and hot v/ater is alkaline, 
having a high Na.Si02 content. Gas content of steam is 
very low, its ratio ranging 0.5 - 0.05 vol^. Four explo­
ration wells have been drilled since September 1972. 
At present all v/ells have a high water leakage. Pumping 
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a test of v/ater has been made and an unexpectedly large 
quantity of steam and hot '.'/ator have been obtained. 
Approximately 500 t/h of steaT, '.vill be required for the 
electric generation at the capacity of 50,000 kW. 
Therefore, it is planned to drill 14 wells, assuming a 
steam output of 40 - 50 t/h per '.veil-. 

No.l and No.2 steam transmission mains will be 
built along the Katsukonda River. Their specification 
is given belov/: 

1) Total length 4,560 m 

2) Diameter 35.55 - 76.19 cm (14" - 30") 

3) Design pressure Max. 10 kg/cm 

Design temperature Max. 220OC 

4) Pressure loss 

5) Speed of flow 

6) Heat insulation 

7) Outer load 
resistance 

Belo'.v 1.5 kg/cm2 

Below 40 m/s 

Thickness of calcium silicate 
casing: 75 mm with outer 
covering of aluminium sheet 

Wind velocity: 60 mm/s 

Earthquake' (horizontal) 0...3 

Weight 10 t/ra2 
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The main generat ing f a c i l i t i e s 

Steam Turbine 
Number 
Type 
Rated Capacity 
(generation end) 

Condenser 
Nuinber 
Type 

Cooling Tower 

Number 

Type 

Capacity 

Voltage 

Cooling system 

Main Transformer 

Number 

Capacity 

Voltage 

Cooling system 

Transportation Road and Site 

Exploration well 

Impulse type condensing turbine 

50,000 kW 

Jet condenser 

Horizontal axis, rotating field 

59,000 kVA 

Approx. 20 kV 

Direct hydrogen cooling 

59,000 kVA 

Primary side: Approx. 20 kV 
Secondary side: 151-154-157-161 kV 

Oil immersed self cooling 

Steam producing v/ell 

Road 
House 

Road 
House 

25,242 m2 
6,000 

34,218 
5,330 

15,960 

24,250 

Main steam transmission main 

Pov/er plant 

Ancillary Equipments 

Building Structure and Site 

Field office v/ooden on^-stoeied 97.20 m2 

Warehouse • "' 77.76 m2x 2 

Laboratory " 38.88 m2 

Repair-shop " 79-00 m2 

Lodging v/ooderi tv/o-storied 556.068 m2 

Garage v/ooden one-storied 77.76 m2 

Number 

1 

'2 

1 

1 

1 

1 
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(c) Onikobe Geothermal Po'.ver Station o£ Elecxric 
Pov/er Development Co. 

Onikobe Power Station is located at a secluded 
place at about 20 Km distance from iiaruko-cho, Miyagi 
Prefecture, -v/ithin the area oi" Kuriko.-na Quasi-iiational 
Park near tp the border between Yamagata and Akita Prefs. 
In the region, surface indications (fumaroles and mud 
volcano), peculiarities to geothennal fields are found. 

It is planned to drill 12 producing v/ells and the 
results hitherto obtained from drilling shov/ that 
produced steam has a pressure of 4 kg/cm2 and its output 
is 13-29 t/h. The output of hot v/ater is very small. 
The main generating facilities are given belov/: 

Lands 

Total Area 

Pov/er Station Grounds 

Steam Equipment Grounds 

Intake equipments 

Entering Road to Station 

Provisional Equipments 

Power Station Building 

• •Soale 

124,000 m^ 

28,700 m2 

16,100 m2 

l,600m2 

1,000 ra2 

3,000 m2 

Structure 

Number 

Steam Well 

Diametre 

Depth 

Number 

Wellhead Equipment 

Separator 

Building area:' 492 m Total area: 1,045 m 

Ferro-concrete tivo-floor building 

1 building 

178 ^ 

Approx. 

12 

350 m 

Type: 
Number: 

Silencer 

Type: 
Number: 

Steel plate, vertical cyclone 
12 

Steel plate, vertical absorbed type 
12 

Steam Transmission Main 

Number 4 

Total length Approx. 1,500 m 

Maximum Diameter Approx. 780 fS 
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S t e c T-arbine 
Single-cyl inder , impvilse type 
condensing turbine 
25,000 kW 
1 uni t 

Barometric jet condenser 

iter flow 8,000 ra3/h 

1 unit 

Type • 

Capacity 

Kvcmber 

Condenser 

Type 

Circulating 

Number 

Coolying Toiver 

Type Forced draft absorbing, counter-

flow type • 

Circulating v/ater flov/ Approx. 8,500 m3/h 

Number 1 unit 

Generator 

Capacity 28,000 kW 

Number 1 unit 

Princi-oal Transformer --

Capacity Approx. 28,000 kVA 

Voltage 11 kV/66 kV 

Number 1 unit 

(d) Hatchobaru Geothermal Power Station of Kyushu 
Electric Po-vver Co. Inc. 

The Hatchobaru area is a natural steam field in 
the Kuju volcanic range and in its neighbourhood a geo­
thermal zone v.-here surface activity of the earth such as 
hot springs and fumaroles is active is found. Topographi-. 
cally, the area forms a plain in the basin of a moimtain 
range at 1,300 m above the sea and a tributary of the Kuma 
river runs through the area. 

After examining the characteristics of the structures 
by drilling exploration wells, the Company plans to sink 
ten producing'v/ells. The v/ork- v/as started from July 
1968 and up to new six v/ells have been completed. The 
wells produce at the rates of 20-48 t/h and hot v/ater at 
the rates of 50-140 t/h. The pressure varies from 5 to 
42 kg/cm2 and the depth of a v/ell ranges from 740 to 
1,600 m. 

below: 
The features of the Hatchobaru Station are given 
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(1) While at Otake Station the produced steam separated 
from hot v/ater by a separator is used, at Hatchobaru 
Station not only the produced steam but also the secondary 
steam obtained by flashing the hot v/ater are used to fully 
utilize the heat. It is expected that by this means the 
generating capacity can be increased by about 20f=. 

(2) Hitherto, a steam separator has been provided at 
each v/ell-head and the separated steam alone has been sent 
to a power station. However, at Hatchobaru a mixture of 
steam and hot water produced from v/ells will be trans­
mitted v/ithout separation to a central sepai-ator provided 
near to the Station and the separation will be made by it 
collectively. In this new system the total length of 
transmission mains can be considerably shortened and at the 
same time the separating equipments at a v/ell-head v/ill 
become unnecessary, thus making the operation and 
maintenance easier. 

(3) At Hatchobaru Station, the hot v/ater produced will 
be returned underground by three v/ells. 

The flov/ sheet of the electric generation at the 
station is given belov/. (Pig. 5) 

5. Problems of Geothermal Pov/er Development 

Geothermal energy resources are a natural endov.'ment. 
The question is how to find prospective sites for exploitation. 
Some guidances can be given because geothermal sites usually 
occur in hot spring zones. However, it is still to be proved 
by a -through investigation requiring a great deal of expendi­
ture v/hether the development of asite for geothennal power 
generation is actually feasible. These hot spring zones have 
peculiar landscapes such as volcanic valleys and have often 
been designated as national parks or quasi-national parks. 
The geothermal development within the area of a national 
park needs beforehand permission of the Director of Environ­
ment-Agency. The Director gives a decision_ to the applicant . 
after hearing opinions of the National Park'Council. It 
often takes considerable tirae before the permission is given. 
When a development site ia situated within the area of a 
quasi-national park, permission from a Prefectural Governor 
is required-.--

Hot springs in Japan have been used for bathing and 
towns composed of hot spring inns are usually foimd in these 
districts. V/hen the exploitation of geothermal energy is 
planned in the vicinity of a hot spring resort, it would be 
na-fcural that the bathkeepers of the tov/n fear that the hot 
•springs they use may run dry by the exploitation. The Ho-t 
Spring Law provides that people .vho wish to drill a well in 
the area have to obtain permission from the Prefectural 
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Governor concerned and that before giving permission, the 
Governor needs to put the matter to the Hot-Spring Council 
whose .members are mainly co.mposed of the bathkeepers in the 
area. Under the circumstances, the Governor's permission 
v/ould not be easily obtained. 

Many volcanic zones are found v/ithin the areas of 
national forests. One v/ho v/ishes to develop geothennal 
energy in these areas must obtain the government permission 
for the lease of the land'required in accordance v/ith the 
provisions of the National Forest Lav/. 

I 

Besides the fact that a great deal of investment is 
required, the necessity to obtain various permits under 
laws would diminish private enterprisers' will to develop 
geothermal energy. 

Hov/ever, in view of the very high dependance of Japan's 
energy supply on foreign resources, the exploitation of the 
domestic geothermal energy resources should be promoted as a 
national policy to secure the stable energy supply in this 
country. 

6. Government Aids to Geothermal Development in the past 

Government aids given to the geothermal energy develop­
ment in the past are mentioned below: 

(1) In 1954 a subsidy for the experiments and investi­
gations amounting to 27 million yen was granted to Kyushu 
Electric Power Co. Inc. 

(2) In I960 a subsidy for the experiments and investi­
gations of 13 million yen v/as granted to Japan Metals â .d 
Chemicals Co. 

(3) In 1966 the Nev/ Technology Development Corporation 
entrusted Japan Metals and Chemicals with a study regarding 
the techniques for the production of geothermal steam -used 
for electric pov/er generation, granting a subsidy of 350 
million yen, on the recommendation of the Industral Science 
and Technology Agency. 

(4) In 1972 the New Technology Development Corporation 
entrusted Japan Metals and Chemicals with a study regarding 
the techniques for steam pruducing v/ells for geothermal, 
granting a subsidy of 760 million yen. 

Government Policy for Geothermal Energy Develooment 
in 1973 
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' In 1973 the Ministry of International Trade ajid Industry 
planned to take the follov/ing measures for the development of 
geothei-mal energy. 

(l) Investigations of geotiiermai power generation 

The Natural Resources and Energy Agency will carry out on 
a two-year plan for the following technical investigations, 
appropriating an amount of 2,061,000 yen for this purpose in 
the 1973 budget. 

(a) Steam emitted from a producing well often contains 
a large quantity of hot v/ater. The steam separated from 
hot v/ater by a separator is led to a turbine. The sepa­
rated hot water can be utilized for the district heating 
and culture of vegetables. The technical study for the 
utilization of hot v/ater v/ill be conducted with the 
purpose of building a geothermal pov/er station serving 
the benifits of the regional, people. 

(b) The new technique for detecting.geothermal reserves 
and steam well drilling will be examined to improve the 
exploration efficiency and various technical problems 
regarding a large scale geothermal pov/er generation will 
be studied. 

(c) Prospective areas for geothermal exploration are 
usually found in volcanic zones often designated as • - -
national or quasi national parks under the National Park 
Lav/ for their senic beauty. The geothermal exploitation 
in these areas needs the consideration for the harmony 
vvith the natural environment. Technical problems 
encountered in the course of various stage of the develop­
ment including a basic investigation, drilling of explo­
ration and production v/ells and construction of the power 
station should be fully studied to conserve the natural 
environ.ment conditions. 

t 
A committee for inquiring into technical problems on the 

geothermal development consisting of certain 
scholars, experts and officers from the authorities concerned 
v/as set up in the Natural Resources and Energy Agency for the 
purpose of studying the technical problems mentioned above. 
The method of research and development by the Committee is as 
follows: 

The committee considers the general policy for .the 
research and development and entrusts The Japan Geothennal 
Energy Association v/ith the technical investigations which 
the Committee proposes. An amount of 1,600,000 yen has been 
provided in the 1973 budg6t(a calendar year from 1st April 
1963 and to 31th March 1974). 

The Japan Geothennal Energy Association submitts its 
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interim report to the Cori-iT.:ee -'./hen the investigation has 
reached a certain stage. Exar.ining the report, the Committee 
v/ill inform the Association -.'.ith its viev/ pointing out the 
matters for consideration, a-:ier.dments, change of the investi­
gation plan, etc. 

When the definite report is submitted from the Associa­
tion, the Committee will cczplete its ov.-n research after 
studying the report by the Association as basic materials. 

(2) Study of the Hot Water flow system in Geothermal 
Fields 

The Geological Survey of Japan of the Agency of Industrial 
Science and Technology plar.s to conduct a survey, on a five-
year basis beginning 1973, over the Onikobe-Naruko, South and 
Akinomiya fields for the p-orpose of obtaining the basic infor­
mation regarding the subterranean hot water in a geothermal 
field v/hich are useful for effective exploitation of geother­
mal energy. An amount of six million yen has been provided 
for the 1973 survey, coverlr.g the follov/ing items: 

(a) Research on mass a.ic heat balance of geothermal 
fluid at a geothermal field 

This research -/.'ill sake clear the mass and heat 
balance by measuring natural out-put of hot v/ater and 
steam and in-pu-t of .meteoric v/ater into the underground. 

(b) Isotope geology 

To research the origin of geothermal fluid and to 
estimate the age of the fluid v/hich is considered as 
meteoric origin, the study of isotope of oxygen and' 
hydrogen etc. v/ill be carried out. 

(c) Research on geothermal fluid reservoirs 

The research on the fractured pattern of strata and 
reservoir engineering -.-.-ill be conducted by the geologi­
cal and geophysical cethod. 

(3) National Survey of Geothermal Energy 

The Geological Survey bf Japan plans to conduct a nation-
v/ide investigation of the geothermal energy over 30 districts 
on a three-year plan with the purpose of fixing the position 
of geothermal energy developaent in the government policy. 
For the 1973 investigatio.-: eighty million yen has been appi-o-
priated in the 1973 Budjet. The standards for selection and 
procedures are as follo'.vs. 

(a) The volcanic Eoi.es have been classified into ten 
groups in accordance -.vith their characterstics. 
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(b) The areas v/here the consent of the regional people 
to the exploitation has been obtained and v/here the 
working conditions are favourable v/ere chosen for the 
1973 investigation. 

(c) Priority v/as given to the areas v/here the exploitation 
seems to be most promising from the existing data, although 
the explotation has not yet been cari-ied out. 

The areas selected for the 1973 investigation are 
given belov/: (Fig. 6) 

(a) North part of Mt. Komagatake (Hokkaido) 

(b) North part of Kurikoma (Akita Pref.) 

(c) North part of Azuma (Yamagata Pref.) 

(d) South part of Izu (Shizuoka Pref.) 

(e) South Satsuma (Kagoshima Pref.) 

(4) The Treasury Investment and Loan 

Based on the findings of the above mentioned technical 
investigations and the national survey, the government 
policy v/ill be definitely establisheci and various measures 
s-ach as the designation of certain geothermal development 
areas, granting of a subsidy and lov/-interest loan, prefe­
rential treatment in taxation v/ill be taken. However, under 
the existing legislation there remain many problems "to be 
solved for carrying out these measures. - -

Meanv/hile, as for financial aids, it is decided to make 
the Treasury Investment and Loan to the enterprises from the 
fiscal year 1973- A loan amounting to 650 million yen at a 
special interest of 7.25S v/as decided to be made to the two 
geothermal pov/er development projects at Katsukonda, Iwate 
Pref. and Hatchobaru, Oita Pref. of which construction v/ork 
•was scheduled to start shortly. 

8. Government Plan for 1974 

The research and development of the geothermal energy 
requires systematic v/ork over a wide area based on the 
scientific study. For this purpose large amounts of invest­
ments must be made long before the start of the production. 
Therefore, the government aids in the fields of techniques 
as v/ell as finance and taxation. 

In succession to the 1973 plan, the Ministry of Inter­
national Trade and industry will take the follov/ing measures 
in the fiscal year 1974. 
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(1) The amount of the Treasury Investment and Loan 
will be increased from 1,600 million yen in 1973 to 2,600 
million in 1974 and besides the Katsukonda and Hatchobaru 
projects, the Onuma Geothennal power development project 
will be added to the program. 

(2) An expenditure of 250 million yen v/ill be appro­
priated in the 1974 budget ahd the investigation will be 
e.xtended from the 5 areas to 15 areas. 

(3) Based on the findings of the 1973 survey, the 
detail investigations including structure drilling v/ill be 
conducted v/ith an expenditure of about 280 million yen 
provided in the 1973 budget, for the purpose of promoting 
the exploitation by enterprises on a commercial base. 

In parallel v/ith the exploitation using the present 
techniques, the research and development of a larger 
capacity geothermal pov/er generation in the future based on 
the new techniques utilizing an enormous volume of heat 
energy contained in the hot dry rock of the earth crust will 
be promoted. To extract the heat energy on a stable and' 
economical basis, the development of a large scale electric 
generation by geothennal energy of volcanoes and ulti"a-deep 
geothermal steam pov/er of the crust .will be carried out. 
At first the installation of a model experiment equipment 
and a design of a geothermal pov/er plant of a binary-cycle 
will be made. 

For this purpose the follov/ing expenditure.is estimated. 

(a) Expenditure for ultra-deep geothermal steam pov/er 
generating system" 

(b) Expenditure for generating system by tiiermal energy 
of volcanoes 

Feasibility study 

Development of 
teciinology for 
volcanic energy 
and heat distribution 
survey 

Development of 
drilling technique of 
high temperature 
for.mation 

Technology of production 
of electric po'.ver by 
using volcanic energy 
Study of a harmony 
bctv/oen enviromnental 
effects and the above 
technology 

1. Measuring teclmique 
of volcanic energy 

2. Technique to find 
out the underground 
high temperature 
part 

3. Development of a 
survey method of the 
underground thermal 
structure 

Drilling-technique of 
the high temperature 
formation v/hich v/ill be 
necessary to develop 
the tec)inology of 
electric production by 
using volcanic energy 

9,760 
(£42,900) 

109,000 
($363,000) 

44,450 
(5148,000) 

R and D for Technology 
of physical and chemi­
cal measurement in 
geothermal v/ells 

Development of 
materials for drilling 

Technology of physical 
and chemical measure­
ment in geothermal 
wells 
To make clear the 
geologic and physical 
character of strata 
and the existing state 
of the underground 
geothermal fluid 

Materials which will be 
available in the geo­
thermal fluid of high 
temperature and pres­
sure v/hich is rich in 
H2S etc. contents 

1,000 yen 
54,910 

(8183,000) 

9,920 • 
(S33,000) 
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Summary 

Energy requirement' in Japan is constantly grov/ing with 
the development of industry and the advance of living standai'ds 
of the people and they are mostly met by the overseas oil 
supply. The high dependance on the imported pil has caused a 
feeling of imeasiness about the stable supply of energy in the 
future. It is necessary, therefore, to utilize more effec­
tively the domestic energy resources. 

Japan is one of the most important volcanic country in 
the v/orld and is assumed to be ab-i.u!dant in geothermal energy 
resources, so that it is highly desirable to utilize this 
form of energy for the electric ge'nei'ation and also for space 
heating of dwellings and green-houses, for the benifit of the 
regional people. 

The procedure of geothennal energy development in Japan 
comprises five stages: general silrvey, detailed survey, 
exploration-well drilling, production-v/ell drilling and 
installation of electric pov/er generating and other equipments. 

It v/as in 1904 that geothermal energy was first used for 
electric pov/er generation in Japan. Hov/ever, its real develop­
ment began only after the World War II. 

In 1947 the government started a fundamental survey-of- -
geothermal energy and follov/ing this survey several private 
enterprises carried out more detailed surveys in the pros­
pective sites and exploitations. 

At present, the Matsukav/a geothermal pov/er station with 
installed capacity of 20,000 kW of the Japan Metals and 

Chemicals Co. and the Otake geothermal pov/er station with 
installed capacity of 10,000 kW of the Kyushu Electric Power 
Co. are under operation. Besides, the following four geo­
thermal power stations are under construction and/or planning.' 

Onuma Station (10,000 kW) 

Katsukonda Station 
(50,000 kW) 

Onikobe Station 
(25,000 kW) 

Hatchobaru Station 
(50,000 kW) 

.Mitsubishi Metal Mining 
Co. Ltd. 

Tchcku Electric Power 
Co. Inc. 
(purchasing produced steam 
fro.-n Japan Metals and 
Chemicals Co.) 

Electric Pov/er Development 
Co. 

Kyushu Electric Power Co., 
Inc. 

The development of geothermal energy involves great 
risks and a large amount of investments. Moreover, prospec-
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tive sites are often found v/ithin the area of natural and 
quasi-natural pai-ks or in the vicinity of hot spring resorts. 
The exploitation in these areas needs the pennissions of the 
Authorities concerned under the provisions of the Natural 
Park Law and the Hot Spring Law. TUnese circumstances diminish 
private enterprises' interest in the exploitation. 

Hitherto, the government has a 
energy development, granting a subs 
On the .other hand, the basic survey 
started from 1973 onv/ard and the de 
carried out over certain areas. Be 
development of nev/ electric generat 
thermal energy of volcanoes and ult 
energy of the crust are to be condu 
the Treasury on invest.ment and loan 
geothermal energy development. 

ssisted the geothermal 
idy to the enterprises. 
over 30 prospective fields 
tailed survey will be 
sides, the research and 
ion systems utilizing 
ra-deep geothermal steam 
cted. Financial aid by 
v/ill also be made to the 

A study group for the geothermal energy development of 
51 members from the Liberal Democratic Party has prepared the 
outline of the Geothermal Resources Development Promoting 
Bill (tentatively designated), v/ith the purpose of submission 
of the Bill to the Diet. 
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Resume 

.1\i -Japon, la consommation de l'energie est constamment 
aug.nentee en consequence ciu developpement de l'industrie et 
du niveau de la vie quotidienne. La pauvre'te des i-essources 
de l'energie avi Japon necessite leur approvisionnement par 
les pays etrangers. La dependence en l'energie des pays 
etrangers lui fait inquieter un approvisionnement stable de 
l'energie. 

C'est de ce fait qu'il faudrait etudier 1'utilisation 
efflcace des ressources d'energle 3 I'interieur du pays. 
Le Japon est un des pays volcaniques renommSs dans le monde, 
et on prevoit qu'il devait y avoir beaucoup d'energle 
geothermique pour la production d'glectricite, et pour le 
chauffage des maisons et des serres de la region restreinte 
dans son pays. 

Au Japon, la manifere d'explcJiter l'energie geothermique 
est constituee en cinq etapes, i.e. (1) sondage general du 
terrain, (2) sondage d^taille du terrain, (3) creusement 
d'essai des puits, (4) creusement regulier des puits pour la 
production et (5) mise au point de la station electrique et 
des autres equipements. 

En 1904, l'energie geothermique a ete utilisee pour la 
premiere fois. Cependant, c'est seulement- aprfes la-deuxifeme 
grande guerre mondiale qu'on se mettait k etudier, avec 
ardeur ce problfeme au Japon. 

En 1947, le gouvernement coramenyait les sondages des 
terrains et ces affaires ont ete succedees par des entre­
prises privees dans le but des sondages detailles et de la 
transformation de cette energie k l'energie Electrique. En 
ce moment, les deux stations pour la transformation de 
l'energie geothermique k l'energie electrique sont mises en 
marche: la station de Matsukav/a de "The Japan Metals and 
Chemicals Co." aveo la capacite de 20,000 kW et la station 
d'Otake de "The Kyushu Electric Power Co." avec la capacite 
de 10,000 kW. Les quatre stations suivantes sont en const­
ruction ou en projet: la station d'Omura de "Mitsubishi 
Metal Mining Co., Ltd." (10,000 kW), la station de Katsukonda 
de "Tohoku Electric Power Co., Inc." (50,000 kW) (en achetant 
la vapeur produite par "The Japan Metals and Chemicals Co."), 
la station d'Onikobe de "Electric Pov/er Development Co." 
(25,000 kW), et la station de Hachobaru de "Kyushu Electric 
Power Co., Inc." (50,000 kW). 

L'exploitation de l'energie gdothermique ndcdssite des 
frais enormes avec beaucoup de risque. De plus, la plupart 
de temps, les localites convenables pour les stations se 
trouvent dans les regions de pare national, de pare quasi-
national. Done, 1'exploitation dans cette region exige 

/ 
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la permission de l'uutorit<5 concernant la loi du psrc 
national et la loi de la uourcc ther.mtile. Dans cette cir-
constance, des entreprises no s'interossent pas beaucoup h. 
1'exploitation de 1'Anergic geothermique. 

Jusqu'ici, le gouvernement japonais subventionnait des 
entreprises privees en leur donnant les subsides pour dos 
recherches concernant l'energie geothermique. D'autre part, 
des sondages generaux do terrains dans 30 regions du pays 
sont commences sous la direction gouvernementale. Les 
sondages detailles de certains terrains, des recherches 
pour le developpement du systb.me nouveau transformant 
l'energie geothermique de volcan ou de sousterrain trfes 
nrofond ae succederont aussi sous la direction «ouver.''ieme.itale. 
Des aides financiSres par le Ministere des Finances pour 
1'exploitation des ressources geothermiques ae sont aussi 
accomplies. Un groupe etudiant le pi-oblbme de l'energie 
geothermique ox̂ ganise par 51 membres du parti liberal 
dembcratique a prepare le projet de loi pour acceler le 
developpement de 1'exploitation des ressources geothermiques, 
et il le presentera k la Difete prochainement. 
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Hydrogen arid Oxygen Isptopic G6m]pDsi'tions of Fluicl 
Inclusioj^s ill the Kurolco Deposits, Jâ pan 

H'lItQSTJ:,! O.Hi,[,©1'0 AND .BbUKRT 0 . K'VE 

0 
Abst rac t 

Jnlti.il-dafa'on tl'ie liv'clroiî -eii iind-o-x-vgeii i,sot:p|)ic t'ciiii|Kisit:-ipns of \\M,t:ei' in lluLd inolu-
sions' iri pyrite'aird- GliLilc'opyrite ..fi'bni, sdnie of tlie Kuroko dciic^its in tliC'H'i;)kiii-oi;n 
district of Japan fall .vvitliiii ;i iinn'ow r;irin-c: SO = —26 iri. — l)ii per ni'il ;iii(I fi''-"^Cl " 
—.1.6' to ~6.3' per mil, rc!a,ti,ve to SiVfOW. 

Tii'es,e data together with g-ooloifiG and other g-eoclicniieal data indicajie ih.'it. ihe: Kuroko 
ore fluids were, predomiiiantly of sca-\Vatcr orig-in. ,A sniall proportion (le.s.S' t].i;iii 2.̂  
pereei'iL) of inagtiiatic and/or meteoric water nia.y liavC Liecii, mixeti in tii c' ore fin ids, 

A mode] for the formation of .the,.o.re.s. i.iy conveetive circiihition of sea w.'itcr il.Triiiii'.'h 
hig-lr-temperatitri.; volcaiii'c I'l'fek.'i is lii'tsciiicd. 

Intro 'duct ion 

T.i:i.E-lvurok0 ciep.Gsits'are iiiass.ivc Fe-Civ-Bb-Zii .sul­
fide deposits which occur iu the Green Tuft region 
in.the Japanese Islands, a region charactcrizGd b y a 
thick accumulation of grGGU-colored voleanic rocks* 
of ..Miocene age.- Altliough more than TOO Kurok-o 
ore Ijodies have- been disGo'vercd .throngho.ut the 
Green Tuff region, the majority OEcnr in.a small area 
(about 25 .>; 25 km) in the -Hokurok-o district in 
northwestern Honsliii'i l.'ilaiid.. These .deposits -liavc 
been the subject of- intensive study by Japanese geol­
ogists since the beginnfhg of this cenlut-y and many 
exeellent reviews are av:iil3ble (e.g., Aoki et al., 
.1070; M:atsukiima and Hor i teshi , 1970). 

