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INTRODUCTION 

Japan and Taiwan provide excellent'examples of active geothermal syetems i n  

island arc terrains  .in which geology and tectonic features a re  w e l l  understood. 

Development of geothermal power has been greatly emphasiked in these countries 

because it is potentially a major energy resource in active volcanic areas. 
Exploration of'geothetmal energy i n  Japan and Taiwan began in  the early 

dixties, Intensive geological-geochemical-geophysical studies of thermal waters 

and core samples in  many Japanese geothermal systems have been'completed. 

power plants have been installed. One purpose of t h i s  Contract i s  to  get more 

irrto the l i t e r a tu re  data and information concerning the geothermal systems and 

t o  conduct systematic study of d r i l l  hole cQre samples i n  c lass ica l  island arc 

such-as Japan, 

Many 

The knowledge deduced from the classical  island arc can apply t o  

loration of geothermal energy i n  the northwestern United States where the 

he DOE sponsored the present project (1) t o  investigate systematic 
i c  and petrologic sett ings are similar to  those of Japan. With th i s  idea 

1 study of ' d r i l l  hole core samples selected geothermal areas i n  
, and (2) to  compile available references for geothermal both Japan and T 

research in  Ta pendix A) and in  Hakune (Appendix B) and Onikobe, Japan. 
Our basic premise of th i s  project 

temperature I of geothermal fluids as a 

paragenesis, compositions and isotopic properties of the associated mineral 

assemblages, and that the l a t t e r  can be used to  reconstruct the evolution of a 

geothermal system. 
November 15th, 1983 with a t o t a l  budget of $96,717 we have conducted detailed 
mineralogical-petrological-geochemical investigations of d r i l l  hole core samples 

from Onikobe, Japan. 
Hydroscience L Geotechnology Lab, Saitama University, published in  1983. 
memoir is  reproduced as Section I V  i n  t h i s  report and describes geological, 

geochemical, petrological and hydrological characteris tics of a c lass ic  
geothermal system i n  Japan. 

geochemical-data of d r i l l  hole core samples from the Onikobe system are included 

i n  an in-press manuscript ent i t led "Compositions and Parageneses of Secondary 
Minerals i n  the Onikobe geothermal system, Japan" as Section V i n  th i s  report. 
This-paper was a1s.o presented a t  the International Water-Rock Interaction 

Symposium a t  Misasa Japan. 

VI. , , <  

that  the changing composition and 

ction of t i i e  W i l l  be recorded by the 

During the funding period of September 30th, 1982 t o  

The resul ts  are  described i n  de ta i l  as Memoir No. 3, 
This 

Further interpretations of petrological and 

The extended abstract  is reproduced here as Section 

. .  
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During the grant period, we have also investigated drill hole core samples 
from Hakone (in Japan) and from the Tatun geothermal area (in Taiwan). 
selected these two other systems to compare with that of the Onikobe system 
because they are recognized as classic examples of a geothermal system in island 
arc and because geological-geochemical-geophysical information is' available to 
US. 

in as much detail as those in the Onikobe. 
on the Tatun geothermal system is included in Section VI1 of this report. 

We 

However, because of limited time and budget, we are not able to study them 

A preliminary and short description 

As described in detail for the Onikobe geothermal system, hydrous Ca-A1 
silicates such as laumontite, yugawaralite, wairakite, prehnite and epidote are 
common in addition to clay minerals. Their appearance in the geothermal system 
is a function not only is temperature (depth), but also composition of rocks and 
their interacting fluids. 
composition, systematic studies of their stabilities were also completed under 
the support of this contract. The results have been published respectively in 
the American Mineralogist for the laumontite-yugawaralite-wairakite relations as 
Section 11 and in the Journal of Petrology for the prehnite-epidote equilibria 
as Section 111 of this report. 

In order to understand their paragenesis and 

Under the auspices of the DOE support, one Ph.D. thesis entitled 
"Geochemical and experimental investigations of andesite-water interactions and 
their relationship to Island-arc geothermal system" by Renald N. Guillemette was 
canpleted in August, 1983 and many other projects were initiated. 
DOE-SC07-80ID-12145 for gracious support and we particularly appreciate Drs. 
Susan M. Prestwich, Kent Hastings, and Dennis L. Nielson of the DOE for their 
encouragement and guidence. 

We thank the 

. 

, .. 

