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INVESTIGATIONS OF WATER-ROCK INTERACTION IN GEOTHERMAL SYSTEMS 
OF JAPAN AND TAIWAN 

By 

J. G. Liou, Associate Professor 
Stanford University, Stanford, CA 94305 

ABSTRACT 

The Department of Energy i s asked to provide two years of support 
for the c o n t i n u a t i o n of d e t a i l e d m i n e r a l o g i c a l - p e t r o l o g i c a l - g e o c h e m i c a l 
i n v e s t i g a t i o n s of d r i l l ho le core samples from the geothermal a r ea s of 
Onikobe and Hakone (both in Japan) and Tatun ( i n Taiwan). On-going 
r e sea rch has been supported by a Guggenheim Fel lowship ( 9 / 1 / 7 8 - 8 / 3 1 / 7 9 ) , 
and the U.S . -Japan p r o j e c t funded by the Nat iona l Science Foundation 
( 4 / 1 / 7 8 - 8 / 3 1 / 8 0 ) . These geothermal a reas were s e l e c t e d for d e t a i l e d 
i n v e s t i g a t i o n because geo log ica l -geochemica l -geophys ica l information and 
a nea r ly complete se t of d r i l l ho le core samples are a v a i l a b l e to the 
p r i n c i p a l i n v e s t i g a t o r . 

The purposes of the i n v e s t i g a t i o n are to de t e rmine : 

1. The p a r a g e n e t i c sequence of formation of secondary minera l s in 
the geothermal system and metamorphic r e a c t i o n s r e l a t e d to t h e i r 
format ion; 

. 2. The phys ico-chemica l cond i t i ons of t h e i r genes i s deduced from 
phase e q u i l i b r i a and i so top i c f r a c t i o n a t i o n of c o e x i s t i n g phases 
and t h e i r comparison with recorded and analyzed c o n d i t i o n s ; 

3 . The s p a t i a l p a t t e r n s of hydrothermal a l t e r a t i o n s and t h e i r 
r e l a t i o n to the flow of hydrothermal s o l u t i o n s ; 

4 . The source of the hydrothermal f l u i d s r e s p o n s i b l e for the 
a l t e r a t i o n ; 

5 . The e f f e c t i v e wa te r - rock r a t i o in the geothermal system; 
6. The a t t a inmen t of chemical and i s o t o p i c e q u i l i b r i u m in the 

c o e x i s t i n g m i n e r a l s ; and 
7 . The change of i s o t o p i c and f lu id composi t ions and temperature 

of geothermal f l u id s as a funct ion of time as recorded in the 
changes of minera l assemblages . 

All these w i l l c o n t r i b u t e to a b e t t e r unde r s t and ing of the g e n e t i c 
cond i t i ons and p rocesses causing chemical and m i n e r a l o g i c a l changes 
during the rock-water i n t e r a c t i o n s in a geothermal system. This , 
in t u r n , w i l l a id in future e x p l o r a t i o n and assessment of geothermal 
p o t e n t i a l for these and o ther a r e a s . Our r e s u l t s have been t e s t ed in 
the Onikobe geothermal a r e a , where a new producing wel l was d r i l l e d 
by the Japan E l e c t r i c Development Cooperat ion in accordance with our 
recommendation. 
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STATEMENT OF WORK 

Our basic premise is that the changing composition and temperature 
of geothermal fluids as a function of time will be recorded by the 
paragenesis, compositions and isotopic properties of the associated 
mineral assemblages, and that the latter can be used to reconstruct the 
evolution of a geothermal system. 

We propose to continue detailed mineralogical-petrological-
geochemical investigations of drill hole core samples from Onikobe and 
Hakone (both in Japan) and the Tatun geothermal area (in Taiwan). These 
geothermal areas were selected for detailed investigation because they 
are recognized as classic examples and because geological-geochemical-
geophysical information and a nearly complete set of drill hole core 
samples are available to the principal investigator. All three of these 
geothermal areas are in volcanic arcs and are largely andesitic, but they 
differ from one another in the varieties of andesitic and other rocks 
present, and they differ somewhat in water types; hence, secondary 
mineral assemblages and mineral parageneses are different. Table 1 lists 
geological and mineralogical information on these three geothermal areas. 

The differences in mineral parageneses among the 3 sets of core 
samples which are from drill holes up to 1500 meters deep are significant. 
For example, in the Onikobe geothermal area, Ca-Al silicates change with 
depth as follows: 

mordenite —^ laumontite —V3aigawaralite—^ wairakite -^ prehnite —> epidote. 

Pyrite and magnetite are ubiquitous. However, in the Tatun geothermal 
area, depth zones of laumontite—^-wairakite -^epidote are poorly devel­
oped, mordenite and other calcium zeolites and prehnite were not found, 
and carbonates, anhydrite (+ gypsum), pyrite and hematite are very common. 
Apparently the hydrothermal fluids in the Onikobe area must have lower 
activities of CO2, SO^ and oxygen compared with those at the Tatun area, 
inasmuch as temperature, pressure, and host rocks are very similar. The 
appearance of Fe-rich epidote at very shallow depths (see Appendix A) and 
the absence of prehnite in the Tatun geothermal area are consistent with 
this suggestion. However, both epidote and prehnite contain considerable 
amounts of Fe and their appearance is highly dependent on the fg, of 
the hydrothermal fluid. Careful and systematic investigation of 
assemblages and compositions of the calcium aluminum silicates and clay 
minerals is necessary in order to fully understand the complex effects 
of rock-water interactions in geothermal systems. 

The similarities and differences in mineral paragenesis and inter­
active modes determined from the proposed investigation of 3 geothermal 
areas could yield some principles relating to water-rock interactions in 
geothermal systems which might not be apparent from the investigation of a 
single geothermal area. Although the selected target areas are in foreign 
countries, the conclusions derived from these classic geothermal areas 
could be applied to many geothermal fields in the United States. 

-1-



Specifically, the proposed investigations include: 

(1) Examination of drill hole core samples by transmitted and reflected 
light microscopy in order to identify secondary minerals and their 
textural relations and paragenetic sequence; 

(2) Identification of clay minerals by X-ray diffraction, differential 
thermal analysis and scanning electron microscopy (SEM) in order to 
establish their properties and parageneses in geothermal systems and 
their correlation with zeolitic mineral sequences; 

(3) Microprobe analyses of carbonates, zeolites, clay minerals, prehnite, 
epidote and others in order to test chemical equilibrium and explain 
the parageneses and physico-chemical conditions of their formation; 

(4) Detailed analyses of stable isotopes (C,0,H,S) of bulk rock and 
mineral phases in order to establish the source and nature of 
hydrothermal fluid and to estimate the temperature of equilibrium 
or near-equilibrium of the mineral species. 

After completion of the data collection, the mineralogic-compositional 
characteristics of the hydrothermally altered rocks will be correlated with 
the chemical and isotopic compositions of the thermal waters. The experi­
mental data on appropriate rock-water interactions will then be used to 
deduce the genetic conditions causing chemical and mineralogical changes 
during the rock-water interactions in geothermal systems. 

The proposed studies will result in data applicable to both scien­
tific and applied problems. The scientific aspects include processes 
related to metamorphism, rock alteration, ore genesis and geochemical 
cycling in hydrothermal systems. The practical aspects include developing 
a better basis for exploring for and exploiting geothermal resources. As 
a matter of fact, based on petrological-geochemical data accumulated thus 
far, a new, top producing well with a depth of 700 meters has been drilled • 
recently in the Onikobe area under the recommendation of the Associate 
Principal Investigators Seki and Oki. 
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TABLE 1. Geological and Mineralogical Data of the Onikobe, Hakone 
and Tatun. Geothermal Areas 

Onikobe Hakone Tatun 

Geologic Setting Caldera Volcano 
Caldera 

Host Rock Pleistocene Pleistocene basalt, 
dacite, andesite, dacite, andesite, 
tuffs & flows; tuffs & flows; 
Miocene volcanogenic Miocene volcanogenic 
sediments sediments 

Volcanic 
bedded sequence 

Pleistocene 
andesitic lavas, 
tuffs & breccias; 
Miocene sandstone 
sediments 

Thermal Waters 

Type Meteoric, 
magmatic(?) 

Composition 

pH a t su r face 2 - 5 

Temperatures 60-225°C 

A l t e r a t i o n Minerals 

Ca -Zeo l i t e s 

I l l i t e 

K a o l i n i t e 

Abundant; vary 
according to depth 

Abundant 

Abundant in 
shal low p a r t 

Meteor ic , 
s eawa te r ( ? ) 
magmatic(?) 

Acid s u l f a t e 
a t the s u r f a c e ; 
b i c a r b o n a t e s u l f a t e 
and NaCl a t depth 

3 - 8 

100-250°C 

Rare; vary 
according to depth 

Rare 

Rare 

S m e c t i t e - c h l o r i t e f o u r t y p e s a c c o r d i n g t o d e p t h ( s e e 

Gypsum-Anhydr i t e Common Not common 

A l u n i t e Very r a r e Rare 

C a r b o n a t e s Common Common 

P y r i t e Common Rare 

I r o n Oxides M a g n e t i t e M a g n e t i t e 

Meteoric, 
seawater(?) 
magmatic(?) 

Acid s u l f a t e 
ch lo r ide type 

1 - 3 

50-250°C 

Rare; only 
laumontite 
and wairakite 

Abundant 

Abundant in 
shallow part 

p. 11) 

Very common 

Very rare 

Common 

Common 

Magnetite-
Hematite 
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TECHNICAL REQUIREMENTS 

Introduction 

Japan and Taiwan provide excellent examples, of active geothermal 
systems in geologic terrains which are well understood. Development 
of geothermal power has been greatly emphasized in these countries 
because it is potentially a major energy resource in active volcanic 
areas. Exploration of geothermal energy in Japan and Taiwan began 
in the early sixties, and many exploratory holes have been drilled 
up to 2000 m in depth. Drill hole cores have been sampled, thermal 
waters have been analyzed chemically and isotopically, and many 
other geological data (e.g., temperature gradient, flow rate, 
permeability) and geophysical data have been collected. A 
geothermal power plant of 25 MW was successfully installed in 
Onikobe in 1975. 

This project on low-temperature rock-water interaction in geo­
thermal systems was initiated under a U.S.- Japan Project and a 
Guggenheim Fellowship. Since April 1, 1978, the NSF has sponsored a 
joint U.S.- Japan project on coordinated studies of rock-water 
interactions in geothermal systems utilizing experimental and field 
approaches. At Stanford, the principal investigator and his 
associates have studied the interaction 

of andesitic-basaltic rocks with seawater and meteoric waters from 
200°C .to 400°C in order to determine the kinetic and equilibrium modes 
of interaction of rocks with solutions chemically, isotopically and 
mineralogically. As a Guggenheim Fellow, the principal investigator 
spent his sabbatical year (September 1, 1978 to August 31, 1979) in both 
Taiwan and Japan. He joined our Japanese colleagues. Professor Yotaro Seki 
of Saitama University and Dr. Yasue Oki of Hakone Hot Springs Research 
Institute in studying the properties of drill hole core samples and the 
field aspects of rock-water interactions in the Onikobe, Hakone and Tatun 
geothermal areas. (See Fig. 1 for localities.) The field studies include 
petrological-mineralogical-geochemical examinations of drill-hole core 
samples and their correlation with the chemical and isotopic properties 
of thermal waters. The collective specific aims were, and are: 
(1) to determine the mineralogical, chemical and isotopic characteristics 
of the hydrothermally altered rocks in these geothermal areas, (2) to 
deduce the sequence of chemical, mineralogical and geological events that 
have affected the mineral assemblages of the altered rocks, and (3) to 
determine the kinetics and equilibrium reactions attending the alteration. 
The conclusions and problems posed by the field data are to be correlated 
with and interpreted by the experimental data, to better our understanding 
of the genetic processes in geothermal systems. 