The Kuroko de]30si,fs. are chatiacteriKcd. by tlieii-
close- association \v'itli siiljmaririe' .afcidic vblcaiVism 
and, by a cliaracteristic- min.cra,logiGal zonation-. Tli'e 
Ores- occur as disseminations and veinlets along frac­
ture's in rhyolite dQines and, laA'.-i flovvs and/as- strati^ 
form- iTiassive-' bodies -in rl-iyolitic tuff, tui'l' Lirecciii, 
and mudstones that Overlie the fliyolite.'i. The-ages 
of all these--rocks are approximately 1,"̂  milliisn years. 
(Ikebe-et a!,, 1,972). D.isseniinated .ores tii tli.e fodf-
vrall rhyolites con.sist- JD dm arily of q.uarc;^; py,ritc, and 
chalcopyrite ('silicepu.s ores,). The stra'ti,!'Qrm rn'assiye-
•oresi. on the other hand', often 'sho.w vertical zonation : 
pyrite ores at the bottQin of the .sct|uencc, yellow o,r,cs 
(chalcopyrite-I-pyrite), black -ores fspliajcri.te.+ 
'galena + b a r i t e + c!ialcopyrite), barite' ores, and, 
ferrngiiiou.s quartz beds (quarts + hematite) at the 
top oi the sequence. Tiiese .stratiform- metallic ores 
are often- inici'erla,in liy e.Ktcii-sive g.ypsinii-anliydrite 
beds (g^fpsura-a-nlwdrite ores:). 

,Recent, -geological and geochem ical, sttK-lies on, the 
Kuroko deposits (e.g., .Sato, 1.96S-, Horikoshi, 1969; 
Horiksyshi .and SatoV 1970; Kajiwara, 1970, W \ . \ 
Ohmoto t t al.. 1970; E,ye and Ohmoto, 1974;) have 

.suggested that (1) the.,liydrotJicrmal (iiiids moviul up 
along the lissures-in the rhyolite, (2) scime i'f I'w 
upper portions ot the stratifoi'ui niassiv-e g,re-s u-cre 
deposited'on the sea Itopr and/or in .tiic iiiTcQnsoh-
datctl volcan i.e sedi ments utider marine condition-S 
(the depth ot overlying -sea water was several liun-
dred meters"), and (3-) the depqsitjnnal temper:i-
-tnres wereiiroimd 3,00°C for .the .stockwork oves and 
between about ^OO'C-and ahnut 2Q0'C for the strati­
form massive snllide ores. 

The puImpose of this> paper- is to present initial 
data on the liydrogen .arid -oxygen isfitopic com]->i:,isi-
tidi'iR of water iu fluid inclusions in sulfide mincr.alis 
of tlie Kuroko deposits and to present some ,i:ireh'm-
inary interpretations of their iniplicaVion. 

Techn iques and Resul t s 

Four types of saniples were- analysed 'Uir 8 0 ami 
S'̂ .C) values: ( I ) water iii 'fluid iiiolnsirn.i.'i iu jwriie 
and- ..eliarco])3'ritc 'crystals from- tlie sihceou-.s pyrite 
Ores (i.e.-, tli'e lowcV part of tlu; .^tratlirii'm pyrite 
ores) and fram the ycljow ores, (2) water in' altered 
rhyolitic -tiifF of the cire-bearing rnn-nalion (niostly 
O.bl-water ivi sericite), (.5J, water i'n lluid inchisiuns 
(widi possibly sonic structural, water-) trom s'econd-
ar.y gypsum crystals, -and (-4;) watfr frnrii Ljakc 
•Tdwadu. Tlie latter two types of «;i!U|iles were jc,x-
pectcd to prov.idc the SD values of recent meteoric 
water in tli'e area. The mineral and the rock .sani-j.iles 
were CQlletlfed froin two-'deposits, the Matsumiiie 
depo.sit o,f tli'e' .Dowa Mining Co.-arid the Sh;d'.-anai 
'No. 1 cleiSisit of the .Sliakanai, mine, located a,pprnx-
imately 1 km apart in Akita Prefefeture, ifTonslin 
Islai'id. Lake Towad_a is located aliovit i?0 km nortli-
ca:st of these depo.sits. 

T h e lechniques us.ed in the vsotn])ic a'nalysis of 
fluid inclusions are essen-tially iliuse described iii 
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Rye (1966) and Rye and O'Neil (1968). Water 
from inclusions in pyrite, ciialcopyrite, and secondary 
gypsum was extracted by crushing crystals and crys­
tal aggregates in evacuated stainless-steel tubes. 
Tlic released water was converted to hydrogen gas 
through reaction with hot uranium for D / H ratio 
measurements or converted to CO2 in a BrFs .system 
for '^O/'"© ratio measurements. Tiie deuterium 
content of water from the altered rhyolite tuff was 
measured on HoO extracted from the rock by heat­
ing under vacuum to 1,400''C with an induction fur­
nace. 

The 8D and 8'*0 values of these samples, expres­
sed as their per mil deviation from SMOW, together 
with a brief description of the samples, are presented 
in Table 1. The 8D values of water in inclusions in 
secondary gypsum, however, are distinctly more neg­
ative than those of the fluid inclusions from the 
primary minerals and are similar to the present-day 
meteoric water in the region (Matsubaya and Sakai, 
1973). Our only sample of meteoric water, from 
Lake Towada in the Hokuroku district, has a higher 
SD value tlian typical local ground water, which 
probably reflects evaporation in tlie lake. The 
whole-rock (mostly water in sericite) 80 value of 
a highly altered rliyolite tuff sample is —49 jier mil. 

Water extracted from the sulfide samples was 
probably a nii.xture of primary, pscutlo-secoudary, 
and secondary fluid inclusions. Tt is not possible to 
determine directly the proportions of different types 
of fluid inclusions iircscnt in sulfides ln'cmse iliey 
are opaque However, comparison of llie isodipic 
compositions of the water extracted from lluid inclii-
sioiis with the isotopic compositions of the .gani;u(: 
minerals present iu the ores and with the composi­
tion of the associated volcanic rocks i:iro\'irk's some 
indication of whether the fluids in the inclusions arc 
representative of the ore fluids. 

The S'*0 values of barite in the Kuroko ores are 
mostly between 4-5 and +7 per mil (Sakai et al., 
1970). These \alucs, together with tlie depo.«iiicin:il 
temperatures of about 250°C (tempcralure deduced 
from fluid inclusion and sulfur isolojiic d.ite : see Uyc 
and Ohmoto, 1974) and the isotoiiic fractinn.'ilinn 
factors for oxygen between HSO^•" and I I-jO 
(Mizntani and Rafter, 1969), indicitc that the S'-Q 
values of the hydrothermal fluids were between —2 
and 0 per mil, or essenti.'illy ideiiticd to the \-,'ilin'S 
determined from aiial3'ses of the water in fluid inclu­
sions in pyrite (i.e., —1.0 ±0 .5 ]icr mil). Simikir 
calculations b;ised on the 8"0 values of f|uartz in 
the veinlets of the Kuroko (le]i(.isiis also siiggcslcd-

TAIIM; 1. IlyclrOHCii .'tiul 0.\ygi;ii ls<it<iiiic Coiii|iii?iiioiis of WaU-r in |-"liii(l liii'liisioiis, .'Mli-n-d l-;ii\'olili: 'I'l 
and !\'l<;teoric Waler from llic llokiirolcu Dislr id, lldn.-^iui Islaiul 

No. Sample clcscriplion l.iicalioii 
61) 

(per mil)' 
5"() 

(pi-i- mil)' 

Water in Fluid hicliisions 

(1) Pyri te: Euhedral pyritoliedron crystals ('^2 cm) 

(2) Pyrilc: .'Xggregatcs of dihedral cryslal.s (0.2 lo 1 cm) 

(3) Pyrite: Aggregates of eiiliedrai crystals (0.2 10 1 cm) 

(4) l^yritc: AggregaUs of euliedral crystals (0.'2 to 1 cm) 

(5) Chalcopyrite: Ma.ssive coarse-grained clialcopyriie ore 

(6) Pyrile: Massive coarse-grained chalcopyrite ore 

(7) Pyrile: Massive coarse-grained chalcopyrite on^ 

(8) Pyrile: Massive coarse-grained ciialcopyrite ore 

(9) Pyrite: Same as (6) except for dilTerent cyrslal aggregale 
(10) Pyrile: Same as (6) e.xcepl for dilTerent crystal aggregale 

t 

(11) .Gypsum: Secondary euhedral crystal (.S cm) 
(12) Gypsum: .Same as (11) e.xcepl for dilTerent crystal 

Water in Altered Rhyolite Tuff 
(1.3) Altered white rhyolitic tiilT (predominantly 

01 l-walcr ill sericite) 

Meicoric Water 
(l-i) Lake water 

Siliceous pvrite ore, l.l'(,'i. 
M.usuniine deposit 

Siliceous pvrite ore, l..l').S, 
Mal.^iiminc deposii 

Silice<ais pyrile ore, I.ISO-.S-.S, 
Matsiiminc deiiosii 

Siliceons p\Tite ore, l.l,SO-.'̂ ..S 
Mal-^'uniiiie deposit 

Yellow ore, I..-1S(), 
Mavsuniine deposii 

Siliceous pvrilc ore. 
Sh:ikanai i\<i. 1 deposii 

Siliceous pvrite ore. 
.Sliak:inai No. 1 deposii 

Siliceous pvrite ore. 
.Sliakaii:ii Nu. 1 depo.sit 

Siliceous pyrin: ore. 
.Shakanai No. 1 de|iosit 

Siliceons pvrite ore. 
Sluikanai No. 1 deposit 

Sliakanai mine 
Shakanai mine 

-2,'i.8 

-2.S.6 

- 2 1 . . ' 

-2.S..S 

-Ifi.O 

-1S..3 

-ro..S5 
-71.6= 

- 0.6 

— 0..1 

- i . r i 

-n..'i 

T,̂  tulT zone, 1.-190, 
M:itsumine deposit 

Yasuiiiiya, lowada l.ake 

- 1 9 . 0 

-.'i-l.2 

' Uncertainty: rtO..S per mil for 60 and ±0 .1 per mil for 6'»0 values. Values ixpicssed as pc-r mil dcvirilion from .S.\1(U\'. 
' May include some siruclural water. 
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8"0 valutas of about 0 per mil for the Kuroko ore-
forming fluids (Sakai, pers. commun., 1973). A 
calculation, based on the 8D value of —49 per mil 
for the water in altered rhyolite (niostly in sericite) 
and the hydrogen isotope fractionation factors be­
tween sericite and water at 300°C (see Taylor, 1974 
for a summary of the isotopic fractination factors), 
indicates a 8D value of around —20 per mil for the 
fluids involved in the wall-rock alteration; this value 
falls in the range of the 8.D values for water in the 
fluid inclusions in the Kuroko ore minerals. These 
data, therefore, suggest that the water in the inclu­
sions in pyrite and chalcopyrite probably represents 
the composition of the liydrthermal fluid responsible 
for the formation of the Kuroko ores and alteration 
of the rhyolite tuff. 

Discussion 

Deposition of the Kuroko ores was closely asso­
ciated with submarine volcanism, and the ore deposi­
tion occurred a few kilometers from the contempora­
neous coast line (e.g., Triorikoshi and Sato, 1970). 
J11 such a geologic enviroment, sea water, meteoric 
water, and magmatic water must be considered as 
possible sources of ore-forming fluids. In Figure 1 
the 8D and 8"0 values of the Kuroko ore fluids arc 
compared with those of "primary magmatic water'' 

(Sheppard etal., 1969), of sea walcr, and of presenl-
day meteoric water (tliroiighout the di.sciission, the 
isotopic composition of the Miocene meteoric walcr 
in the Hokuroku district is assumed to be simikir 
10 that of the present-day meteoric water). The 
isotopic composition of the Kuroko ore fluids are 
fairly close to that of sea waler, suggesiiug that the 
ore fluids were predominately sea water with a pos­
sible meteoric and/or magmatic water component. 
1 fowever, in order to evaluate the isolope data quan­
titatively, it is necessary to consider the possible 
changes that may have occurred in the i.sotopic cotii-
yiosition of water in the Kuroko hydrothermal sys­
tems. 

The 8^*0 and 8D values of water from a single 
source can be iucrea.sed or decreased during the 
evolution of hydrolhermal lliiitls, such ;is by loss of 
vapor phase, by rcdo-K reactions, liy membrane filtra­
tion, and by isotopic exchange read ions wilh \-;ir-
ioiis tyiies of rocks. Under llic gcoio.gic condilions 
of the Kuroko formation, probably the most impor­
tant mechanism which may have allecictl the isolopic 
composilions of witter (other than possihli: mixing 
of fluids) was the o.xygen and hydrogen isotopic ex­
change reactions with country rocks. 

The magnitude of the change in the S'̂ U and b\) 
values of water by isolopic exchange reactions with 
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Fro. 1. Hydrogen and oxygen i.sotopic composilions of the ICuroko ore fluids conip;ircd with 
those of "primary magmatic waler" (Slieppard ct al., 1969), sea water ( S ) , and local inclcoric wa-
tci; ( G ) . Other lines indicate Ihc changes in llic «"0 and SD values of m;igiiiatic wnlcr (iniiial 
point M and dotted lines), of meteoric water (initial point G and dashed lines), and of sea waler 
(iniiial point S and solid lines) Ihrough equiiihrium isolopic c.xcli;uige willi volcanic rocks :il 
yai-ious temperatures and with various (water/rock) weight ratios. The numbers 1 through .001 
indicate the water/rock weight r:itio (R value). The volcanic rocks were assumed to have had 
iniiial isolopic compositions of 5"'0 =- | -8 and 50=—70, and a water content (-l-IfcO) of 1 weight 
percent. (Sec le.\t). 
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count ry rocks depends o n : (1) the initial isotopic 
compositions of the water {b\) and of the rock 
(5r) involved in the isotopic exchange react ions; 
(2) the rat io of exchangeable oxygen (or hydrogen) 
a toms in the water to those in ihe rock ( w / r ) ; (3) 
tempera ture , which determines the equilibrium 
isotopic fractionation factor between the rock and 
water (Ar_w); and (4) the degree of isotopic 
equilibration. When the water and the rock be­
come isotopically equilibrated a t a given tempera­
ture, the final isotopic composition of water (6[,) 
can be exiDrcsscd as follows: 

g ; - A - f (w/.-)-5', 
1 + (w/r) 

(1) 

(see Sheppard et al., 1969, 1971; Taylor , 1971, 
1974 for similar equat ions of oxygen isotopic ex­
change reactions between water and rock). 

In the Kuroko deposits, the rocks which could 
have undergone isotopic exchange with hydro-
thermal fluids are predominant ly volcanic flows 
and breccias of rhyolite and dacite compositions. 
These rocks contain an average of 50 weight 
percent oxygen and about O.U weight percent 
hydrogen (i.e., 1 weight percent (-k) HoQ) ac­
cording to the chemical analyses by Aoki ct al. 
(1970). If we assume tha t these rocks had -inil-inl 
isotopic compositions siiuilar to typical igneous 
rocks : 6 " 0 ; = -f- 7 and SDJ = - 7(), the 5'»0 and 
5D values of water after the completion of isotopic 
exchange with these rocks can be expressed as 
follows: 

„ n r _ + 7 - - A5"0._„. H- 2-R'5'»Oi, 
s-'Ol 

1 -+- 2 • r< 
(2) 

and 
h\y = - 7 0 - A g D . - , v + 100-R-5D[, ,^. 

1 -k 100-]'< 

in which R^is wate r / rock 'weight rnl-io. A5'-''0r_,v 
and A5Dr_w values may be assumed to lie similar 
to those of feldspar (An ~ : 30)—HjO and biotite 
(ciichlorite)—H-^O, respectively, (Taylor, 1974) 
and are as follows for various t empera tu res : 

Aa-'O.-w 
A5D — 

5Q0°C 

-kl.O 
- 3 0 

300°C 

-1-4.5 
-45 

200°C 

+ cS.5 
- . 50 

Using the above ecpiatioiis and Ar_,v values, the 
change in the fi'^O and 6 0 values of water with 
respect to teniperature and K values (water / rock 
weight ratio) was computed for ;i magmat ic w;iler 
({'"O;, = + S and 8I)'„ = - 60), f<ir a meleoric 
water (5'»0;, = - 10 .'tud S\)l = - 70), :ind for :i 
sea water (5'»0;, = 0 and 60; , = 0). T h e results 
are also shown in Figure 1. 

Circiikition of water through rock causes the cjjcf-
tive water/rock r;itio for a iniit iiui.'rs nf renter to 
decrease and the cfjcrliva w;iter/roclc ratio for a 
intit mass oj rock to increase, even if llie true water / 
rock ratio remains constant. To illtislr;ite Ihis con­
cept, let us consider a simple model in which sc:i 
water convectively circulates through a pile of \ol-
canic rocks (l'"igurc 2 ) . Rock 1 lies immediately 
nndcrucath the sea floor and becomes salur;iled wilh 
.sea water. If this rock has a |.iorosily of 10 (volume) 
|icrccnt, the water/rock r.-ilin becomes about .0-1. 
'fhe pore fluid in rock 1 mo\-es into rrick 2. ami rock 
1 is filled liy overlying se:i waler. If all the ruck 
has the same porosity of 10 percent, and if all the 
rocks are initially free of pore fluid, the first w;iter 
unit whicli fills rock 1 changes its rfjcd'n'c R v;iltic 
from ,04 to ,02 :uid to .04/N as the waler unit 
jiasses successi\ely Ihrough rock 2 . . . ;uid rock .V. 
while tbe true R value at a given time remains con­
stant at .04. (The clJcclivc w;iler/rock ratio for n 
uiiit -mass oj rock (such as for rock 1 ) increises from 
.04 to .0(8 and to .04 X N as the overlying se.i water 
successively passes through the rock.") The cjji-clifr 
water/rock ratio depends iiiion the history of w;iter 
(e.g., convective circulation) and is an important 
variable to consider in evalnatiiig data on the iso­
topic composition of livdrothcniKil fluids. 

The above example in kigiirc 2 iind the results nf 
compiitiition iu Figures 1 and 3c suggest th.'it sea 
water alone c;iii evoke into the observed isolnpic 
compositions of the Kuroko ore fluids bv e<|uililiriuin 
isotopic excliauge reactions with volcanic rocks at 
temperatures belween 200" and 300°C. These teni-
peratures are in agreement with those iudic;iled liy 
fluid inclusion filling temperatures and also bv sulfur 
isotojiic lem|)eratures (sec Xiyc and Ohmolo, 1074, 
for discussion of the Kuroko lemperalure d:ilri). 

Tn natural hyflrothcrnial systems, isotopic excli;ui,gc 
reactions between water ;md rocks mav iinl iiroceed 
in ef|uilibriniii fashion. The degree of isoldiiic etpii-
libriiim depends ou manv p.iramelers, such as the 
water/rock ratio, flow rate, tvpe of rocks, and tein­
pera ture T-Towever. the cbanges in the isolopic ciiin-
liositions of water in p:irlial isolopic eiinilibrinm .sys­
tems can be evaluated also from cr|uations (2) and 
( 3 ) . In partial ef|tiililiritiin svstems, the is(i|o|iic 
fractionation factors between rock and w;iter (Ar-»' 
values) would liecouie smaller th;tn the ei|uililiriuin 
isotopic fraclioiiJition kictors at the same lenipcra-
t u r e Tn other words, [lartial isotopic eqnililiritini 
reactions at a certain teni|ieratnre can be regiirded 
as similar In the case in eiiuilibrinm isotopic excli.'iiigc 
relictions :il higher li'uipri';ilur('S. For <'.x;iiniilc, if 
the degree of isolopic excli;iiige i'e:K-lioiis liclweeii 
walcr and rock at 2 0 0 X was sticli lliat the AS'-'^O 
= -1-4.5 and A8F) = —45, inst(':id of ilu- ei|nililiritini 
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values of +8.5 and —50, respectively, the changes 
in the isotopic conipositions of water will become 
similar to that in the equilibrium isotopic exchange 
reactions at 300''C. Therefore, even if the isotopic 
exchange reactions between sea watef and the high-
temperature volcanic rocks did not preceed in equi­
librium fashion, it is quite possible that sea water 
obtained the 8"'0 and SD values identical to those 
of the Kuroko ore fluids. 

Magmatic water and meteoric water may also 
obtain the observed isotopic compositions of the 
Kuroko ore fluids if the'ejjeclive water/rock ratio 
becomes sufficiently small (R ^ .001) and if the 
temperature of isotopic equilibration was around 
200°C (sec I'igurc 1). However, the geologic data 
in the area rule out the possibility that magmatic 
water alone produced the large ore bodies. I~or ex­
ample, tlorikoshi (1969) demonstrated through a 
very detailed study of the volcanic history in the 
Kuroko region that the formation of the metallic 
deposits was never associated with the prime (e.xplo­
sive) stages of a volcanic cycle but always took 
place during the waning stage. His observation 
indicates that the separation of fluids from magnia 
and thus the extraction of metals from magma took 
place mostly before the Kuroko depositional stage 
If magniatic water was responsible for the Kuroko 
ore deposition, the formation of the ores would have 
Occurred most likely during the explosive stage and 
not during the waning stage of igneous activity. 
Because the deposition of the Kuroko ores took 
place under submarine conditions, it is also unlikely 
that meteoric water alone became the ore-forming 
fluid. 

In the preceeding discussions, we have suggested 
that if water from only one source was responsible 
for the Kuroko formation it was most likely sea 

Sea Waler 

Volcanics 

Base Rock 

HEAT 

FIG. 2. A scheinalic model illnslraling- the change in the 
cjUi-clivi- w:iler/i-ock weight ratios ( l i values) of a given 
mass of water during Ihe conveclivc circulalion of sea w.'i­
ler through volcanic rocks. The porosity of Ihe rocks is 
assumed lo he II) percent. (See text) . 
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I'lC. 3. Possilile mechimisms to produce the oliscrved SD 
and S'^0 v;dues of die Kuroko ore (Uiids, 

(a) Mixtures of ni:igiu:itic, meteoric, and sea waters. If 
the mixlures cuusisled of "iiuevolved" coiupoiienls, M, G. 
and S, the |iroportions of c;ich component would be ahout 
10 percent magmatic water, 20 percent nielcoric walcr, and 
70 percent sea water. However, if (lie inixtnres consisted of 
"evolved" m:igni:ilic waler (point M' which corresponils lo 
conditions .-il R = . l ami .lOO^C. doited line, in Fi.gure 1) 
:nid "luievolved" meleoric and in:igiiialic w;ilcrs, llie per­
centage of the magmatic water would he ahout 2.'i. 

(ll) Mixtures of meteoric and Sea waters. Mixlures of 
"evolved" meteoric waler ( C which corresponds to tlu; 
conditions at R = .l and 20fl°C, dashed line, in Figure 1) 
and "tmevolved" sea waler ( S ) . or inixtures of "uiievolved" 
meicoric water (C) and "evolved" sea w-ater (S ' wliich cor­
responds to the condilions ;it ]\ = . 1 and .'iOn''C, .solid line, in 
t'~igure 1) can produce the ohsenved isotopic comiiosilion of 
the Kuroko ore fluids. So do m:iny other mixlnres of 
"evolved" metei'iric w:iler and "evolved" se:i waler. fn any 
ca.se. it is very imlikely lh;it the ineleoric water w:is iiiiiri' 
lircdoniiii;uit than sea water. 

(c) Mixtures of "evolved" sea waters. .Sea water :ind/or 
mixtures of so;i w:itei-s which h:id ilifTerenl lli<'riii:d ( T : 2 0 0 
~.'iOO"C) and conveclivc hislorie.s (i.e., irnTrr(-iii K values) 
c:m proflnee Ihe oli.scrved isotopic (-I'liip'-silioii of ihe Kuroix-,, 
lluiils (e.g., mixlures of S" :uid S' or S" :inrl .S'"'). (See 
lexl) . 
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RH-VOLlTE . 

DOME Magmatic Water r 

H.YLLITES 

FIG, 4, A iiiodcl--for the__ forniatibh' Cif. tlie Kuroko ores. l-lc:il :issti.ci:il.eil 
with shallpw suHnmriiig voictiiiic activity -iaiti.ates con\'ecii^-.c cirjuhiifjii o't 

'sea. water in the volcaiiic rock-s. Bcc.iuss the -soluhility of gyjisiini de­
creases with increasing tciniicralure,-gypsum and' aiihj'drilCi may'preGiiiit;ne 
directly from the overiying. soa; water (i.e., fnrniatinn of g'-ypstim/aiilivdrile 
beds), .Sea water wliiuli eirculales tlirough hot volcaiiic rije.ks' iiiay- lie.eouK' 

.a'li ore-forming fluid liy decreasing its dxidalioa s.tale and hy dissol-'.'iiig 
-liietals tro'm volcanie rocks, .Small ainotitits -'of ii.i,'igm':iiic a ad/or iiiclcifi-'i'c 
ivater may liiix with tlic circulating-sea water.. Wtieii- a drijii, in .temiiera-
tiire and change in the t-liemical environments ocjCiir near llie sea lloor. 
precipitation of metallic suindes-may take place. 

watisr. W'c cannot, howevei-, rule out the ]TOssIbilitv' 
tliat small amounts of magniatic .and/or mei'eorie 
w-a,ter \vas present in tlie Ku'roko ore flni'dsi Tlie 
l-C.urok'b .ore: 'fl.uids, could ha,v"C been mixtures of 
magniatic, sea, and nie'teoric waters, or mixtures of 
meteoric =and .sea watei-s (see Figu'res 3a and 3b'). 
Among the three possible niGchanisins 16 produce th'e 
observed isotopie cdrapositions of the KurolvO ore 
fluids, (..Figiircs .la.-c), at tlvi.s .stage .it is not ji0.ssifile 
to select, one frotn tlie othci's: In any case, however, 
it is- unlikely that the magmatic and/or meteoric 
compoiicnt constituted more tlian 25 percent of the 
Kuroko ore fluids, 

A possible modd -for the formation of the Kuroko 
ore's is presented in Figure 4. By analogy to ilie 
con'cept' o'f cq.hvective circtilatloi'i ef' meted'ric- w'ater 
caus'ed,; by- -shallow iiitntsion.s. in -contitieiital regidils 
mid its possible tolte in tlie fermatiran of ore depiSsits 
(e.g., Qhmo.to ajid Rye, 1970; .Shcpjiard ct v(\., 
1.96% 197V, I'^iyltsr, 1973, 1:974),, sea water (with 
.or witl-iout- the component o.f .metCDric water) iii.ay 
become a potential Qre-formii'ig^ fluid in i"eg;ion,s 
where 'i'gncgus aetivity takes pla.ce under sul.ima.rine 
conditions. .Duriugj tli.e initial plia.scs o.i igneous ac-
•tivity, gypsum* a,iid/or -an'hydrite may pre.cipitatc 
directly from the overlying, sea water (i.e., fprmation 
of the gypsuin/aiiliydrite bcd_s wliicli ..nnderly llie 
metallic ore bodies) becan.se tht; solnliility g( gyp­

sum/anhydri te decre.'ises \c-ith- increasing teiniiei'a-
tiirc. ,Sca w-'ater, which convectively circnfat'cS' 
througli liot volcanic mc.l:s. may decr.ea-se its pkl 
value "(e.g., by alkali ex cliange wilTi felds]Mr and 
mica-), di.SROlve n-fetals frofii tlic'riDck-s, dc-jrc-asc its 
oxidation state (e.g., by rcactitsns 'with -F.e-'' in the 
rdc-k.s) whicli tiiay'cause partial rcdnctidn 'rfi: S'( ),r' 
into*HaS (and H.?"), "a-n.d lints niay'bccotn'G potciilial 
ore-form ing" .flrrids. Tiiese ",cvPilved" sea w:i|ers iu:is: 
precipitate "ores near tlie pecan floor' wlierc a droj". 
in tetrijier-ature aiid ohavigc in clipmicai eiiivvr.finnieiil:^ 
t-alvc place". 