. . .  
.. 
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i American Mineralogist, Volume 67, pages 937-943, 1982 

1 
Experimental investigation of pgawaralite-wairakite equilibrium 

i 

YISHAN ZENG' AND J. G. LlOU 
3 

Department of Geology 
Stunford University 

Starford, California 94305 I 

I 

I Abstract 
I 
I 
, Yupawaralite tCaAl&O16.4H:O) occurs most commonly in active geothermal areas and 

is associated uith other zeolites including laumontite and uairakite. The stability field of 
yugawaralite uas experimentally investigated using conventional hydrothermal apparatus 
over a f - T  range of 200-350" C and 0.25-2 kbar and run duration of 14 to 61 days. The 
reversal experiments indicate that the f - T  curve of the reaction yugawaralite = wairakite 
+ 2Si02 + 2H20 passes through 22525" C at 0.25 kbar, 22325" C at 0.5 kbar, 23825" Cat 
1 kbar and 24525" C at 2 kbar fn,,,,. The thermodynamic parameters of yugawaralite were 
calculated: A& = -2175.46212.01 ho l -K .  AG"f = -8387,6924.01 kJ/mol. AHr = 
-9036.1924.01 kJ/mol. The equilibrium curve, yugawaralite = laumontite + 2Si02, was 
estimated by employing the thermodynamic data and the calculated slope of 3 1.3 barsP C. 
Present and Frevious experiments define an invariant point where yugawaralite. wairakite 
and laurnontit.: are stable. The invariant point was located at 234" C and 550 bars in 
experimental conditions where f H . 0  = flotnl. In geothermal systems where P H a  is about 
113 ftota,. the occurrence of yugawaralite is restricted to depths not much greaier than 0.5 
km. This result is consistent with its limited occurrence in active geothermal areas. 

! 
1 

~ 

! 

I 

I 
I 

! I 

i 
! 

I 

! 

Introduction Tanzawa Mountains (Seki et al., 1969a) a n  be- ~ 

lieved to be the product of low-grade metamor- 
Yugawaralite (CaAlrSi6016*4HrO) was first de- phism, with an extremely high geothermal gradient. 

scribed by Sakurai and Hayashi from vein fillings P-T stability relations of some calcium zeolites 
near the Yugawara Hot Spring, Japan in 1952. This including laumontite, wairakite, and stilbite in the 
calcium zeolite has since been reported to occur system CaAl$irO&OrHrO have been investi- 
often with other zeolites, including laumontite and gated (Liou, 1970 and 1971a. b); however the stabil- 
wairakite as euhedral crystals filling cavities and ity of yugawaralite and its relationship to those of 
veins in geothermal areas and as microcrystals in other calcium zeolites has not been experimentally 
low-grade metamorphosed volcanic rocks. Yuga- determined. Seki (1969) and Harada (1969) have 
waralite of the first case includes the type locality; suggested that the stability field of yugawaralite is 
Heinabergsjokell. Iceland (see Barrer and Marshall, intermediate between the stabilities of laumontite 
1965); Onikobe (Seki and Okumura, 1968) and Shii and wairakite with regard to temperature. 
moda, Japan (Sameshima, 1969); Chena Hot The purposes of the present study are (1) to 
Springs areas, Alaska (Eberlein et al., 1971 1; Osilo. experimentally determine the univariant equilibri- 
Sardinia, Italy (Pongiluppi. 1977); Bombay, India um curve of the reaction yugawaralite = wairakite 
(Wise, 1978) and Yellowstone National Pi.:? 'qw- + 2Si02 + 2H20; (2) to calculate the thermodynam- 
gar and Beeson. 1981; Bargar et al., !38:). r'ri*s* ic parameters of yugawaralite; (3) tooutline the P-T 
occurrences suggest that yuga:"zra;;ls is formed at stability relationships among yugawaralite, waira- 
low pressures and temperatures and is related to kite and laumontite, and (4) to correlate the experi- 
geothermal activity. Yugawaralites from the mental results with paragenesis of Ca-zeolites in 

geothermal systems. Chemographic relations of Jau- 
montite, yugawaralite, wairakite. quartz and some 
other Calcium Zeolites are plotted in the System 
CaAI&OrSiOrH20 in Figure 1. 

IPemancnt address: Department of Geology, Beding Univer- 
sity. Bcijing. China. 
OOO3-004x18~10-0937502.00 937 
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CoAIgSCOa molar proporllonr sio, 
Fig. 1. Chemographic relations of some calcium zeolites and 

related minerals in the ternary system CarU2Si20pSiOrH,0. 

Experimental methods 
Conventional cold seal hydrothermal apparatus was used in 

the present study; details of the experimental procedure arc 
described by Liou (19716. The starting materials include waira- 
kite h m  Onikobe, yugawaralite from Yugawara, and laumontite 
from the Tanzawa Mountains, Japan. The compositions. optical 
and X-ray properties, and abbreviations of these zeolites arc 
listed in Table 1. To ensure their purity, all of these minerals and 
quar(z were ground and examined by X-ray diffraction. The 
charges for each experiment consisted of mixtures of yugawara- 
lite as reactant and wairakite + quartz (with molar ratio of Wr/ 
Qz* = 10) as products in subequal weight proportions and 
excess H20. Other charges had mixtures of laumontite and 
yugawaralite + wairakite + quartz in the weight ratio 1:2 with 
the ratios among yugawaralite, wairakite and quam the same as 
above. 