-4-



Fig. 1 . Distribution of active and Quaternary volcanos in Japan. Also shown 
are the field areas such as Fuji-Hakone-Izu area, Seikan undersea 
tunnel, and Onikobe geothermal system for the cooperative project. 
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Thus far in t h i s p r o j e c t , many exper imenta l problems have been 
i n v e s t i g a t e d a t S tan fo rd . The e x i s t i n g U . S . - Japan g ran t f a c i l i t a t e d 
completion of a n d e s i t e - w a t e r i n t e r a c t i o n s c a r r i e d out by graduate s tudent 
Ray Gui l lemet te and V i s i t i n g Professor Yishan Zeng of Peking Un ive r s i t y . 
The present p roposa l i s being submitted because the m i n e r a l o g i c a l -
geochemical- i s o t o p i c i n v e s t i g a t i o n of d r i l l ho le core samples from 
the Onikobe-Hakone-Tatun geothermal a reas i n i t i a t e d by the Guggenheim 
Fel lowship w i l l r e q u i r e a d d i t i o n a l time and money for success fu l complet ion. 
Funds are reques ted from the Department of Energy to defray a n a l y t i c a l 
expenses for t h i s r e s e a r c h . In a d d i t i o n , the p r i n c i p a l i n v e s t i g a t o r hopes 
to support two gradudate s tuden t s who are c u r r e n t l y engaged in Ph.D. 
r esea rch s o l e l y on t h i s t o p i c . 

Japan as a Source of Geothermal Data 

Geologic and Tectonic S e t t i n g 

The Japanese i s l and arc has experienced repea ted volcanism, both 
t e r r e s t r i a l and sub-mar ine . I n t e n s i v e volcanism t h a t has continued s ince 
the e a r l y Miocene i s be l ieved to be i n t i m a t e l y connected with the 
gene ra t ion of fumaroles and h o t - s p r i n g s , development of high geothermal 
g r a d i e n t s , evo lu t i on of the Green Tuff t e c t o n i c b e l t , and i n t e n s i v e 
a l t e r a t i o n of rocks a t the sur face and a t depth in numerous e x i s t i n g 
geothermal a r e a s , i nc lud ing the Hakone and surrounding r e g i o n . 

The zonal d i s t r i b u t i o n of Quaternary v o l c a n i c rocks has been revea led 
by the c l a s s i c s t u d i e s of Kuno (1966, 1968), Ka tsu i ^ a l . (1974), I sh iha ra 
(1974) and Miyashiro (1974) . The zones a r e , s u c c e s s i v e l y from the P a c i f i c 
ocean s ide of Japan toward the wes t : an ou te r vo l can i c zone with t h o l e i i t e 
and c a l c - a l k a l i n e rocks con t a in ing r e l a t i v e l y low K2O and Na20; an inner 
zone of t h o l e i i t i c and c a l c - a l k a l i n e rocks with h i g h e r K2O and Na20 
c o n t e n t s ; a westernmost zone c h a r a c t e r i z e d by t h o l e i i t i c , c a l c - a l k a l i n e and 
a l k a l i r ocks . 

Previous I n v e s t i g a t i o n s 

Geochemical and g e o l o g i c a l i n v e s t i g a t i o n s by Japanese workers have 
o u t l i n e d the e f f e c t s of l a rge geothermal systems on the enc los ing rocks 
(Seki et^ a l . , 1969; Seki , 1970; Oki e^ a l • , 1976). S tud ies of rocks from 
sur face exposures and from d r i l l ho les show pe rvas ive a l t e r a t i o n of 
v o l c a n i c and sedimentary hos t rocks by hot f l u i d s and g a s e s . Lava flows 
and p y r o c l a s t i c rocks such as t u f f s and tu f f b r e c c i a s have been profoundly 
a l t e r e d . 

I . Thermal Waters : More than 150 thermal waters from 30 geothermal a reas 
in Japan were analyzed for s t a b l e i so tope composi t ion (oxygen, hydrogen and 
s u l f u r ) and for chemical components (Cl~, 804^, Na"*", K"*", Ca'''^ and Mg"*"̂ ), by 
Sakai and h i s a s s o c i a t e s (Matsubaya & Sakai , 1973; Matsubaya, Sakai e t a l , 
1973; Sakai & Matsubaya, 1974). Four types of Japanese thermal waters 
were recognized , according to t h e i r i s o t o p i c and chemical c h a r a c t e r i s t i c s 
(Table 2 ) . 
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Table 2. Isotopic and element chemistry of four types of thermal waters of 
Japan and related saline waters (after Sakai & Matsubaya, 1974) 

No 

1 
2 
3 

4 
5 
6 

7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 

Thermal waLer' 

"Coaslal" walers 

Ibusuki 
Fushime 
Shimogamo 

"Anma"-type waters 

Arima 
Yatate 
Vashio 

"Green Tuff-type waters 
Tottori 
Owani 
Moritake 

"Volcanic" waters 

Tamagawa 
Hakone 
Beppu 

I solopic 

n/^%0 

«>«o 

- 1.0 
- 0.9 
- 2.5 

-f 6.5 
- 1.8 
-f 6.0 

- 8.8 
-11.1 
- 4.7 

- 7.7 
- 7.6 
- 5.0 

Other waters, for comparison 

Sea water 
Salton-Sea brine 
Red Sea brine 
Fluid inclusion 
Fluid inclusion 

0.0 
-\- 3.3 
+ 1.2 

«D 

-10.8 
-10.7 
-22.4 

-27.8 
-39.7 
-20.6 

-55.5 
-69.4 
-34.2 

-57.9 
-49.0 
-47.1 

0.0 
- 7 5 
+ 7.4 

ratios of: 

SO 

5"S 

-f20.0 
-fl6.3 
•flS.O 

+ 28.9 

+ 24.3 
+ 21.7 
+ 29.0 

+ 28.4 
- 4.2 
+ 24.4 

+ 20.3 

+ 20.3 

0-
•/OO 

5>»0 

+ 7.6 
+ 5.1 
+ 6.2 

+ 16.6 

+ 7.5 
+ 6.9 
+ 11.0 

+ 6.6 
- 1.0 
+ 4.1 

+ 9.5 
+ 13.7 
+ 7.2 

Cl 
(meq.) 

307.3 
379.4 
310.0 

1,090 
222.8 
414.6 

27.1 
43.4 

373.0 

86.2 
ca. 0.0 

50.3 

535.2 
4,366 
4,395 
1,662 
3,380 

Ka 
Cl 

Chem 

K 
Cl 

0.808 0.039 
0.852 

0.591 0.024 

0.745 
1. 

1.105 

2.201 
1.002 
0.650 

0.037 

1.084 

0.851 
0.502 
0.916 
0.702 
0.687 

0.092 
150 

0.064 

0.032 
0.037 
0.017 

0.012 
1 

0.089 

0.018 
0.103 
0.011 
0.039 
0.019 

ical com 

Ca 
Cl 
(mec 

0.117 
- 0.148 

0.371 

0.166 
0.010 
0.059 

0.275 
0.294 
0.342 

position 

Cl 
. ratio) 

0.015 
0.002 
0.001 

0.004 
0.003 
0.015 

0.047 
0.032 
0.008 

0.074 0.052 
ow chloride cont 

0.027 0.012 

0.037 
0.329 
0.058 
0.510 
0.301 

0.207 
0.001 
0.014 
0.109 
0.054 

SO. 

cr 

0.057 
0.003 
0.010 

0.000 
0.005 
0.075 

1.249 
0.342 
0.015 

0.350 

0.200 

0.103 
0.0004 
0.004 

0.006 

HCO, 
Cl 

— 

0.159 
0.227 

0.31 
0.015 
0.103 

— 

0.004 

0.0005 

'Source of water, lemperature, and pH, bv sample number: 1. lbusuki-5 (97''C, pH = 8.0), Kagoshima; 2. Fushime 
(95°C,—),'Kagoshima; 3. Shimogamo No. 2 (10'0''C, 8.1), Shizuoka (Mizutani and Hamasuna, 1972); 4. .\rima-l (98°C, 5.3), 
Hyogo; 5. Yatate (31.8''C, 6.6), Akita; 6. Vashio ( r C , 6.7), Gunma (Takase, 1966); 7. Tottori-1 (48°C, 7.4), Tottori; 8. 
Owani (53''C, 6.8), Aomori; 9. Morit.ike No. 1 (61''C, 7.5), .Akita; 10. Obuki (98°C, 1.2) of Tamagawa, Akita; 11. Ubako 
(50°C, 2.9) of Hakone, Kanagawa; 12. Beppu-Suniitomo (lOO'C, 7.3), Oiu (A. Koga, unpub. data, 1973); 13. SS (Thode et al., 
1961), 40 (Longinelliand Craig, 1967); 14. iH ,0 (Craig, 1966), iSO, (Longlnelli and Craig, 1967), chemistry (Helfieson, 1967); 
15. Atlantis 11 Deep: 2HjO (Craig, 1966), JS (H.irtmann and Nielsen, 1966), SO (Longinelli and Craig, 1967), chemistry (Emery 
et al., 1969); 16. Sphalerite, Cave-in-Rock district. 111. (Hall and Friedman, 1963); 17. Sphalerite, upper Mississippi Valley 
(Hall and Friedman, 1963). 

These a r e : (1) Coas ta l thermal w a t e r s , which a re mix tures of oceanic and 
meteor ic w a t e r s , wi th 60^^ and 6D v a l u e s i n t e rmed ia t e between oceanic and 
l o c a l meteor ic v a l u e s . They are high in Na+, Ca+ and C l" con ten t s and low 
in SO4 and Mg ^, and they appear to be the r e s u l t of i n t e r a c t i o n s between 
hot seawater and hos t r o c k s . The i n t e r a c t i o n s were commonly accompanied 
by the p r e c i p i t a t i o n of a n h y d r i t e . (2) Highly s a l i n e b r i n e s , s i g n i f i c a n t l y 
enr iched in the heavy i so topes of oxygen and hydrogen. These are mixtures 
of as much as 80% of s a l i n e , C02-rich b r i n e s and l o c a l meteor ic wa te r . 
Deep b r i n e s may c o n t a i n magmatic waters produced dur ing p r e - T e r t i a r y 
g r a n i t i c i n t r u s i v e p roces ses and metamorphism. (3) Waters of Green Tuff 
t e r r a i n s , which are m e t e o r i c , of n e u t r a l Na-Cl-S04 type and Na-Ca-Cl-SOA 
t y p e . These waters formed by r e a c t i o n s between the Green Tuffs and COo-rich 
meteor ic wate rs a t a time when the Green Tuff rocks were u p l i f t e d above sea 
l e v e l . (4) Volcanic thermal w a t e r s , a s s o c i a t e d with Quaternary vo lcan ic 
r o c k s . These a re almost pure ly meteor ic in o r i g i n ; chemica l ly , they are 
e i t h e r acid c h l o r i d e - s u l f a t e or a c i d - s u l f a t e t y p e s . 
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II. Secondary Minerals: The minerals 
produced by the alteration depend on 
geologic position, composition of host 
rocks and chemical composition of the 
fluids. Near the surface, particularly 
in fumarolic areas, where vigorous boil­
ing occurs and mixing with atmospheric 
oxygen is possible, the rocks alter 
to soft siliceous material containing 
clays, opaline silica, alunite, sulfur, 
and pyrite. At deeper levels, the 
mineral assemblages are different. 
Altered andesitic rocks collected in 
drill holes at depths of 100 to 200 m 
in the Katayama geothermal system near 
Onikobe (Seki et al., 1969) show alter­
ation of mafic minerals to smectite 
and calcite and of plagioclase (along 
cracks and cleavages) to mordenite or 
laumontite, calcite and clay minerals 
(Fig. 2). Groundmass minerals or the 
tuffaceous matrix were nearly completely 
altered to laumontite, silica minerals, 
calcite, hematite, clay minerals and 
leucoxene. Rocks from levels deeper 
than 200 m were more extensively 
altered: mafic minerals were con­
verted completely to chlorite, calcite 
and leucoxene; plagioclase was replaced 
by wairakite, albite, quartz and 
calcite _+ epidote; and groundmass 
minerals were transformed to quartz, 
wairakite and lesser calcite, chlorite 
and pyrite. Amygdales of quartz 
and calcite were common. The three 
calcium zeolite minerals - mordenite, 
laumontite and wairakite - were dis­
tributed in zones according to increas­
ing depth and temperature (Fig. 2). 
Fluids of this system are unusually 
low in SO4 and HCO3, and slightly acid 
with pH values of 6.5 to 5.1. Zonal 
distribution of zeolites in altered 
volcanic rocks have been reported for 
other areas, for example, the Kawaji 
damsite, central Japan (Seki, 1970), 
the Yugawara geothermal area, Japan 
(Oki £t̂  a]^., 1976), and the Wairakei 
geothermal region of New Zealand 
(Steiner, 1953; Coombs et al., 1959). 