The-abo\-e proposed nngdcl is alsij" snp.jiorU'd liy 
sufur isotO|::iie a:.nfl mj.neralogie :studies. ol the kunilio 
ores (eg , , ;Olimol:o el: al,, 1970; 'Kye and •Glimolci, 
1974). Tiiese .studies it-i'dicatc that lioth the -sulfur 
isbtopi'e cblnpDsitibii atid tlie tnlal -sulfur chntciit of 
the' 'Jvur'olco dri: fluids wer'c idenl-.ic.'il to tlifise df sea 
water (i.e., S^'^^s = - ' -i-20 |:ier lifil arid ^ q =i 
— I'O -̂ moles/kg. H ^ O ) , aird that llie - S S O . r y i F S 
i-atio in tlic flivids 'was betweeii -—1 and .—,5,0. 
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j V ^ i ^ 

_ .^kJ^—-

'^.yA.!-^-p^c^^^ 

.,^J4i/i-



H ^ ^ ' f ^ 

m^ 
p 

^ 

r 

3 
rr 



AREA 
JAPAN 
Kuri l 
Gthm 

•)c. Mining Geol. Japan, Spec. Issue 2, 164-170 (1971) [Proc. IMA-IAGOD Meetings '70, Joint Symp, Vol.] 

Sulphides of Mercury, Antimony, and Arsenic, Forming 
From the Active Thermal Spring of Kamchatka 

and Kmil Islands UMBVERSITY OF UTAH 
RESEARCH INSTITUTE 

by N. A. Ozerova, S. I. Naboko and V. I. Vinogradov EARTH SCIENCE LAB. 
Insiitute for the Geology of Ore Deposits, Petrography, Mineralogy and Geochemistry of the 

USSR Academy of Sciences, Stromonctny, 35, Moscow, USSR 

Investigations of contemporary hydrothermal for­
mation Oi' ore minerals arc of great interest for the 
general probieiTis of ore genesis. We present here new 
data on the prescni-time precipitation of the sulphides 
of mercup.'. antimony, and arsenic in the Kurilo-
Kamchaika volcanic area, and on the conditions of 
formation of the metalliferous solutions.that produce 
these sulphides. 

Main Mineralogical Features 

We describe various examples of the mineralization 
of this i>re exhibited at Mendeleev volcano (Island of 
Kunashir. Kuril Islands), in the volcanic-tectonic struc­
ture Uza.~. and at Apapel'skie and Dvukhyurlochyc 
springs on Kamchatka. 

.At the Mendeleev volcano a rather rare type of 
mercury ers formaiion was established, represented by 
near-surfsce pyritic ores with mercury mineralization 
(Ozerova et al.. 1969). The areal distribution of mer-

.cur\' in tke pyrilic lode indicates that this lode may be 
considered as a sinall-scale mercury ore mineralization 
with poor ore. The isoline of mercury content of 
I'lO-^ pe.̂  cent on the map (Fig. 1), as may be seen 
comprises a significant part of the area of the pyritic 
lode. 

Mercury mineralization is represented at this place 
by cinnabar and metacinnabar, cinnabar being 
markedly predominant; in addition, a significant 
amount of mercury is connected with iron sulphides, 
i.e. pyrite and marcasite, where its content amounts 
to n-lO"- per cent. Mercury sulphides are characterized 
by non-ur.iforni distribution in the pyritic lode. In 
massive oi-e they rarely occur, and they are found 
principally in inipregnaiion ores. Besides pyrite and 
marcasite. these ores contain sphalerite, eovellite, less 
abundant chalcocite and antimonite, and also a few 
separations of native copper and native gold. Opal 
and native sulphur are the most widespread hydrother­
mal gang'je minerals; opal fills stringers and forms 
peculiar ball-like concretions. It is difficult to eluci­
date the order of separation of ore minerals because 
indications of their age relations are almost ab.sent; 
we may only note that metacinnabar is generally 
later than cinnabar. 

Occasionally cinnabar forms significant clots within 
the pyritic lode, separating as den.se impregnation and 
drusy inltrgrowths. The largest crystals of cinnabar 

are up to 0.2 mm across, but most are hundredths and 
thousandths of a mm (Fig. 2a). In spite of certain 
differences, all the investigated crystals are charac­
terized mainly by a flat rhombohedral habit. 

It is necessary to emphasize that the major mass 
of the iron ,and mercury sulphides was deposited from 
the solutions metasomatically. At the same time mer­
cury sulphides form also directly from vapour-gaseous 
jets. The precipitation of cinnabar goes on at the 
present tirne along with sulphur and insignificant 
amounts of iron disulphides. 

Complex mercury-anlimony-arscnic mineralization 
was revealed within Uzon volcanic-tectonic structure 
(Naboko and Glavatskikh, 1970). Its most intensive 
manifestation is found at the places of discharge of hot 
thermal waters. This mineralization enriches aqueous 
precipitates of amorphous silica, the cement of protu-
vium, and hydrothermally altered rocks. Realgar, orpi­
ment, and antimonite are predominantly developed; 
of the other sulphides there are pyrite, marcasitc, cinna­
bar, metacinnabaritc, sphalerite, covcllite, chalcocite. 
Gangue minerals are represenled by opal, sulphur, 
gypsum', barite, clay minerals and bitumens and at depth 
by calcite. 

Ore mineralization is traced oul to the depth of 
7.5 m. Orpiment and sulphur are intercalated below 
the siliceous crust, and with depth the ore becomes 
enriched in realgar, antimonite and cinnabar. Still 
lower, pyrite and marcasite prevail among the ore 
minerals, the amount of marcasite decreasing with 
depth. 

Similar sulphide mineralization was found at the 
bottom of Chioridnoc Lake. 

Realgar is frequently found as prismatic crystals 
(Fig. 3a) up to 2-5 mm across; the shape of the crystals 
is represented by a combination of pinacoid and 
rhombic prism. Orpiment is usually observed as powder 
separations and cryplocrystalline sinters and seldom 
as microscopic balls (Fig. 3b). Antimonite is found as 
acicular radial aggregates, as well as in the fo.'-m of a 
powder-like mass. Cinnabar is most often observed in 
the form of sinters and the finest crusts, where the 
smallest spheres may be recognized under high magnifi­
cations; prismatic crystals are found much less frequ­
ently. Mctacinnabarite was ob.served as black earthy 
masses. 

The sulphides of mercury, antimony, and arsenic 
are in clo.se spatial association. Most close relations 
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are observed for realgar and cinnabai": the delicate 
needles of realgar overgrow on the sinter aggregates of 
cinnabar, and in turn cinnabar in the form of the 
smallest spheres was deposited on the prismatic crystals 
of realgar. 

At the Apapel'skie springs mercury mineralization 
is observed in gryphones both on the bottom and on 
the walls and also at the places of drainage. Mercury 
sulphides were found in clayey-opaline rock and on the 
pebbles of quartzite in the form of small film-like sepa­
rations, crustified forms, and far less frequently as 
crusts composed of fine-grained cinnabar. 

In a number of cases rhythmic alternation of meta­
cinnabar and cinnabar was observed,' precipitation 
of metacinnabar preceding that of cinnabar (Ozerova, 
Lebedev, 1970). At least two of such rhythms were 
established. Part of the cinnabar apparently replaces 
metacinnabar, but most of it was deposited indepen­
dently directly from the solution. Quantitatively cin­
nabar notably prevails over metacinnabar. In rare 
cases the rhythm of metacinnabar and cinnabar is 
terminated by the deposition of realgar; rare spot-like 
inclusions of orpiment are noticed in the films of real­
gar. Occasionally pyrite is recorded. Calcite and 
amorphous silica are accompanying gangue minerals. 

The degree of erystallinity of the minerals varies. 
Among ore sulphides metacinnabar is crystallized 
to a lesser extent than cinnabar, not more than 50 per 
cent. Sludy under the electron microscope showed that 
metacinnabar films are built up by spherical particles 
whose surfaces are partly crystallized (Fig. 4); crystal­
line particles are equant, their dimensions are hund­
redths of a micron. Cinnabar in film separations 
possesses fainly crystalline structure; some individuals 
are larger than those of metacinnabar, their dimen­
sions ranging from 1 to 10 microns. Coarsely cry­
stalline segregations of cinnabar consist of crystals 
0.1-0.2 mm across; the commonest form is the rhom-
bohedron sometimes complicated by small faces of 
the pinacoid, prism, and rhombohedron (Fig. 2b). 
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Fig. 3: Arsenic sulphides from caldera Uzon: a - inlergrowth of realgar crystals; 
b - small spheres of orpiment; magnification X ^0. 

Extraordinarily curious formations—oolites of pyrite 
with strikingly high mercury content (2 per cent) were 
found at the bottom of the cauldron at the places of 
issue of gryphons at Dvukhyurtochnye springs. Such 
a percentage of mercury was not recorded even for 
pyrites of mercury deposits; besides, high arsenic con­
tent (2.7 per cent) was also found for these oolites. 

Oolites possess spherical and flat round shapes, their 
sizes ranging from fractions of a milimeter to 2-3 mm 
(Fig. 5). They are characterized by a concentric-zoned 
structure; alternating zones are composed of pyrite and 
silica minerals, in some cases of pyrite zones only, 
crystallized to various degrees. On the background of 
this concentric-zoned structure there are also spots in 
oolite which consists of segregations of lighter coloured 
apparently recrystallized pyrite, they are reminiscent of 
septarian cracks in concretions and were obviously 
formed during the ageing and crystallization of iron 
sulphide gels. In the central parts of oolites, fragments 
of gangue minerals or magnetite arc usually present. 

In order to find out the form of mercury present 
in pyrite its distribution in the sections of oolites was 
studied by means of electron microprobe analyzer MS/ 
46 Cameca. The constancy of mercury content in the 
main mass of oolites and its decrease to radialelongated 
segregations of later pyrite has been established in 
this way. It is interesting to note that the decrease 
in mercury content is correlated with the percentage 
of iron. It is possible that during the redeposilion 
of the iron of the sulphide gel along the septarian 
cracks and its crystallization the depletion of mercury 
took place. Calculations of the dimensions of element­
ary units demonstrated es.sentially larger values for 
pyrite from Dvukhyurtochnye springs compared with 
the reference pyrite with low mercury content. These 
data suggest that mercury in this case enters the cry­
stalline lattice of pyrite and, having an ionic radius 
larger than that of iron, expands the lattice, increasing 
its parameters (Ozerova, Borodaev et al., 1969). The 
increase in parameter can not be due to the presence 

of arsenic, even if it is present in isomorphous form, 
because its ionic radius is less than that of iron. As was 
established by laser microspcctral analysis, arsenic is 
also characterized by uniform distribution in oolites. 

Information Bearing on the Origin of Hydrothermal 
Solutions Forming Mercury-Antimony-Arscnic 

Mineralization 

The manifestation of present metalliferous hydro-
therms is related in time to active andesite-basaltic 
volcanism. The vents of abyssal hydrotherms are 
localized within volcano-tectonic depressions which are 
characterized by widespread development of fhe pro­
ducts of young acid volcanism (ash-pumice tuffs of 
dacite, ignimbrites, and extrusions of dacite and 
liparite) and more recent basaltic areal volcanism 
(Naboko, 1970). The solutions of deep origin are 
represented by weakly alkaline chloride-sodic waters 
with small quantities of SO4--, H^S, COo and large 
amounts of silica, boron, arsenic, and some other 
metals. The vents of chloride-sodic waters are often 
accompanied -by vapour jets and by the appearance of 
acid sulphate hot springs. Their origin is related to 
the degassing and boiling of deep-seated alkaline ther­
mal solutions with the subsequent near-surface oxida­
tion of sulphide compounds. The chemical composition 
of deep-seated thermal waters is probably determined 
by the complex interaction of several factors. Among 
these factors one may suggest the influence of endo-
genetic emanations, admixing of underground waters 
of the upper part of the crust, interactions with wall 
rocks. The Lsotopic composition of sulphur testifies 
in particular to the complicated genesis of therrnal 
waters (Vinogradov, 1964, 1966, 1970). 

The i.sotopic composition of sulphate sulphur from 
Apapel'skie and Dvukhyurtochnye springs (6S^*-|- 12.0 
and -f l2.5%o) is typical for underground waters form­
ing within the massifs of cryslalline rocks. According 
to their chemical composition and isolopic composition 
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Fig.4: Structure of the film of metaclnnahar from Apapel'skie springs under the electron 
microscope, (a); cellulo.w-coal replica, magnification X 15.000. Detail of the structure of 
the surface of spherical particle (b); cellulose-coal replica, magnification X 45.000. 

Fig. 5: Oolites of pyrile from Dvukhyurtochnye springs (a); magnification X 30. Internal 
structure of oolite (b); polished section, magnification X 375. 

of sulphur, they are similar to typical "nitric springs" 
widespread in many regions of the world (Vinogradov. 
1964). It is not ruled out that in the origin of thermal 
waters of the Median Kamchatsky Range, where 
Apapel'skie and Dvukhyurtochnye springs are situated, 
abyssal factors played a subordinate role. The genesis 
of sulphate sulphur in these waiers may be readily ex­
plained by the oxidation of sulphides di.sseminated in 
rocks (<JS '̂ -4- 4 lo ^- 6) in the regions of alimentation 

of the thermal systems with subsequent reduction of 
part of the sulphates. The content of H .̂S in the waters 
of ApapeKskic and Dvukhyurtochnye springs is too lev 
to retard the migration of quicksilver dissolved in ther­
mal waters. Its reaction with sulphide-ion and the 
precipitation of cinnabar is related to the additionil 
generation of H._.S directly inside the gryphon. Cinnabir 
is frequently deposited on the colonies of algae or 
plant debris. The isotopic composition of sulphur in 
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dnnabar is equal to -9 .6%o ; the difference in isotopic 
composition of sulphate and sulphide sulphur corres­
ponds to the separation during single-phase reduction 
cf sulphate. The isoiopic composition of the sulphur 
from, pyrite of Dvukhyurtochnye springs is equal to 
- 4 1 . 1 % o . Such a light sulphur might have been 
derived from its cyclic participation in oxidation-reduc-
uon processes. 

The complex character of the formation of volcanic 
ihermal waters is particularly clearly exhibited on 
Kunashir l.Mand. Here at the foot of the eroded struc­
ture of the Mendeleev volcano along several hundred 
meters of the coast line of Goriachiy Pliazh (Hot 
Beach), mineralized thermal Cl-Na waters are issuing. 
In the deep bore holes their mineralization reaches 26 
crams per litre, and according to the ratio Cl /Na they 
exactly correspond to the composition of oceanic water. 
In the upper horizons and natural vents the minerali­
zation of ihermal waters is lower, but the relation 
between net mineralization and Cl and Na contents re­
mains unchanged, which points to the participation of 
the waters of marine origin in the recharge of the 
hydrolhermal system. It may proceed both at the 
expense of the water of the present ocean, and at the 

expense of mobilized connate waters from sedimentary 
deposiis. The complex of marine volcanic-sedimentary 
deposits is revealed by bore holes drilled within the 
boundaries of Goryachiy Piyazh. The isotopic composi­
tion of sulphate sulphur in. water of one of the springs 
issuing among the shore drifts of Goriachiy Piyazh 
turned out to be similar to the sulphur composition of 
oceanic sulphate near the coast of the island (-t- 18%o). 
In the other spring coming out of a fissure in the young 
dacite extrusion sulphur was found to be heavier 
( - f28.6%o). Such a heavy isotopic composition o( 
sulphur may easily be explained by the marine origin 
of the sulphate of the thermal water with subsequent 
enrichment in heavy isotopes due to high-temperature 
reduction of sulphate. Correspondingly, the sulphur 
of H2S in vapour jets of Goriachiy Piyazh is charac­
terized by a iS^* value close to zero. Sulphide sulphur 
with this isotopic composition might have been formed 
during the abiogenic reduction of the sulphate of abys­
sal hydrothermal solutions. The basin of the develop­
ment of chloride-sodic alkaline thermal waters of 
Goriachiy Piyazh is rimmed by the vents of acid springs 
along the slopes of the Mendeleev volcano, and in the 
caldera-of Ihe volcano there are typical solfataric fields. 

Table: Isotopic Coinposition of Sulphur in Modern Hydrothemial Solutions and Minerals 

Thermal springs 

Dvukh\-urtochnye springs, 
Kamchatka 

Apaperskie springs, 
Kamchatka 

Form of sulphur 

Pyrilc 

SO42- from solution 

Cinnabar 

SO^^- from solution 

6S 34%o 

- 4 1 . 1 

-1- 12.0 

- 9 . 6 

-f 11.7 

Goriachiy Piyazh, the 
Mendeleev volcano 
Kunashir Island 

Cinnabar - 2 . 4 

Pyrite -f marcasite - 1.5; - 1.4; -f 1.2 

Barite -1-5.2 

Alunite -1-22.3 

Jarosite -f 11.6; -i- 14.1; + 17.4 

Native sulphur -1-1.2; -I- 5.4 

HjS from gaseous phase - 0.3; -f 1.2 

S0^2- (Cl-Na waters) -f 17.0; -i-28.6 

SO^-- (acid wafers) - 1 . 6 

Caldera Uzon, Kamchatka Realgar + 1.1 
Orpiment - 1 . 2 

Pyrite - 6 . 1 ; 
- 4 . 4 ; 
+ 1.1 

- 5 . 2 : 
- 2 . 8 ; 

- 4.6; 
- 2 . 4 ; 

Native sulphur - 3 . 3 ; +.1.3 

HjS from gaseous phase - 1 . 6 ; 0.0 

SO4"- from solution - 2 . 5 ; - 0 . 5 ; + 1 . 1 ; 
+ 3.6; +5 .6 ; 

+ 22.4 
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AU this diversity of chemical types of volcanic 
waters is acounted for by the phenomena of evapora­
tion, degassing, and recondensation of abyssal waters, 

• which are. intermixed near the surface with ground 
waters and undergo oxidation by atmospheric oxygen. 
The origin of sulphate sulphur may be two-fold. The 
major part of sulphate is probably formed by oxidation 
of sulphidic sulphur, and its isotopic composition re­
mains unchanged. The other part of sulphate can be 
derived at the expense of deep-seated sulphates due to 
involvement' of deep-seated chloride waters. Admixing 
of abyssal oxidized sulphur should lead to the enrich­
ment in heavy isotopes of the sulphur from sulphates 
of near-surface volcanic thermal waters. The acid 
sulphate thermal springs of the Mendeleev volcano 
are good examples, where the isotopic composition of 
sulphur from sulphates ranges from + 11.6 to 18°/oo. 

Systematic investigations of the isotopic composi­
tion of sulphur in the caldera of the Uzon volcano 
has just been started. The isolopic composition of 
sulphidic sulphur at this locality is close to zero. The 
same or nearly the same isotopic composition is 
characteristic for sulphur of sulphates. The greater 
part of the sulfate is probably due to oxidaiion of 
HoS. Only one of the springs gave an isotopic com­
position of sulphate sulphur equal to + 20%o. If this 
value reflects the isotopic composition of the sulphate 
sulphur from deep-seated chloride-sodic waters, we 
may postulate the involvement of sulphur from water-
saturated rocks of the earth is crust. The existence 
of relict water in the rocks of the extensive tectonic 
depression, where the Mendeleev volcano is situated, 
is quite likely, although this problem needs special 
investigations. At the same time, the thermal waters 
of Uzon, according to the geological condilions of 
their issuing, fit the idea of typical magmatic waters. 
Their discharge is along large deep-seated faults, and 
the total amount of heat flow permits us to speak 
about- ascending endogenetic fluids (Naboko, 1970). 

The question of Ihe sources of metals in volcanic 
hydrothermal solutions is open for further studies. 
Part of these metals could be undoubtedly extracted 
from wall rocks, while the other part is brought with 
the volcanic emanations. This problem has been best 
investigated for the Mendeleev volcano. Here the 
origin of two major ore components of the pyritic 
lode is different. Iron is extracted from volcanic 
rocks during Iheir opalization and then is deposited 
by hydrogen sulphide of sulphate solutions (Naboko, 
Sil'nichenko, 1959). For quicksilver its gain during 
the hydrothermal process is obvious (Ozerova et al.. 
1969). If quicksilver like iron were taken from wall 
rocks during their opalization, the mercury content 
of opalites should be diminished compared with 
unaltered volcanic rocks, while in fact it increases 
tens of times, and in pyritic ores it rises tens and 
hundreds of times compared with opalites (Fig. 6). 
A significant gain of metals including arsenic, antimony, 
and mercury might be suggested for volcano-tectonic 
caldera Uzon. 

For Apapel'skie and Dvukhyartochnye springs the 

.No. of samples, % 
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Fig. 6: The diagrams of mercury distribution 
{a), opalites (b), and pyritic ores (c). 

wt. % 

in lavas 

solution of this problem is much more complicated. 
Whether mercury mineralization is the result of the 
redeposilion of mercury ore manifestations known in 
the Median-Kamchatka ore belt, or results from con­
tinuation of the ore process which is responsible for 
this ore mineralization, is not _ possible to resolve 
unambiguously on the basis of available data. Depend­
ing upon the answer to this problem the scale of the 
ore-forming aciivity of these thermal springs should 
be evaluated in different ways. 

On the olher hand, mercury-pyritic mineralization 
of the Mendeleev volcano might be of practical 
interest as an object for concomitant mining, in case 
the mining of sulphur is resumed and the production of 
sulphuric acid from pyritic ores is started. 
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Introduction 

Alteration of rocks and minerals in the geothermal regions has 
been studied by many investigators (1) in various localities since last 
century, but in none of these, so far as the authors are aware, the 
inclusive study of the processes of alteration under different condi­
tions has been carried out except for the reports of LOVERING (2). Lo­
wering had compared the halogen-acid alteration of ash at Ten Thou­
sand Smokes, Alaska with the sulfur-acid alteration at Solfatara, Italy, 
studied by RITTMANN (3) (1934) and at Lassen Peak, U.S.A. reported 
by ANDERSON (1935) (4). After the comparison of the three studies, Lo­
vering concluded that the halogen-acid alteration and the sulfur-acid 
«tieration are similar in most respects and that probably all constit­
uents of the rocks are leached in zones of intense alteration, but that 
«uniina and magnesia are more subject to hydrolysis and precipita­
ton in a sulfuric acid medium, whereas silica is more mobile in the 
••^ogen acids. 

Th^ purpose of the present work is to make clear in more detail 
f"C processes of alteration under different conditions by the compar­
ison of variation in chemical compositions of the series of alteration 
P^^ducts from several localities issuing volcanic gases in Japan, and 
y the model experiments, which are carried out by putting small 

P ̂ es of rocks and minerals in active furaciroles and also hot springs 
Q various solutions containing various salts, acids, and concentra­

tions of them. 
.' Many onion-structured rocks as an alteration product are in com-

LOQQ^P^f read at the lAV scientific session of Aug. 22, 1963 (XIII General Assembly, 
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mon near the fumaroles at active volcanoes in Japan. Although the 
size of one onion-structured rock is given by the distance among joints 
of the original rocks, it seldom exceeds several meters, but mosi 
onions are usually less than one meter in diameter. If we collect a 
series of samples from the outermost to the inner part of a suitable 
onion carefully selected, it should be considered that the variation of 
chemical composition within the series of the samples from one onion 
would show each stage of the process of alteration, and also we can 
avoid unreliability derived from different alteration products of dif» 
ferent kinds of rocks at one locality assumed usually to one series of I 
alteration products. In addition, preparation of samples for chemical I 
analysis is very easy because the shells of the onion can be easily exfo- j^ 
Hated. 

Two types of the fumarolic alteration of rocks were found in this 
study on the onion-structured rocks. Some of the results obtained are 
reported in this paper. 

Materials and Experiments 

For the study of the mechanism of process of alteration, foui 
onion-structured rocks are collected from the geothermal regions at 
Volcano Hakone, Volcano Esan, Volcano Kusatu-Sirane, and at Hi-
gasimori in the Tamagawa Hot Spring Region.. 

As all the onions are located very near the fumaroles, it would be 
considered that the variation of chemical composition in each onion 
have been caused by volcanic gases as like that issuing from the fit 
maroles. 

Several samples prepared from the outermost to the inner part 
of each onion of the altered rocks have been analysed for the main 
chemical components. Analytical methods used in this work are given 
separately in the previous papers (5) (6). 

Results Obtained and Discussion 

Change of Chemical Composition by Alteration. — The chemical 
composition of the samples prepared as described above are shown 
in Table 1-4. 

It is said that figures giving weight percent are unsuitable for 
the discussion of the process of alteration. However, the use of sudi 
a constant component as alumina, silica, or of bulk density seems to 
be practically needless in this discussion. 
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As showri in Table 1, the most remarkable changes in the main 
components are the continuous increase of silica, water and ignition 
loss, and the continuous decrisasfe of alumina through all courses of 
the alteration process. 

TABLE 1: Chemical Cqmpositjon of Alteration Products from Higashimorij Tamagawa 
Hot Spring. 

SiO, 

TiO, 

A1,0, 

Fe,0, 

FeO 

MnO 

CaO 

MgO 

K,0 

Na,0 

P.0, 

H , 0 ( - ) 

ig. loss 

Free S 

Total 

(surface) 

T - l 

86.06 

1.05 

2.16 

0.14 

— 

,0.(K)2 

0.05 

0,05 

0.07 

0.19 

0.07 

5.61 

4.49 

2.08. 

99.84 

T - 2 

S5,85. 

0.S4 

337 

0.13 

— 

0.002 

0.05 

0.05 

0.07 

0.18 

0.06 

6.65 

3.23 

0.14 

100.47 

T - 3 

85.87 

0.94 

1.95 

0.60 

— 

0.019 

0.05 

,0.05 

0:17 

0.15 

0.05 

6.54 

3.02 

0.16 

9931 

T - 4 

8S':62 

1.10 

2.93 

0.14 

— 

0:ffl)7 

0.05 

().0S 

0.08 

0.20 

0.05 

6 i 5 

2.88 

0.04 

99.55 

T - 5 

84,85 

1.01 

2.82 

0.66 

— 

0.009 

0,05 

0.05 

OJ06 

0.14 

0.06 

6.59 

3.79 

0.17 

99.98 

T - 6 

84.13 

0.99 

1.61 

Oi? 

_ , 

o.m 
0.05 

0.05 

0.05 

0.23 

0.05 

6.16 

5.00 

— 

99.79 

T - 7 

84.10 

0.95 

3.48 

0.S6 

— 

0.029 

030 

034 

0.50 

0.41 

0.07 

4.63 

5.76 

— 

100.42 

T - 8 

61.15 

0.159 

15.03 

337 

3.00 

o:i99 

6.53 

3.72 

135 

222 

0.09 

0.77 

226 

— 

100.40 

(Cora) 

T - 9 

59;i3 

0.64 

16.04 

4;28 

3.45 

0:226 

727 

4.12 

131 

2,48: 

0,10 

PJ8. 

0.87 

— 

100 iO 

jgglQjj ,̂ , ^" ^he specimens from Higasimori, Tamagawa Hot Spring, al-
noitgh the chemical compositions of the samples, T-l oo T-5, which are 

'.ration. — The cheinic£^ ^ P^'e-orange-colored white shells about 20 cm. thick in ali of the onion's, 
eribed above are shgi^ | \ ^ ^ ^ ^ ^™ '̂̂  difference among them, they are very similar, as a 

j ^ hole, except for the most outward member, T-l, containing -2.08 per-
rcent are unsuitable f̂ ;̂ ^'<- of free sulfur. It is certainly an end product of alteration, and 
[owever-, the use of su^ _ aracterized by consisting mainly of silica, water. These increases of 
f̂ bulk density seeriis • ^ e components would be brought by leaching of the other corapo-

( ^its such as alumina, magnesia, lime and alkalies. 
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The behavior of sodium shows a very similar pattern to that of, 
alumihum and iron (III), but potassium shows the reverse pattern 
to that of sodium (Fig, 1), This peculiar behavior pf potassium sug, 
gests a potassium fixation by adsorption or formation of new min--
erals. Calcium and inagnesium are extremely decreased in the early 
stage (T-8 and T-7), being different from all other components. 

Fig, 1 - The variation of chemical composition of onion from 
Higasimori, Tamaga-wa Hot Spring Region. 