The charges were run from 30 to 61 days at temperatures 
ranging h m  m C  to 3WC. and pressures from 2SO bars to 
Moo bars. The recorded temperatures arc thought to be accurate 
to 2Y C and the pressures indicated by the gauges to be 330 
bars. AU the charges were examined by microscope, X-ray 
diffraction and a scanning electron microscope with X-ray ener- 
gy dispersive system. 
Use of the above mineral mixtures as sminn materials in the 

measured because the other X-ray diffnction peaks overlapped 
substantially. 

Newton (1966) demonstrated that, where the extent of reaction 
is not large, the direction of reaction cannot be positively 
recognized by comparison of X-ray diffractometer charts. This 
difficulty was encountered in some experiments which are close 
to the equilibrium temperatures. In the present study, many runs 
with durations of 60 days and under closely similar PnuwT 
conditions were made and the results showed consistent reaction 
direction. Each isobaric equilibrium temperature for the reaction 
Yu = Wr + Qz + H20 was determined by at least 4 runs within a 
W C temperature interval. 

In order to obtain reproducible intensity ratios of diffraction 
peaks, samples for the X-ray mounts were prepared according to 
the same procedure and 2 to 5 X-ray diffraction patterns of each 
charge were taken under identical conditions (CuKa radiation. 
35 kV accelerating potential, 16 mA emission current, Vio 28/min 
scanning speed, 30 in.lhr chw speed, intensity amplifier 1 x Id 
and time constant 4). The areas of diffraction peaks were 
accurately measured by using a compensating polar planimeter. 
All run products were also examined by using a scanning 
electron microscope (SEdEDAX) to detect the growth and disso- 
lution of phases in order to verify the results obtained by X-ray 
diffraction. 

Experimental results 
The experimental results from a total of 35 runs 

using the mixture of yugawadite + wairakite + 
quartz as starting material are listed in Table 2 and 
shown in Figure 2. The growth of wairakite at the 
expense of yugawdi te  was readily detected for 
those experiments at temperatures greater than 
2SO" C because 20-50% conversion occurred. How- 
ever,, the phase equilibration at temperatures lower 
than 250" C, especially P-T conditions close to 

Table I. Chemical compositions. optical and X-ray properties of 
natural wairakite. laumontite and yugawaralite used as starting 

materials 

U d n k i t e  Lamoatit. (k)C. Tugnaralltr (Vu)- 

Y.91 
0.01 

22.75 
0.64 

8ibt :ao, 
Who* .! rd - experiments avoided nucleation problems &d enhanced the 

growth of reeded materials in their fields of stability. Phase 
relations were deduced by observing which assemblage grew at 
the expense of the other. The direction of reaction was estab- 
lished by comparing the relative intensities of main X-ray 
ditrraction peaks (which were measured by area-ratio) of rcac- 
tants and products before and after the experiment. When the 
mixture of yugawaralite + wairakite + quartr WBS used in the 
expehentt, three intensity ratios, Yu( t~Jwr ,~ , l  Yuctttll 
Wrc211,, and Y~002#rt332r. were used. For the mixtures of 
laumontite + yugawditc + wairakite + quartz, the intensities 
ofonly fourpeaks. LwtlorandLm~,.  Yu(ltt+ndWrt2tth we= 

*IO 

*p co 
'@ 

%* 'N 
*oml 

a 

.o 

- 

0.44 
0.01 

0.21 
11.69 
0. (0 
0.31 
8.23 
0.19 

100.01 

i.rw+wa 

13.S 
U.b6 
13.56 
90909 

I. 501+0.001 

50.99 59.29 
0.02 tr. 

21.87 17.43 
0.09 0.05 
0.11 
0.02 

n. 
1a.w 
0.38 
0.10 

14.02 
0.29 

99.89 

1.5QIo.002 
1.512~0.002 
1.S16+Oo.o01 

14.nl%.oo4 
I3.oos%.oo, 
7.550%. W3 

111.97~.02 

0.25 
w8. 

0. I1 
9.90 
0.26 
n. 
u.os 
0.10 

100.20 

1.493 
1.499 
LWl 
6.73 

13.95 
M.03 

11190' 

*After Liou (1970) 
*Abbreviations: Wr-wairakite; Qz-quartz; Yu-yugawara- G::::; E; sEmra (1966, lite; Lm-laumontite. 
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% ' -  
of 

a5 

of the sluggishness of the reaction. Only about 5- ' . 
20% change took place even in experiments of 2 

5 

939 

- 

Yugowoml~ tc I I 

Table 2. Experimental results for the reaction: yugawaralite (Yu) 
= wairakite (Wr) + 2Si02 + 2Hz0 

Run Temperature Duration Direction of 
)to. oc day 8 reaction 

43 
39 
72 
50 
66 
71 
32 
33 
20 
13 

17 
74 
51 
13 
36 
61 
45 
62 
35 
23 
18 
15 
21 

52 
22 
42 
63 
65 
64 
19 
37 
38 
14 
16 
7 

2 10 
220 
222 
230 
2 35 
244 
255 
275 
2 94 
325 

61 
30 
60 
60 
60 
60 
28 
28 
21 
21 

Pn2o - 1000 bars 

217 
222 
2 24 
22 8 
234 
235 
241 
246 
250 
256 
275 
300 
325 

28 
60 
61 
60 
30 
60 
31 
60 
30 
28 
28 
28 
14 

Pg20 - 2000 bar8 

221 59 
236 32 
238 32 
240 60 
250 58 
260 60 
264 30 
174 30 
287 31 
301 28 
333 28 
%a 31 