100 

TEMPERATURE CC) 

150 BOO 

0 fcOADeNiTC 

©LALWOMTlTt 

Fig. 2 . Geothermal gradients and 
zeolite idistributions in deep holes 
drilled in the Katayama geothermal 
area, Onikobe, Japan (after Seki jet 
al., 1969). 
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Metamorphism of the a n d e s i t i c rocks of some of the Green Tuff 
Formation of Japan, by f lu ids with moderate to h igh CO2 c o n t e n t s , to 
a p r o p y l i t i c assemblage of c a l c i t e , c h l o r i t e and s e r i c i t e (^ a l b i t e , 
quar tz and e p i d o t e ) took place over about the same temperature i n t e r v a l 
as z e o l i t e f a c i e s metamorphism, 150° to 350°C (Sek i , 1973). The absence 
of z e o l i t e s in the Green Tuff a reas probably r e f l e c t s the high CO2 con­
t e n t s of the metamorphosing f l u i d s , which causes c a l c i t e to take the 
p lace of calcium z e o l i t e s , p r ehn i t e and pumpel ly i te (Sek i , 1976). 

Water-Rock I n t e r a c t i o n s in Geothermal Systems 

From the foregoing summary of f ind ings in Japan, i t appears t ha t the 
presence or absence of calcium z e o l i t e s as a l t e r a t i o n products of rocks 
of geothermal a reas i s c o n t r o l l e d in pa r t by s o l u t i o n components, such as 
CO2 and SO4, which tend to r e a c t with Ca to form inso lub le carbonate and 
s u l f a t e m i n e r a l s . 

In e s sence , minera log ic and p e t r o l o g i c i n v e s t i g a t i o n of hydrotherm­
a l l y a l t e r e d and low-grade metamorphic rocks by the a s s o c i a t e d Japanese 
i n v e s t i g a t o r s has ou t l i ned the e f f e c t s of geothermal s o l u t i o n s on the 
enc los ing rocks ( e . g . , Seki e t a l . , 1969b; Seki , 1970; Oki et^ £ l - , 1976). 
S tudies of rocks from surface exposures and d r i l l ho l e s show pervas ive 
a l t e r a t i o n of v o l c a n i c and sedimentary hos t r o c k s . The minera l s produced 
by the a l t e r a t i o n depend on temperature and p res su re regimes, composition 
of hos t r ocks , and chemical composit ion of geothrmal f l u i d s . The new 
mine ra l s include members of the s i l i c a t e , c a rbona t e , s u l f a t e and s u l f i d e 
groups . Careful s t u d i e s on minera l pa ragenes i s and hydrothermal s o l u t i o n s 
in many Japanese geothermal a reas and elewhere in the world have y ie lded 
s i g n i f i c a n t c o r r e l a t i o n s between minera l assemblage and s o l u t i o n chemistry 
( e . g . . Coombs et^ a_l., 1970; Browne, 1970; Liou, 1971; Zen and Thompson, 
1974; Seki , 1976; Oki et^ a l . , 1977; Elders et^ a l . , 1978). However, the 
a l t e r a t i o n p rocesses involving wate r - rock i n t e r a t i o n s are not fu l ly 
unders tood . 

The p e t r o l o g i c a l s t u d i e s of rocks from d r i l l - h o l e s imply tha t a l t e r a ­
t i o n of v o l c a n i c rocks a t temperatures of 100° to 400°C by hydrothermal 
s o l u t i o n s proceed by m u l t i - s t e p p r o c e s s e s , accompanied by p rogress ive bulk 
chemical changes in s o l i d s and s o l u t i o n s , and r e c r y s t a l l i z a t i o n . Knowledge 
of the minera l pa rageneses , p a r t i c u l a r l y z e o l i t e - p r e h n i t e - e p i d o t e vs 
c l a y - c a r b o n a t e - a n y d y d r i t e , and the s o l u t i o n pa rame te r s , p a r t i c u l a r l y 
CO2, SO4, fQ and fg^j i s needed to unders tand hydrothermal and low-grade 
me tamor ph i sm. 

- 9 -



RESEARCH IN PROGRESS 

A. Mineralogic-petrologic-geochemical investigations of waters and hydro- . 
thermally altered rocks in the Onikobe-Hakone geothermal areas, Japan. 

We have taken the Onikobe and Hakone geothermal areas as on-going 
subjects for the U.S.-Japan program. Prior to 1975, many geochemical 
and petrological data of these two areas were collected by the Japanese 
members of the group, but only limited data have been published to date. 
In the Onikobe area, except for reconnaissance study on zeolite distri­
butions in 4 drill hole cores (Seki et̂  al̂ ., 1969), detailed mineral 
parageneses with respect to depth and their correlation with chemical 
compositions of the geothermal fluids have not been investigated. On the 
other hand, in the Hakone area, only the thermal waters have been analyzed 
and characterized according to chemical compositions (Oki and Hirano, 1970, 
1974). The rocks from the Hakone drill holes have been studied only in 
reconnaissance fashion. Consequently, there still remain the mineral para­
geneses to be studied thoroughly and altered minerals with solution types 
and underground temperatures to be correlated. Such systematic studies are 
now in progress. Two sets of drill-hole core samples were collected respec­
tively from the Onikobe (Nos. 123 and 124) and Hakone (M-112 and M-116) 
areas during the summer of 1978. Petrographic studies of these rocks and 
characterization of clay minerals have been completed (see Section C). 
Compositions of zeolites, prehnite, epidote, clay and other secondary 
minerals are being analyzed by the electron microprobe at Stanford. 
Compositions of solutions and 0-H-S isotopic data for solutions, and for 
pyrite and calcite, will be collected. After completion of the data collec­
tion, the chemical and isotopic compositions of the solutions will be 
correlated with the mineralogic characteristics of the hydrothermthermally 
altered rocks. The experimental data on appropriate rock-water interac­
tions will then be used to deduce the genetic conditions causing chemical 
and mineralogical changes during the rock-water interactions in nature. 

B. Investigation of Drill Hole Core Samples from Tatun Geothermal 
Area, Taiwan. 
The Tatun geothermal area of northeastern Taiwan, about 3 x 18 km 

in size, is covered by a thick sequence of Pleistocene andesitic lavas 
and pyroclastics. Spring waters with 40° to 120°C temperatures are mostly 
the acid sulphate chloride type and have extremely low pH values ranging 
from 1 to about 3. Many pilot holes up to 1300 m have been drilled; 
temperatures as high as 250°C and their variations with depth have been 
recorded. Core samples from 6 drill holes were selected for detailed 
investigation in order to understand their mineral parageneses of hydro-
thermal alteration and to compare them with those from Hakone and Onikobe, 
Japan. 

Three alteration zones based on the occurrence of kaolinite, 
Ca-zeolites and epidote were recognized. Zone 1, restricted to a near 
surface region of about 200 m or less, is characterized by the presence 
of kaolinite, gypsum and cristobalite. Zone 2, the intermediate zone 
between about 200 to 500 m, is characterized by the sporadic occurrence 
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of laumont i te and w a i r a k i t e toge the r with abundant s m e c t i t e - c h l o r i t e , 
a n h y d r i t e , q u a r t z , p y r i t e and h e m a t i t e . Zone 3 , below about 500 m, 
i s c h a r a c t e r i z e d by the appearance of ep ido te in a d d i t i o n to c h l o r i t e , 
anhydr i t e and p y r i t e . C a l c i t e i s ub iqu i tous a t depths below about 200 m 
and i t s f requent occurrence i n d i c a t e s t h a t thermal f l u i d s a t g r ea t depth 
a re not so ac id as those in the surface zone. The r a r e occurrence of 
calcium z e o l i t e s and o ther calcium aluminum s i l i c a t e s , and the abundance 
of c a l c i t e and anhyd r i t e suggest t h a t the hydrothermal a l t e r a t i o n in 
t h i s area must have taken p lace a t high a c t i v i t i e s of CO2 and SO4 and 
temperatures of 100°-250°C. 

A summary of t h i s study was presented a t the Water/Rock I n t e r a c t i o n 
Symposium in Edmonton, A l b e r t a , Canada, J u l y , 1980. An extended a b s t r a c t 
i s a t t ached here as Appendix A. 

C. P r o p e r t i e s , c o r r e l a t i o n s , and i m p l i c a t i o n s of c lay and c h l o r i t i c 
minera l a s s o c i a t i o n s in geothermal systems of Japan and Taiwan. 

Mineral a s s o c i a t i o n s of the c l a y - c h l o r i t e group show sys temat ic 
v a r i a t i o n s wi th depth and tempera ture , c o r r e l a t e a b l e with C a - z e o l i t e s and 
o ther m i n e r a l s , i n cores from the geothermal systems of Onikobe and Hakone, 
Japan, and Tatun, Taiwan. Deta i l ed p e t r o g r a p h i c , XRD and DTA s t u d i e s of 
hydro thermal ly a l t e r e d a n d e s i t i c to d a c i t i c rocks from depths up to 1300 m 
revealed abundant c l a y - c h l o r i t e minera l s a s s o c i a t e d , in order of i nc r ea s ing 
dep th , w i t h : morden i t e , c l i n o p t i l o t i t e and d a c h i a r d i t e ; l aumon t i t e ; and 
w a i r a k i t e . Occurr ing l o c a l l y are p r e h n i t e , e p i d o t e , c a l c i t e , gypsum, 
anhydr i t e and o the r m i n e r a l s . C h a r a c t e r i s t i c f e a tu r e s of four types of 
p h y l l o s i l i c a t e mine ra l a s s o c i a t i o n s are as fo l l ows : 

DTA 
Type Assoc i a t i on Cu-Kg 26 (001) Cu Kg 29 EG(OOl) Endothermic T,°C 

I a l k . smec. 7.0 5.0 70,150,650 
I ' s m e c t i t e 6.0 5.0 70,150,650 

I I c h l . - s m e c . 3 . 0 , 6 . 0 - 6 . 2 3 . 0 , 5 . 6 - 5 . 9 70,150,550 
I I I c h l o r i t e 6 . 0 - 6 . 1 6 . 0 - 6 . 1 550 