As will be seen in Table 2, tbe most noteworthy change in the 
chemical compositions of the sarnpleis from Owakidani, Volcano Ha­
kone is the increase of silica, water, ignition loss (greater part is prob­
ably water) arid titanium, and the decrease of aluminum, iron (II and 
III), calcium, inagnesium, sodiiirn and potassium. The pattem of 
changes in chemical-compositions a:re very similar in all respects to 
that of the specimens from Higasimori, Tamagawa Hot Spring. 

On the other hand, the oiiion of altered andesite at Volcano Esan, 

'-( 
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TABLE 2; Chemical Composition of Alteration Products from Hakooe O.ivakidani. 

H.0 ( - ) 

Ing. Loss 

SiO, 

TiO, 

AliO, 

FeA 
FeO 

• MnO 

GaO 

MgO 

KjO 

Na,0 

Free, S 

Total 

01-1. 

6.54 

3.80 

86.02 

1.17 

129 

0,19 

< 0.03 

— 

< 0.05 

< o:o3 

0.11 

023 

— 

9935 

01-2 

6.16 

4.83 

83.34 

LOS 

236 

0.73 

< 0.03 

— 

< 0.05 

058 

0.25 

0J4 

9957 

Oi - 3 

4.97 

432 

76.74 

1.02 

233 

U5 

2.43 

— 

1.75 

3.18 

0.57 

034 

— 

99,70 

01-4 

154 

2.60 

58,06 

0:77 

14.07 

338 

4.85 

— 

7.00 

4:80 

0.73 

2:25 

— 

100.05 
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Hokkaido, as will be seen in Table 3 and Fig. 2, shows remarkable 
difference in the behavior of silica and alumina. In this type of alter­
ation, the behavior of both components is quite different from the 
former type. Silica content decreases at the early stage of alteration, 
hut after reaching a rriiniiimm value, the silica' content gradually in­
creases toward the outermost intensely altered shell (E-1) of the onion 
which consists mainly of silica. The behavior of aluminum shows the 
reverse relation to silica in the course of alteration of "this type. Silica 
Content had a minimum value in the course of alteration df this type, 
out aluminum content had a maximum, A maximum content of alu-
rninum was usually observed at nearly the same.zone where silica con­
tent was minimum. 

It is very interesting that so far'as the loss of silica and the gain 
°f aluminum at the early stages of alteration (E-6, E-5, E'^) are con­
cerned, this pattem of alteration is similar to; that of process of 
feathering. But the behavior of ferric oxide' and potassium in this 
* silica-minimum and aluminaTmaximum type of alteration » shows 
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marked differehce from that in weathering and also in « the contin, 
uous silica-increase and alumina-decrease type » of alteration as shown 
in Tables 1 and 2. The loss,of total iron content is observed in the 
early stages (E-5 and E^) and in the later stages (E-2 and E-I), but 
the maximum content of iron is seen in the zone E-3, where the 
formation of iron minerals are expected. The behavior of potassium is 

of the alten 
seems to be 

Thus tv 
alteration o 

Charact 
at ail locali 

TABU 

Fig. 2 - The variation of chemical composition of onion from 
Volcano Esan, 

more peculiar than that of iron. The maximum content of potassium 
is observed in the zone E^ , where the potassium content shows larger 
value than that of the fresh original rock (E-6). 

At Volcano Kusatu-Sirane, a suitable onion for this study could 
not be found. Chemical composition of fresh andesite could not be 
obtained, because the core of the onion collected was clearly altered. 
Furthermore, a specimen which is considered tp be the end product 
of alteration also could not be collected. Although the chemical-cdin--
positions of the samples from this onion in Table 4 show only a part 
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of the alteration products, the pattem of alteration in this onion also 
seems to be the type of silica minimum and alumina maximvun. 

Thus two types of the processes of alteration were recognized in 
alteration of rocks near fumaroles in Japan. 

Character of fumarolic gases. — Fumarolic gases have been issued 
at all localities where the onions were collected. It is expected that 

TABLE 3 : Chemical Composition of Alteration Products from Esan. 
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SiO, 

TiO, 

A1,0. 

Fe,0, 

FeO 

MnO 

CaO 

MgO 

K,0 

Na,0 

PA 
H,0( - ) . 

Ig. Loss 

Total 

E-1 

85.47 

0.63 

3.79 

0.14 

— 

0.001 

0.05 

0.05 

058 

0.78 

0.15 

0;68 

732 

9954 

E-2 

61.42 

0.41 

14.94 

157 

— 

0.001 

0.05 

0.05 

025 

128 

022 

052 

18.91 

9952 

E-3 

4736 

038 

17.15 

5.61 

— 
0.001 

0.05 

0.05 

1.19 

2.10 

030 

0.64 

2457 

9930 

E-4 

45.09 

030 

2236 

027 

— 
0.001 

0.05 

0.05 

130 

230 

0.19 

0.60 

27.87 

10028 

E-S 

4022 

034 

1853 

5.46 

— 

0.001 

0.05 

0.05 

0.64 

255 

025 

0.69 

30.95 

99.63 

E-6 

6333 

0.46 

1633 

2.85 

3.66 

0.13 

657 

1.74 

0.85 

3.00 

0.11 

0.14 

0.45 

99.62 

|*̂ s patterns of alteration of rocks described above must be brought 
y different kinds of volcanic gases having different chemical compo-

^hons. Then, chemical analyses of the gases collected at various lo-
' ^ t i e s were carried out to find a relationship between the chemical 

Qipositions of the volcanic gases and the two types of alteration. 
The sampling and analytical methods of fumarolic gases were re-

**tted briefly in the previous paper (7). 
As the orifice temperatures of fumarolic gases in question are dis-

'I i: 
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tributed from 100° to 196° C, which are just or over the boiling poy^ 
of water, as shown in Table 5, the alteration in the gaseous phase « 
suggestive. 

As more than 94.4 % of these volcemic gases are water vapoĵ  

TABLE 4: Chemical Analyses of Fresh and Altered Andesites at Geothermal Regjoa^ 
Volcano Kusatu-Sirane. iM 

H , 0 ( - ) 

Ig. Loss 

SiO, 

TiO, 

Al,03 

Fe,0, 

FeO 

MnO 

CaO 

MgO 

K,0 

Na,0 

Total 

101 

4.00 

9.67 

7021 

0.69 

6.17 

3.67 

— 

2.87 

026 

121 

123 

99.98 

102 

028 

2.19 

58.46 

0.73 

19.05 

2.71 

359 

757 

035 

154 

3.05 

9952 

103 

1.09 i 

7.12 1 

5731 ] 

0.75 

1621 

626 '[ 

— 

724 

033 ; 

132 1 

2.45 • 

100.08 

there is no difference among them in respect of water content. Hovi 
ever, the chemical compositions of these gases exclusive of wate 
vapor are clearly different from each other. The use of this diffei 
ence is very effective to classify these volcanic gases. According t 
the classification proposed by the present authors (7) (8), all thea 
volcanic gases belong to two types of gases (Type HA and Type IIB) 

The fumarolic gases from Higasimori, Tamagawa Hot Spring, an 
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over the boiling poinj l Owakidani, Volcano Hakone contain neither hydrogen fluoride nor 
n the gaseous phase ijOydrogen chloride. A small amount of sulfur dioxide is found in both 

T%ses as will be seen In Table 5 (8). As they consist mainly of carbon 
;ases are water vapor, t'dioxide and hydrogen sulfide, they'can be expressed in the same gas 

I fonnula proposed by the present authors (7) (8) as [CO^, / / jS] , On 

ites at Geothermal Regioii!, 

103 

I M 

7.12 

5731 

TABLE S: Chemical Composition of Volcanic Cases: 

3 

IS 

'I 

)9 

i7 

IS 

54 

J5 

)2. 

0.75 

1621 

626 

— 

724 

033 

132 

2.45 

100.08 

'Temperature 

"H,0(%) 

Date 

Higasimori, 
Tamagawa 

Hot Spring 

104 

99.0 

Oct; 5. (1956) 

Voicano 
Kusatu-
Shirane 

148 

94.4 

June 19, (19W) 

Geothermal 
Region 

Volcano Esan 

196-

973 

July 23, (1960) 

Owakidani 
Volcano 
Hakone 

MO 

98.7 

Apr. B, (1960) 

Chemical Composition of Gases (exclusive of -water). 

HF 

HCI 

SO, 

H,S 

CO, 

R 

Rn(10-ioc/ l ) , 

: 

0.0 

0 2 

31.8 

672 

0.8 

0.9 

92 

22.2 

32:8 

345 

0.4 

12 

0.10 

165 

2 2 

172 

624 

U 

I J 

.0,0 

0.0 

<0.1 

22.2 

76.0 

1.8 

15.1 
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«»e other hand, in the gases from the geothermal regions at Volcano 
t s a n a n d Volcano Kusatu-Sirane, carbon dioxide, hydrogen sulfide, 
to ^^^^^ fluoride, hydrogen chloride and sulfur dioxide were found 
V •^'^°^^^ chloride and sulfur dioxide are the main components in 
uiese gases exclusive of water vapor. Then, the gas formulas of this 
^ e of volcanic gases are expressed as [COn, H^S, SO^ JHCI for the gas 
ttoin Volcano Ktisatu-Sirane and [CO^, H^S, HClho, for that from 
r e n " ° Esan. This formal difference between ICO^, H^S, SO,]KCI and 
t^^i . HjS, HCl]soj is not so essentially much as the difference be-
ween these two formula and [CO,, HjS] as described above: 

i*tow we can classify the gases from chemical composition of the 

:̂ :-1 
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gases into two types; one is the weakly acidic tjrpe of gases which are 
characterized by the absence of hydrogen chloride and the presence 
of a very small amount of sulfur dioxide, as observed at Higasimorj 
and Owakidani, the other is the strbngly acidic type of gases whicjb 
are characterized by the presence of hydrogen chloride and sulfuj 
dioxide, as observed at Volcano Esan and Volcano Kusatu-Sirane. 

Model experiments. •— Although alteration of rocks described 
above would be caused mainly by volcanic gases, some of the chemi, 
cal changes iri them must have also the chemical reactions in liquid 
phase. Furthermore, as properties of volcanic gases issued are gener­
ally changed with time, altered rock collected at a certain locahty 
and time may be -formed by the gas which might have changed its 
properties such as temperature, chemical coinposition, issuing veloc­
ity (discharge), etc. during the alteration period. Moreover, weath-
ering by meteoric waters has been added to this system of alteration, 
especially to the alteration products near an extinct fumarole. There­
fore the precise explanation of the processes of all phenomena is very 
hard because of their complicated nature. If studies of alteration are 
carried out under various conditions of several simple factors govern­
ing the system such as temperatures, pressures, concentrations, and 
reaction time, the cornplicated phenomena must be explained. For 
realizing this expectation, various kinds of model experiments would 
be possible. One of these model experiments is reported in the fol­
lowings. 

A sinall piece, about 10 cm in diameter, of aiigite-olivine-basalt 
from Kamimasuki district in Kumarnoto Prefecture was put for about 
8 months in an artificial path of fumarolic gas, which has been made 
for industrial collection of native sulfur. Temperature of this gas was 
97" C, which was measured on May 28, 1958. No seasonal or annual 
variation bf temperature seems to be observed at present time. 

After the reaction period, the test piece was sharply lined with 
a whitishrgray layer about 1.0 cm thick from the surface (outer zone). 
The next zone inward was a pijikish-gray less than 0.5 cm thick (inter­
mediate zone), which was followed with moderately sharp contact by 
a zone df dark-gray altered part abtDut 0.5 cm thick (iimer zone), which 
transfered gradually inward into the unaltered part. 

Chemical compositions of altered zones are shown in Table 6 and 
Fig, 3, with that of the unaltered zone and gas. As shown-in Table 6̂  
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and iron show maximum in the zone both IK-3 and IK-2. Magnesium, 
calciiun, manganese, sodium, potassium and phosphorus decrease con-
.tinuQus.ly, and water content increases gradually toward the later 
stage of alteration. It is very interesting that this pattem of alteration 
obtained is very similar to the silica-minimum and alumina-maximum 
type of alteration observed in the onions from Volcano Esan and Vol­
cano Kusatu-Sirane. 

100 r 

eo 

60 

20 

SiO, 

up. 

t*90P 

I K - 4 I K - 3 IK -2 I K-l 

Fig. 3 The variation of chemical composition of Test Piece 
(Basalt) hold for about 8 months in active fumaroles at 
Volcano Iwojima. 

In the fumarolic gas as a reactant at this spot, HjO, HF, HCI, 
^Oa. HjS and CO3 are found, and this type of gases is expressed with 
>ts temperature as , T [ S 0 J , CO^^i IH2S • HCI-

Chemical compositions of volcanic gases and types of alteration. 
, he study of the alteration of five sets of rocks suggests that the proc-
^^ of alteration is influenced by the chemical composition of the 
^ e s which attack the rocks as a reactant. It may be asserted that 

6 chemical composition of the volcanic gases has been maintained 
^ approximately constant state while the alteration of rocks was 
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completing by gases. The model experiments on alteration of roc^ 
and minerals showed that it is not necessary so long time for tM 
alteration of rocks, although the most altered surface of the specinig| 

f 

TABLE 6: Chemical Composition of Altered Basalt Hold for about 8 months in Actj^ 
Fumarole in Iwojima Volcano. " 

SiO, 

TiO, 

A1,0, 

Fe,0, 

FeO 

MnO 

MgO 

CaO 

Na,0 

K,0 

P,05 

H,0(-f) 

H , 0 ( - ) 

Outmost Zone 

IK-1 

62.46 

024 

1527 

1.40 

0.92 

none 

1.47 

2.01 

0.69 

0.47 

n.d. 

748 

7.70 

Total 

Tokara Iwojima No. 4 

Intermediate 
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IK-2 

5547 

0.46 

19.17 

4.02 

3.91 

tr 

3.70 

2.46 

0.91 

050 

n.d. 

536 

3.97 

Inner Zone 

IK-3 

52.79 

0.72 

19.48 

3.99 

3.86 

0.12 

6.94 

527 

2.44 

051 

n.d. 

2.14 

1.86 

99.89 100.12 99.93 
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99.4 02 1.4 683 
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(Fresh)Rock;' 

IK-4 

53.11 
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0.17 

0.97 
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7.0 

100.11 

CO, 

17.7 

in the model experiments did not reach the latest stage as that observ­
ed at the many geothermal regions. 

The close relationship between the chemical composition of vol 
canic gases and the patterns of alteration is clearly recognized. The 
silica-minimum and alumina-maximum type of alteration of rocks is 
correlated to the strongly acidic type of gas. On the other hand, the 
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continuous silica-increase and alumina-decrease type of alteration is 
correlated to the weakly acidic type. Although this relationship has 
not been completely explained, it might be based on the different 
behavior of the proton between the weakly acidic type of gas and the 
strongly acidic type. 

In order to ascertain that either the relationship described above 
are adapted to the other studies or not, many studies reported by 
other investigators were compared with the present study. 

Unfortunately, as the most of these studies have not been made 
from the standpoint of the relation between the patterns of altera­
tion eind reactants, the available data are relatively few. 

Alteration of dacite at Lassen Peak (4) which was caused by the 
n[CO,] type of gas, belongs to the continuous siUca-increase and alu­
mina-decrease type of alteration. On the other hand, alteration of ash 
intimately composed of mingled andesitic and rhyolitic ejecta at Ten 
Thousand Smokes (2) which had been brought by the action of [HCI, 
COJ, RIHP . Has type of gas belongs to the silica-minimum and alumina-
maximum type. 

These examples show good agreement with the result of the pres­
ent study.. 

Conclusion 

The study of the processes of alteration of volcanic rocks by 
nieans of variations in chemical compositions of each part of onion-
structured rocks showed that the patterns of alteration is fairly influ­
enced by the properties of the fumaroUc gases. It has been found 
that there are two types of alteration. One is the silica-minimum and 
^umina-maximum type, and the other is the continuous silica-increase 
*nd alumina-decrease type. The fumarolic gases having temperatures 
approximately from 100 to 200° C were classified into two groups from 
the viewpoint of chemical compositions. One is weakly acidic type of 
gases which is characterized by the absence of hydrogen chloride and 
presence of a very small amount of sulfur dioxide, and the other is 
^ e strongly acidic type which is characterized by the presence of hy-
*^ogen chloride and sulfur dioxide. The silica-minimum and alumina 
•Maximum type of alteration might be caused by the strongly acidic 
vpe of gases, and the continuous silica-increase and alumina-decrease 
^ 6 of alteration might be caused by the weakly acidic type of gases. 

The model experiments and the studies of the other investiga-
rs have supported the results obtained in the present study. 

m 
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D i s c u s s i o n 

R-. O, FOURNIER: Was a study made of the mineralogy of the alteration? If 
so, are there any differences in the mineralogy between the two alteration types? 

I. IWASAKI • I am now undertaking the mineralogical study of the alteraition 
prodiicts. The paper presented to this meeting is concerned only with the chem­
ical aspects of the alteration. 
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ental countermeasures can be b. VORA, MITSUO, YASUHIKO EJIMA, and SUSU-
MU NAKAGAWA, Japan Geothermal Energy De­

led stages of exploration, poteniiaiC velopment Onter , Tokyo, Japan 
raluated further. After a discove,, TiLent SUtus of Geothennal Development and Utiliza-
-specific studies are appropnate. I, f. ^ „ [„ jg-ao 
ise, environmental data should \ \ ' ~ 
ated with the detailed geologic lui '•„- There are about 200,000 hot springs in Japan and 
ed in planning the development ol i> * « distribution is closely related to Quaternary volca-

^Kies. In 1976 the output of hot springs reached 1,490 cu 
xtraction phase, key environmenW B per minute. The heat produced by the springs has 
onitored. Unforeseen problems ca / been utilized since ancient times as hot baths, and more 
ibated before significant impact oc \ recently has been put to various uses, such as green-
urce has been fully depleted, abai> 
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It Island, where the pioneering ani 
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ANIT, Dept. Mineral Resourca '- Uiennal power plant started operation at Matsukawa in 
id 11966; as of 1977, there were five operating stations in 

Iipan. Two stations are under construction. The Matsu' 
its of Thailand and Related Mininf ^ bwa geothermal field produces superheated steam. At 

other fields, the steam separated from the water is intro-
'duccd into turbines; at Hatchobaru the double-flash 

deposits of Thailand are considere! ' g"*"" is employed. Although the total capacity of the 
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he present coastline. The cassiteriii !̂  by geothermal energy in 1985. 
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w'p Resources, and Environment Management— 
,°*se for Regional Cooperation for Asian Region 

^ * * world is facing a whole range of complex is-
E^^^'ood for an increasing population; unemploy-
I W ^ *"<' obstacles to industrial development; energy 
• t - ''sources imbalance; resource policies and their 
i '^*'^on the human environment; education, research, 

***• and technology in their social context; prob-
»•»."' '''^^"'^^onal trade and the balance of pay-

Ihe role of multinational corporations in the de-
'S countries. To many people these issues are 
*iy though interrelated "crises." In reality they 
t symptoms of deep-rooted forces of a more fun-
'tal nature. These issues are connected with the 

" ' and the interaction among natural resources, 
^tion, economic growth, technologic development, 
" natural environment. The interactions of these 

U d issues force interdependence among na-

Ihe 

tions. This is particularly true for people of the Asiatic 
countries. If the many inillions of Asians are to survive, 
strong and sound management of energy, resources, 
and environment has to be applied to the Asian region. 
Plus, a strong input of capital and technology is neces­
sary from the technologically advanced countries. Simi­
larities and complementary conditions of the problems 
faced will have to be made a base for a closer coopera­
tion within the Asian region. 

The exploration for, and exploitation of, hydrocar­
bons and tin in the offshore regions of southeast Asia, 
the application of remote-sensing techniques for the in­
ventory of resources, pollution control, and electric 
grid; the development of nuclear energy; and the devel­
opment of agricultural- and resource-based industries 
are all items which can be developed in a more benefi­
cial way if tackled together by the Asian countries. It is 
therefore imperative to speed up the regional coopera­
tion program, especially in the development of energy 
and other natural resources, and the management of the 
environment, if Asians want to be strong and relatively 
"independent." 

AAPG INSURANCE RECORDS 

How are the AAPG Insurance Program records 
maintained? How readily is the information available to 
you as a participant? The answers to these and other 
related questions can help when you need information 
about your AAPG insurance. 

Instant Recall 

Detailed information on insurance coverages held by 
every participating member is stored electronically in 
the AAPG administrator's in-house computer. A termi­
nal linked to the computer is available in the Policy­
holders Communication Department providing virtual­
ly instant recall of stored data. Thus, member inquiries 
can be answered quickly and accurately. 

For example, suppose you use the AAPG Insurance 
toll free number, (800) 424-9883, to get information 
about your coverage in a particular plan. You may want 
to know about your benefits, the premium amounts and 
when they are payable, or which plan option you select­
ed. Your call is transferred to a specialist in Policyhold­
ers Communications. As soon as the terminal line is 
free, your inquiry is relayed to the computer and your 
complete record is displayed on the terminal screen S 
seconds later. Then the communications specialist usu­
ally can answer your questions about coverage without 
delay. 

You Can Help 

Whether you are calling or writing the AAPG Ad­
ministrator, several suggestions will assure prompt han­
dling of your inquiries. 

1. If your inquiry is by telephone, it is best to avoid 
Mondays and the noon hour (Eastem Standard Time) 
when the computer may not be free. 

2. Be prepared to furnish (on the phone or in your 
letter) the following information: (a) your FULL 
NAME, as it appears on your Insurance Certificate; (b) 
your complete INSURANCE NUMBER, as it appears 
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The geothermal gradients were investigated at the northem and coastal areas in Akita 
Prefecture, Northeast Honshij, Japan. Jn the northeastem area of tlie Prefecture, 
the temperature measurementa were carried out in eight boreholes drilled for prospecting of 
ore deposits. Their hole depths were 500 m to 600 m. 

For the coastal area, we collected the bottom hole temperatures in wells which drilled 
and surveyed with well logging for prospecting the oil and gas. 

The northern and inland area of this field show higher geothennal gradient (above 
4.07100 m) than that in the coastal area (2.0-4.0°C/100 m). A reasonable relation was 
found in the inland area; that is, high geothermal gradient anomaly corresponds to an upheaval 
tectonio movement. In the coastal area, where the oil and gas fields are distributed, the 
lower geothermal gradient anomalies have a close relation with the younger sedimentary 
deposits. A remarkable low geothermal gradient anomaly was found at Akita off shore and 
it extended towards Hachiro-gata. Some local anomalies in the coastal area must be 
considered, and one of them shows a high anomaly and the locality of that may coiTespond 
well to the zone of the geological disturbance. 

INTRODUCTION 

The west side of northeast Japan is well known as so-called "Green Tuff Region" 
where the Neogene sediments are wdely developed. I t has been poitited out that the west 
side of northeast Honshti, as well as of Akita Prefecture (Fig. 1), .show greater heat flow 
comparing with the east side. Akita Prefecture is one of the most famous district where is 
rich in imderground resources such as metallic ores, oil and gas. Under these circumstances, 
many geological and geophysical surveys were made in the district, and we are able to collect 
detail information concerning with surface and undergoimd geological structure on there. 

We attempt to investigate, therefore, the known geological or geophysical phenomena 
from the geothermal points of views. 

One of the purpose of this study is to find a relation between the geological phenomena, 
such as tectonic movement, mineralization aiid etc., and the geothermal ones. However, we 
have not yet sufficient geotheimal data for discuss on the object in detail. In this paper, 
therefore, we de.scribed some evidences obtained up to date. 

INLAND REGION OF THE NORTHEASTERN PART 
OF AKITA PREFECTURE 

On the geology of the region, concerned now, excellent works have been made by 
many geologists since maiiy years ago. For example, UEDA (1965) described and 

* Kesearch Institute of Underground Resourcea; 
Akita University. 

Institute of Mining Geology, Mining College, 
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B. 

Fig. 1. Index map. 

discussed in detail. According to those studies, the characteristic geological features are 
as foUows: . • . . 

In tliis region, Cenozoic thick pyj-oclastic sediments accompanied with mariite clastic 
sediments are "widely distributed, and some terrestrial deposits composed of pyrodastic 
rocks and lake deposits are partially developed. Along the Ou mountain range. Recent | 
volcanoes such as Towada caldera, Hachiman-tai and etc., are distributed. Thus, this 
area is characterized by the intense volcanic activities of submarine and terrestrial, from the 
early JMioceue to Recent. In the region, such a large scale folding as appeared at oU fields 
in the coastal region is not ob.verved, but a fatUt with N-S or E-W trend, which has close 
relation to the block movements of the basemeitt rocks of the pre-Tertiary strata, is found 

markedly. i rr' \i • 
In the areas, a number of ore deposits are also distributed, especially, the Kita-Akita~ 

Kaztino district is one of the most famous mining district in Japan. Accordingly, many 
boreholes were drilled for the pro.specting of metallic ore deposits. We used these boreholes 
to measure the geothermal gradient since 1969, arid eight boreholes as shown in Fig. 2 
were measured up to date. The temperature was measured by means of the thermistor 
thermometer. 

Results of these measurements are iUustrated in Fig. 3. In the figure, the result of 
69-2 hole was excepted because it was unable to observe at the greater depths than 180 m 
by coUapsed accident of the hole. In Fig. 3, the depths of each borehole are substituted 
by their corresponding altitudes from the sea level. AU temperatures, except in the 69-1, 
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Fig. 2. The location of the drilling sites and isothermal gradient (°C/100 m) contour map of the 
inland region of the northeastem Akita Prefecture. 
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were measured in the drill pipe having an inside diameter of 35 to 60 mm, because the 
borehole without casing pipe was easily clogged by wall breakdow-u due to the fragile 
characteristic fprmation in the area. In case of the 69-1, the measurement was able to 
carry otit in open hole without casing pipe, owing to its stable borehole. 

The geothermal gi-adient in each borehole was estimated by the least square method 
from the data occupied relatively a straight part in the temperature curve. The results 
obtained are shown in Table 1 with other useful data from GSM-1,2,3 and 4, their locations 
are also shown iu Fig. 2, which siuveyed by the Geological Siu-vey of Japan in 1963 and 
1964 (Geological Survey of Japan, 1964 and 1965). 

According to the resiUts, some considerable local variations of the geothermal gradient 
must be considered. To confirm that, the results were plotted and an isothermal gradient 
contour map was submitted, as shown in Fig. 2. Although the numbers of data are in­
sufficient to describe exactly, it may be said at least from the present data that the gradient 
contours at the northern half part of the region have parallel and NE-SW trend and the 
geothermal gradient increases with the distance from the low gradient area distributing 
along the line from Ogida to Kosaka and Lake Towada-ko. But at the southern half, each 
contour turns off to the NW-SE direction, and low gradient areas, limited by 4.0°C/100 m 
contotir, are situated at the southeast of Ogida. 

COASTAL REGION OF AKITA PREFECTURE 

Many oil fields are distributed along the coast of the Japan Sea in Alcita Prefecture. 
In this coastal region, thick marine clastic sediments, Cenozoic in age, are developed in 



22 T. Ohifuchi, K. Noritomi and T. tnoue 

Fig. 3. Results of the temperature loggings in the inland region of the northeastem Akita Prefecture. 

Table 1. Temperature gradient (°C per 100 m) in the inland regiona 
of the northeastern part of Akita Prefecture. 

Well 

69-1 
69-3 
69-4 
69-.5 
69-6 
69-7 
69-8 

•GSM-1 
•GSM-2 
•GSM-3 
*GSM4 

Gradient 

5.45 
4.62 
3.91 
7.01 
4.63 
6.05 
5.98 
4.6 
6.4 . 
4.5 
4.3 

Surfiice Temp, (calc.) 

13.1 
8.8 

13.3 
5.7 

10.2 
20.4 
19.4 

* ; after Geological Siu-rey of Japan (1964, 196.5). 

3 
11 
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<u.t Prefoctiire. 

q i \0 l^ton 

Fig. 4. Location of -wells used in the present study in the coastal region of Akita Prefecture. 
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sedimentary basins, caUed Ncshiro, Akita and Wada basin. Geology and geological 
develop.ments of these sedimentary basins were fuUy discussed by IKEBB (1962). 