Yu+ Wr 
Yu+ Wr 
Yu+ Wr 
Yu + Wr 
Yu + Ur 
Yu * Ur 
Yu + Wr 
Yu + Wr 
Yu + Ur 
Yu + Wr 

Yu + Wr 
Yu + Wr 
Yu + Wr 
Yu + Wr 
Yu + Wr 
Vu f Wr 
Yu Z Wr 
Yu + Wr 
Yu + Wr 
Yu + Wr 
Yu + Wr 
Yu + Wr 
Yu +Wr 

Yu +wr 
YU +Wr 
Yu +Wr 
Yu +Ur 
Yu +Wr 
Yu +Wr 
Yu +Wr 
Tu + V r  
Yu + U r  
Yu +Wr 
Xu +Ur 
Tu +Wr 

wairakite + 2 S i 4  + 2H20 H 
a $ ' t  -t O O O 

500k 8 .&00  0 0 0 

OIX L-22- 200 250 xx) 350 

TEMPERATURE, *C 
Fig. 2. P".,,,-T curve of the reaction yugawaralite = wairakite 

+ 2Si02 + 2H20, experimentally determined by using the 
mixture of yugawaralite + wairakite + quartz (run data listed in 
Table I). 

occurred. No new phases were detected by either X- 
ray diffraction or SEM observation. 

A combination of the criteria of intensity ratios of 
X-ray peaks and SEM observations was used to 
locate the equilibrium curve of the reaction as 

I 

I O f 0  
1 2t I 

- ~ 

equilibrium, is extremely difficult to detect because 
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passing through 23325" C at 500 bars, 23825" C at 
lo00 bars and 24525°C at 2000 bars. The steep 
slope of the P-T curve suggests that the reaction is 
relatively insensitive to pressure in the range 0.5- 
2.0 kbar. 

Integrating the present results with a previous 
study on laumontite-wairakite equilibrium in the 
CaA12Si20rSiOrH20 system by Liou (1971a). the 
portion of the present wairakite-yugawaralite curve 
above 500 bars is metastable in the field of laumon- 
tite. Apparently, the three Ca-zeolites, yugawara- 
lite, wairakite and laumontite have identical CaAl 
formula contents; hence, in the system with excess 
Si02 and H20, they define an invariant point. The 
intersection of the two experimentally determined 
univariant curves for reactions Yu = Wr + 2Si02 + 
2Hz0 and Lm = Wr + 2H20 locate the invariant 
point at about 234" C and 550 bars. Radiating from 
the invariant point is another reaction, Yu = Lm + 
2Si02. The phase relationships shown in Figure 3 
are also consistent with those proposed by Harada 
(1969). 

In order to experimentally outline the invariant 
relationship, seven experiments with mixtures of 
laumontite + yugawaralite + wairakite + quartz 
were carried out. The data are listed in Table 3 and 
are plotted in Figure 3. Based on the reconnais- 
sance experiments and results described in the 
previous sections, it was concluded that yugawara- 
lite is stable at lower temperatures relative to waira- 
kite and at lower pressures relative to laumontite. 
The stability field of yugawaralite is bounded by the 
reaction Yu = Wr + Qz + Hz0 at high temperature 
and by the reaction Yu = Lm + Qz at high 
pressure. 

Discussion 

Calculation of thermodynamic dara for yugawaralite 
The thermodynamic parameters of yugawaralite 

were calculated from the experimentally deter- 

Table 3. Experimental results with the mixture of laumontite 
(Lm), yugawaralite (Yu). wairakite (Wr) and quartz (Qz) 

mined reversed P-T brackets using the method of 
Fisher and Zen (1971) and Zen 11972). All data used 
in the calculations are listed in Table 4. 

For the reaction, Yu = Wr + Qz + HzO, the P-T 
brackets are: (1) 23325" C, 500 bars; (2) 23825" C, 
lo00 bars; (3) 24525" C, 2000 bars. The combina- 
tion of points 1, 3 and 2. 3 were used in the 
calculation. The calculated thermodynamic param- 
eters of yugawaralite are: 

AS"fi298,~) = -2175.462 12.01 J/mol-K, 

AGO~s8.1) = -8387.6924.01 kJ/mol; 

m f i 2 9 8 . J )  = -9036.19+4.01 kJ/mol. 