F ig . 3 shows the r e l a t i o n between the b a s a l spacings of a i r - d r i e d 
c lay mine ra l s from d r i l l ho le cores and the same mine ra l s t r e a t e d by 
e thylene g l y c o l . Four f i e l d s of a l k a l i n e smec t i t e (Type l ) , Ca-Mg-Fe 
smect i te (Type I ' ) , c h l o r i t e - s m e c t i t e mixed layer mine ra l s (Type I I ) and 
c h l o r i t e (Type I I I ) are a p p a r e n t . From our d e t a i l e d examination of c lay 
minera l s and t h e i r a s s o c i a t e d z e o l i t e mine ra l s in the Tatun, Onikobe and 
Hakone a r e a s , we c o n s i s t e n t l y found t h a t Type I and Type I ' c lay minera l s 
occur commonly wi th mordenite and c l i n o p t i l o l i t e . Type I I s m e c t i t e - c h l o r i t e 
with laumont i te and Type I I I c h l o r i t e with w a i r a k i t e . I d e n t i f i c a t i o n of 
p h y l l o s i l i c a t e m i n e r a l s in geothermal d r i l l ho le cores according to t h i s 
c l a s s i f i c a t i o n i s u se fu l for e v a l u a t i n g the tempera tures of formation of 
minera l assemblages of hydro thermal ly a l t e r e d r o c k s . 
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APPROACH AI'JD INNOVATION 

The R e s e a r c h Group - Background and S t r e n g t h 

The r e s e a r c h d e s c r i b e d h e r e i s a c o n t i n u a t i o n of an o n - g o i n g p r o j e c t : 
" L o w - t e m p e r a t u r e s t u d i e s of r o c k - w a t e r i n t e r a c t i o n s i n g e o t h e r m a l s y s t e m s . ' 
T h i s p r o j e c t b r o u g h t t o g e t h e r f i v e s c i e n t i s t s - two from t h e U .S .A . and 
t h r e e from J a p a n . They a r e l i s t e d be low a l o n g w i t h t h e i r i n s t i t u t i o n s . 

P r i n c i p a l I n v e s t i g a t o r 

J . G. L i o u , Depar tmen t of Geo logy , S t a n f o r d U n i v e r s i t y , 
S t a n f o r d , CA 94305 
" P e t r o l o g i c a l - m i n e r a l o g i c a l - g e o c h e m i c a l s t u d i e s of r o c k - w a t e r 
i n t e r a c t i o n s i n g e o t h e r m a l s y s t e m s . " 

A s s o c i a t e P r i n c i p a l I n v e s t i g a t o r s 

Y o t a r o S e k i , H y d r o s c i e n c e and G e o t e c h n o l o g y L a b o r a t o r y 
S a i t a m a U n i v e r s i t y , Urawa, J a p a n 
" P e t r o l o g i c a l - m i n e r a l o g i c a l - g e o c h e m i c a l s t u d i e s of r o c k - w a t e r 
i n t e r a c t i o n s i n g e o t h e r m a l s y s t e m s , w i t h emphas i s on t h e 
Onikobe a r e a . " 

Yasue O k i , Hot S p r i n g s I n s t i t u t e , Hakone , Kanagawa, J apan 
" P e t r o l o g i c a l - m i n e r a l o g i c a l - g e o c h e m i c a l s t u d i e s of r o c k - w a t e r 
i n t e r a c t i o n s i n g e o t h e r m a l s y s t e m s , w i t h emphas i s on t h e 
Hakone a r e a . " 

H i t o s h i S a k a i , I n s t i t u t e for Thermal S p r i n g s R e s e a r c h , Okayama 
U n i v e r s i t y , M i s a s a , J a p a n 
" I s o t o p i c and g e o c h e m i c a l s t u d i e s of r o c k - w a t e r i n t e r a c t i o n s 
i n g e o t h e r m a l s y s t e m s . " 

A s s o c i a t e I n v e s t i g a t o r 

Ray G u i l l e m e t t e , Depa r tmen t of G e o l o g y , S t a n f o r d U n i v e r s i t y , 
S t a n f o r d , CA 9 4 3 0 5 . 
" M i c r o p r o b e and SEM I n v e s t i g a t i o n s of d r i l l h o l e c o r e samples 
i n g e o t h e r m a l s y s t e m s " . 

I t s h o u l d be emphas ized t h a t t h e funds r e q u e s t e d from t h e DOE a r e 
o n l y f o r t h e P r i n c i p a l and A s s o c i a t e I n v e s t i g a t o r s and t h e i r a s s o c i a t e s a t 
S t a n f o r d U i i i v e r s i t y . The a s s o c i a t e p r i n c i p a l i n v e s t i g a t o r s i n J apan have 
b e e n funded by t h e i r o\\m o r g a n i z a t i o n s . 

The g roup h a s g r e a t e x p e r t i s e i n t h e i n v e s t i g a t i o n of l o w - g r a d e 
metamorphism and h y d r o t h e r m a l a l t e r a t i o n i n g e o t h e r m a l s y s t e m . The 
P r i n c i p a l I n v e s t i g a t o r , J . G. L i o u , and h i s a s s o c i a t e s a t S t a n f o r d have 
b e e n a c t i v e l y w o r k i n g on l o w - t e m p e r a t u r e r o c k - w a t e r i n t e r a c t i o n s and t h e 
m i n e r a l p a r a g e n e s i s of l o w - g r a d e m e t a m o r p h i c r o c k s from b o t h e x p e r i m e n ­
t a l and f i e l d a p p r o a c h e s . Because of h i s work on l o w - g r a d e metamorph ism, 
Dr . L iou r e c e i v e d t h e M i n e r a l o g i c a l S o c i e t y of America Award i n 1 9 7 7 . 
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Professor Y. S e k i , a noted low-grade metamorphic p e t r o l o g i s t , has been 
vjorking on the m i n e r a l o g i c - p e t r o l o g i c problem of the Onikobe area s ince 
1965 (Seki jet̂  a l • , 1969). Seki has long been i n t e r e s t e d in g e o l o g i c a l , 
m ine ra log i ca l and p e t r o l o g i c a l problems of low-grade d i a g e n e t i c and 
hydrothermal a l t e r a t i o n of volcanogenic r o c k s . Dr. Oki a t Hot Springs 
Research I n s t i t u t e has gained wide r e c o g n i t i o n for t h e i r s t u d i e s of the 
chemis t ry , minera logy , and geology of vo lcan ic rock-water systems in and 
around the Hakone v o l c a n i c region (Oki and Hirano, 1970, 1974). His major 
research for the l a s t 10 years has been on wate r - rock i n t e r a c t i o n s in 
hydrothermal metamorphism in both the Green Tuff region and some a c t i v e 
geothermal a r e a s in Japan. Prof. Sakai has achieved i n t e r n a t i o n a l r ecog ­
n i t i o n for h i s r e sea r ch on the i s o t o p i c p r o p e r t i e s of Japanese rock-water 
systems and h i s c o n t r i b u t i o n s to the theory of i s o t o p i c f r a c t i o n a t i o n s 
( e . g . , Sakai and Matsubaya, 1974; Sakai and Dickson, 1978). 

The P r i n c i p a l I n v e s t i g a t o r and h i s Japanese a s s o c i a t e s have an 
e x c e l l e n t record of i d e n t i f y i n g the C a - z e o l i t e s by the use of p o l a r i z i n g 
microscopes ( e . g . , Sek i , 1970; Oki, e t a l . , 1976; Liou, 1978). These 
C a - z e o l i t e s commonly c o n s t i t u t e l e s s than 5% of the rock as replacement 
of Ca-p lag ioc la se and as ve in and amygdaloidal m i n e r a l s , and bulk X-ray dif­
f r a c t i o n a n a l y s i s ( e . g . , Ehlers e;t̂  a .̂* > 1979) may not d e t e c t t h e i r p resence . 
Their occurrence in the geothermal system provides e x c e l l e n t c o n t r o l in 
e s t ima t ing P-T c o n d i t i o n s as wel l as the a c t i v i t i e s of CO2 and SO4, s ince 
t h e i r s t a b i l i t i e s have been p r e v i o u s l y we l l determined by the P r i n c i p a l 
I n v e s t i g a t o r (Liou , 1970, 1971a ,b ,c ,&d) . 

During the l a s t two y e a r s , the group has been e f f e c t i v e l y working on 
"The i n t e r a c t i o n s between Miocene Volcanogenic rocks and seawater -meteor ic 
water mixtures in the Seikan Undersea Tunnel, Japan" and a number of o the r 
p r o j e c t s . Publ ica . t ion of a book on the Seikan r e s u l t s i s underway (Seki et^ 
a l . , in p r e s s ) . 

Procedures and Cooperat ion 

I . Plan of the P r o j e c t : Se lec t ion of the Onikobe and Hakone geothermal 
a reas for the c o o p e r a t i v e resea rch t a r g e t s was made th ree years ago, s ince 
t h e i r bas i c geology and hydro logic -geochemica l information of t h e i r thermal 
waters are a v a i l a b l e and the Assoc ia t e P r i n c i p a l I n v e s t i g a t o r s Seki and Oki 
have been working on these geothermal a r ea s for a number of yea r s i The 
Tatun geothermal system was added to our p r o j e c t for comparison with the 
Japanese systems and because of i t s p o t e n t i a l economic importance. The 
group ( in p a r t or as a whole) met s e v e r a l t imes during the 1976-78 per iod 
to d iscuss and def ine the bas i c r o l e of each i n v e s t i g a t o r . A se t of i n t e r ­
e s t i n g s c i e n t i f i c q u e s t i o n s was drawn up, and a l t e r n a t i v e t a r g e t a reas in 
Japan and Taiwan were proposed. 

I I . F ie ld Study and Sample C o l l e c t i o n ; The group met in Japan dur ing the 
suiraner of 1978 and v i s i t e d many geothermal a reas t h e r e . At the Onikobe 
c a l d e r a , the power p l an t was v i s i t e d and rock t y p e s , geologic s t r u c t u r e s 
and flowing s p r i n g s were examined. Two d r i l l ho le cores with depths down 
to 350 m (Nos. 123 and 124) and one down to 1300 m (CO-l l ) were s e l e c t e d 
for d e t a i l e d p e t r o l o g i c - g e o t h e r m a l s t u d i e s . Their s t r a t i g r a p h i c r e l a t i o n s 
and temperature g r a d i e n t s have been cons t ruc t ed by Seki ( e . g . see F i g . 2 ) . 
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Core samples were collected at every 10 to 20 m and were separated into 
three portions: one to Seki and Oki for petrographic and clay mineral 
identification, one to. Sakai for isotopic study, and one to Stanford for 
petrographic, microprobe and SEM investigations. The group also visited 
the Hakone caldera and examined geologic features and thermal springs. Two 
drill-hole cores up to 500 m in depth (Nos. M-112 and M-116) with known 
stratigraphy and temperature gradient were collected according to the same 
procedures as those for the Onikobe samples. In the same summer, Liou 
visited the Tatun geothermal field in Taiwan, collected core samples from 
drill holes (see Appendix A for detail) and made a parallel study. 

In September, 1980, the Associate Investigator, Guillemette, will visit 
the Onikobe and Hakone geothermal areas and collect core samples from a 
newly drilled hole (No. 134) in Onikobe. This hole was drilled under the 
recommendation of Seki and Oki based on our petrological-geochemical data, 
and this has been the best producing well in the area. 

III. Petrographic Study: During the sabbatical year (September, 1978 
to July, 1979), the Principal Investigator, Seki, and Oki studied the thin 
sections of drill-hole core samples from the Onikobe, Hakone and Tatun 
geothermal areas. Minerals identified include Ca-zeolites (mordenite, 
stilbite, epistilbite, heulandite, yugawaralite, laumontite and wairakite), 
analcime, prehnite, epidote, albite, K-feldspar, gypsum, anhydrite, 
alunite, carbonate, kaolinite, illite, smectite-chlorite clay minerals, 
pyriteJ magnetite, hematite and others. Their paragenetic sequence 
and depth zonal distribution were delineated; examples are shown in 
Figure 1 of Appendix A. 