In the oil fields and surroundings, many boreholes were driUed and most of them were 
surveyed by means of electro-logging. The bottom hole temperatures at a few depths of 
a well were also measured in order to correct the electro-logging data. These botiom hole 
temperatures were selected from two hundreds weUs and used for this study. The sites of 
these weUs are shown in Fig. 4, but, there were so many weUs at oU fields such as Sarukawa, 
Fukubezawa, et al., that only representative ones were plotted in the figure. Fig. 5a, b, 
c, d show the bottom hole temperatures in several areas. In some weUs, two or more 
temperatures had been measured at different depths of a weU, and the values corresponding 
to the same well, in Fig. 5, were connected each other by a straight line. 

Fig. 6 and 7 are subsurface isothermal contoiir map, based upon the bottom hole 
temperatures of wells arranged on the A-A' and B-B' lines (see Fig. 4) crossing at Hama-
Asauai, north of the Hachiro-gata Lagoon. In the section A-A' (Fig. 6), the contours 
exhibit a southwards slope in the range from Hachimori (northern end of this section) to 
Hama-Asanai, and they show rugged shapes at neighbourhood of Akita City. There are 
some ambiguities in this section at underground of Hachiro-gata, because no fine data were 
obtained there. Infering from the data of the surroundings of Hachiro-gata, however, the 
isothermal contours under there may be situated at slightly greater depths than Akita area. 
In Fig. 7, B-B' section, isothermal contours are deep in Momokawa and Hama-Asanai, 
and shallow in Oga-naka (western end of the section), Katanishi oil field and Tokiwa (the 
northeastem end of the section). 
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Fig. 7. Subsurface isothermal line in B-B' section. 

As previous mentioned, the distribution of well was dense at oil field and the thermal 
gnidient calculated from respective weU or near wells at a field were not always the same 
with each other. To estimate a general geothermal gradient, therefore, an average value 
was determined by the least square method from a group of temperatures at various depths. 
In this case, the group of temperatures was set up from the weUs VN'hich were distributed in 
the Umited circle domain. The limited circle domain was selected relatively to the density of 
WeUs' distribution. In the area, concentrated with weU, the radius of the circle domain was 
1km., while in area, sparsely dotted with weU, it was 5 km to 10 km, and the average 
geothermal gradient, obtained in each domain, was defined as the geothermal gradient at 
the central point of the concerned domain. As an example of this procedure, the case in 
Sarukawa oil field is shown in Fig. 8, where the domains have the radius of 1 km. These 
gradients deduced from the above method are listed and illustrated in Fig. 9, together with 
several gradients of the inland region. As seen evidently from the Fig. 9, the geothermal 
gradients are in the range of 2.0 to 2.5°C/100 m for most oil fields, excepted Katanishi 
and Fukubezawa oil field where the gradients are 4.1 and 3.2°C/100 m, respectively. 

According to the data listed above and aU others, an isothermal gradient contour map are 
described in Fig. 10. I t is obvious from the figure that a low gradient anomaly lies at 
Akita off shore and it extends towards Hachiro-gata. In general, the tbermal gradeint 
increases with the eastwards distance from the coast, but isothermal gradieiit lines are not 
always paraUel- to the coastal line as seen in Noshiro area. The northern part of Noshiro 
shows a higher gradient as if there were some high geothermal anomaly in the north dis­
tance. A local high anomaly is seen at Oga Peninsula and the center of anomaly may be lied 
near Kitaura. The isothermal gradient contours exhibit some irregularities due to local 
anomalies. The remarkable local anomaly at the neck of Oga Peninsula corresponds weU 
to oil fields such as Katanishi and Fukubezawa. 
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CONSIDERATIONS 

Based upon the above mentioned geothermal gradient and published geological data, 
we attempt to discuss on a few close relations among them. 

The geology of the inland region, as mentioned previously, was studied by UED.4 (1965) 
and HASHIO0CHI, et, al. (1966), and their geological maps are shown in Fig. 11 and 12, 
where the area is limited to the part concerned with present study. 

Fig. 10. 
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Fig. 10. Isothermal gradient (°C/100 m.) contour map in the coastal region of Alcita Prefecture. 
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Geological map ofthe inland region ofthe northeastern Akita Prefecture (after UKOA, 1965). 
1; holocrystalline rocks, 2; dolerite, 3-10 shows Cenzoic sediments in descending order; 
3; volcanic detritus of Towada caldera, 4; Kashinai, .5; Tobe, 6; Otaki, 7; Okuzu, 8; Suna-
kobuchi, 9'; Scnosawa, which is marine equivalent, 10; Oya formation, a terrestrial equi­
valent of the Senosawa formation, and 11; Palaeozoic strata. 
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Geological map of the southern part of Odate basin (afterHASHIGUCHI,etal., 1966, simplified). 
1; Ittori, 2; Otaki, 3; Okuzu and 4; Oya formation in descending order. 

Characteristic features appeared in the isothermal gradient contour map of the inland 
region (Fig. 2) are as foUows; in the northern half of the regiori, each contour have NE-SW 
trend, and the lowest gradient zone with the same trend is found as if it were a vaUey: on 
the other hand, in the southem half, each contour line bends to NW-SE direction. 

In the northern half of the region, we do not found any relationships between the 
geological events and the features in geothennal gracUent. But, in the southem half, 
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there is a con:e.spoudence between two phenomena. Iii the area, the trend of the gradient 
contour line corresponds with the trend of the major faidt, caUed "Sai-gawa fault" by 
UBDA (1965, see Fig. 11). In the paper, UEDA described about this fault as weU as about 
others with the same feature that, "These faults with N-S trend are the same as the 
intermittent faulting of BILLINGS, which are resulted from the geostructural movements 
ill a long period of t i m e . . . . " and then "these faidts may be related to the change of 
lithofacies of sediments, producing an upheaval area in some stage and the differentiations 
of sedimentary basins." 

As the evidential phenomena for his consideration on the fault, he pointed out that in 
the southwestem side of the fault, which has NNW-SSE trend, the Oya formation 
accompanied \vith terrestrial sediments (early Miocene) is -widely developed, ott the 
contrary, in the northeastern side, the Senosawa formation which deposited in marine 
condition in the same age are distributed. As a farther fact to justify his argument, he 
pointed out that the Tobe formation, late Miocene in age, Ls developed mainly in north­
eastem side, but, it becomes tlj-in abruptly in another side. 

The northwestern extension of the Sai-gawa fault is found in the southwestern part of 
Odate basin, and it has a trend of NNW-SSE to N\V-SE (HASHIGUCHI, et al., 1966, see Fig. 
12). The fault had played important roles in differentiation of sedimentary basins and 
tectonic developments during Miocene Epoch as same as the Sai-gawa fault. 

Furthermore, active geothermal areas of the northern foot of Hachiman-tai volcanoes 
are located at the southern extension of the Sai-gawa fault. 

From a considerable coincidence of geological and geothermal plienomena, some rela­
tions may have been existed between the geothermal gradient and the geostructural move­
ments, occurring aU tlirough the geological time. The same relations are recognized in the 
coastal region, as described later. 

As same as the Sai-gawa fault, the Haiiawa fault (LVOUE, et al., 1965) in the Hanawa 
basin (Fig. 11) had contributed to form the. frameworks of geological structure and to 
differentiate of sedimentary basin during Miocene epoch. However, no anomaUes can be 
recognized along the Hanawa fault, it may be due to iivsnfficient numbers of measurement 
point. 

The characteristic features in the isothermal gradient contour map of the coastal region 
•were described in previous section. 

Comparing the geothermal data wth the geological ones, it was found on the whole that 
the pattern of the geothermal contour map resembles to the Isopach map of the Shibikawa 
formation (Pliocene) (Fig. 13) and to the contour map of the depth of erosion surface of the 
Tertiary rocks after KANO (1968). Speaking broadly, the thermal gradient tends to low 
in the areas where the yotmger sediments (the Shibikawa and Katanishi formation) are 
developed thickly, while it becomes high in the marginal areas of the sedimentary basin, 
consisted of the yoimger sediments. This suggests that some relations exist between the 
characteristics, and the thickness of the younger sediments and the geothermal gradient. 
We considered the relation among them as the results of that the younger sediments con­
tain relatively a large amount coimate water than older ones, and the mobility of water in 
younger sediments is also greater than that in older, .so these two originate a low thermal 
gradient in yoimger sediments. 

The lump-Uke shaped high anomaly at the west side of Hachiro-gata corresponds to 
the sinking area in the late Miocene to Pliocene, after IKEBE (1962). And, in the late 
Pliocene (the Shibikawa formation) to Pleistocene (the Katanishi formation), the east side 
of the area subsided, and the west was uplifted. From the above evidence, it was 
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Fig. 13. Geological map at the erosion surface of the Keogene sediments and the isopach map of the 
Shibikawa formation (after KANO, 1968, partially modified). 
1; Shibikawa, 2; Wakimoto, 3; Kitaura, 4; Funakawa, 5; Onnagawa, 6; Kishikurosawa 

. formation in descending order. 7; isopach contour line ofthe Shibikawa formation (thickness 
in meter). 

deduced that the tectonic Une which has the same characteristics as the Sai-gawa fault in 
the inland region had been existing in this zone, and the geothermal anomaly may be 
caused by a origin related with the geological movement. 

As is generaUy known, the Neogene sediments in the "Green Tuff Eegion" are 
altered to gi-een rocks, having the mineral assemblages of the prehnite-pumpellyite and 
zeolite facies, by the hydrothermal alterations and burial metamorphism. 

Degree of the geothermal gradient may be an important factor to control these 
alteration process. We have been interested in these processes, however, we have not 
sufficient data to discuss thoroughly the problems at present. 

HUZIOKA et al., (1969) studied on the zeolite alteration of vitric tuffs in the Neogene 
oil bearing formation in Akita oil field, and distinguished them into two types of zeolitiza-
tion such as upheaval and depression type, by a coimecting with the geological develop­
ments in the region. Between the depth of the appearance of analcime, based upon their 
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study, and the geothermal gradient, estimated in our study for several boreholes, foUowing 
relations are found; 

Boreholes 

Minami-Koya R- l 
Nishi-Yabase R- l 
Shinjo-gawa AK-1 
Higashi-Wakimoto SK-1 
Higashi-Noshiro R- l 

Depth of the appearance 
of analcime (m) 

14.50 
1760 
1800 
2100 
1810 

Thermal gradient 
(°C/100m) 

2.9 
2..5 
2.5 
2.7 
2.8 

Limiting to the narrow area where includes only Minami-Koya R- l , Nishi-Yabase R- l and 
Shinjo-gawa AK-1, some significant relations may be seen among them, but over the whole 
area, no reasonable one can be found. There are so many factors which.have the influence 
to rock alteration, such as tectonic movement, physical and chemical properties of rock 
and connate water, and etc., that it is unable to be considered from present data that the 
geothermal gradient as a most predominant factor for the rock alteration iu this field. 

On the other hand, the distribution of the geothermal gradient, on the whole, fully 
corresponds to the Bouger anomaly distribution (IKEBE, 1962) in the coastal region of 
Akita Prefecture. From this, it may be confirmed that the geothermal gradient is closely 
relating with geological structure and characteristics of sediments, as mentioned before. 

SUMMARY 

In this preliminary report, authors described on the geothermal gradient, measured 
in the boreholes for a prospecting of the ore, oil and gas in the inland and the coastal 
region of Akita Prefecture, and pointed out that the geothermal gradient is reflecting the 
large scale geological structures which were acting intermittently during long geological 
time and affected the differentiation of sedimentary basins and changes of lithofacies. 
From the present data, we can not discuss on the mechanism of the heat generation and 
loss along the main local tectonic line. Also, the effect of geothermal gradient to the 
alteration in the Neogene sediments can not be explained from the present data. 

In the future, we intend to increase the observation point for many boreholes iu 
systematically, and to measure thermal conductivity of various rocks. Then, we shaU 
be able to know on the local geothermal structure in detail, and to thoroughly discuss the 
relations with geological events. 

In concluding, authors wish to express their thanks to Mitsubishi Metal Mining Co. 
Ltd., Dowa Mining Co. Ltd., Nippon Mining Co. Ltd. and Mining Division of Akita Prefec­
ture office for giving the chance to measure the teinperature in boreholes. We also wish to 
thank Japan Petroleum Exploration Co. Ltd. and Teikoku Oil Co. Ltd. for their grant 
admission to use the bottom hole temperatures of many wells. The authors are deeply 
indebted to Dr. Y. OKI, Mr. M. MORTYA and other members of the Hot Spring Research 
Institute of Kanagawa Prefecture for their considerable assistance in the setting up the 
thermistor thermometer, used in this study. The present study has been partly supported 
by a Grant-in-Aid for Scientific Research from the iMinistry of Education. 
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Fumarolic hot lakes on Hokkaido: geochemical 
mineralogical and biochemical investigations of their 

significance for the formation of massive 
sulfide-deposits 

By 

A. Wausdikuhn (Heidelberg), W. Schwartz (Braunschweig-Stockheim) 
G. C. Amstutz (Heidelberg) and K. Yagi (Sapporo) 

With 14 figures and 6 tables In the text 

WAUSCHKUHN, A., SCHWARTZ, W., AMSTUTZ, G. C . & K. YAGI: Fumarolic hot lakes 
on Hokkaido: geochemical, mineralogical and biochemical investigations of their 
significance for the formation of massive sulfide-deposits. - N. Jb. Miner. Abh. 
129, 171-200, Stuttgart 1977. 

Abstract: In fumarolic hot lakes of the Nasu volcanic zone of Hokkaido, N-Japan, 
present-day formation of massive and disseminated sulfur and sulfide deposition 
takes place. Four of these lakes were investigated geochemically, mineralogically 
and bacteriologically. A classification of sulfur/sulfide formation according to 
physico-chemical and ecological parameters is given. In all four lakes micro­
organisms start or even accelerate and carry through, geochemical processes which, 
in organic systems, with identical Eh-pH and P-T ci>nditions, would not take 
place or only at a very slow rate leading at the most to trace amounts of sulfur 
or sulfides in lake sediments. 

The geochemical and microbiological processes taking place in the lakes are 
described in order to elucidate the possible beginning of exhalative-sedimentary ore 
forming processes. Indentical or similar processes are most likely responsible for 
the formation of most massive sulfide deposits of volcanic parentage. 

K e y w o r d s : Fumarole, lake, temperature (50-130 °C), sulphur, pyrite, mar­
casite, Eh, pH, geochemical process, biochemical process, genesis of deposit (mas­
sive sulfide deposit), chemical analysis; Hokkaido (Nasu Zone). 

Auszug: In der vulkanlsdien Nasu-Zonc auf Hokkaido sind rezente Schwcfel- und 
Sulfidbildungen in heilSen, von Fumarolcn und OberflHchcnwHssern gcspcisten 
Seen zu beobachtcn. Vier dieser Seen und ihre Umgebung wurden gcochemisdi, 
mincralogisch und bakteriologisdi untersucht. Entsprechend den im Wasser der 
Seen herrsdicnden physiko-chemisdien und okologischen Bedingungen sind ver-
schiedene Formen von Sdiwcfel- und Sulfld-Ablagerungen in den Seen zu unter-
sdicidcn. 

Fiir die untcrsuchtcn Seen zeigt sich, daB Mikroorg.mismcn geochemische Pro-
zessc sowohl cinlcitcn als auch besdilcunigen und biochemisdi durchfiihren, die 
unter den gegcbcnen gcochcmisdien Bedingungen von Druck und Temperatur nidit 
oder nur mit cinem hohcn Zeitfaktor moglich sind. 

UNIVERSITY OF UTWI 
RESEARCH IHSTITUTE 
EARTH SCIHIGEUB. 
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Die in den Seen ablaufcndcn gcochcmisdien und niikrobicllcn Prozcssc werden 
aufgczelgt, um so Aufkl.'irung Uber die Anfangc der Bildung cxiinlativ-scdimentarcr 
Lagcrstiittcn zu crhalten. Lctztcrc bildcn wohl cincn groScn Teil der heutc all-
gcmein als „massivc sulfide deposits" bczcichnetcn, wcitvcrbrcitctcn Lagcrstatten. 

The Problem 

The massive sulphide deposits represent one of the most important type 
of deposits both, from an economic and a geologic point of view. Probably 
more than half of these wide spread deposits arc linked to volcanic rocks. 
Except in a few cases or a few portions this link may be termed congruent, 
stratigraphically as well as palcogcographically. Geochemical congruencies 
were also observed in many localities, indicating thus a genetic link between 
wall rock and ore minerals. 

The confirmation of the genetic role of congruence and the explanation 
of the details of the mode of formation of massive sulfide deposits results 
on the 'whole only from studies of recent processes of formation still going 
on. (An actualistic principle is certainly applicable in this case.) 

(Compared with recent volcanic deposits of oxides and hydroxides, those 
of sulfides are apparently more rarely found. In recent years, the 'work of 
BERNAUER (1933, 35, 39) has been continued (so to say) by the studies of 
H0NN0REZ(1969) , HONNOREZ, HONNGREZ-GUERSTEIN, V A L E T T E & W A U S C H -

KUHN (1973), and WAUSCHKUHN & GROPPER (1975). BROWNE (1971) in­

vestigated the ore niinerai content of the volcanic zone of Taupo, New 
Zealand. OZEROVA et al. (1971) described the formation of sulfides in 
volcanic hot lakes on Kamchatka and the Curiles. Similar volcanic lakes 
are known on Hokkaido, Japan (WAUSCHKUHN, 1973, 1974). The present 
paper attempts to demonstrate the formation of massive exhalative 
volcanic sedimentary sulfide deposits on the basis of observation made 
on four lakes on Hokkaido. These observations include geochemical, 
mineralogical, and biochemical investigations on the waters and the sedi­
ments. The authors realize that their studies deal only with the first phase 
of formation of ore deposits, i.e., the transport and deposition of material. 
The second phase is diagenesis and this had to be left essentially to a later 
investigation. 

1. The geologic framework 

The Japanese islands belong to the circumpacific volcanic arcs and arc 
traversed,by various volcanic belts active since Miocene time. On Hok­
kaido, the northernmost island of Japan, two such volcanic arcs are still 
active at present: 
a) the Kurile-zonc, originating in the Kurlle-islands; and 
b) the Nasu-zonc, extending from Honshu to Sachalin, crossing over South-

Hokkaido. 
The rocks of the Kurile-zonc consist essentially of pyroxcne-andesites, 

whereas those of the Nasu-zone contain in addition also pyroxcne-dacites 
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(MURAKOSHI & HASHIMOTO, 1956, p. 108). The volcanic rocks of the Nasu-

zonc were formed as submarine units in Miocene time and propylitized by 
the ocean water. The ensuing green color gave large areas of North-Honshu 
and Hokkaido the name "Green Tuff Region" (ISHIHARA, 1974). 

Parts of the Nasu-zonc emerged from the ocean since Pliocene time and 
the present shape of the Japanese islands formed essentially at the transition 
from Tertiary to Quaternary times. In connection with the volcanism 
various submarine and subaerial deposits of Fc-sulfide, sulfur and limonite 
formed. The formation of similar deposits can be observed also today at 
or near active volcanoes, for example the formaiion of recent sulfide 
deposits in connection with fumarolic activities in lakes. In most of these 
lakes sulfides occur associated with native sulfur. At the same time masses 
of native sulfur occur on the slopes or crests of the volcanoes as sublimates 
of fumarolic gases. At the bottom of volcanoes recent limonite deposits are 
found in source water basins. 

In Northern Japan the Kuroko-deposits occur within the Green Tuff 
Region. It appears logical to assume that these deposits formed from 
volcanic and postvolcanic activities, as presently observed in the Nasu-zone. 
Consequently, the investigation of four volcanic lakes heated by fumarolic 
activity may provide some clues as to the mode of formation of this young 
massive exhalative-sedimentary type of ore deposits. 

2. The lakes in the volcanic area of Niseko 

2.1 T h e v o l c a n o l o g i c s i t u a t i o n 

Two of the lakes under discussion are the lower and the upper Yumoto 
lakes. They are located in the Niseko volcanic area whidi lies at the 
southwestern end of the Shakotan-Peninsula of West Hokkaido and belongs 
to the Green Tuff Region (Fig. 1). After the submarine deposition of the 
green tuffs during early Miocene the volcanic activity set in again during 
Pleistocene time, (after a period of relative calmness during Pliocene time), 
with repeated eruptions of andesitic lava and intercalations of tuffaceous 
breccia in the subaerial parts. According to HIROKAWA 8C MURAYAMA 

(1955) the five youngest volcanoes (Mckunnai, Shagnagi-yama, Chisenupuri, 
Iwaonupuri and Nisekoannupurl) are sitting on an East-West fault zone. 

On the flanks of these volcanoes postvolcanic processes are observed. 
South of the lava dome of Chisenupuri are located the t'wo lakes with fuma­
roles with a distance of only 600 m between the lakes."The gases of the 
fumaroles are noticed already at considerable distance because of the HsS-
content. The fumaroles rise on a fault between the older tuff breccia- of 
Shakunagi-yama and the younger Yumoto-lava. They enter to a good part 
into the lakes and diange the chemical composition of the water and of the 
sediments. The fumarole gases increase the alteration and weathering of the 
neighbouring wall rock. Its fast decomposition is also due to the high 
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Fig. 1. The distribudon of volcanic rocks in the Nasu-zone of South-Hokkaido 
(modified after SAITO et al., 1967). 

temperatures of the fumaroles, in addition to the surface weathering agents 
whidi include biological factors. The temperatures measured in the fuma­
roles at the lake shore rise up to 70 °C. The H.S of the fumarole gases is 
oxidized to sulfuric acid with the aid of microorganisms. This acid in turn 
attadcs the country rock and produces deep weathering. Most of the weather­
ing products are transported into the lakes. Reddishbrown precipitates of 
iron hydroxide whidi are seen in many streamlets or water gullies, indicate 
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Table 1. Temperature, pH- and Eh-values of the water from the different lakes. 

upper Yumoto lake 

lower Yumoto lake 

Ojunuma lake ' 

Okunoju lake 

depth (m) 

0 

0 
4 
8 

0-14 
15 
16 
18 
20 
25 

0 
2 
3 
4 
5 

T ° C 

42 

64 
67 
71 

49.5 
53.5 
90.0 

120.5 
122.0 
131.5 

80.0 
81.5-
82.0 

104 
111 

pH(1971)pH(I973) 

4.9 

4.4 
5.1 
4.3 

2.2-2.6 
2.3 
2.3 
2.5 
2.4 

5.6 

4.7 
4.8 
4.6 

4.6 

3.9 

2.6-3.1 
3.0 
3.0 
3.0 
3.0 

4.8 
5.4 

^ 

Eh (mV) 

-1-

+ 

-f 50--1-105 
-40 
-95 

-100 
-150 

-200 
-250 

a transport of iron into the lakes. The water and the sediments of the lakes 
are thus not only dianged by the fumaroles in the lakes, but also by the 
weathering solution containing sulfuric acid. The area surrounding both 
lakes is heavily vegetated so that the streamlets not only bring in weathering 
products of the rode but also large quantities of organic compounds and 
micro-organisms. 

2.2 T h e l a k e s a n d t h e i r s e d i m e n t s 

For technical reasons the two lakes could not be sampled with a boat; 
consequently the water and sediment samples originate only from the shores 
and near shore areas. 

The upper Yumoto lake is located 600 m above the lower Yumoto lake 
and is smaller than the latter. Its shape is elliptical and its dimensions are 
45 by 20 m, with an estimated depth of about 4 m. At the northern tip a 
streamlet enters and water vapor from the fumaroles condensates and also 
feeds the lake. Its water is milky-white. At four places the lake bubbles or 
effervesces, which Indicates four strong fumaroles at the lake bottom. At the 
surface, a water temperature of 48 °C was measured and a pH-value of 
4.9 (Table 1). As indicated in Table 2, the water contains the abnormally 
high amount of 140 ppm of SOj. 

The overflow of this lake enters the lower Yumoto-lake. The pH-value 
of the overflow lies here as in other lakes between 4 and 5 or even below 
and rises with increasing distance from the lake to values between 6 and 7. 
In many places iron hydroxide is precipitated. 

The lower Yumoto lake has an average diameter of 60 m and an 
estimated depth of 9 m at the most. In the middle of the lake about 10 
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fumaroles enter the water and cause the water to look boiling. The tempera­
tures, however, are only 71 ̂ 'C at the bottom and 64 "C at the surface. The 
p H values from bottom to top vary between 4.5 and 5. This lake is fed by 
three tributaries, one of which brings the walcr down from the upper 
Yumoto lake. The two others carry normal surface waters from the hills. 
J-icre too the funinrolcs prob.nbly contribute to the influx of water. The 
color of the water corresponds to that of the upper lake, but a difference 
consists of the sulfur balls floating on the surface of the Lower lake and 
accumulating on the shore. The ionic coniposition of the water on the sur­
faces of the two lakes is almost identical. The concentration increases con­
siderably towards the depth especially regarding the content in SO4 and Fe. 

The sediments of both lakes consist mainly of allothigenic quartz, 
authigenic native S and a clay fraction from the weathering products of the 
country rocks. Fe-sulfides give the mud a grey to darkgrey color. In addition 
smaller quantities of authigenous Fc-oxides and opal are found. Quartz 
stems from the andesitic lavas and tuffaceous breccias from the surrounding 
areas. S is formed from oxidation of the HjS of the fumarole gases and 
occurs in the lakes in two forms, a) in a mud which is colored gray 
by Fe-sulfide contents, and b) as pure yellow ball-shaped concretions up 
to 1 cm in diameter, which are found only in the immediate vicinity of the 
fumaroles. These variable forms of S are caused by three factors, 1) the 
variable degrees of agglomeration (which in the case of the grey mud Is 
practically nil, probably due to the separation properties of clay or other 
particles), 2) the time factor available for crystal growth of S crystals, and 
3) the stepwise oxidation of HjS after its exit into the lake water; a part 
of the HjS is oxidized Immediately after It comes out of the fumarole 
opening. Here, the pure S - o o i d s (which were found by the third author in 
1970 upon which this project was started) are formed by the violent motion 
of the water. These S-spheres which often form around quartz grains or 
around organic remains, perform a circular movement in the fumarole 
stream and grow at the same time. Finally the more massive balls fall on 
the ground of the lakes around the openings of the fumaroles, while the 
lighter ones which often display holes in the middle, are drifted on the shore 
(Fig 2). 

If shallow water surround fumarole openings, enough O is present to 
permit a strong microbiological oxidation of HjS which also leads to an 
accumulation of S-ooids. The remaining H.S either escapes into the air or 
is finely dispersed into the water where it will also oxidize. As mentioned 
above, it will mix with suspended particles brought in by the tributaries of 
the lakes and is then precipitated as a sediment together with Fe-sulfides 
formed from H.S in the lakes. 

Jn the sediments of both lakes the following elements were detected 
by spectral analysis: As, Co, Cu, Cr, Mg, Mn, Mo, Ni , Pb, Sb, Si, Sn, Ti, V 
and Zn. Six quantitative analyses for Cu, Zn, Pb, Co, Ni, Mn, Sb, Cr, 
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Fig. 2. Fumaroles in the lower Yumoto-lake. The mouths of the fumaroles are 
surrounded by pure S-ooids, and the sediment consist of gray sulfur-sulfide-mud. 
Scale given by the grab-instrument (base measures approx. 25 X 15 cm). 

As, Fe and native S of sediment samples taken at a depth of 0, 2, 3, 4, 6 and 
8 m respectively in the lower Yumoto lake yielded similar values excepting 
Fe and S. The values for these two elements increase with increasing water 
depth. 