Estimation of the P-T curve of the reaction 
yugawaralite = laumontite + 2Si02 

Using the data listed in Table 4, the slope of the 
equilibrium curve for Yu = Lm + 2Si02 was 
estimated according to the Clapeyron equation. The 
calculated slope is 31.3 barsP C, assuming that 
variation of volume and entropy changes with tem- 
perature for the solid-solid reaction is negligible. 
From the intersection of these experimentally de- 
termined univariant lines for Lm = Wr + 2H20 and 
Yu = Wr + 242 + 2H20, the P-T line for the solid- 
solid reaction Yu = Lm + 242 was drawn accord- 
ing to the calculated slope. The result is shown in 
Figure 3. The calculated phase relations among 
yugawaralite, wairakite and laumontite in the pres- 
ence of excess quartz and fluid are consistent with 
the reconnaissance experiments using the three Ca- 
zeolites as starting materials described in the previ- 
ous section. Figure 3 indicates that yugawaralite is 
restricted in its stability to temperatures lower than 
233" C and pressures lower than 550 bars (about 1.5 
km in depth) at the experimental conditions of PH.0 

It should be pointed out that the equilibrium Yu 
= Lm + 242 is a solid-solid reaction, hence its P-T 
locations are independent of fluid composition and 
of PH,dPtotal. In contrast, the two experimentally 
determined dehydration reactions shown in Figure 
3 are very sensitive to variation in PH,dPtotal ratio. 
The PfiuidlPtotal ratio in geothermal systems has 
been suggested to be about 0.3 (Coombs et al., 
1959). The phase relationships among the three Ca- 
zeolites under such conditions of PH.O = 0.3 PtoIal 
were estimated using their calculated thermody- 
namic parameters and are shown in Figure 4. The 
invariant point shifts toward lower temperatures 
and lower pressures along the P-T line of Yu = Lm 

= Ptotal. 
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and pressures, are consistent with its occurrences 

terrains. Seki and Okumura (1968) described 
yugawaralite from the Onikobe geothermal area at 

tite zone (110.00-139.00 m) and the wairakite zone 
(deeper than 141.20 m) and at 110" C. The yugawa; 
ralite is associated with laumontite, wairakite, 
quartz, pyrite and chloritic minerals in an altered 
dacite tuff. The results of temperature measure- 
ments in drill holes at Yellowstone National Park 
(Bargar and Beeson, 1981; Bargar et a/., 1981) 

in geothermal fields and low-grade metamorphic 2.0 

1.5 depths between those corresponding to the laumon- 

f ''O- 

Q 

0.5 

0 -  

" f  
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Table 4. Thermodynamic parameters of some Ca-zeolites and quartz 

Mineral Laumontitc Wairakite Quartz Yugavaralite 

Formula CaAl2S~012*4H20 CaA12Si4012'2H20 8 io2 CaA12S i6016'4H20 

AGO -6685.22 -6185.45 -856.65 . -8387.69 
(klfmol) 

( k J f m 0 l )  
AHO -7237.11 -6612.01 -911.08 -9036.19 

- 

- 
Loumontite 

- 

1 

-1851 -05 -1430.69 -182.58 -21 75.46 4 * f  
(J/mol*f) 

(J/bar*mol) 

Source liclgeron et a1. Hclgeron et a1. Helgeron et a1. present rtudy 

VO 20.7638 18.6951 2.2697 26.6033 

(1978)- - (1978)- - (1978)- - 
. *Calculated f r o m  AGOf and A P f  



8 

942 ZENG AND LIOU: YUGAWARALITE-WAIRAKITE EQUILIBRIUM 

denite4aumontitwwairakite. Because many geo- 
logic, solution and hydrologic conditions may con- 
trol both &dPtotal ratio and geothermal gradient, 
different depth zonations of Ca-zeolite may occur 
even in a single geothermal system. Such variations 
have been recorded in the Onikobe geothermal area 
by Seki et a/., (1969b). 

The yugawaralite in Alaskaoccurs about 14 miles 
from Chena Hot Springs and was suggested to have 
been deposited under conditions of low fluid pres- 
sure of 150-350 bars and temperature ranges of 200" 
to 300" C (Eberlein e? al., 1971). Although there is 
no past or present thermal spring activity at the 
yugawaralite locality, the yugawaralite is associated 
with stellerite, stilbite and laumontite. The suggest- 
ed temperatures may be 100" C too high in the light 
of the presently determined stability of yugawara- 
lite and that of stilbite (Liou, 1971b). 

The occurrence of yugawaralite in the thermally 
metamorphosed aureoles of the Tanzawa Moun- 
tains (Seki et al., 1969a) merits comment. The 
geothermal gradient for the hydrothermal formation 
of stilbite, laumontite and wairakite has been sug- 
gested to be high (Seki e? al., 1969a). Both wairakite 
and yugawaralite occur together with chlorite + 
prehnite + pumpellyite in some metamorphosed 
basaltic and andesitic rocks. Within these rocks 
the assemblages yugawaralite-chlorite-quartz, yu- 
gawaralite-laumontite-calcite-quartz, and yugawa- 
ralite-wairakite-calcite have been recorded in 
veins, cavities or druses. The close association of 
these three calcium zeolites together with quartz- 
chlorite suggests that they may have crystallized at 
P-T conditions very close to those of the invariant 
point. On the other hand, these zeolites may have 
formed at different times, and hence under different 
P-T conditions. Moreover, wairakites from the 
Tanzawa Mountains contain substantial amounts of 
Na (>I wt.%) (Seki and Oki, 1969), hence, Na- 
bearing wairakite and yugawaralite may be stable 
within the yugawaralite field. 