IV. X-ray Diffraction and SEM Study: By using X-ray diffraction together 
with Differential Thermal Analyses (DTA), we have identified 4 types of 
smectite-chlorite clays in these geothermal areas as described in p.11 . 
Systematic study of these clay minerals by Scanning Electron Microscopy 
(SEM) will be undertaken at Stanford in order to determine (1) morphology 
and crystallinity of the 4 types of clay minerals; (2) textural relation­
ships and paragenesis among the clay minerals and other silicates,,and 
(3) compositions of these fine-grained clay minerals. These data are 
significant for our interpretation of rock-water interactions in geothermal 
systems, as these clay minerals are ubiquitous and abundant in most 
drill-hole core samples. 

V. Microprobe Analyses: Microprobe analyses of silicates, clay 
and carbonate minerals are underway at Stanford by graduate student 
Ray Guillemette and the Principal Investigator. It is well known that 
most Ca-zeolites have extensive compositional variations. For example, 
wairakite (CaAl2Si40i2 * 2 H2O) and analcime (Na2Al2Si40i2 ' 2H2O) form 
a nearly complete solid solution (e.g., Seki and Oki, 1969), yet only 
the end-member stabilities have been determined (Liou, 1970, 1971c). 
Therefore, depending on the Ca-Na substitution, wairakite minerals may 
form at temperatures much lower than those experimentally determined. Both 
epidote and prehnite from geothermal areas may contain substantial amounts 
of ferric iron; a previous experimental study by Liou (1973) and studies 
on natural paragenesis by Seki (1971) and Liou (1979) suggest that Fe-rich 
epidote may form at very low temperatures in a very oxidized environment. 
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Therefore, compositions of those Ca-Al silicates are important in decipher­
ing the physico-chemical conditions of their formation. 

Our recent study on carbonate minerals from the Seikan Undersea 
Tunnel has yielded a significant paragenetic sequence of carbonates from 
calcite —^ dolomitic carbonate —»• sideritic carbonate in response to the 
changes in circulating fluids (Liou and Seki, 1980). Similar variations 
and paragenesis of carbonate minerals may have occurred in the geothermal 
areas inasmuch as the circulating hydrothermal fluids are mixtures of 
seawater and meteoric water. 

Polished thin sections were prepared for most drill hole core samples 
and each section was carefully examined. Individual mineral grains 
selected for probe analysis were sketched and photographed before being 
coated with carbon in preparation for microprobe analysis. Microprobe 
analyses of carbonate and clay minerals require highly polished 
carbon-coated surfaces. Slight imperfections caused by cleavage, fracture 
and impurities can significantly affect the analytical results. Moreover, 
carbonate, clay and zeolite minerals are readily damaged by high 
electron-beam currents of the small beam diameters used during the 
microprobe analysis (e.g., Macqueen and Ghent, 1970; Bickle and Powell, 
1977; Matsumoto, 1978; Liou, 1979). Therefore, special precautions were 
necessary to ensure that the data were reliable. 

VI. Isotope Studies: Concurrent with the mineralogical-petrological 
and compositional investigations, stable isotopic studies will be made on 
selective drill hole core samples and their mineral separates including 
carbonates, sulfates, sulfides and silicates by Sakai in his laboratory. 
The isotopic compositions (C, 0, H, S) will be carefully defined and the 
data utilized to establish the source and nature of the' hydrothermal fluids 
and to estimate the temperatures of equilibration of the mineral species. 

Isotopic fractionation factors between co-precipitated mineral 
pairs such as quartz-carbonate, or sulfate-sulfiode are functions of 
temperature. The fractionation factors of oxygen isotope ratios among 
carbonates and silicates have been commonly used as geothermometers. 
Those of sulfur isotopes have been experimentally destermined by Sakai 
and Dickson (1978) and by Sakai et al. (1980) as part of the U.S..- Japan 
Cooperative project. During the next two years, waters from rain, 
river, shallow and deep wells in the Onikobe geothermal area will 
be collected periodically and analyzed for deuterium and 0 contents. 
These data, together with the isotopes of many Japanese geothermal waters 
and meteoric waters (e.g., Matsubaya and Sakai, 1973) will be used to 
determine the origin of present-day geothermal fluids in the Onikobe. 
The carbon and sulfur isotopic ratios of carbonates and sulfur minerals 
from the drill-hole core samples reflect whether the geothermal fluids 
are magmatic, meteoric or brines or mixtures of these. Furthermore, once 
the temperature of a fossil fluid is determined, the oxygen and hydrogen 
isotope ratios of the fluids will be estimated. Hence, the source and 
origin of the fossil geothermal area will be evaluated and compared 
with the present active geothermal system and evolution of a geothermal 
system will be better understood. 
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VII. Interpretation: When the mineralogical-petrological-isotopic 
data are accumulated, the interaction modes between andesitic rocks and 
hydrothermal solutions will be addressed for the Onikobe, Hakone and 
Tatun geothermal areas independently. The similarities and differences 
between them and many other geothermal areas elsewhere will be compared 
and explained. The experimental data on andesite-water (•HC02) presently 
undertaken at Stanford will be utilized to explain the genetic conditions 
and processes causing chemical and mineralogical changes during the rock-
water interactions in the geothermal system. 

VIII. Specific Goals and Anticipated Results; In conclusion, we are 
interested in the following questions; 

1. The paragenetic sequence of formation of secondary minerals 
in the 3 geothermal areas and metamorphic reactions related 
to their formation. 

2. The physico-chemical conditions of their genesis deduced 
from phase equilibria and their comparison with recorded 
temperatures, depth, pH and analyzed solution compositions. 

3. The spatial patterns of hydrothermal alterations and their 
relation to the flow of hydrothermal solutions. 

, 4. The source of the hydrothermal fluids responsible for the 
alteration. 

5. The effective water-rock ratio in the geothermal system. 
6. The attainment of chemical and isotopic equilibrium in the 

coexisting minerals. 
7. The change of isotopic and fluid compositions and temperature 

of geothermal fluids as a function of time as recorded in 
the changes of mineral assemblages in these geothermal areas. 

The comprehensive and cooperative study described above will address 
the above and other questions which are necessary for our better under­
standing of the evolution of a geothermal system. This, in turn, will 
aid in future exloration and assessment of geothermal potential for other 
areas, as we have successfully recommended that a production well be 
drilled in the Onikobe area. The results of our cooperative research will 
be summarized into 3 comprehensive reports and many scientific papers. 
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PROPOSED TIMETABLE AND RESEARCH ACTIVITIES 

We r e q u e s t t h e s t a r t i n g d a t e of t h i s p r j e c t b e December 1 , 1980, 
and s u g g e s t a t w o - y e a r d u r a t i o n . As d e s c r i b e d i n p r e v i o u s s e c t i o n s , 
t h e g e o l o g i c s e t t i n g , p e t r o g r a p h i c and X - r a y s t u d i e s of d r i l l h o l e c o r e 
s amp le s from t h e O n i k o b e , Hakone and Ta tun g e o t h e r m a l a r e a s were examined 
by t h e P r i n c i p a l I n v e s t i g a t o r and h i s a s s o c i a t e s d u r i n g h i s s a b b a t i c a l 
y e a r of 1978-79 i n Japan and Ta iwan . T a b l e 3 l i s t s t h e d a t a c o l l e c t e d 
t h u s f a r and t h e r e s p o n s i b i l i t i e s of each i n d i v i d u a l of t h e r e s e a r c h g r o u p . 
Resea rch a c t i v i t i e s of t he P r i n c i p a l I n v e s t i g a t o r and h i s a s s o c i a t e s a t 
S t a n f o r d a r e c h r o n o l o g i c a l l y l i s t e d be low a l o n g w i t h t h e i r a l l o t t e d t i m e : 

Date & % Of E f f o r t of 
P r i n c i p a l I n v e s t i g a t o r 

S e p t e m b e r , 1980 

December, 1980 

10% t ime 

J a n u a r y , 1981 

10% t i m e 

R e s e a r c h A c t i v i t i e s a t S t a n f o r d 

1 . The A s s o c i a t e I n v e s t i g a t o r , Ray G u i l l e m e t t e , 
t o v i s i t Onikobe and Hakone, ( a ) s t u d y i n g t h e 
g e o l o g i c s e t t i n g and ( b ) c o l l e c t i n g more c o r e 
s a m p l e s fo r d e t a i l e d s t u d y . 

1 . C o n t i n u e p e t r o g r a p h i c and X - r a y s t u d y o f 
d r i l l - h o l e c o r e s a m p l e s . 

2 . C o m p l e t i o n of m i c r o p r o b e a n a l y s e s of m i n e r a l s 
from O n ikobe . 

3 . Beg in e x a m i n a t i o n of c l a y m i n e r a l s by SEM. 

1 . The P r i n c i p a l I n v e s t i g a t o r t o meet D r s . S e k i 
and Oki i n Taiwan ( a ) t o examine 
t h e g e o l o g i c - h y d r o l o g i c s e t t i n g of t h e Ta tun 
g e o t h e r m a l a r e a , and ( b ) t o d i s c u s s r e s u l t s 
and w r i t e a f i r s t d r a f t on t h e Onikobe g e o ­
t h e r m a l s y s t e m . (The P r i n c i p a l I n v e s t i g a t o r 
and D r s . S e k i and Oki have been i n v i t e d to 
a t t e n d a U . S . - China Symposium i n T a i w a n ) . 

2. Continue research 

February-June, 1981 

10% time 

Summer, 1981 

(July-Sept.) 

30% time 

1. Continue writing a report on "The Onikobe 
Geothermal System". 

2. Continue examination of clay minerals by SEM. 
3. Complete microprobe analyses of minerals 

from Hakone. 
4. Prepare abstracts for the GSA Annual Meeting. 

1. Complete 1st draft of "The Onikobe Geothermal 
System" report. 

2. Meet Japanese Colleagues (Seki or Oki) at 
Stanford to exchange results. 

3. Continue research, data processing. 
4. Complete clay mineral examination by SEM. 
5. Prepare an outline for a report on 

"The Hakone Geothermal System." 

6. Task I Report to DOE on 8/11/81. 
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Date & % Of Effor t of 
P r i n c i p a l I n v e s t i g a t o r Research A c t i v i t i e s a t Stanford 

S e p t . - Oc t . , 1981 

10% Time 

Jan.- June, 1982 

10% time 

Summer, 1982 
(July Sept.) 

30% time 

Sept.- Nov., 1982 

10% time 

Dec, 82 - June, 83 

Aug., 1983 

1. Revise "The Onikobe Geothermal System". 
2. Complete microprobe analyses of minerals from 

Tatun. 
3. Continue research, data processing, prepara­

tion of talks for the GSA meeting. 
4. Report writing, "The Hakone Geothermal System." 

1. Complete final draft of "The Onikobe Geothermal 
System". 

2. Complete 1st draft of "The Hakone Geothermal 
System." 

3. Complete all data collection. 
4. Condense manuscripts of "The Onikobe 

Geothermal System" for publication. 
5. Task II Report to DOE on Feb. 1, 1982. 

1. Meet Seki-Oki-Sakai in Japan and discuss work 
accomplishment. 

2. Complete final draft of "The Hakone Geothermal 
System". 

3. Start first draft of "The Tatun Geothermal 
System". 

1. Complete first draft of "The Tatun Geothermal 
System". 

2. Condense manuscript of "The Hakone Geothermal 
System" for publication. 

3. First draft of over-view paper to compare 
the three areas studied with other geothermal 
areas. 

4. Task III Report to DOE on Oct. 1, 1982. 

1. Complete final draft of "The Tatun Geothermal 
System". 

2. Prepare papers for publication. 
3. Final Report to DOE on Dec. 30, 1982. 

1. Meet Seki, Oki, and Sakai in Japan to review 
the project accomplishments. 

2. Attend and present papers at the 4th 
International Water/Rock Interaction Symposium 
in Japan (which Sakai is chairing). 