3. The lakes near Noboribetsu-Onsen 

3.1 T h e v o I c a n i c ' s e 11 i n g 

The two other hot volcanic lakes are located In the Kutdian-Toya vol­
canic district whidi, likewise, forms part of the "Green-Tuff-Region". The 
lakes lie 800 m north of Noboribetsu-Onsen, a suburb of Noboribetsu 
(Fig. 1) which is located 6 km to the north. Here, also, following the for­
mation of the "green Tuffs" during the early Miocene, again active vol­
canism took place during the Pleistocene with the appearance of andesite 
and dacite lavas and submarine tuff breccias; this volcanism followed a 
relatively quiet period during the Pliocene ( O T A , 1954). 

The Hiyorl-Yama Dome on the west side and at the foot of the Kutara 
Volcanoe was squeezed out during the Holocene (YAGI & HUNAHASHI, 
1970). According to ISHIKA'WA (1967) an explosion crater formed at the 
south foot of the Hiypriyama-Dome as a result of high steam pressure; 
another crater, the Jigokudani, formed 800 m to the south. 
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Table 3. Analyses of the native sulfur free sediments and the S-content of the sediments (S measured titrimetrically. As colorimetrically, 
and the remaining elements by AAS). 

' • .^ 

Cu Zn Pb Co Ni Mn Sb Cr As Fe 
ppm ppm ppm ppm ppm ppm ppm ppm Vo '/• 

S 
Vo 

upper 
Yumoto lake 
lower 
Yumoto lake 

mean of 2 samples 

mean of 6 samples 

foam from the water-surface 

Ojunuma lake mean of 15 samples from 0-15 depth 

mean of 6 samples from 16-25 m depth 

mean ol 2 samples from the consolidated layer 330 

Okunoj'u lake mean of 6 samples from 0-5 m depth 

35 

30 

200 

96 

213 

330 

93 

40 

65 

490 

136 

242 

280 

138 

40 

75 

3390 

262 

573 

1255 

47 

35 

45 

90 

75 

114 

145 

48 

15 

30 

270 

360 

348 

115 

58 

180 

530 

220 

140 

203 

145 

635 

65 

180 

160 

320 

608 

660 

263 

35 

50 

70 

45 

62 

50 

152 

tr. 

tr. 

0.88 

0.38 

1.08 

2.28 

0.11 

3.33 

6.11 

9.75 

4.4 

12.0 

24.7 

7.9 

29.2 

65.9 

S2.2 

38.7 

71.9 

52.2 

10.1 

3-
0 

n 

3 

X 

Ê  

Ni 
VO 
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Postvolcanic features may be observed In both craters. In the southern 
most crater are two hot lakes with fumaroles: Ojunuma lake and Okunoju 
lake. An enormous number of fumaroles have perforated the surface in the 
Jigokudani crater. In addition, several hot springs rise in Noboribetsu-
Onsen. 

This post-volcanic action - fumaroles in the hot lakes and in the Jigo­
kudani crater as well as hot springs in Noboribetsu-Onsen - is to be acribed 
to the Kutara volcanism just as MUROZUMI (1976 a) had proven on the basis 
of gcodiemical comparisons. Nevertheless, differences are noted too, despite 
their common origin. As a result of the high H.S content, whidi is partly 
oxidized to sulfuric acid, the Ojunuma lake •5\'ater and the small pools 
around the exhalation vents of the fumeroles are very acidic; The pH values 
in the fumeroles in the Jigokudani crater lie between 1.2 and 2.4; those for 
the Ojunuma water lie between 2.2 and 2.6 while the p H values in the 
Okunoju lie between 4.6 and 5.6. The hot spring water is more or less 
neutral (pH values between 6.1 and 7.5) and contains only traces of sulfur 
(MuROZuMi, 1961 a). 

The appearance of adjacent neutral hot springs and acid, H.S and SO« 
bearing fumaroles, is ascribed to exomagmatic differentiation of the primary 
hydrothermal solution to a liquid Na, K, Ca, Mg, Cl bearing phase and .a 
gaseous volatile phase with constituents such as HiS and COi (MUROZUMI, 
1961 a), which reach the surface as fumaroles (Tab. 4). 

Table 4. Composition of the fumarole gases near Noboribetsu-Onsen (parts most 
accessible) (WAUSCHKUHN, 1973). 

Locality 

Jigokudani 

Ojunuma 

Okunoju 

H.S 

29» 
14 
32 
29 

7 

C O J 

47 
46 
68 
68 

68 

o. 
6 
9 
_ 
-

2 

rest 

18 
31 
_ 
3 

23 

Remarks 

water condensate 
included 
water condensate 
not included 

» H,S -I- SOj. 

During transportation of gases to the surface, parts of the rocks are 
dissolved along the channelways of the fumaroles. The Hiyori-yama dacite, 
through which the fumaroles pass, indicates a depletion in the trace elements 
of Co, Cr, Ca, Fe, Mn, NI, Pb and Zn on a comparison with unaltered 
dacite; the rocks are, however, enridied in As and S (Tab. 5). The trans­
ported elements mentioned above are partly concentrated in the lake sedi­
ments as a result of physico-chemical changes (t, p, pH, Eh, ps) on reaching 
the lake environment. In both Ojunuma lake and Okunoju lake, recent 
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sulfur and or metal sulfides are deposited. The areas around both lakes nre 
densely vegetated giving rise to abundant organic substances and micro­
organisms in the surface waters reaching the lakes. 

Table 5. Content of trace elements in the Hiyori-yama-dacitc (S measured titri­
metrically, As colorimetrically, and the remaining elements by AAS). 

unaltered 
dacite 

altered 
dacite 

Cu 
ppm 

9 
11 

5 
2 
4 

Zn 
ppm 

35 
32 

8 
3 

17 

Pb 
ppm 

23 
27 

19 
16 
16 

Co 
ppm 

24 
25 

.6 
8 

13 

Ni 
ppm 

9 
12 

7 
9 
5 

Mn 
ppm 

310 
335 

33 
18 

100 

Sb 
ppm 

65 
50 

40 
40 
70 

Cr 
ppm 

55 
60 

16 
16 
24 

As 
ppm 

3 
4 

14 
7 

tr 

Fc 
Vo 

2.7 
2.7 

1.6 
1.2 
0.5 

S 
Vo 

0.15 
0.17 

3.25 
5.06 
0.88 

3.2 O j u n u m a l a k e a n d s e d i m e n t s 

Ojunuma lake is elliptical in form, 200 m by 90 m in diameter. Numerous 
fumaroles perforate the surface along the shore and on the lake bottom; 
temperatures readi 130 °C. 

The temperature of the water remains at a nearly constant 50 °C from 
the surface to a depth of 15 m; deeper, at a depth of 18 m an increase in 
temperature to over 120° was noted and at a depth of 25 m the bottom of 
the deepest part of the lake, the temperature was noted to be 131.5 °C. 
During the summer of 1971, the p H varied from 2.2 to 2.6. Again, in the 
summer of 1973, pH-measurements of the water were made whidi varied 
from 2.6 to 3.0 but the temperature of the water had remained almost 
constant (Tab. 1). This diange in hydrogen ion concentration is traced 
directly to a variation in the intensity of fumarolic activity. Regionally, 
less fumarolic activity was observed during the summer of 1973 than during 
the summer of 1971. 

Ojunumu lake obtains some of its waters from Okunoju lake by a 
connecting stream. According to MUROZUMI (1961 b), determinations of the 
isotope composition of hydrogen in the hot springs near Noboribetsu-Onsen 
indicates the presence of both juvenile and meteoric water in the fumaroles 
at the surface. Excess water in the lake is drained by a stream on the south 
side of the lake. 

A special boat was used for taking the water and sediment samples and 
for making various measurements. Based on quantitative analyses of the 
water soluble substances, as well as Eh readings, two distinct zones could 
be determined in the lake (Tab. 1 and 2): 
a) a zone extending from the surface to a depth of 15 m with a temperature 

of 50 °C and positive Eh readings; water soluble substances relatively 
uniformly distributed: 

b) a zone extending from a depth of 15 m to a depth of 25 m with tcmpcra-
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ture increasing to over 100 °C with increasing depth; reducing conditions 
prevail; rapid increase in water soluble substances. When compared with 
the ionic concentrations of sulfate lakes in the United States (HUTCHIN­
SON, 1957, p. 569), the Ojunuma lake waters contain a very high ionic 
concentration. 

The lake sediments are comprised mainly of authigenic sulfur detrital 
quartz and pumice derived from the surrounding volcanic rocks. The surface 
of the lake carries a grayish black foam composed of sulfur; sudi sulfur is 
washed up into the shore in the form of spheres and hemispheres (Fig. 3); 
they contain, in addition to sulfur, pyrite, marcasite, quartz, opal and pu­
mice in aggregates up to 1.5 cm in diameter. 

A funnel has developed around a main group of fumeroles at the bottom 
of the lake, deepening the lake from 15 m to 25 m locally. Investigation of 
the sediments in the funnel revealed the presence of dark sulphur spheres, 
as well as quartz and pumice. The sediment in the shallow parts of the lake 
is composed of gray sulfur-sulfide mud with Included quartz, opal and 
pumice. 

As in the Yumoto lakes, two forms of sulfur occur In Ojunuma lake. 
These Include the following: 
a) mud composed of sulfur, discolored gray by iron sulfide; 
b) dark sulfur concretions up to 1.5 cm in diameter, with fine-grained iron 

sulfide distributed throughout. 
The origin of concretions composed of a mixture of sulfur and iron sul­

fide instead of pure yellow sulfur ooides as found in the Yumoto lakes is 
explained in the following text. 

Reducing conditions prevail in the fumarole funnel such that fumarolic 
hydrogen sulfide does not oxidize to sulfur directly in the openings of the 
fumaroles as is the case In the Yumoto lakes. Oxidation to sulfur first takes 
place in the top 15 m of water in the lakes; precipitation commences here 
with formation of a gray sulfur-sulfide mud containing iron sulfide formed 
by reaction with HjS and suspended substances transported by the streams. 
Part of this gray mud drops back into the fumarole funnel wherein the 
temperature exceeds 119 "^C, the melting point of sulfur. Melting and 
agglomeration of the fine-grained sulfur particles and Fe-sulfides proceeds 
with the formation of fumarole gas bearing spheres. These, as observed, are 
carried upward with the formation of a foam floating on the lake surface 
(Fig. 3). Some of the spheres, on the journey upward, deposit on the walls 
of the fumarole funnels and solidify where the temperature is lower.A'third 
fraction forms a fluid, black, sulfur-sulfide mixture which collects at the 
bottom of the fumarole funnel. 

Using the grid spectrograph the following elements were detected to be 
present in the sediment: 
As, Co, Cr, Cu, Mg, Mn, Mo, Ni, Pb, Sb, Si, Sn, Ti, V and Zn (Co, Cr, 
Cu, Mn, Ni, Pb, Sb and Zn were also determined quantitatively [see 
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Fig. 3. Foam of sulfur floating on the Ojunuma-lake. 

Tab. 3]). Sulfur increases to 89.4 Vo in the lake bottom sediment with in­
creasing lake water depth. Likewise, the concentrations of Fe, As, Sb, Mn, 
Cr, Cu, Pb, Zn, Co, and Ni increase in the sulfur free sediment fraction 
with increasing water depth. If average concentrations of samples from the 
0-25 m are compared with those from the 16-25 m depth, it is unmistakably 
clear that the fumarole funnels between a depth of 16 m and 25 m contain 
most of the metallic sulfides. At the 16 m depth a consolidated layer con­
taining up to 52 Vo sulfur has formed in the transition zone belween the 
fumarole funnels and shallow parts of the lake. Samples were taken from 
this zone and the consolidated layer was found to be especially enridied 
in Fe and As. A comparison of values determined in the sulfur foam with 
the averages determined from samples from the 16—25 m depths (see above) 
proved rewarding. The sulfur, Fe, Cu, As and Mn concentrations in the 
foam differ little from the averages but are almost exactly the same as those 
values determined from a depth of 23 m-25 m. However, Zn and especially 
Pb is more enridied in the foam (Tab. 3), 
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These results support the hypothesis that the sulfur spheres remove lead 
and zinc ions from the water on reaching the water surface and then form 
sulfide and sulfate. This the more so as the lake water contains up to 
0.6 ppm lead and up to 1.1 ppni zinc (Tab. 2). 

3.3 L a k e O k u n o j u a n d s e d i m e n t s 

Lake Okunoju, the smaller of the two lakes, is more circular in form with 
a diamater of 25 m. The surface water was determined to have a tempera­
ture of 80 °C and p H of 5.6. The temperature increases with water depth 
to the deepest part of the lake. The lake is 5 m deep in its deepest part and 
the temperature at the bottom is 111 °C with a p H of 4.6 (a drop in pH). 
Reducing conditions prevail in the whole water-body (Tab. 1). In parts of 
the lake, the surface is covered with a thin coating of sulfur (Fig. 4). A 
mountain spring which flows through a small, acid iron bearing spring (pH 
about 5) empties into the lake. Fumarole water, In addition, is transported 
to the lake. Overflow is removed by a stream floating to lake Ojunuma. 
Aside from the lower iron and sulfur content in the water of lake Okunoju, 
the concentrations of soluble constituents are just as high as in lake Oju­
numa (Tab. 2). 

^^^^^!««a??59SS3SJ?Bf^aEei^ 

Fig.4. A thin iron-sulfide-skin floating on Okunoju lake (width of area about 1 m). 

The lake sediments consist of pyrite coated (and more thickly encrusted) 
quartz grains in whidi marcasite also sonietimes occurs. To orient the reader, 
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the following trace elements were determined spctrographically and include 
Co, Cr, Cu, Mg, Mn, Mo, Ni, Pb, Sb, Si, Sn, Ti, V and Zn. 

Though both lakes are only 100 ni apart and indicate similar postvolcanic 
history, the deposits in the lakes show marked differences. Although the 
fumaroles transscct the same rock formations and the same concentrations 
of trace elements and temperatures are indicated at the exhalation openings, 
concentrations of the elements in the sediments differ. The average con­
centrations of Fe, Cu and Zn from deposits in both lakes are of the same 
order of magnitude whereas Pb, As, Ni, Mn and particularly sulfur differ 
greatly (Tab. 3). • 

No native sulfur and considerably less Pb is to be found in lake Okunoju 
(average content of Pb in the foam in lake Ojunuma not weighed); further­
more, less As and Ni and more Mn were found in lake Okunoju than in 
lake Ojunuma. The variation is attributed to differences in oxidation re­
duction conditions whidi prevail in both lakes. Reducing conditions exist 
in the fumarole funnels of both lakes so that hydrogen sulfide cannot 
oxidize to sulfur; oxidizing conditions in the upper parts of lake Ojunuma, 
however, allow for sulfur formaiion. 

Hydrogen sulfide in the fumarole is oxidized by oxygen contained in the 
lake water. Al Ojunuma, oxygen is carried in by the streams accounting 
for the oxidizing environment In the upper near surface parts of the lake. 
SOj'" and SOr" form in addilion to sulfur and account for the strong 
acidity in lake Ojunuma. At Okunoju, there being no oxygen available, 
dissociation of HjS to HS" and S°" Ions takes place and impacts only a 
weak acidity to the water. Yet parts of these ions react with iron with the 
formation of iron sulfide. The pH-Eh region wherein the reactions occur 
is indicated Iri Fig. 5. In the existing environment in Okunoju and in the 
fumerole funnels at Ojunuma, only sulfide may form; native sulfur will 
not form. 

4. Microscopic observations on thin sections and polished sections 
of the sediments 

The formation of ore minerals was investigated with particular care. The 
main sulfide ore minerals in the four lakes are pyrite and marcasite, but 
pyrrhotite, arsenopyrite, chalcopyrite, galena, and sphalerite are also pre­
sent. All these phases formed authigenically. 

Pyrrhotite Is always surrounded by pyrite and is replaced by it. While 
pyrrhotite in xenomorphous masses or as needles is more abundani in the 
two Yumoto lakes, it is rare and is observed as tiny inclusions within pyrite 
in the Ojunuma and Okunoju lakes, where Its oxidation and transformation 
into pyrite has progressed very far. The "birds-eyes" textures, which are 
often observed when pyrrhotite is transformed into pyrite (RAMDOHR, 1969, 
p. 593 etc.), were not found. Arsenopyrite is rather abundant in the sedi-
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Fig. 5. Stabihty relations of iron-oxides and sulfides in water at 25 °C and 
1 atmosphere total pressure at an activity of dissolved sulfur of 10"' (after GARRELS 
& CHRIST, 1965). The different pH-Eh-conditions in the lakes arc marked. 

ments from the Ojunuma, less abundani in the sediments from the Okunoju, 
and was not found at all in the Yumoto lakes. It Is always intergrown with 
pyrite, and Is often surrounded by It. 

Chalcopyrite, galena, and sphalerite are found only rarely, and occur as 
tiny inclusions intergrown with pyrile in the sediments of the lakes at 
Noboribetsu-Onsen. Pyrite and marcasite are the most abundani sulfides in 
the volcanic lakes. They do not show any textural differences in the four 
lakes. Three types can be distinguished under the microscope and will be 
discussed in the following sequence: 
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a) iron sulfide without intergrowths with other minerals; 
b) iron sulfide surrounding other minerals; 
c) iron sulfide in close intergrowlh with other minerals. 

a) Iron sulfide without intergrowths wilh olher minerals: 
Idiomorphous pyrite is almost always crystallized in cubes, whidi, 

according to AMSTUTZ (1963), generally represent the lowest-temperature 
form of pyrite. 

Pyrite is weakly anisotropic in the sediments from the volcanic lakes, its 
color varying from red to green. Some pyrites contain brownish-colored 
inclusions which form irregular spots or zonations in the pyrites. As micro­
probe analysis has proven, this coloration is due to Co entering the crystal 
lattice, up to a concentration of 0.8 Vo by weight (Fig. 6). 

o,o2mm| 

-'.*/jV^->'v 
.•f::-^5^.?r=i.-. 

A'.-.'ny.*.," 

Fig. 6 b 

Fig. 6 a. Pyrite (light) with Co-containing zones (gray), lower Yumoto lake. 
Polished section, oil immersion. - b. .Scanning-photograph of Co corresponding to 
the area of fig. 6 a. 

Framboids were identified in all sediment samples from the lakes. 
According to the classification suggested by LOVE & AMSTUTZ (1966), they 
can be classified as "unordered". The framboids occur exclusively in irre­
gular aggregates, and only rarely as isolated spherules. They are frequently 
surrounded by a marcasiie-rim' (Fig. 7 a, b), and are often intergrown with 
marcasite to such an extent that it is difficult to recognize them as from-
boids. Sometimes they are also rimmed by pyrite. 

The degree of intergrowlh in the framboids varies in the differeni lakes. 
Many framboids whose inlergrowth with marcasite is not very pronounced 
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Fig. 9 

Fig. 7 a. Framboidal pyrite, rimmed by marcasite, Okunoju lake. Polished seccion, 
oil immersion. - b. Picture corresponding to fig. 7 a, Nicols almost crossed. Iso­
tropic pyrite gray, anisotropic marcasitc black and white. 

Fig. 8. Marcasite-zonc in pyrite, Ojunuma lake. Polished section, oil immersion, 
Nicols almost crossed. 

Fig. 9. A ball of marcasite rimmed by a rosette of marcasite. Polished section, oil 
immersion, Nicols almost crossed. 

were observed in the sediments from the Yumoto lakes, while they are so 
tightly intergrown with marcasite in the lakes at Noboribetsu-Onsen that 
their texture is often obliterated and they are rarely recognized at all. 
Framboidal diameters were determined from more than 400 framboids from 
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the lower Yumoto lake. (Comparable measurements could not be made on 
the framboids from the lakes at Noboribetsu-Onsen, because of their strong 
intergrowths with marcasitc, as mentioned above.) A normal distribution 
with a maximum between 8 and 10/( was measured. The largest framboid 
was 30/t in diameter. Overall, the size of these framboidal pyrites corre­
sponds to the range of sizes given by KALLIOKOSKI (1974) for framboids 
described to date. The size distribution of the framboids from the volcanic 
lakes resembles the distribution curves for framboids from the Chattanooga-
Shale and from the layered Rammelsbcrg ores published by LOVE & A M ­
STUTZ (1966), with the difference that the framboids from these deposits 
are slightly smaller, the curve maxima being between 5 and 6// , and that 
they frequently show internally ordered textures. In addition to pyrite, also 
marcasite occurs in all of the lakes, generally in intergro'ft'ths with the 
former. The marcasitc zones that can occasionally be observed In pyrite 
(Fig. 8) point to changes in the environment of deposition during crystal 
growth. These dianges may be due to variations in fumarolic aciivity, or to 
a change in supply of meteoric water to the lakes.. Both factors affect the 
pH-Eh values in the lake water. Figure 9 shows a "rosette" of marcasite 
wilh radiating texture, the likes of whidi are frequently found in the lake 
sediments. Occassionally, pyrile occupies the center of the rosettes, or a 
spherule of marcasite which in turn is composed of much smaller crystallites. 
These rosettes and spherules of marcasite are very similar to those described 
by WAUSCHKUHN 8C GROEPPER (1975) from the sediments of the Porto di 
Levanie at Vulcano, Italy. 

b) Iron sulfide surrounding other minerals: 
Particularly pyrite framboids and quartz grains are frequently surrounded 

by iron sulfide. Forniation of sulfide overgrowths was so strong in one place 
of lake Okunoju that a large number of quarlz grains was cemented so as 
to form a sulfide layer. 

These crusts, observed macroscopically, correspond to intergrowths of 
marcasite with pyrite-framboids, and to sulfide coatings of varying thitiness 
over quartz grains in the sediments, observed microscopically. 
c) Iron sulfide in close intergrowths with other minerals: 

This type of iron sulfide is generally intergrown with iron oxides. The 
main iron oxide is magnetite, which often shows faint brownish-pink hues 
that may point to the presence of Ti in the crystal lattice (RAMDOHR, 1969, 
p. 895). Here like at Vulcano, as described by WAUSCHKUHN & GROEPPER 
(1975), a brownish rim can sometimes be recognized around the oxide, 
where titanomagnetite is sulfidizcd. A partially sulfidized titanoniagneiite 
was analyzed under the microprobe to determine the chemical composiiion 
of this zone. Iron, sulfur, and titanium '̂ \'ere detected. Scanning-photographs 
to illustrate the distribution of these three elements show distinctly that the 
Ti-content in the magnetite-zone is as high as in the brown iron-sulfidc 
zone (Fig. 10). 
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Fig. 10, Titanb-magnetite rimmed by ii Fe-^Ti-S-zorie, lower Yunioto lake, polished 
section, oil immersion, and the corresponding scanning-photographs of ^e, Ti, 
and S. 

A step-scanning: traverse was performed for a better determination of the 
nature of the brownish mineral or minerjtl mixture; with three spectro­
meters, the X-ray intensities of FCKU, SKO, and Tixa were measured simulta­
neously in steps of 3 microns. The percent composition of the three elements 
was calculated by cornparison with the X-ray intensities of standards. The 
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sulfur- nnd iron contents show parallel variations, while the titanium 
contcnt.in the.brownish zone is relatively constant at around 6''/o (Fig. 11). 
The analytical results suggest the following two possibilities for the com­
position of the zone:^ 
«) a submicroscopic mixture of finely disseminated iron sulfide, sulfur, and 

leucoxenc; 
fi) a very unstable ritanium-iron-sulfide. 

steps of 3 microns 

Fig. 11, Microprobe-profilc across the Fe-, Ti-, a.nd S-coniairiing-zone of the grain 
of Fig, 10, 

The marcasite-teucbxcne intergrowths (Fig, 12) often found in the sedi­
ments of the volcanic takes form by way of this brownish, Intermediate 
product from the. titanomagnetite. 

Apart from the sulfidization, sonic grains of liTanom.ignetitc arc also 
decomposed by the hot, acid waters in the lakes. The mineral grains are 
corroded from the rim; part of the iron is removed, another part forms 
iron sulfide, and all die titanium remains as leucoxenc. The decomposition 
of titanomagnetite continues along cleavages and fractures in the grains. 
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Fij;. 12. Titano-magnctitc substitution hy pyrite-lamellac and then by pyrite, 
Okuiioju lake. Polished section, oil immersion, 

leading to the complete destruction of the grains. Only leucoxenc and 
small amounts of iron sulfide remain as relics, indicating that titano-
magnctitewas the primary mineral, 

Collofbrrfi pyrite forms by sulfidization of titanium-free magnetite; 
zonation In the pyrite indicates the presence bf impurities or submicro­
scopic inclusions. They seem from inclusions and solid solution "impurities" 
and may contain e,g. Mg, Mn, Ga, or Ni, which take the place of iron in the 
crystal Jattice of magnetite and are distributed zonally during sulfidization. 
Excepting its intergrowths with iron oxides, iron sulfide is only Inter­
grown inierstltiaUy with puiiiice. 

Microscopic observation of ore textures and Intergrowths allow disilnc-
lion of three types of sulfide formation, as was also described from the 
sediments of the Porto di Levante at Vulcano, Italy (WAUSCHKUHN & 
GROEPPER, 1975). This genetic interpretation corresponds with the pre­
viously given descriptive ciasslfication. Therefore the same letters a), b), c) 
can again be given; 

a) Formation of sulfide by precipitation (-w^ithout formation of coatings or 
of replacements); 

b) Sulfide coating of minerals; 
c) Sulfidization of minerals. 

Sulfide framboids, idiomorphous pyrite cubes, and iri a reas ite spherules 
and rosettes, formed by precipitation from the hot, lacustrine 'waters, are 
nearly identical in the volcanic lakes and in the Porto di Levante at Vul­
cano, In the two recent depositional environments, sulfide accretions over 
framboids, quartz, and sand grains are found, and the sulfidization of 
titanomagnetite involves a titanium-iron-sui fide stage, which later passes 
into the characteristic, lamellar intergrowths of Icucoxene-iron sulfide. Only 

Fumaro 

pyrrhotite, which was occa 
Hokkaido was not found in d 

Tliere is, however, a quai 
three genetic types of sulfide 
Porto di Levante: While sulfi 
Porto di LevantCj sulfides pr 
framboids, pyrite cubes, and 
in the hot volcanic lakes. Ace 
are relatively rare in the lai 
elements dissolved by the fu 
volcanic lakes and prccipii: 
eleinents supplied to the-wai 
by marine currents, 

5, Microbiological Investigati 

Samples of water and sedii 
habitats of the lakes and the: 
laboratory. Slides were expo; 
7 days In water and sedim< 
lakes were taken off by slid 
nation In the laboratory (Pig. 
at the Yumoto lakes. 

In both groups of sulfur 1 
•water and of the sediments ^ 
the range of mesophllic and 
low p H values of the "a"ate 
especially acid-sensible baae) 
of acid-tolerant bacteria ai 
under aerobic conditions in 
sediment with higher or lo^ 
and with niore bacteria rfian 
•which were used for these e 
were found in pools and rii 
pHrvalues were nbt so lo-r. 1 
bacteria were growing (esce] 
mentioned later). 

AH these micro-organisms 
and energy-source organic ea 
tiransported in solution or as 
the surrounding hills, which a 

' Cf. A. & W. SCHWARTZ,.Zt: 
' Nucriehc Agar, Merck, M: 

CHASE, 1943), 

N . Jb. f. Miner j iogie. Ah^andluccrt, Bi 

' - ^ u J h J k ^ ^ J ^ P ' L j ^ g ^ ^ J T * q u . j ' U . , i>|Ji • JJil..M»hJV'L^-.'^ ^ AV: -»JJ / ! . ! ^ - ^^JwJJP^VH. • ^ ^ ^ W ^ k ^ * ^ ^ - I . T J P H W - - ' J ' ^ , ? J * •WU'i -' " • ' - V ^ r ^ • • • ; l , " ^ ' ^ ' ' - ^ ^ ' ^ - ^ g " * ^ 



il r r tl i T,iSfiat.- fc-i->;;iaiii^ B^^lian • Hi 'lihifWiiH" i l i j- j l i i ^ : . ^ . m t t m 

C. Amstuiz and K, Yayi 

,*riie-limcllac and then by py'rne. 

the grains. Only leucoxenc and 
ts relics, indicating that titano-

ion of titan ium-free magnetite; 
ence of impurities or submicro-
is and solid solution "impurities" 
^hlch take the place of iron in the 
uted zonally during sulfidization. 
ides, iron sulfide is only inter-

: and intergrowths allow distinc-
as was also described frorri the 

.'iilcano, Italy (WAUSCHKUHN & 

ltion corresponds with the prc-
lerefore the.same letters a), b), c) 

without formation of coatings or 

E cubes, and marcasite spherules 
m the hot, lacustrine waters, arc, 
in the Porto di Levante at Vul-

xohments, sulfide accretions over 
found, and the sulfidlzatlbn of 
sulfide stage, which later passes 
lis of leucoxene-iron sulfide. Only 

FumaroHc'hot lakes on Hokkaido 193 

pyrrhotite, which was occasionally bbscrvcd In the voleanic lakes of 
Hokkaido was not found in the sands from Vulcano. 