The present results provide a very restricted P-T 
stability field for yugawaralite which accounts for 
its restricted occurrence only at depths shallower 
than 500 m in geothermal systems. The presence of 
yugawaralite in hydrothermally altered rocks can 
potentially be used as a geobarometer. 
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Prehnite - Epidote Equilibria and 
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their Petrologic 
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Department of Geology, StaMord University, StaMord, California 94305 
(Received 8 Nocember 1982; in recisedform 4 March 1983) 

ABSTRACT 
The stability relations of prehnite and epidote were experimentally determined for the bulk 

composition of Ca,Al,FeSi,O,,(OH) + excess H,O using conventional hydrothermal apparatus and 
solid oxygen buffer techniques. Three starting materials were used: (I) mixtures of natural prehnite and 
hematite, (11) mixtures of synthetic epidote and natural prehnite + hematite in subequal proportion; 
and (111) reground run products. Over a range of fa, epidote was readily synthesized from 
starting material (I) at 500-550 OC, 5-8 kb Pnuld, run duration of 7 to 45 days, and prehnite grew at 
the expense of its high-Tepidote assemblage at temperatures below 350 OC, 2-8 kb, run duration of 20 
to 50 days. Grandite garnet was in some cases detected, especially in the synthetic run products at 
lowerfo, values and at higher temperature in longer experiments. 

Microprobe analyses indicate that the Fe3+/(Fe3+ + AI) ratios of synthetic epidotes and prehnites 
vary as a function offo, and temperature. Both epidote and prehnite are most iron-rich at 325 OC and 2 
kb, 353 OC and 5 kb and 373 OC and 8 kb and fo, of the HM buffer; they become more aluminous with 
decreasing fo, and with increasing temperature. Such change in composition is consistent with their 
variations in cell dimensions. 

The phase relations of prehnite and epidote are defined by continuous reactions where a transition 
zone between the garnet-in reaction and the prehnite-out reaction occurs at 325-343 OC, 2 kb, 
353-375 OC, 5 k b  and 373-395 OC, 8 kb PflUid and fo, of the HM buffer. The minimum stability for the 
garnet-bearing assemblages is defined by the garnet-in reaction, and the maximum stability for the 
prehnite-bearing assemblages by the prehnite-out reaction. Sliding equilibria involving phases with 
continuous change in composition apparently are common for low-grade metamorphism. The present 
results combined with previously determined relations for prehnite, zoisite, and epidote delineate a 
petrogenetic grid which is consistent with parageneses and variation in Fe/AI ratios of coexisting 
prehnite and epidote in metabasites of the prehnite-pumpellyite and pumpellyite-actinolite facies and 
in altered rocks from many geothermal systems. 

INTRODUCTION 
Epidote and prehnite are common in various low-grade metamorphic rocks and in 

hydrothermal assemblages from active geothermal systems. They may occur together as 
common prehnite-pumpellyite facies assemblages with chlorite + albite + quartz, or they 
may appear separately as secondary phases after plagioclase or as hydrothermal minerals in 
veins and amygdules in metavolcanic rocks. Both epidote and prehnite are characterized by 
compositional variations within octahedral sites in the basic formulas Ca,(ALFe),- 
Si,O,,(OH) for epidote and Ca,(A1,Fe)(A1Si,)OI,(OH), for prehnite. Solid solutions for both 
series are not complete. Minerals of the epidote and prehnite groups are rarely found with 
greater than 40 and 20 per cent replacement, respectively, of aluminum by ferric iron. The 
most common extremes are usually cited as approximately 33 per cent of the pistacite 
end-member for epidote and about 5 per cent of the Fe end-member for prehnite. The effects 
of temperature, fluid pressure and oxygen fugacity on the stability and composition of epidote 
and prehnite minerals have been experimentally determined as well as deduced from natural 

Present Address: * Department of Geology, College of Sciences, Korea University, Seoul, Korea. t Department 
of Earth Sciences, Toyama University, Toyama 930, Japan. 
IJournd of Petrology. Vol. 24, P M  4, pp. 321-342,19831 
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parageneses (e.g. Miyashiro & Seki, 1958; Holdaway, 1972; Liou, 1971, 1973; Bird et al., in 
press). However, the stability relations and partitioning of Fe+' and A1 between prehnite and 
epidote and the effect of temperature and oxygen fugacity on prehnite composition have not 
been investigated. 