3. Field trips to Hakone and Onikobe will be 
scheduled and led by Oki and Seki, 
respectively. 
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TABLE 3. Accomplished data collection for drill hole cores 
from the Onikobe, Hakone and Tatun Geothermal Areas. 

Thin-section 
making 

Petrography 
80% 

Bulk XRF 

Bulk X-ray 

Clay Fraction 
X-ray (dry) 
EG 

Electron 
Microprobe 
(EMX) 

Carbonate 
X-ray 

.EMX 

SEM 

Isotopes 

YS 

YS 

JL 

YS 

YS 
YS 

JL 

YS 

JL 

RG 

HS 

123 

100% 

80% 

80% 

80% 
80% 

40% 

100% 

( 

YS 

YS 

JL 

YS 

YS 
YS 

JL 

YS 

JL 

RG 

HS 

Dnikobe 

124 

100% 

80% 

80% 

80% 
80% 

100% 

134 

JL, 

JL, 

JL 

YS 

YS 
YS 

JL, 

YS 

JL 

RG 

HS 

YS 

YS 

RG 

Hakone 

M-

YS 

YS, 

JL 

YS 

YS 
YS 

RG 

YS 

RG 

RG 

HS 

-112 

100% 

JL 

80% 

80% 
80% 

20% 

100% 

100% 

M-

YS 

YS, 

JL 

YS 

YS 
YS 

JL 

YS 

JL 

RG 

HS 

-116 

100% 

JL 

80% 

80% 
80% 

100% 

Tatun 

JL 100% 

JL, YS 

JL 

JL 80% 

JL YS 
JL YS 

JL 

YS 100% 

JL 

RG 

HS 

JL - Liou,YS - Seki, YO - Oki, HS - Sakai, RG - Guillemette 

Abbreviations: EG - ethylene glycol; 
EMX - electron microprobe analysis of minerals; 
XRF - X-ray fluorescence analysis of rocks; 
SEM - scanning electron microscope. 

% shown here indicates the data collection accomplished thus far. 
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QUALIFICATIONS AND CAPABILITIES 

Personnel at Stanford 

. Principal Investigator: J. G. Liou, Associate Professor, will spend 
about 10% time on the proposed research during the academic year and 
40% time for four months during the summers of 1981 and 1982. For 
bibliography of J. G. Liou see Appendix B. 

Associate Investigator: Ray Guillemette, a graduate'Student of the 
Stanford Geology Department, has been working on the project described 
in the proposal since 1978. He was a Principal Investigator on a 
ERDA-DOE grant to investigate clay minerals and zeolites in cores and 
cuttings from the Raft River geothermal area in Idaho. He will spend 
100% time on the proposed research. For bibliography of Ray Guillemette, 
see Appendix C. 

Visiting Investigator; Prof. Hjmng Shik Kim of Korean University 
will be supported by his government at Stanford for advanced training 
in low-grade metamorphism during the period from August 1, 1980 to 
August 31, 1981. During his stay at Stanford, he will spend about 
60% time on the research described in the proposal. Funds are requested 
to support some of the analytical expenses of his research. For 
bibliography of H. S. Kim see Appendix D. 

Research Assistant; One half-time research assistant is requested. 
Currently, Rona Donahoe (a Ph.D. candidate) is doing research for her 
degree solely on the topics of this proposal. 

Personnel in Japan 

Associate Principal Investigator; Yotaro Seki, Professor of Saitama 
University, will spend about 40% time on the proposed research. He has 
been working on low-grade metamorphism and hydrothermal alteration of 
Onikobe and other geothermal areas for years. His major effort is 
optical and X-ray identification of zeolites, clay and other secondary 
minerals in the drill hole core samples of the three geothermal areas. 
For bibliography of Yotaro Seki, see Appendix E. 

Associate Principal Investigator: Yasue Oki, Director of Hot Spring 
Research Institute, Hakone, Japan, and his co-worker Tomi Hirano will 
spend about 20% time on the proposed research. They have gained wide 
recognition for their studies of the chemistry, mineralogy and geology 
of volcanic rock-water systems in and around the Hakone volcanic region. 
Their major effort is to analyze major and trace elements of thermal 
waters in geothermal systems and to determine their relations to the 
paragenesis of secondary minerals. For bibliography of Yasue Oki, see 
Appendix F. 
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Associa te P r i n c i p a l I n v e s t i g a t o r : H i t o s h i Sakai , D i rec to r of the 
I n s t i t u t e for Thermal Spring Research, Japan, w i l l spend about 20% time 
on the proposed r e s e a r c h . He has gained i n t e r n a t i o n a l r ecogn i t i on for 
h i s research on the i s o t o p i c p r o p e r t i e s of the rock-water systems of 
Japan. His major e f f o r t w i l l be i s o t o p i c ana lyses (C.H.O.S) of thermal 
waters and mine ra l s in geothermal sys tems. 

F a c i l i t i e s 

Modern a n a l y t i c a l f a c i l i t i e s for geochemical , p e t r o l o g i c a l , and 
m i n e r a l o g i c a l r e sea rch are a v a i l a b l e in the School of Earth Sciences , 
Stanford U n i v e r s i t y . In rou t ine ope ra t i on are an ARL e l e c t r o n -
microprobe, an X-ray f luorescence spec t rog raph , emission and atomic 
abso rp t ion s p e c t r o g r a p h s , and l a b o r a t o r i e s for convent iona l wet chemical 
a n a l y s e s . 

Automation of the Stanford E lec t ron Microprobe i s underway. 
During the per iod of September, 1980 to August, 1982, the s t a t e - o f - t h e -
a r t s a n a l y t i c a l f a c i l i t i e s of the U. S. Geologica l Survey, Menlo Park, 
w i l l be i n s t a l l e d a t the School of Earth Sc ience , Stanford Univers i ty 
because of r e c o n s t r u c t i o n of t h e i r e a r t h q u a k e - s a f e t y b u i l d i n g a t Menlo 
Park . These f a c i l i t i e s inc lude 2 fu l l y automated Wave Length Dispers ive 
X-ray Spectrometers (Diano Type 8600) for both major and minor 30 
element analyses and an automatic plasma spect rograph for minor and 
t r a c e element a n a l y s i s of s o l u t i o n s . They w i l l be a v a i l a b l e to the 
P r i n c i p a l I n v e s t i g a t o r and h i s a s s o c i a t e s under an agreement signed in 
May, 1980. X-ray equipment inc ludes s tandard powder and s ing l e c r y s t a l 
d i f f r a c t o m e t e r s and a Picker automated spec t rome te r . Many of these 
f a c i l i t i e s are supported in l a rge pa r t by NSF. A t h i n - s e c t i o n l abora to ry 
and a machine shop are a v a i l a b l e to both i n v e s t i g a t o r s . A scanning 
e l e c t r o n microscope and computer f a c i l i t i e s a t Stanford can be used by 
a p p r o p r i a t e arrangement . 

Other a n a l y t i c a l f a c i l i t i e s for the proposed resea rch include 
Standard X-ray equipment and a humidity c o n t r o l l e d l abo ra to ry for 
s e p a r a t i o n and i d e n t i f i c a t i o n of c lay minera l s a t Saitama Univers i ty 
(Prof . Yotaro Seki) and a mass spect rometer for i s o t o p i c ana lyses (H, 
C, 0 , and S) at the I n s t i t u t e for Thermal Research (Prof . Hi tosh i Saka i ) . 
The Assoc ia te I n v e s t i g a t o r s , Seki and Sakai , a re in charge of these 
l a b o r a t o r i e s . 
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OTHER CONTRACTS 

The l i s t b e l o w a r e o t h e r c o n t r a c t s by t h e P r i n c i p a l I n v e s t i g a t o r 
d u r i n g t h e p e r i o d from 1976 - 1982 . 

Agency 

NSF 1 

Project Title and Contract No. 

Stabilities and Element Distribution of 
Minerals under Hydrothermal Conditions, 
EAR 73-06520-A-02 

Amount Period 

$ 70,000 4/1/76 - 8/31/79 

NSF Stabilities and Element Distribution of 
Minerals under Hydrothermal Conditions, 
EAR 79-09183 

$100,480 9/1/79 - 8/31/81 

NSF P e t r o l o g y , Metamorphism and T e c t o n i c s 
of Some G a b b r o i c I n t r u s i v e s and Con-
g l o m a t e s i n t h e F r a n c i s c a n Complex, 
EAR 76-22650 

$ 64,600 1/1/77 - 12/1/79 

NSF P e t r o l o g y , Metamorphism and T e c t o n i c s 
of Melange T e r r a n e s i n t h e F r a n c i s c a n 
Complex, C a l i f o r n i a 
EAR 80-08527 

$ 75,200 4/1/78 - 8/31/80 

NSF^ " C o o r d i n a t e d S t u d i e s of Rock-Water I n t e r - $ 85 ,200 4 / 1 / 7 8 - 8 / 3 1 / 8 0 
a c t i o n s R e l a t e d t o I s l a n d - A r c P r o c e s s e s 
by E x p e r i m e n t a l and F i e l d A p p r o a c h e s , 
EAR 77-23173 

NSF P e t r o l o g i c , S t r u c t u r a l and T e c t o n i c 
I n v e s t i g a t i o n s of t h e P a i r e d Metamor­
p h i c B e l t s and O p h i o l i t e of Ta iwan , 
EAR 77-23533 (With W. G. E r n s t & 
John Suppe) 

•'̂  G e o c h e m i s t r y 
' ^ P e t r o l o g y 
^Geology 

$ 94 ,000 7 / 1 / 7 8 - 6 / 3 0 / 8 0 
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MILESTONES 

Year 

MON. 

Quarterly Progress Reports 

Task I Report 
Task II Report 
Task III Report 

Draft Final Report 

Final Report* 

1981 

2/1 4/1 6/1 8/110/1 

A 

12/1 

1982 

2/1 

A 

l\ 

4/1 6/1 8/1 

/ \ 

_ 2 i 

10/112/1 

/\ 

. 

l\ 

/ . \ 
/ \ 

REMARKS (Comment Briefly on Significant Items) 

* The final report will include final draft for (1) the Onikobe and (2) the 

Hakone geothermal systems and first draft for the Tatun geothermal system. 
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PROPOSED BUDGET 

12/1/80 -
11/30/81 

12/1/81 -
11/30/82 

SALARIES AND WAGES 

J. G. Liou, Principal Investigator 
10% each academic year, 1.8 mm 
30% each summer 1.8 mm 

Research Assistant 
(2) 50% time acad. year, 100% time summer 

Secretary, 8% effort calendar year 

B. FRINGE BENEFITS 

12/1/80 - 8/31/81 (3 21% 
9/1/81 -11/30/81 (321.6% 

12/1/81 - 8/31/82 @ 21.6% 
9/1/82 -11/30/82 @ 22.2% 

C. EXPENDABLE SUPPLIES AND EXPENSES 

Xeroxing, phones, etc. 