There is, however, a quantitative difference in the importance of the 
three, genetic types of sulfide formation between the volcanic lakes and the 
Porto di Levante: While sulfide accretion and siitfidization dominate in the 
Porto di Levante, sulfides precipitated from the lacustrine waters, like the 
framboids, pyrite cubes, and marcasitc spherules and rosettes predominate 
in the hot volcanic fakes. Accretions, and particularly sulfidization textures, 
arc, relatively rare'in che latter. The reason for this difference is that the 
elements dissolved by the fumaroles are concentrated in the water of the 
volcanic lakes and precipitate when these, become saturated, while, the 
elemenis supplied to the water in the Porto di Levante are carried away 
by marine currents. 

5. Microbiological investigations' 

Samples ofwaler and sediments were collected at the different ecological 
habitats of the lakes and their surroundings for further examination in the 
laboratory. Slides, were exposed after the Gholodny-Rossl technic for 1 to 
7 days in water and sediment; scum and films from the surfai:e of the 
lakes were taken off by slides and both prepared for microscopic exami­
nation in the laboratory (Fig. 13 a, b). A first microscopic control was made 
at the Yumoto lakes. 

In both groups of sulfur lakes the ternperatures near the surface of the 
water and of the sediments were between "45 and 70 "C, that means within 
the range, of mesophllic and thermophilic rnicro-organisms. Because of the 
low p H values of the water ih the lakes acidTsensiblc micro-organisms, 
especially acid-sensible bacteria could not grow. Nevertheless, the numbers 
of acid-tolerant bacteria and fungi were relatively high and reached 
under aerobic, conditions in the average 10' to 10" cells/ml water or wet 
sediment with higher or lower levels in relation to p H and temperature 
and with more bacteria than fungi, as far as both may grow on the media, 
which were used for these experiments-. The highest numbers, up to 10', 
were found in pools and rivulets near the shore of the lakes, where the 
pH-values were not so low. Under strictly anaerobic conditions only a few 
bacteria were ^growing (except the desulphurizing bacteria, which will be 
mentioned later). 

All these micro-organisms are carbon-heterotrophic and want as carbon-
and energy-source organic carbon co tti pounds. Corii pounds of this kind are 
transported, in solution or as organic detritus to the lakes with water from 
the'surrounding hills, which arc covered with rich Vegetation, 

' Cf, A, & W, SCHWARTZ, Ztsdir. Allg, MikrobloL 16, 1977 (under press); 
* Nutrient Agar, Merck, Ma It-A gar Merck, Agar B -H.S, 3 : 1 (LOCHHEAD & 

CHASE; 1943), 

N, Jb, f, Mintralo'Eit, AbtiinJIunKcn, Bd. 1 » 13 
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Fig. 13 a, b. "Aufwuchs"-culture from the Ojunuma lake. The black parts seem 
to be sulfur-aggregates. Slide exposed for 24 h in the lake, depth about 1 m. Fixa­
tion by heating. Stained with erythrosine, 24 h. 

At all ecological habitats of the lakes, e.g. waler, scum at the surface of 
the lakes, sediments, solfatares, sulphur-accumulations, acid- and metal-
tolerant mesophllic to ihermoiolerani and thermophilic strains of Thio-
bacillus thiooxidans, Th. th'ioparuslneapoUtanu^, and Th. jerrooxidans 
were the prevalent micro-organisms (Table 6). In the water of Lake 
Oyunuma, we also found a thermophilic Sulfolobus strain at about 70 °C. 
A single species, Sulfolobus acidocaldarius, has been described by BROCK 
et al. (1972) and MossER et al. (1973), which oxidizes 5° to "SO4 at a p H 
optimum of 2-3 and an optimal tempcralure of 70—75 °C. In a hot spring 
in Yellowstone Park, BRIERLEY & MURR (1973) have found a strain, be­
longing likely to Sulfolobus, which had a high molybdenum tolerance 
and is said to oxidize Fe'* besides S°, 

Desulfurizing bacteria {Desulfovibri, Desulfotomaculum) are growing 
In the sediments under anaerobic conditions up to about 70 °C but not 
below p H 4.5. They are carbon-heierotrophic; some strains are hydrogenase-
active and may assimilate CO; besides organic C-compounds, especially salts 

' We have not differenciated between these two species. 
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Tabic 6. Th iobac i l l i and dcsulphurizer in the Yumoto - and Noboribctsu-Lakcs. 
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of organic acids. The Thiobacilli and Sulfolobus are aerobic and, under 
ecological conditions, carbon-auioirophic. Th. thiooxidans oxidizes pre­
ferentially S° to "SO« and produces the lowest pH-degrees. Th. thioparusi 
neapolitanus oxidize H ;S toS° which accumulates, but may also be oxidized 
to "SO^, lowering the p H to about 3-4. Besides S° and "S, Th. ferrooxldans 
oxidizes FeS, FeS;, FeSOi to Fc;(S04)s, which is a strong chemical oxidans. 

Thermophilic and acidophilic C-yanoph-yceae, Beggiatoaceae,photouophic 
anaerobic purple sulfur bacteria and other microbes of the sulfur cycle, 
which are elsewhere found in sulfur springs, are missing in the two lake 
groups, or only sporadically growing in the water of the shore region 
because of the combination of high metal contents and low p H degrees in 
the water of the lakes. 

The same restrictions as for the sulfur cycle concern the specialists of the 
iron-cycle, which is represenled in the lakes only by Th. ferrooxldans. 
Gallionella, Leptothrix and the Sidcrocapsaceae are missing in the lakes, 
besides other reasons because of the low p H degrees. Only in some water 
pools near the shore of the lakes and in the surroundings at p H degrees 
of about 5.5-7 iron, which was transported with weathering solutions, 
was oxidized to hydroxide and precipitated, and Sidcrocapsaceae may 
have participated in this process''). When iron hydroxyde is transported to 
the lakes, it will be reduced at last and precipitated as FeS. 

There were no essential microbiological differences between the four lakes 
but quantitatively the cell numbers per ml were lower in Oyunuma lake 
and the lowest in Okunoyu lake of the Noboritbetsu-group, where the 
temperatures and the metal contents of the water and. the sediments were 
higher, but even there, water and sediments were not sterile within the 
teniperature limit of the biosphere. 

* Wc arc still occupied with experiments on the role of Sidcrocapsaceae in iron 
oxidation and accumulation under different conditions. 
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6. Discussion of the results and conclusions 

The lakes of Niseko as well as those of Noboribetsu-Onsen are located in 
active volcanic areas. The countryrock of these lakes consists of volcanic 
products of andesitic or dacitic composition in the forms of lavas, lava 
domes and pyrodastic covers and flows. In the lakes and in their vicinity 
hot gasses with HjS emanate from below. These fumaroles contain water 
vapor, HjS, C O . and trace elements, expccially As and S. They alter the 
country rock through which they percolate and remove certain principal 
and trace elements from it and carry them in solution to the surface. In the 
altered country rock they often leave part of the As and S (sulfidization of 
mafics etc.). 

The H.S of the fumaroles reacts with the O of the atmosphere by way 
of micro-organisms, if and when there is enough humidity. The oxidation 
includes the formation of native S and the formarion of sulfuric acid 
which in turn increases the weathering process of the country rock consider­
ably. Tbe solved material is carried to the lakes by the streamlets and 
contributes to the formation of the recent deposition of sulfur and sulfides. 
In the lakes both, the material solved by the fumarolic weathering agents 
as well as the weathering products are precipitated under favourable condi­
lions. These depend' on various factors, such as changes of the' climate and 
of the fumarolic activity, producing frequent depositional variations. 
Comparative studies revealed that in the area affected by fumarolic activ­
ities, the processes forming mineral deposiis and those destroying them 
alternate or take place simultaneously in different places. In the lakes the 
positive, ore deposit forming processes finally predominate. 

volconic oxholol ions conloining 
H,S. CO,, woler vopor i bosemrtcte 

oefobic 

a n a e r o b i c 

— — chemical 

bocler io l 

p rocesses 

processes 

Fig. 14. Bacterial and chemical processes in the volcanic lakes, forming mineral 
deposits and those destroying them. 
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The latter consist of chemieai and microbiological processes, which 
contribute to the deposition of the m.iterial which may later lead to the 
^formation of ore deposits, Dl struct! vc are those processes in this first phase 
of tbe formation of ore deposits which cause the solution of material so thaf 
it Cillers the geochemical cycle again (Pig, 14), Precipitation and solution 
can alternate in the course of the physico-chemical and ecological changes. 
Within the given ecological limits micro-organisms can accelerate geochemi­
cal processes; or they start and carry through processes which under the 
given geochemical conditions of pressure and temperature, would not take 
place, or would require vCT'y much more time. 

With regard to the processes in the four hot sulfur lakes, precipitation 
and enrichment of S° from H.S and from alkalisuifides (dissolved in the 
water) by the Thipbac. thioparustneaftolitanns group belong to the ore 
forming processes. Ore mineral destroying processes are, on the other hand, 
the oxidation of S° to S O r ' by Thi abac, thiooxidans and bel Sulfolobus, as 
well a: the oxidation of iron sulfides by Thiobac. jerrooxidans to FeS04 and 
Fe:(S0))3, In this process Fe(IIl)sulfaie ,ca_n oxidize additional sulfides of 
base metals to sulfates. A process of fenc'^ved sulfide and sulfur forrnation 
(recycling) is kept up by the activity of desulfurlzers which reduce freshly 
formed sulfates brought in from the surrounding. TheH»S which thus forms 
exogenetically contributes to the precipitation of base, metals or of S°, the 
latter by way of the activity of the ii?/o/'arw.f/M£i»j&o/;'u««j group. 

Four forms of precipitation can be differentiated in functldn of the 
physico-chemical arid eco log leaf conditions existing in the lake waters: 

a) Yellow ooids of native S: 
These globules form at the mouths of fumaroles, if the conditions at these 

places are oxidizing. H;S is oxidized immediately at the mouths of the 
fumaroles chemiGally and By bacterial activity by Thiobac. thioparus/nea-
politantts group to S° •which, due to the water motion produced, by the 
leaving gases, accumulates In form of obids in the surroundings of these 
fumaroles, for exatiiplejn the two Yumoto lakes. 

b) Gfiiy mud Or ooze of native S and sulfides: 
This material forms in the presence of the Thiobac.-thioparuslneapolitan. 

group during oxidation of H.S partly to S°, whereby the rest of HtS is 
fiiicly dispersed in the lake water. The S° then precipitates together with 
the sulfide which isfdrlned by reaction of H.S with metal cations. The floor 
of the Yumoto lakes and the shaUow parts of the Ojunuma are covered 
with this mud, 

c) Grey concretions of native S and sulfides: 
These concretions or ooidal globules form, if reducing conditions exist 

at the. mouths, of fumaroles and if the temperature exceeds the melting, 
point of S (119'^C); if, however, in the upper layers of a lake the cohdi^ 
tions arc: oxidizing and the. teniperature low; H.S is, consequently, con-
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ver ted to S ° chemical ly and by the Thiobac . th ioparus /nci tpot i tanus g r o u p 

in the upper layer and precipi tates wi th sulfides which formed from the 

react ion of H . S wi th cat ions of base metals . If this ooze or m u d reaches 

deeper , ho t te r zones, it agglomerates and forms grey concret ions in the 

wa te r s t reams of the fumaroles. Tlie sediments in the fumarole funnels of 

the O j u n u m a consist of such gray concret ions, 

d) Deposi ts of sulfides: 

Sulfide prec ip i ta tes which are not mixed wi th na t ive S form in lakes 

wi th reducing condi t ions th roughout . H j S reacts wi th the meta l ions in the 

w a t e r t o form sulfides o r escapes from the wa te r . This t y p e of sulfide 

formai ion was observed a t Okuno ju . 

T h e total belance of deposit ion thus consists of the mater ia l which is 

b r o u g h t in from below by the fumaroles, plus the H j S forming in the lakes, 

plus the minera l const i tuents (dissolved or undissolved) and thus the major 

a n d t race elements from wea ther ing processes in the area, a n d in add i t ion 

of the organic c o m p o u n d from the vegetal detr i tus which enters the lakes 

th rough t r i b u t a r y streamlets . T h e superficial influx Is reflected in the 

ac t iv i ty of t he dcsulfurizers a n d in the iron cycle. A t least a ' p a r t of the 

iron b rough t in from the sur rounding areas is prec ip i ta ted as F e ( I I I ) h y d r o -

x ide in waierholes a n d waie rchanne l s ; the prec ip i ta te reaches the lakes w i t h 

the sreamlets a n d Is la ter reduced a n d precip i ta ted as sulfides In the zones 

of dcsulfurizers or of solfataras wi th H j S . The necessary energy is p r o v i d e d 

b y the inorganic ox ida i ion processes a n d by the organic compounds in the 

chemol i tho t roph ic a n d chemoorgano t roph ic metabol ism. 

For the later diagenetic processes which m a y form sulphide deposiis 

those sedimenta t ions are avai lable which enter in to domains In which on 

one h a n d no bacier ia l processes exist which are able to des t roy ore minera l 

deposits a n d in which on the other h a n d no physical a n d no chemical 

wea ther ing processes domina te . Bacter ial activities are , accord ing to the 

present geomicrobiological knowledge inhibi ted in t empera tu re ranges of 

> 100 ° C o r in anaerobic domains a t p H values of < 4.5 (Desulfur i -

zer ) . Chemica l s tabi l i ty of metal sulfides is as a rule existing in volcanic 

exha la t ive t e m p e r a t u r e ranges a t reducing condi t ions a n d p H values of > 2, 
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Resistivity Exploration for Altered Zone 
at Otake Geothermal Area - Japan * 

T. NOGUCHI and S. ONODERA 
Geophysical Exploration Laboratory 

Kj'ushu University, Japan SB • • " f3« 

P" ^ S 

Abstract 

Geothermal electric power plant with a capacity of 10 mw has been now 
constructed by the Kjiishu Electric Power Co. Ltd. at Otake, northern part of 
;hc Kyushu Island. Resistivity exploration, one.of geophysical prospecting ap­
plied to this field in order to investigate the subsurface structure accompanied 
Viiih natural steams, indicated low resistivity layer corresponding to altered 
."une of andesite due to hydrothermal agents. 

For the rapid interpretation of resistivity sounding cun'es, a method of 
calculating the standard cun-e for che multiple layered earth is developed in 
itic utilization of an electronic digital computer. Some examples to show the 
ipplication of this method are given, and finally the result is described of resis-
:niiy measurement at Otake geothermal area. 

Introduct ion 

The Otake Geothermal Field is located in the Kujyu Volcano 
Ciroup, appro.ximately 30 km southwest of the hotspring city of Beppu, 
Oita Prefecture. This area shows a basin topography surrounded by 
*"<-h dome-shaped volcanoes as Mt. Waita, Mt. Misokobushi, Mt. Ichi-
moku, Mt. Ryoshi-dake, Mt. Gotoh, Mt. Kuroiwa, Mt. Kami-sensui and 
^'i- Sensui forming the vvest part of the Group. The Kusu River, which 
''Jws north through the central part of this area, has cut everv'where 
through altered zones. In addition, drilling loggs had shown the e.xist-

" Paper presented by S. ONODER.A at the Symposium on'Geothermal Problems 
'"fC) promoted by Inicrnational Union of Geodesy and Geophysics held in Ziirich 
'' 5, 1967, and accepted for publication by the organizing committee. 
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ence of many cracks in altered zone providing active channei> 
through which natural steams raise. 

In fact, the observed resistivity values of pyroxine andesite anc 
augite andesite are in the range of 6000-8000 phm.m and 2O00-30O 
ohm.m respectively. While calculated values of low resistivity lavc: 
which corresponds to altered zone is of order 4-50 ohm.m. Con.si-
quently it is possible to investigate the subsurface distribution u; 
altered zone by resistivity method of exploration. 

In general we usually use the standard curve prepared by C.G.G 
(1965) and MOONEY (1956) for the application of curve matchinj, 
method to the interpretation of resistivity sounding curves. Howcvc: 
as far as the writers' aware, it does not always follow that the:!. 
cur\'es may be applied for all practical purposes. Stricktly speakiny 
there is no curve in the case that the depth ratio, hj/hi is greati-: 
than 25 and the deepest layer as a definite resistivity. From a poini 
of view we developed a metod of calculating the resistivity for mui 
tiple layer problems. For rapid numerical calculations a digital com 
puter has been utilized. 

The subject of the present paper will be divided into two pans 
Part I deals with fundamentals in the computation of the standar.: 
curve, procedures used in computer calculation and its practical ap 
plication. In part II the result of resistivity exploration will be de­
scribed for altered zone at Otake geothermal area. 

Part I - A Method of the Interpretation 

§ 1. BASIC EQU.ATIONS 

The resistivity computation formula for the n-layer problem >" 
given by the STEF.ANHSCO and SCHLUMBERGER'S integral equation ot iH. 
form (1930): 

where p*(a) is the relative resistivity defined by the ratio of tlw >'!" 
parent resistivity, s.(a) to the resistivity of the upper layer, pi, ci i-"*'"' \ 
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•.jtance between current and potential electrodes for the two elec-
•ode method, K„{k„ hji).) is the kernel function which is expressed as 

K„iki,hi;).) = 
G„ (2) 

Hn — G„ 

,-. which kj is the reflection coefficients and is expressed by 

ki = i?i-i - p/) / (p/+i + p/), / = 1. 2 n - 1 

•. which n denotes the number of layer, /i, is the depth of interface of 
jvers, Jo is the Bessel function of zero order and '/. is a parameter. 

The functions G„ and H„ are given by the FL.ATHE'S recursion for-
r.ula (1955): 

I *here 

(3) 

y - * x 

Gn — G„_i -|- k„-i x„-i H ,1-1 

Hn ^ H„- \ -(- k„-\ X„-\ G n-1 

H „-\ = Hn-l -• r _ A) ^ ^ ^ Gn- I = G«- | 

j ^ - y 
-ith the abbreviations 

Xj = e~^'>''' and y, = e 2' ' ' ' 

;or particular expressions we have 

Hi — H'l = \, Gl = kyXi and G\ = k\y\ 

In numerical calculations of exponential functions by utilizing the 
-iinputer OKITAC-5090H, the magnitude of mantissa in real type a-
•thmetic of the object program must lie between the approximate 
•••nits of 10 "̂ " and 10"", or be zero. Therefore, in the case that nu­
merical values of the kernel function against a given model with 
,.'eater depth of interfaces, we cannot use the recursion formula'(3). 

On the other hand, the ONODERA'S recursion formula (I960) 

»here 

G„ = G„-i -I- k„-\ x„-i k„^i y„-i G'„-[ 
Hn = H„-\ -\- kn-\ .t,i-i k„-i y,,-! H „_i 

(4) 

G'n- I — Grt-1 

n n - l — Hn-

kn-
n - 2 

kn-l — k 
- 1 

n-2 

'<s not be affected by such a limitation. 

PtpiSim^l'^^i«il!PP!^^ 
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For numerical calculations, we write 

oo 

F(a) = 2a ( Kn (kj, /J,; X) /„ (Xa) dX 

\i\ becoind 
' . 1 -il (H)Mii'Jl satis 

(5, 

and make the transformation 

e-2X = z 

Here we write Kn(.z) for Kn{kj,hj; X) with e-2J. replaced by i. Tha 
K„{z) is a function of z continuous on (0,1), and the particular vaiik-N 
of K„ (z) are 

KniQ) = 0 at z = 0 

Knil) = - | - ( p „ / p . - 1) a t z = 1 

If X!„(z) is approximated by power series or a polynomial, /1.N(:« 

of degree N, then we have 

' This niq 
(iiuic detai! | 

RefcrritI 
rtun« arc g i | 

5 

Kniz) = AN{Z) = I Av zv 
v=l 

(6) 
ihei< 

where Av are coefficients of poWer series or a polynomial, and ma\ 
be determined by a method of undetermined coefficients. Substiiu: 
ing (6) in (5), and applying the Lipschits integral formula, we obtair 
the ulimate approximate formula for computing the integral (5): 

8 

F(a) = S Av Av(a) 
v=l • 

where 

Av(a) = 2a 

i'n 

(S) 
V4v^ -f- â  

If we denote the maximum error in ! A\ (z) — K„ (z) 1 by S.v a">' 
the maximum error of relative resistivities by s.v, then the fundame.i 
tal formula for estimating the error of relative resistivities to be c.y. 
culated is given by 

ejv = 2ON (9) 

Strictly speaking, the problem of computing the numerical valii'."> 
of F(a) with preassigned amount of the limit of errors, denoted l\̂  

.v.\(i the re.sB 

i '/ (a.^.| 

If we put 1̂  
I fiyuration. | 
5 
1 
I .̂ 2. PROCI-.UII 

The pr<̂  
i nKlTAC-509f 

' lii. 2 shuw.4 
••.ilues of rcB 
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fcj^ becomes that of determining the degree H of approximate poly-
^mial satisfying the inequality 

CN S 
W 

(10) 

This may only be determined by trial and error methods. For a 
•ore detail in the deduction of equation (9) see OMODERA (1963). 

Referring to Fig. 1, A-f unction for Schlumberger electrode arrange­
ment are given by 

B ^ M i N 

f T"n^ 
mar 

FIC. 1 - Schlumberger Electrode Arrangement. 

A V (flp, m a ^ = m Av(fl , ) 
1 Av (map) (11) 

there 

\/4v' -f â  

-ror in I AN (Z) - Kn (z) I by ?.v ar,.' 
stiyities by £.v, then the fundanu" 
r of relative resistivities to be <-> 

m — I m—1 

m = AN/AM 

I -.'ill the resistivity computation formula becomes 

9{ap:map) = ^^^"'"^^"^ = 1 -i- S Av\v(a„ma,) (12) 
pl v = l 

'•'. we put m = 2 in (11), then we get A-function for Wenner con­
juration. 

' - PROCEDURES IN COMPUTER PROGRAM 

2SA, {'̂  

of computing the numerical vaiu-
jf the limit of errors, denoted ^ 

, The program was written in Kyushu Daigaku ALGOL for the 
^KlTAC-5090H at the Computation Center of Kyushu University. 
^ - 2 shows the flowchart of the program No. 15 in which numerical 

»=uos of relative and apparent resistivities are computed against the 
•73rate electrode spacing of 60 for both Wenner and Schlumberger 
'Strode arrangements or only each one of them. In Fig. 2, TITLE 

'•••leates the print of the title of the program. A-functions for Wenner 
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and Schlumberger systems are calculated at the labels Dl and £y2 
respectively. LNEQ indicates the derivation of simultaneous equatiors 
of which the solution is obtained by procedure RENRITU. CALRE.S in­
dicates the calculation of relative and apparent resistivities. TlK-ge. 
values for Wenner electrode arrangement are computed at the lah©^ 
Cl and those for Schlumberger system at the lable C2. 

:\'A, the n! 

<XCF..'iA,N.EPS) 

" i NA> I J i T l 
XCF»11 ' 1^ ' 

I g^ ' I ' " l - ^ l ' N A ' ^ A > 

EPS. the a 
J 

LAYER, th 

RHOil], i 

XSRP, inti 

H[I] , arra 

which are pun 

Fic. 2 - Flowchart of the Program No. 15. 

The input data consist of 

XCF, integer of changing curves to be calculated. If XCF = ^} | 
then both Wenner and Schlumberger curves can be calt"'- \ 
lated. If XCF = 11, then only Wenner curve, and if ACP 
= 22, then only Schlumberger curve; 

^ 3. THE OITPUI 

After the lii 
ihe output, as s! 
fasilv seen frori 

ijpLWjjWpt iLM|.«(iii|ui^tuiiM!!!y!iijlK!M!lim» W^^^'^'^^^^^'-'^W-
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calculated at the labels Dl and 
derivation of simultaneous equan\, 
;d by procedure RENRITU. CALKLS 

ive and apparent resistivities. Tin 
angement are computed at the i.-,-. 
system at the lable C2. 
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I SA, the number of electrode spacing; 

TITLE I 

;V, the degree of a polynomial for approximating the kernel 
function; 

EPS, the accuracy of resistivity to be calculated; 

LAYER, the number of layer in a given model; 

RHO[l], array of resistivity of the model; 

XSRP, integer indicating the go to statement; 

/ / [ I ] , array of depth of interfaces; 

.hich are punched onto cards in turn. Thest; cards continued from 
ur program tape are supplied to the computer. 

Some procedures used in the program are listed in Table 1. 

f>( 1 : 0 . 3 : 3 : 1 : 4 ) 
h( 0.6:1.6:5:33) 
V„( I I , , I I , , 1 I 2 , I I , ) 

J i J _ i . j _ i j _ i j - | -

20 50 

200 400 
_._] 1_.1__L.I 

a or L/2 

H42/1131 

FIC. 3 - Wenner and Schlumberger Curves for » Five Layered Earth 

of the Program No. 15. 