The stability relations between prehnite and epidote are defined by a continuous reaction 
within a transition zone where both compositions and proportions of reacting phases vary 
continuously with P-T-f& space. Such sliding equilibria are very common in low-grade 
metamorphism and have been studied by many authors (Seki, 1971; Coombs et al., 1977; 
Nakajima et al., 1977; Frost, 1980). The purposes of the present study are (1) to delineate 
experimentally the phase relations between prehnite, epidote and garnet for a 33 per cent 
pistacite bulk composition; (2) to construct temperature-compositional relationships for 
prehnite-epidote systems; and (3) to illustrate the significance of sliding equilibria in 
low-grade metamorphism. All these will contribute toward a better understanding of the 
quantitative effects of solid solutions on low-grade metamorphic minerals. 

E X P E R I M E N T A L  M E T H O D  L 

Synthesis and stability relations of prehnite and epidote were studied by employing 
conventional hydrothermal apparatus and procedures as described in other papers 
(Schiffman & Liou, 1980; Apted & Liou, 1983). Argon was used as the pressure medium for 
experiments above 2 kb and H,O for those at 2 kb. The pressure fluctuations were within f 1 
per cent at all pressures, and temperature within f 5 OC for runs at 2 kb and 2 10 O C  for the 
5-8 kb experiments. . 

Three kinds of starting materials were used for the experiments: (I) a mixture of natural 
prehnite and hematite in the stoichiometric proportions of Ca,Al,FeSi,O,,(OH), which is 
equivalent to an epidote composition of Ps 33. However, as the natural prehnite contains 0.88 
wt. per cent Fe,O, and 27-13 wt. per cent of CaO (see Table 4), the composition of the 
starting material is slightly off the epidote composition of Ps 33; (11) mixtures of synthetic 
epidote and natural prehnite + hematite in subequal proportions; and (111) reground run 
products. Mixture I was used to synthesize epidote in runs of 7 to 45 days duration whereas 
mixtures I1 and 111 were used for reversal experiments of 15 to 50 days to detect the reaction 
direction. 

Experimental run products were routinely examined with the petrographic microscope. 
Phase assemblages were determined using X-ray powder patterns and stability relations 
deduced by observing which assemblage grew at the expense of the other. The direction of 
reaction was established by comparison of X-ray intensities of the high- and low-temperature 
assemblages. 

An ARL electron microprobe was used for the quantitative analysis of experimentally 
grown prehnites and epidotes which were more than 5 microns in diameter. Normal operating 
conditions were 15 kV accelerating potential, 0.02 microamperes sample current and 10 
seconds counting time. Three detectors were used for analyses of three elements 
simultaneously at a single spot. X-ray counts for Fe, Si, A1 were recorded first, followed by 
Fe, Ca, A1 in order to check for consistent Fe and A1 contents for the synthetic epidotes and 
prehnites. Two kaersutite crystals were used as standards. 

The unit cell parameters of the synthetic epidote and prehnite were measured by using 
silicon (a = 5.430 A at 25 OC) as an internal standard and a Norelco X-ray diffractometer 
employing Ni-filtered CuK, radiation. Two oscillations were scanned (1°/4 min.) and 6-10 
peaks were used for least squares refinement by the computer program of Appleman et al. 
(1972). 

The abbreviations for the solid phases and oxygen buffer assemblages described in this 
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paper are listed in Table 1. The compositions of the starting material I, epidote, prehnite, 
grandite and other related phases in the system Fe,O,-Al,O,-CaO with excess quartz and 
H,O are plotted in Fig. 1. The heavy lines represent solid solution compositions for epidote 
ranging from Ps 0 to 33, prehnite with Fe3+/(Fe3+ + AI) ratio of 0.0 to 0-25 and grandite 

TABLE 1 
Abbreviations and compositions ofphases and oxygen b@er assemblages 

Ep = Epidote, Cafil,-pe~i30,,(OH), where x < 1-05 
20 = Zoisite, Ca,AI,Si,O,,(OH) 
Pr = Prehnite, Ca,Al,_~e~IS~,O,,(OH),, where x (0.5 
Gd = Grandite, Ca,(Fc, Al),Si,O,, 
Gr = Grossular, Ca,Al$i,O,, 
And = Andradite, Ca,Fe$i,O,, 
Gt = Garnet, Ca,(Al,Fe)$i,O,, 
An = Anorthite., CaAl,Si,O, 
Mt = Magnetite, FeFe,O, 
Ht = Hematite, Fe,O, 
Qt = Quartz, SiO, 
HM = Hematite-Magnetite Buffer, Fc,O,-Fe,O, 
NNO = Nickel-Nickel Oxide Buffer, Ni-NiO 
QMF = Quartz + Magnetite + Fayalite Buffer, SiOrFc,O, + FelSiO, 
IM = Iron-Magnetite Buffer, FtFe,O, 
IW = Iron-Wustite Buffer, FtFeO 
MW = Magnetite-Wustite Buffer, Fe,O,-FcO 
F=Fluid 

Hercynite 1 

F I ~ .  1. Compositions of epidote, pnhnite, garnet and other phases in the system Ca~Fe,O,-Al,O,-SiO~-H,O 
with excess quartz and fluid as mole proportions. Thick solid lines represent solid solution of epidote, prehmte and 
garnet. CalFc,Si,O,,(OH) and Ca,Fe,Si,O,,(OH), arc ideal Femd members of epidote and prehnitc, 

respectively. X is the composition of starting materials for the present study. 
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from grossular to andradite. Epidote of Ps 33 lies on the join between hematite and prehnite, 
suggesting a simple reaction: epidote (Ps 33) + H,O = prehnite + hematite. However, as will 
be discussed later in this paper. the reaction relationship is not that straightforward. Instead, 
the reaction passes through a transition zone in which both the compositions and the 
proportions of prehnite and epidote vary continuously with changing temperature and oxygen 
fugacity. . 