D. SERVICES 

Thin section preparation for probe analysis 
60 each year @ $10/ea 

Electron microprobe at $40/hr w/o operator 
50 hrs/yr 

XRF analyses @ 20/hr, 40 hrs/yr 

Scanning electron microscope, 25/hr w/o operator 
40 hrs/year 

E. TRAVEL 

One round trip to Japan in summer, 1982 

Domestic meetings 

F. PUBLICATION COSTS 

G. COMPUTER COSTS 

3,277 

3,277 

10,500 

800 

3,507 

3,507 

11,236 

856 

17,854 

3,883 

1,000 

600 

2,000 

800 

1,000 

19,106 

4,270 

1,000 

600 

2,000 

800 

1,000 

600 

500 

300 

2,500 

600 

500 

300 

•30-



Proposed Budget 
Page 2 

* - Cost sharing of $977.00 represents 
3% of P..I. Annual Salary. 

/age 

12/1/80 -
11/30/81 

12/1/81 -
11/30/82 

H. TOTAL DIRECT COSTS (A THROUGH G) 

I. INDIRECT COSTS (58% NTDC) 

J. TOTAL REQUESTED FROM SPONSOR 

K. UNIVERSITY COST SHARING PER YEAR* 

L. TOTAL COST OF PROJECT PER YEAR 

28,537 32,676 

16,551 18,953 

45,088 51,629 

451 516 

45,539 52,145 
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APPENDIX E . 

REPRESENTATIONS AND CERTIFICATIONS 

[Instructions: Check or complete all appropriate boxes or blanks.] 

The proposer makes the following representations and certifications: 

•••̂  . 1. -SMALL AND. SMALL DISADVANTAGED BUSINESS CERTIFICATION /"';:';• 

. ,(a) The,.,bidder..pr of ferpr.̂ cert if ies .that git is ( ) is not (X) a 
small business concern as defined in accordance with Sect ion 3 

2 . . • of the Small Business Act (15 U.S.C. 632). 

;;. Qbj Tne bidder or offeror certifies that it is a small business 
[as set forth in (a) above] and is C ) is not ( ) owned and 
controlled by socially and economically disadvantaged indi-

• ' .' • viduals. , Such a firm is defined as one - . ..••'... 

(i) which is at least 51 per centum owned by one or more such 
individuals or, in the case of.any publicly owned business, 
at least 51 per centum of the stock is owned by such 
individuals; 

\ In; whose management and. daily business operat ions are 
• controlled by one or more such individuals; and 

(iii) which certifies concerning said ownership and contî ô l in 
accordance with section (c) below. .• ,..,•. 

(c) The bidder or offeror certifies that it is ( ) is not (X) a . 
minority individual(s) in accordance with (c)(i) below or that 
it is ( ) is not.(X) socially and economically disadvantaged 
in accord with section (c)(ii) or (c)(iii). Socially and 
economically disadvantaged individuals are defined as: 

(i) United States citizens who are Black Americans, Hispanic 
Americans, Native Americans, or other specified minorities; 

(ii) any other individual found to be disadvantaged pursuant to 
section 8(a) of the Small Business Act (15 U.S.C. 637); 
ox 

(iii) any other individual defined as socially, and economically 
disadvantaged, for purposes relating to other sections of 
the Sma11 Business Act. 

( 



2. CONTINGENT FEE 

(a) It ( ) has, (^ has not, employed or retained any company or person 
(other than a full-time bona fide employee working solely for the 
bidder) to solicit or secure this contract, and (b) it ( ) has, (̂ ) has 
not, paid or agreed to pay any company or person (other than a full-time 
bona fide employee working solely for the bidder) any fee, commission, 
percentage or brokerage fee, contingent upon or resulting from the 
award of this contract; and agrees to furnish information relating to 
(a) and (b) above as requested by the Contracting Officer. (For 
interpretation of the representation, including the term "bona fide 
employee," see Code of Federal Regulations, Title 41, Subpart 1-1.5.). 

3. TYPE OF ORGANIZATION ''• ' j ^ 
(X) non-profit educational institution 

It operates as an ( ) individual, ( ) partnership, ( ) joint venture, 

( ) corporation, incorporated in State of ' - .-•/. 

A body having corporate powers under the laws of the State of California. 

4. EQUAL OPiPORTUNITY ; "/;: •'- V ^ . ̂ ' ' • ' "" ;'"• ' • .̂ :̂ '. -

It (̂ ) has, ( ) has not, participated in a previous contract or sub­
contract subject to the Equal Opportunity Clause herein, the clause 
originally contained in Section 301 of Executive Order No. 10925, or 
the clause contained in Section 201 of Executive Order No. 11114; it 
(X) has, ( ) has not, filed all required compliance reports; and 
representations indicating submission or required compliance reports, 
signed by proposed subcontractors, will be obtained prior to subcontract 

• awards. ^ " -: 

5. AFFIRMATIVE ACTION COMPLIANCE PROGRAM 

The offeror represents that (a) it (X) has developed and has on file^' 
( ) has not developed and does not have on file, at each establishment 
an affirmative action program as required by the rules and regulations 
of the Secretary of Labor (41 CFR 60-1 and 60-2), or (b) ( ) has not 
previously had contracts subject to written affirmative action program 
requirements of the rules and regulations of the Secretary of Labor 
because (check as applicable): 

offeror does not have 50 or more employees 

offeror has not had a Government prime contract 
or subcontract of $50,000 or more. 

(I 
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c 6. CERTIFICATION OF NONSEGREGATED FACILITIES 

V . By the submission of this proposal, the offeror, applicant, or sub­
contractor certifies that it does not maintain or provide for its 
employees any segregated facilities at any of its establishments, and 
that it does not permit its employees to perform their services at any 
location, under its control, where segregated facilities are maintained. 

' It certifies further that it will not maintain or provide for its . 
employees any segregated facilities at any of its establishments, and 
that it will not permit its employees to perform their services at any 
location, under its control, where segregated facilities are maintained. 
The offeror, applicant, or subcontractor agrees that a breach of this 
certification is a violation of the Equal Opportunity clause in this 
contract. As used in this certification, the term "segregated facilities" 
means any waiting rooms, work areas, rest rooms and wash rooms, restaurants 
and other eating areas, time clocks, locker rooms and other storage or 
dressing areas, parking lots, drinking fountains, recreation or entertain- . 
ment areas, transportation, and housing facilities provided for employees 
which are segregated by explicit directive or are in fact segregated on 
the basis of race, creed, color, or national origin, because of habit, 
local custom, or otherwise. It further agrees that (except wherie it 
has obtained identical certifications from proposed subcontractors for 
specific time periods) it will obtain identical certifications from , 
proposed subcontractors prior to the award of subcontracts exceeding 
$10,000 which are not exempt from the provisions of the Equal Opportunity 

r" clause; that it will retain such certifications in its files; and that 
I " "it will forward the following notice to such proposed subcontractors 

(except'.where the proposed subcontractors have submitted identical 
certifications for specific time periods): 

NOTICE TO PROSPECTIVE SUBCONTRACTORS OF REQUIREMENT FOR CERTIFICATION OF 
NONSEGREGATED FACILITIES 

A Cert ification of Nonsegregated Facilities must be submitted prior 
to the award of -a subcontract exceeding $10,000 which is not exempt 
from the provisions of the Equal Opportunity clause. The certification 
may be submitted either for each subcontract or for all subcontracts 
during a period (i.e., quarterly, semi-annually, or annually). 

7. PARENT COMPANY AND EMPLOYER IDENTIFICATION NUMBER 

Each proposer shall furnish the following information by filling in 
the appropriate blocks: 

a. Is the proposer ot̂ ned or controlled by a parent company as described . 
below? .( ) Yes (X) No. (For the purpose of this proposal, a parent ' 
company is defined as one which either owns or controls the activities 
and basic business policies of the proposer. To own another 
company means the parent company must own at least a majority (more 
than 50 percent) of the voting rights in that company. To control 
another company, such ownership is not required; if another company 
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is able to formulate, determine or veto basic business policy / ^ 
decisions of the proposer, such other company is considered the ( 
parent company of the proposer. This control may be exercised ^-
through the use of dominant minority voting rights, use of proxy 
voting, contractual arrangements, or otherwise.) 

If the answer to a. above is "Yes", proposer shall insert in the 
space below the name and main office address of the parent company. 

Name, of Parent Company: ' . " • - • ' . '•• ' ' '"\ ' 

Main Office Address (No., Street, City, State and Zip Code) 

Proposer shall insert in the applicable space below, if it has 
no parent company, its own Employer's Identification Number (E.I. 
No.) (Federal Social Security Number used on Employer's Quarterly 
Federal Tax Return, U. S. Treasury Department Form 941) , or if it 
has a parent company, the E.I. No. of its parent company. 

Employer Identification Number of Parent Company: 94-1156365 

8. CLEAN AIR AND WATER CERTIFICATION 

(Applicable if the bid or offer exceeds $100,000, or the Contracting 
Officer has determined that orders under an indefinite quantity contract 
in any year will exceed $100,000, or a facility to be used has been the 
subject of a conviction under the Clean Air Act (42 U.S.C. 1857c-8(c)(1)) 
or the Federal Water Pollution Control Act (33 U.S.C. 1319(c)) and is 
listed by EPA, or is not otherwise exempt.) 

The bidder or offeror certifies as follows: 

(a) Any facility to be utilized in the performance of this proposed 
contract has ( ), has not Q(), been listed on the Environmental 
Protection Agency List of Violating Facilities. 

(b) It will promptly notify the Contracting Officer, prior to award, 
of the receipt of any communication from the Director, Office of 

- 4 - ' . • - • ' • " • -
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c 6. CERTIFICATION OF NONSEGREGATED FACILITIES 

V By the submission of this proposal, the offeror, applicant, or sub­
contractor certifies that it does not maintain or provide for its 
employees any segregated facilities at any of its establishments, and 
that it does not permit its employees to perform their services at any 
location, under its control, where segregated facilities are maintained. 

'. It certifies further that it will not maintain or provide for its . 
employees any segregated facilities at any of its establishments, and 
that it will not permit its employees to perform their services at.any 

; location, under its control, where segregated facilities are maintained. 
The offeror, applicant, or subcontractor agrees that a breach of this 
certification is a violation of the Equal Opportunity clause in this 
contract. As used in this certification, the term "segregated facilities" 
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ment areas, transportation, and housing facilities provided for employees 
which are segregated by explicit directive or are in fact segregated on 
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has obtained identical cert ifications.from proposed subcontractors for 
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$10,000 which are not exempt from the provisions of the Equal Opportunity 

/ clause; that it will retain such certifications in its files; and that 
I it will forward the following notice to such proposed subcontractors 

(except where the proposed subcontractors have submitted identical 
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A Certification of Nonsegregated Facilities must be submitted prior 
to the award of a subcontract exceeding $10,000 which is not exempt 
from the provisions of the Equal Opportunity clause. The certification 
may be submitted either for each subcontract or for all subcontracts 
during a period (i.e., quarterly, semi-annually, or annually). 

7. PARENT COMPANY AîiD EMPLOYER IDENTIFICATION NUMBER 

Each proposer shall furnish the following information by filling in 
the appropr iate blocks: 

.. a, . Is the proposer owned or controlled by a parent company as described 
below? ( ) Yes (X) No. (For the purpose of this proposal, a parent 
company is defined as one which either owns or controls the activities 
and basic business policies of the proposer. To own another 
company means the parent company must own at least a majority (more 
than 50 percent) of the voting rights in that company. To control 
another company, such ownership is not required; if another company 
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is able to formulate, determine or veto basic business policy 
decisions of the proposer, such other company is considered the 
parent company of the proposer. This control may be exercised 
through the use of dominant minority voting rights, use of proxy 
voting, contractual arrangements, or otherwise.) 

b. If the answer to a. above is "Yes", proposer shall insert in the 
space below the name and main office address of the parent company. 

Name of Parent Company: • • ' • ' ' • ' ' . ' • " "• " " -

Main Office Address (No., Street, City, State and Zip Code) 

Proposer shall insert ih the applicable space below, if it has 
no parent company, its own Employer's Identification Number (E.I. 
No.) (Federal Social Security Number used on Employer's Quarterly 
Federal Tax Return, U. S. Treasury Department Form 941), or if it 
has a parent company, the E.I. No. of its parent company. 