^ THE OUTPUT 
rves to be calculated. If XCF = '• I 

Schlumberger curves can be a l | After the time of 57 seconds in comutci. processing, we can get 
len only Wenner curve, and 11 ^̂  | v output, as shown in Table 2, for a given five layer example. It is 
mberger curve; g 'MIV seen from this table that the accuracy in relative resistivity 
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TABLE I - Some Procedures used in the Program. For the purpose of reference pro. 
cedure CALKZ based on the Flathe's recursion formula is listed. 

procedure COEFFK 

begin for J: =1 

end; 

step 1 until LAYER-1 do 
AK[J] :=(ARHO[J- f I ] -ARHO[J ] ) / (ARHO[J -H] -I-ARHOL[J]) 

procedure CALKZ; comment Onodera's Recurrence Formulas; 

begin real BH, Z, LNZ, PZ, KI, KIS, HI. EHL; array PH, PHS, PG, PGS [1:49] 
BH:=1.0/FLOAT(N); PH[2]: =PHS[2]: =1.0; I: =0; 
for Z:=BH step BH until 1.01 do 

begin I : = I-(-I; AZ[I]:=Z; LNZ:=LN(Z); 
PG[2]:=AK[I]*EXP(.AH[1]*LMZ.I; PGS[2]: =EXP(AH[1]*LNZ) / AK[1]; 
if LAYER = 2 then^ go to Ll; 
for J: =3 step 1 until LAYER do 

begin KI: =AK[J-2]*AK[J-1]; KIS: =AK[J—2]/AK[J—1]; 
H I : = A H [ J - l ] - A H [ J - 2 ] ; EHL: =EXP(HI*LNZ): 

PH[J]: = P H [ J - 1 ] + K I * E H L * P H S [ J - 1 ] ; 
PHS[J ) :=PH[J - l ] + KIS*EHL*PHS[J-l]; | 

PG[J] :=PG[J-1) + KI*EHL-*PGS[J-1]; ?• 
PGS[J]: = P G [ J - 1 ] 4 - K I S ' ' E H L * P G S [ J - 1 ] J 

end; ' 
Ll: P Z : = P G [ L A Y E R ] / P H [ L A Y E R ] ; PZ: = P Z / ( 1 . 0 - P Z ) ; A K Z [ I ] : = P 7 . 

end; 
end 

halt 

procedure CALKZ: comment Recurrence Formula presented by Flathe; 

begin real BH. Z. LNZ. PZ; arrav PH, PHD. PC. PGD [1 : 49]; 
B H : = 1.0/FLOAT(N); Z: =0; for I := l step 1 until N do 
begin Z:=Z-t-BH; AZ[I]:=Z; LNZ:=LN(Z); PH[2]: =PHD[2]: =1.0; 

PG[2]:=AK[1]*EXP(AH[1]*LNZ): 
P G D [ 2 ] : = A K [ ) ] * E X P ( - A H [ I ] * L N Z ) : 

if L A Y E R = 2 then go to Ll; 
for J: =3 step 1 until LAYER do 

begin PH[J]: =PH[J-l]-i-AK[J-I]-.*EXP(AH[J—1]*LNZ)*PGD[J —I]; 
P G [ J ] : =PG[J - l l - fAK[J - l ] •VEXP(AH[J — 1 ] * L N Z ) * P H D [ J —1]: 

PHD[J]: = PHD[J-n-)-AK[J- l ]*EXP(-AH[J- l ]*LNZ)*PG[J- l ] ; 
PGD[J]: = PGD[J- l ] - i -AK[J- l ]*EXP(-AH[J-n*LNZ)*PH[J- l ] : 

end; 
Ll: PZ: = P G [ L A Y E R ] / P H [ L A Y E R ] : P Z : = P Z / ( 1 . 0 - P Z ) ; A K Z [ I ] : = P Z 

end 
end; halt 

procedure CALAZ; 
begin real P; P:=A1[N]; for J : = N - 1 step - 1 until do 

P : = P * Z - H A I [ J ] ; A Z [ I ] : = P : = P * Z 
end; 

procedure HANTEI; 
begin for I: = 1 step I until N do 

begin DELTA:=2.0-*ABS(AZ[I1-AKZ[I]); ADEL[I1: = DELTA: 
if DELTA> EPS then go to OWARI 

end; I: =N; OWARI: 
end; halt 
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1 %lii l; i . ' I ' / ic U i i l p v i t •Jl Ki t : C'«»iitl*^'l*.*i' C a i c i i l u t i 

L A Y E R = 5 
R H O = 1.0000000 

K = -0.5000000 
H = 1.0000000 

EPS = 0.05000 
0.3333333 
0.8000000 
3.0000000 

3.0000000 
-0.5000000 
6.0000000 

1.0000000 
0.6000000 
11.0000000 

4.0000000 

I 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

C O E F F A 

-.497996796,0 
.124189649,, 
.380130589,0 

-.504402778,0 
.481070844,0 

-.317356854,0 

.150168435,0 
-.526970379,0 

.142116824,0 

-.306472629,0 

.540375888,0 
-.7314.-i304.8,„ 

.512806673,0 

.641767539,0 

-.269333968,0 
.437981389,0 

-.427407623,0 
.258852408,0 

-.901010144,0 

.138348050,0 

0 
0 
1 
.2 
3 
4 
5 
5 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
6 
6 

Z 

0.05 
0.10 
.0.15 

0.20 

0.25 
030 
0.35 
0.40 

0.45 
0.50 
0.55 
0.60 
0.65 
0.70 

0.75 
0.80 

0.85 
0.90 
0.95 
1.00 

K ( Z ) 

-.243187832,0-
-.470724543,0-

-.679972238,0-

-.868671502,0-
-.103476292,0 

-.117622522,0 

-.129092243,0 
-.137645060,0 

•-.142997084,„ 

-.144800377,0 

-.142613109,0 
-.135847.W1,„ 
-.I2.W.2326,o 

-.104720263,0 
-.765962337,0-

-.342824992,0-
J38517.104,,-
.158620574,0 

.442844682,0 

.150000002,0 

1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
0 
0 
1 

A (Z) 

-.243187830,0-
-.470724538,0-

-.679972210,0-
-.868671341,0-

-.103476227,0 
-.117622322,0 

-.129091729,0 

-.137644018,0 

-.142994505,0 
-.144795526,0 
-.142605071,0 
-.135835320,0 

-.12.16428.1.5,0 

-.I04665067„, 

-.765106563,0-
-.342827349,0-

.339922830,0-

.159.553641,0 

.445027533,0 

.150718302,0 

1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
0 
0 
1 

ERROR 

.378349796,0- 9 

.101863407,0- 8 

.547152013,0- 8 

.321306288,0- 7 

.128813554,0- 6 

.400992576,0- 6 

.102887861,0- 5 

.208418351,0- 5 

.515626743o,- 5 

.970158726„,- 5 

.160755590,0- 4 

.241410453,0- 4 

.389830093,0- 4 

.110391411,0- 3 

.171154796,0- 3 

.471394742,0- 6 

.281105109,0- 3 

.186613377,0- 2 

.436570216,0- 2 

.143660009,0- 1 

h 
N* 

I 
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WENNER CURVE 

A 

0.1 
0.2 

OJ 
0.4 
0 5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 
2.2 
2.4 
2.6 
2.8 
3.0 
3.4 

R(A) 

0.9997 
0.9973 
0.9916 
0.9811 
0.9661 
0.9468 
0.9235 
0.8972 
0.8693 
0.8406 

0.7847 
0.7334 
0.6900 
0.6563 
0.6300 
0.6118 
0.6027 
0.5982 
0.5987 
0.6012 
0.6220 

4.0 ' n.ft618 
4 4 (l'(.'»77 

AR(A) 

0.9997 
0.9973 
0.9916 
0.9811 
0.9661 

0.9468 
0.9235 
0.8972 
0.8693 
0.8406 
0.7847 
0.7334 
0.6900 
0.6563 
0.6300 
0.6118 

0.6027 
0.5982 
0.5987 
0.6012 
0.6220 
0.66.18 
n (i'(77 

1 

AM 

0.26 
0.36 
0.46 
0.56 
0.66 
0.64 
0.74 
0.84 
1.04 
1.24 
1.44 
1.64 
1.84 
2.04 
2.34 
2.64 
2.84 
2.76 
3.36 
3.76 
4.36 
5..16 
h •Sfi 

AN 

0J40 
0.440 
0.540 
0.640 
0.740 
0.960 
1.060 

1.160 
1.360 
1560 
1.760 
1.960 
2.160 
2.360 
2.660 
2.960 
3.160 
4.040 
4.640 
5.040 
5.640 
6.640 
7 wo 

MN/2 

0.04 
0.04 
0.04 
0.04 
0.04 
0.16 

0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16. 
0.16 
0.16 
0.64 
0.64 
0.64 
0.64 
0.64 
O M 

AN/AM 

1.307692 
1.222222 
1.173913 
1.142857 
1.121212 
1.500000 
1.432432 
1.380952 
1.307692 
1.258065 
1.222222 
1.195122 
1.173913 
1.156863 
1.136752 
1.121212 
1.112676 
1.463768 
1.380952 
1J40426 
1.293578 
1.2.1KK06 
i.^ni.n.K ' 

AB/MN 

7.5000 
10.0000 
12.5000 
15.0000 
17.5000 
5.0000 
5.6250 
6.2500 
7.5000 
8.7500 

10.0000 
11.2500 
12.5000 
13.7500 
15.6250 
17.5000 
18.7500 
5.3125 
6.2500 
6.8750 
7.8125 
9..17.S0 

in.<).i7.s 

SCHLUMBERGER 

AO 

OJO 
0.40 
0.50 
0.60 
0.70 
0.80 
0.90 
1.00 

' 1.20 

1.40 
1.60 
1.80 
2.00 
2.20 
2.50 
2.80 
3.00 
3.40 
4.00 
4.40 
5.00 
6.00 
7.no ' 

R(AO) 

0.9971 
0.9930 
0.9870 
0.9788 
0.9683 
0.9565 
0.9407 
0.9236 
0.8845 
0.8405 
0.7982 
0.7551 
0.7183 
0.6803 
0.6440 
0.6127 

0.5989 
0.5888 
0.5856 
0.5966 
0.6265 
0.6S69 
0 7SI,i) 1 

CURVE 

AR(AO) 

0.9971 
0.9930' 
0.9870 
0.9788 

0.9683 
0.9565 
0.9407 
0.9236 
0.8845 
0.8403 
0.7982 
0.7551 
0.7183 

0.6803 
0.6440 
0.6127 
0.5989 
0.5888 
0..S8.S6 
0.5966 
0.6265 

O.nSSf 
0 7.>l.1 

hO 

9.0 
10.0 
12.0 
14.0 
16.0 

i;.->/i4 

1.0()32 
1.1267 

• 1.2352 
1.3448 
1.4379 

Oy;'l4 

1.0612 
1.1267 
1.2352 
1.3448 

1.4379 

\ .4.U7S.1 

1.370170 
1.322581 
1.285714 
1.2.S6410 
1.222222 

6.11X10 
7.2000 
8.0000 
8.8000 

10.0000 

14.00 

16.00 

18.00 
20.00 
22.00 
25.00 

I . l . ' lS 

1.3071 

1.2S64 
1.3546 
1.4381 
1.5411 

i . i : i . s 

1.2071 

1.2864 

1.3546 

1.4381 

1.5411 



0.9 
1.0 
1.2 
1.4 
1.6 
1.8 
2.0 

.2.2 
2.4 
2.6 
2.8 
3.0 
3.4 
4.0 
4 < 

0.8693 
0.8406 
0.7847 
0.7334 
0.6900 
0.6563 
0.6300 
0.6118 
0.6027 
0.5982 
0.5987 
0.6012 
0.6220 
0.W.18 

« u 
9.0 

10.0 

12.0 

14.0 

16.0 

18.0 
20.0 
25.0 
30.0 
32.0 
40.0 
48.0 
56.0 
64.0 
80.0 
96.0 

100.0-
120.0 
160.0 

200.0 

240.0 

280.0 
320.0 
400.0 
480.0 
56a0 
640.0 

I.Ot.32 
1.1267 
1.2352 
1.3448 
1.4379 
1.5279 
1.6163 
1.8228 
2.0092 
2.0786 
2JI89 
2.5292 
2.6913 
2.8483 
3.0916 
3.2674 
3^984 
3.4578 
3.6591 
3.7721 
3.8252 
3.8785 
3.9246 
3.9442 
3.9729 
2.9889 
3.9977 

0.8693 
0.8406 
0.7847 
0.7334 
0.6900 
0.6563 
0.6300 
0.6118 
0.6027 
0.5982 
0.5987 
0.6012 
0.6220 
n.cvi.18 
fl (.'177 

1.0632 

1.1267 

1.2352 

1.3448 

1.4379 

1J279 

1.6163 

1.8228 

2.0092 

2.0786 

2J189 

2.5292 

2.6913 

2.8483 

3.0916 

3.2674 

3.2984 

3.4578 

3.6591 

3.7721 

3.8252. 

3.8785 

3.9246 

3.9442 

3.9729 

3.9889 

3.9977 

1.04 

1.24 

1.44 

1.64 

1.84 

2.04 

2.34 

2.64 

2.84 

2.76 

3J6 
3.76 

4.16 
5.36 
>. V, 

1J60 

1.560 

1.760 

1.960 

2.160 

2J60 

2.660 

2.960 

3.160 

4.040 

4.640 

5.040 
5.640 
6.6)0 
7 (.40 

II ^*J 

13.50 

15.50 

17.50 

19.50 

22.50 

25.50 

27.50 

31.50 

37.50 

41.50 

40.00 

50.00 

60.00 

70.00 

80.00 

90.00 

110.00 

130.00 

150.00 

170.00 

160.00 

180.00 

210.00 

240.00 

280.00 

340.00 

420:00 

I r. .'̂. »l 

18.500 

20.500 

22.500 

24.500 

27300 

30.500 

32.500 

36.500 

42.500 

46.500 

60.000 

70.000 

80.000 

90.000 

100.000 

110.000 

130.000 

150.000 

170.000 

190.000 

240.000 

260.000 

290.000 

320.000 

360.000 

420.000 

500.000 

:.».M» 

2.50 

2.50 

2.50 

2.50 

2.50 

2.50' 

2.50 

2.50 

2.50 

2.50 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

10.00 

40.00 

40.00 

40.00 

40.00 

40.00 

40.00 

40.00 

0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.16 
0.64 
0.64 
0.64 
0.64 
0.6-1 
n f.4 

1.307692 
1.258065 
1.222222 
1.195122 
1.173913 
1.156863 
1.136752 
1.121212 
1.112676 
1.463768 
1.380952 
1340426 
1.293578 
I.21«.S06 
1 ? O I J ^ K 

7SSX30 
8.7500 

10.0000 
11.2500 
12.5000 
13.7500 
15.6250 

17.5000 
18.7500 
5J125 
6.2500 
6.8750 
7.8125 
9.37.S0 

i n •)17S 

1.20 

1.40 
1.60 
1.80 
2.00 
2.20 
2.50 
2.80 
3.00 

3.40 
4.00 
4.40 
5.00 
6.00 
7 m 

1.370370 

1.322581 

1.285714 

1.256410 

1.222222 

1.196078 

1.181818 

1.158730 

1.133333 

1.120482 

1.500000 

1.400000 

1J33333 

1.2K5714 

1.250000 

1.222222 

1.181818 

1.153846 

1.133333 

1.117647 

1.500000 

1.400000 

1.380952 

1.333.133 

1.285784 

1.235294 

t.l'AMIb 

6.4000 

7.2000 

8.0000 

8.8000 

10.0000 

11.2000 

12.0000 

13.6000 

16.0000 

17.6000 

5.0000 

6.0000 

7.0000 

8.0000 

9.OO0O 

10.0000 

12.0000 

14.0000 

16.0000 

18.0000 

5.0000 

5.5000 

6.2.500 

7.0000 

8.0000 

9.5000 

11.5000 

M.voi 

16.00 

18.00 
20.00 
22.00 

25.00 

28.00 

30.00 

34.00 

40.00 

44.00 

50.00 

60.00 

70.00 

80.00 

90.00 

100.00 

120.00 

140.00 

160.00 

180.00 

200.00 

220.00 

250.00 

280.00 

320.00 

380.00 

460.00 

0.8845 

0.8405 

0.7982 

0.7551 

0.7183 

0.6803 

0.6440 

0.6127 

0.5989 

0.5888 

0.5856 

0.5966 

0.6265 

n.6S69 

0.8845 

0.8405 

0.7982 

0.7551 

0.7183 

0.6803 

0.6440 

0.6127 

0.5989 

0.5888 

0.5856 

0.5966 

0.6265 

0.6.«69 
n 7^|.S 

I I < I :> 

1.2073 

1.2864 

1.3546 

1.4381 

1.5411 

1.6265 

1.6932 

1.8114 

1.9970 

2.0821 

2.2003 

2.3955 

2..5713 

2.7548 

2.8710 

2.9890 

3.1765 

3.3672 

3.4081 

3..S937 

3.6025 

3.6592 

3.7439 

3.77.';9 

3.8452 

3.8881 

3.9277 

1.2073 

1.2864 

1.3546 

1.4381 

1.5411 

1.6265 

1.6932 

1.8114 

1.9970 

2.0821 

2.2003 

2.3955 

2.5713 

2.7.548 

2.8710 

2.9890 

3.1765 

3.3672 

3.4081 

3.5937 

3.6025 

3.6592 

3.7439 

3.7759 

3.84.S2 

3.8881 

3.9277 
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TABLE 3 - A Series of Schlumberger Electrode Arrangement used at Otake. This system 
shows Tn = 1.274038. 

AM 

0.400 
0.500 
0.600 
0.700 
0.800 
0.900 
1.100 
1.400 
1.250 
1.450 
1.750 
2.150 
2.750 
3.150 
3.750 
4.750 
4.000 
5.000 
6.000 
7.000 
8.000 
9.000 
11.000 
14.000 
12.500 
17.500 
21i00 
27 JOO 
37 JOO 
47.500 
40.000 
50.000 
60.000 
70.000 
80.000 
90.000 
110.000 
140.000 
190.000 
160.000 
200.000 
260.000 
360.000 
320.000 
420.000 
520.000 
620.000 
720.000 
820.000 
920.000 

• AN 

0.600 
0.700 
0.800 
0.900 
1.000 
1.100 
UOO 
1.600 
1.750 
1.950 
2.250 
2.650 
3.250 
3.650 
4.250 
5.250 
'6.000 
7.000 
8.000 
9.000 
10.000 
11.000 
13.000 
16.000 
17.500 
22.500 
26.500 
32.500 
42.500 
52.500 
60.000 
70.000 
80.000 
90.000 
100.000 
110.000 
130.000 
160.000 
210.000 
240.000 
280.000 
340.000 
440.000 
480.000 
580.000 
680.000 
780.000 
880.000 
980.000 
1080.000 

MN/2 

0.100 • 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
0.250 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
2.500 
2.500 
2.500 
2.500 
2.500 
2.500 
10.000 
10.000 
10.000 
10.000 
10.000 
10.000 
10.000 
10.000 
10.000 
40.000 
40.000 
40.000 
40.000 
80.000 
80.000 
80.000 
80.000 
80.000 
80.000 
80.000 

AN/AM 

1.500000 
1.400000 
1.333333 
1.285714 
1.250000 
1.227772 
1.181818 
1.142857 
1.400000 
1.344828 
1.285714 
1.232558 
1.181818 
1.158730 
1.133333 
1.105263 
IJOOOOO 
1.400000 
1.333333 
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calculated will remain within the order of 0.014366 which is printed 
in the last line of ERROR column. Fig. 3 shows Wenner curve, which 
is the logarithmic plot of the relative resistivity in ordinate with ref­
erence to logarithmic electrode distance, a in abscissa, and shows 
Schlumberger curve plotted by the double logarithmic scales that the 
computed relative resistivity is taken as ordinate against a half dis­
tance between current electrodes, denoted by L/2, as abscissa. 

If we now write II| for the group of resistivity sounding 
curves in two layer case when pi < p:, and also II2 for those when 
s, > 52, then the characteristic feature of both curves is expressible 
as Vll (IIj, III, II2, III). In other wards these involved consist of a 
series of II2, IIi, II2 and IIi. 

Further, if the origin, (1, 1) of Schlumberger curve is slide to 
the left side along the axis of abscissa by 1.3 approximately, then 
we may roughly find the overlap one upon another. The shift of the 
origin is given by 

m = 1.256212 (13) 

which is the arithmetical mean of m showing a fixed value for a given 
electrode system available. As a result of this investigation, we may 
conclude that no essential difference exist between Wenner and 
Schltamberger curves. 

§ 4. SOME EXAMPLES OF THE INTERPRETATIO.N FOR FIELD CURVES 

We have observed resistivity sounding curves for a two, three-, 
four- and five-layer earth at Otake geothermal area. In general better 
knowledge of the characteristics of such cur\'es will enable. us to 
determine the subsurface structure with better accuracy. Some results 
of the interpretation will be summarized briefly as follows: 

Ex. I. Two layer curve 

Fig. 4 shows the result of the interpretation for a field curve 
obtained at the station 59 on the line L2, abbreviated to L2S9. The 
values of apparent resistivity are observed for the system of Schlum­
berger electrode arrangement as shown in Tabic 3. The obser\'ed 
values in ohm.m are plotted by circles and black circles. The theoretic-
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lion is that the third layer corresponds to reservoirs of natural steams. 
Unfortunately we could not determined the thickness of the third 
layer from the field curve. 

Fig. 6 shows the result of the interpretation for the field curve 
obtained at L1S2I. As a whole, this curve gives a resistivity indication 
that altered zone exists in shallow depth. . 

Ex. 3. Four layer curves 

As shown in Fig. 7; some points are apart from the calculated 
curve. By considering the relation between the positions of the elec-
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trode stakes and the topographies or geological conditions; we may 
vasily find that these points show irregular values due to surface con-

^ diiions. The third layer with the resistivity of 20 ohm-m and the thick-
j ncss of 467 m corresponds to altered zone of andesite. 

Another example similar lo above is shown in Fig. 8. After close 
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al curve for the resistivity layer as shown in the lower part of Fig. 
4 is drawn by a solid curve. We can see from this that observed val­
ues lie roughly on the theoretical curve. Therefore we may draw a 
conclusion that the subsurface structure consists of a two layer earth 
with the resistivity of the first and the second layers in 800 and 44 
ohm-m respectively and the thickness of the first layer in 96 m. Wc 
should note that observed values and some of them for 4 fixed values 
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of L/2 i.e. 200, 400, 500 and IOOO m shown in Fig. 4 may be excluded 
from resistivity data on the basis of the experience that resistivity 
measurements show the erratic values when one or two electrodes of 
the system are grounded at a ridge of hill, and on a road or into a 
river. 

Ex. 2. Three layer curves 

Fig. 5 shows the plot of the relation between the observed values 
in apparent resistivity at the station L3'S'8 and L/2 together with the 
calculated curve for the resistivity layer. This is one of the typical 
resistivity sounding curves at Otake geothtbrmal area. Our presump­
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examination of this field curve, we get the resistivity layer, in which 
the third layer corresponds to steam reservoirs. The limit of drilling 
depth is given by the interface between the third and the fourth te-
sistivity layers. 

Finally an interesting phenomenon is presented in measurements 
of apparent resistivity by introducing the commutated current of ihc 
rectangular wave, 15 cpsand the direct current into the ground. The 
measurement was made with Schlumberger electrode arrangement on 
the same station LOS 14 near production wells and yielded a result as 
shown in Fig. 9. In this figure circles show the plot of the values in 
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FIG. 6. 

apparent resistivity observed by Gish-Rooney apparatus for the elec­
trode system available. In this case there is no need to take into con­
sideration the effect of polarization of the ground. While black circles 
show the plot of the same relation when the direct current is supplied 
into the earth. In this case it will be natural to consider che polariza­
tion phenomenon of any materials in the earth due to high density 
of current sources. In Fig. 9, both curves have the same indication ;>:* 
long as L/2 is smaller than 50 m approximately, but they show dil-
ferent shapes when 50 < L/2 < 1000 m. This difference probably seenis 
to be derived from the conduction of ion in the subsurface formation 
containing heated water. Although the investigation of this intcrc.<i-
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ing phenomenon leads to another key of detecting geothermal re­
sources, the problem will be left in future. 

The result of the interpretation in the former case is given by 
(he resistivity layer as shown in the lower part of Fig. 9. In comparing 
this result with the drilling loggs at the production wells, Nos. 7-10, 
we may conclude that the. result agrees with the subsurface stracture 
producing natural steam. 
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Part II - Results of Resistivity Exploration 

It is the aim of resistivity exploration to determine the shape and 
'he distribution of altered zone in close relation to heat sources. 

The resistivity sur\ey with the apparatus devised by NotiUCiil 
'1942) covers the central area of 12 km^ approximately, and the total 
length of surveying lines is 32 km appro.ximaiely. In August 1965, 35 
resistivity sounding curves were observed on the LI, L2 and L3' lines. 
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In July 1966, 36 curves on the L3 and L4 lines and in July 1967, 36 
curves on the L5 and LO lines (Fig. 10). 

The interpreting process of resistivity data was carried out in 
the following two steps: the first step deals with the interpretation 
of resistivity mapping curves, which were prepared frorn a series of 
resistivity sounding curves on the same lihe. Discussing the tendencv 
of these curves accompanied with the increase of L/2, we get such 
the knowledge of information as the part of the area showing the 
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stratified earth, which is indicated by horizontal forms of these cur\es, 
the existence of faults, which is indicated by step forms, and of high 
or low resistivity zone. The second step is to apply the curve match­
ing method of inlerpretation to the resistivity sounding curves show­
ing the layered earth. 

Owing to the effect of topography, the existence of faults, com­
plex geological condilions characterized by volcanic area, ground­
water and so on, the observed curves in many cases deviated from 
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the theoretical curve. However resistivity measurements indicated 
clearly low resistivity layer corresponding to altered zone because of 
very high resistivity contrast between altered zone and formations 
above or below it. The effect of resistivity contrast of geologic body 
on the field curve is shown at the upper left hand corner of Fig. 11 
logheter with the theoretical cun'e of four layer case. 
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I Fig. II shows the resistivity block diagram drawn from the result 
of interpreting the field curves. The break in the resistivity continu­
ity is a good evidence for different geological conditions such as al­
tered zone in existence. 

On the section of resistivity layer for L2 line the subsurface in 
the north part of S9-10 consists of two layer earth and that of the 
••"Outh part of the same station shows a series of multiple structures. 
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Low resistivity layer is divided into three blocks, say SlO-16, Si9«3,i? 
and S23-24, where resistivity values are 7-21, 2-6 and 6-14 ohm-*y\ 
respectively. We may assume that a fault exists between Sl l and Sua. 

On the Ll line resistivity layer is classified by three parts, thoit 
is from 813 to 816, from 819 to 821 and from 822 to 824, and each 
value of resistivity is in the range of 4-22, 10-52 and 9.5-17 ohm -m 

FIG. 10 - Resistivity Stations and the Distribution of Altered Zone alter NAKI.M' ' 
and A.Nno. 

respectively. We may find that low resistivity zone at and near surface 
corresponds lo the remarkable altered zone, of which the distiibm"'" 
is distinguished by double chain lines as shown in Fig. 10. Thi>al" 
tered zone is situated on the extension of the south-east of the N« 
KAMURA'S Altered Zone (1954). 
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Low resistivity layer for L3 line lies below 88, 812-17, 820 and 
.S22-24. It will be seen that low resistivity layer of 811-16 for L13 is 
correlated to that of 813-17 for L4, and that it runs toward the west. 

By the correlation betv^'cen resistivity layer ahd the geolocical 
section of the steam production wells, Nos. 7, 8, 9 and 10, we may 
suggest that steam reservoirs should correspond to the third resis­
tivity layer with thickness in the range of 180-400 m below L1S13-16 
or with thickness in the range of 650-800 m below L2812-16. This 
layer is in an increasing state from Ll to L2. 
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FIC. 11 - The Resistivity Block Diagram for Otake Geothermal Area.-

On the other hand, the form of altered zone below the lines L3 
•̂ 'id L4 is turned into a horn type which shows a section of typical 
-hered zone. 

ion of the south-east of the N '̂ J The section of bores Tl-7 is drawn to show additional informa-
'!')ns on the development of natural steams (see the middle part at 
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the left hand side of Fig. 11). This is also proved by the resistivitv 
layer shown in Fig. 9. 

From the resistivity indications the north limiting boundary of 
steam producing area is drawn by the large dotted line on the Fig. 10. j 

Probable faults were based on the resistivity discontinuity, and t 
they were also drawn by the characterized deviation of a field curve ] 
from computed resistivity one. 

In general it is seen from the result of resistivity survey thai 
geology at and near L2 and Ll consists of stratified structure over 
the wide area, while the subsurface structure of L3 and L4 is almost 
complicated. 

i 

Concluding Remarks 

A method of calculating the standard resistivity curve was pres­
ented and its computer calculation was developed. On the basis of 
the computer output described in the preceding section, the acadimic 
conclusion is that both Wenner and Schlumberger curves showed 
similar figures, and the shift^of the origin of Schlumberger curve in 
abscissa was indicated by m. Therefore no advantages and disad­
vantages exist between both curves. In part II results of computer 
calculations were applied to the interpretation of field curves at 
Otake. 

In general the application of resistivity method to the detection 
of natural steams is to determine the distribution of formations stor­
ing supper heated waters. In this geoelectrical case history it should 
be noted that resistivity measurements indicated low resistivity layer 
•which corresponds to altered zone, but it is not alwajs reser\oirs. 
Further resistivity data offered such many important informations 
as new areas to be developed, the existence of faults, the depth, shape 
and distribution of reservoirs and the limit of drilling depth for the 
development of geothermal resources at Otake. . 
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ratory and the various sUideii'." 
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•n Kyushu University for their help in the resistivity measurements 

jnd to the stuffs at the Computation Center for their help in the 

calculation of standard curves. Also, thanks are due Mrs. H. YA.M.A-

\-,\KA for her assistance in the recomputation of apparent resistivity 

m the field notes, the plot of computer results and the preparation 

of the plates. 
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