Employer Identification Number of Parent Company: 94-1156365 

P 
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8. CLEAN AIR AND WATER CERTIFICATION . . 

(Applicable if the bid or offer exceeds $100,000, or the Contracting 
Officer has determined that orders under an indefinite quantity contract 
in any.year will exceed $100^000, or a facility to be used has been the 
subject of a conviction under the Clean Air Act (42 U.S.C. 1857c-8(c)(1)) 
or the Federal Water Pollution Control Act (33 U.S.C. 1319(c)) and is 
listed by EPA, or is not otherwise exempt.) 

The bidder or offeror certifies as follows: 

(a) Any facility to be utilized in the performance of this proposed 
contract has ( ), has not (^), been listed on the Environmental 
Protection Agency List of Violating Facilities. 
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of the receipt of any communication from the Director, Office of 
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Federa l A c t i v i t i e s , Environmental P r o t e c t i o n Agency, i n d i c a t i n g . 
t h a t any f a c i l i t y which i t proposes to use for the performance of 
the c o n t r a c t i s under c o n s i d e r a t i o n to be l i s t e d on the EPA- L i s t 
of Violat . ing F a c i l i t i e s . 

( c ) I t w i l l i nc lude s u b s t a n t i a l l y t h i s c e r t i f i c a t i o n , i nc lud ing t h i s 
paragraph ( c ) , in every nonexempt s u b c o n t r a c t . 

9 . ; WOMAN-OWNED BUSINESS ^̂^ ^̂  ^; • ; , ,:̂  / • : ; ^ . : : v 

Concern i s ( ) i s not (^) a woman-owned b u s i n e s s . 

. A vTOman-owned b u s i n e s s i s a b u s i n e s s which i s , a t l e a s t , 51 pe rcen t 
owned, c o n t r o l l e d , and opera ted by a woman or women. Con t ro l l ed i s 
def ined as e x e r c i s i n g the power to make po l i cy d e c i s i o n s . . Operated 

.'..'/:•• i s def ined as a c t i v e l y involved in the day- to -day management. 

For the purposes of t h i s d e f i n i t i o n , b u s i n e s s e s which are p u b l i c l y ; 
owned, j o i n t s tock a s s o c i a t i o n s , and bus ines s t r u s t s are exempted. 
Exempted b u s i n e s s e s may v o l u n t a r i l y r e p r e s e n t tha t they a r e , or are 
n o t , woman-owned i f t h i s in format ion i s a v a i l a b l e . 

1 0 . PERCENT OF FOREIGN CONTENT •. '•' . ''-.. r ' i ' ' '::{'^^':.'-:l,^'C'-'' 

The o f f e r o r / c o n t r a c t o r w i l l r e p r e s e n t ( a s an e s t i m a t e ) , immediately 
a f t e r t he award of a c o n t r a c t , the percent of the fo re ign con ten t 
of the item or s e r v i c e being procured expressed as a percent of the 

^ ' c o n t r a c t award p r i c e ( accu racy v/i thin p lus or minus 5 percen t i s 
^ • acceptable) .• . 

Signed by 

Edward C. Barrera, Staff Associate 

_ (Yill̂ l ~ ~ " 

Note: No solicitation may be properly considered without this 
certification and no award Tnay be made without it being 
executed. 
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APPENDIX A 

Investigation of Drillhole Core Samples from Tatun Geothermal Area, Taiwan 

C.Y. Lan, J.G. L iou*, and Y. Seki** 

Mining Research and Service Organization; No. 1, Tun-Hwa South Road, Taiwan, ROC 

'Depar tment of Geology, Stanford University, Stanford, CA 94305, United States of America 

" ' D e p a r t m e n t of Hydroscience and Geotectonics, Saitama University, Japan 

The Tatun geothermal area of northeastern Taiwan, about 

3 x 1 8 k m ^ in dimension, is covered by a th ick sequence 

of Pleistocene ancdesitic lavas and pyroclastics. The andesites 

belong to the hypersthene series and range in composit ion 

f rom mafic augite-hypersthene andesite to silicic b io t i te-

hornblende andesite. The volcanic rocks are unconformably 

underlain by Miocene sandstones, conglomerates, and shales. 

The sandstones are coarse-grained and very permeable 

(with porosity greater than 10 percent) and have been 

suggested to be deep geothermal reservoirs w i t h temperatures 

greater than 250°C and areal d is t r ibut ion greater than 

20 km . Many hot springs and fumaroles occur, but those 

wi th the most impressive discharges of thermal f luids are 

concentrated wi th in a NE-st r ik ing fau l t zone about 4 km 

wide and 18 km long. Spring waters w i t h temperatures of 

40°C — 120°C are mostly the acid sulfate chloride type 

and have extremely low pH values f rom 1 to about 3 

(Chen, 1975). The acid nature is apparently restricted 

to surface zones where ox idat ion of volcanic gases such 

as H2S prevails. A t depth, as discussed later, the pH of 

waters must be higher as evidenced by the ubiqui tous 

occurrence of calcite. Secondary minerals resulting f rom 

near-surface water/rock interactions include various silica 

minerals (opal, cristobalite, t r idymi te , and quartz), alunite, 

kaolinite, allophane, montmor i l lon i te , pyr i te , sulfur, and 

others. The mineral assemblages are characteristic of high 

So and Oo fugacities, high SiOo and tota l dissolved sulfur 

contents in the hydrothermal f luids (Wang, 1973). 

The geothermal explorat ion of the Tatun area began in 

1965 and, thus far, 62 gradient holes and 20 exploratory 

holes have been dr i l led. The gradient holes, of 35 to 622 m 

in depth and 2 to 3 inches in diameter, are mainly for 

collecting data on geothermal gradients and geology, 

whereas the exploratory holes up to 1510 m deep and 

8.5 inches in diameter are mainly for collecting in format ion 

about variation in geology, mineralogy, temperature, f low 

rate, and composit ion of f lu id w i th depth . Core samples 

have been collected and temperature variations w i th depth 

have been recorded. Core samples f r om five dri l lholes were 

selected for detailed investigation in order to understand 

mineral parageneses of hydrothermal alterat ion and to 

compare them wi th those f rom Hakone and Onikobe, 

Japan (Seki, et a l . . 1969; Oki and Hirano. 1974). The 

secondary minerals ident i f ied, together w i th recorded 

temperature gradients, are plotted versus depth in figure 1. 

Because temperatures f luctuated wi th t ime, temperatures 

shown in the figure represent the most recent measurement. 

A maximum temperature of 290°C has been recorded 

at a depth of 1200 m. 

Three alteration zones were recognized based on the 

occurrence of kaol in i te, alunite, Ca-zeolites, epidote, 

and the types of smecti te-chlori te. Zone 1 , restricted to 

near-surface depths of about 200 m or less, is characterized 

by the presence of kaol ini te, alunite, pyr i te , and gypsum. 

The original textures of andesite are tota l ly obscured, 

and primary minerals have been entirely replaced. Core 

samples were recovered w i th d i f f icu l ty , and secondary 

minerals are very similar to. those at the effusive areas 

of hot springs and fumaroles. Zone 2, the intermediate 

zone between about 200 to 500 m, is characterized by the 

sporadic occurrence of laumonti te, analcime, and hemati te, 

together w i th abundant smecti te-chlori te, anhydr i te, 

quartz, carbonate, and pyr i te . Aluni te, wairaki te. Type I I I 

chlori te and secondary albite were not f ound . Primary 

textures and minerals of the andesitic rocks are well 

preserved. Plagioclase (An 42 to 68) was mainly replaced 

by carbonates and anhydri te and locally by laumont i te , 

whereas both hornblende and pyroxenes were mainly 

replaced by smect i te-chlor i te, i l l i te, carbonate, pyr i te , 

and hematite. Zone 3, below about 500 m, is characterized 

by the appearance of epidote, wairakite, chlor i te, albite 

in addi t ion to anhydr i te, i l l i te, quartz, and pyr i te . The 

hornblende-two pyroxene andesitic core samples w i th in 

this zone (for example, E-205 and E-208) are extensively 

altered and veined by secondary minerals. The pr imary 

porphyr i t ic texture is modi f ied by aggregates of saussurite 

+ carbonate + anhydri te pseudomorphs after plagioclase 

and chlori te + pyr i te + magnetite + sphene after mafic 

minerals. Piagioclases (An 44 to 66) were locally replaced 

by wairakite and epidote. Major vein minerals are carbonates, 

quartz, and anhydr i te ; wairakite and chlorite are also 

present. 

183 



A-2 

Smect.-Chlorite LmAm Ĝ ^ Mt 
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FIGURE 1. Variations of secondary minerals and temperatures with depths for exploratory 
drill holes E-201, 203, 205, and 208 from Matsao, Tatun Taiwan. Abbreviations for 
minerals: Qz-quartz, Ka-kaolinite, ll-il l ite, Lm-laumontite, Wt-wairakite, Am-analcime, 
Ab-albite, Ep-epidote, Cc-calcite, Gy-gypsum, Anh-anhydrite, Py-pyrite, Mt-magnetite, 
Hm-hematite. 

The smectite-chlorite minerals of the altered andesitic 
rocks from the Tatun geothermal area and those from 
Onikobe and Hakone, Japan show systematic variations 
with depth and temperature. Detailed petrographic. X-ray 
diffraction (XRD), and differential thermal analysis (DTA) 
studies of the clay minerals reveal four distinct types. 

and their characteristic features are as follows. As shown 
in figure 1 together with the data from Hakone and 
Onikobe areas. Type I (alkaline montmorillonite) 
and Type I' (smectite) clay minerals are found commonly 
with mordenite and clinoptilolite. Type II smectite-chlorite 
with laumontite, and Type 111 with wairakite. 
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TABLE1 
XRD and DTA data on the four mineral associations, Tatun geothermal area 

Type 

1 

1 ' 

II 

>l< , 

AssociatIon 

alk. mont. 

smecti te 

chl .-smec. 

chlori te 

CuKa26(O0l) 

7.0 

6.0 

3.0,6.0-6.2 

6.0-6.1 

CuKa2eEG(0Ol) 

5.0 

5.0 

3-0,5.6-5.9 

6.0-6.1 

DTA 
Endothermic T, C 

70,150.650 

70.150.650 

'70.150.550 

550 

The smectite-chlorite minerals of the altered andesitic 
rocks from the Tatun geothermal area and those from 
Onikobe and Hakone, Japan show systematic variations 
with depth and temperature. Detailed petrographic. X-ray 
diffraction (XRD), and differential thermal analysis (DTA) 
studies of the clay minerals reveal four distinct types, 
and their characteristic features are as follows. As shown 
in figure 1 together with the data from Hakone and 
Onikobe areas, Type I (alkaline montmorillonite) 
and Type I' (smectite) clay minerals are found commonly 
with mordenite and clinoptilolite. Type II smectite-chlorite 
with laumontite, and Type III with wairakite. 

The parageneses of secondary minerals in the Tatun 
geothermal area is consistent with the recorded temperature 
-depth relations as shown in figure 1.-However, it should 
be noted that calcite is ubiquitous at depths below about 
200 m, and its common occurrence as a replacement of 
plagioclase and pyroxene and as fissure fillings indicates 
that thermal waters at greater depth must be less acidic 
than those in the surface zone. The rare occurrence of 
Ca-zeolites and other calcium aluminum silicates, and 
abundance of calcite and anhydrite (and gypsum) suggest 
that the hydrothermal alteration in this area must have 
taken place at high activities of COo and SOo and temper­
atures of 100to300°C. 
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