DESCRIPTION OF SYNTHETIC PHASES 

Epidote 
Epidote was readily synthesized from starting material I at 500-550 OC using various 

oxygen buffers, 5 to 8 kb Pnuld, and run durations of 7 to 45 days. However, at 2 kb, because 
of nucleation difficulties and slow reaction rates, synthesis of epidote was not successful. At 
given T and& conditions, higher pressure, probably at least 3 kb, may be necessary for the 
successful synthesis of epidote as a single phase. This result was consistent with the synthesis 
of high purity epidote-group minerals only at PnUfd greater than 5 kb (Liou, 1973). 

All synthetic run products contained over 90 per cent epidote with minor amounts of 
prehnite and hematite, and the additional phases garnet and quartz in some experiments. The 
synthetic epidotes crystallized as 3-10 micron granules or as euhedral tabular forms of 15 
microns length (especially for those formed at high temperature and high pressure). The 
crystals are pale to greenish yellow in color with weak or no pleochroism. 

Selected microprobe analyses of the synthetic epidotes are presented in Table 2. Synthetic 
epidotes are regarded as Ca,Al,-~e$i,O,,(OH) where x is less than 1.05. For several run 
products, 5-7 analyses were completed for each charge; the range of Fe,O, and the most 
representative composition of epidote are listed in the table. For other products (e.g. Run 
#32,38), only 1-2 analyses were possible; hence, only the representative composition is 

TABLE 2 
Electron microprobe anahses of epidotes formed at various fq-T-PnUrd conditions 

Run no. 15 Run no. 41 Run no. 47 Run no. 42 Run no. 38 Run no. 49 
(HM. (HM. (NNO. (NNO, (QMF, (QMF. 

513 OC. 499 o c ,  552 OC, 502 O C ,  376 O C ,  414 OC, 
8 kb, 2 kb. 8 kb, 2 kb, 2 kb, 5 kb. 

358 hrs) 789 hrs) 258 hrs) 789 hrs) 725 hrs) 182 hrs) 

SiO, 36.36 36.80 36-65 37.03 31-84 37.00 
CaO 23.41 23-07 23.51 22.18 23.71 24-10 

21-96 20.17 ' 24.38 23.84 . 24.97 24.22 
16.95 17.63 13-83 14.36 13.07 12.81 
98.68 97-61 98-31 98.01 98.59 98.13 

A'+%* 
FCP, 
Subtotal 

Number of cations based on 25 oxygens 
Si 5.83 5.99 5.83 5.96 5.91 5.92 
AI 4- 15 3.85 4.59 4.48 4.60 4-51 
Fc+I 2.05 2- 16 1-66 1-12 1.54 1.47 
Ca 4.02 4.02 4.02 3.89 3-91 4.13 
Ps 33 35 27 31 25 25 

RMgcOf ' 

Fe,O, 11.23-15.56 18.01-16.91 14.96-1 1-16 14.25-11.01 

Total Fc as Fe,O,. 



15 HM 

39 HM 
17 HM 
41 HM 
47 NNO 
55 NNO 
52 NNO 
42 NNO 
48 NNO 
54 NNO 
46 QMF 

49 QMF 
58 QMF 
38 QMF 
43 QMF 
53 QMF 
59 QMF 
51 IM 

Natural epidote' 
Natural epidote' 
Natural epidote' 

59-6 HM 

59-5 QMF 

59-2 IM 

8000 
8000 
5000 
5000 
2000 
8000 
5000 
5000 
2000 
2000 
2000 
8000 
8000 
5000 
5000 
2000 
2000 
2000 
2000 
5000 
5000 
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shown. The Fe3+/(Fe3+ + Al) ratio of the epidote decreases as fo, decreases in agreement with 
the observations of Holdaway (1972) and Liou (1973). 

The unit cell parameters of the synthetic epidotes are given in Table 3; also listed are the 
experimental run conditions and angular displacement for 26(020),,-26( 1 1 l),, using CuK, 
radiation. The range of the unit cell dimensions is a(f0.009) = 8.921-8.842 A; b(k0.004) 

and cell volume (k0.65) = 463-75-457.47 A3. For comparison, the unit cell parameters of 
some natural epidotes are also shown in Table 3. The cell parameters increase with increasing 
oxygen fugacity and with decreasing temperature; this variation is attributed to the increase 
of Fe3+ substitution for Al. 

= 5.667-5.618 A; c(+O*O12) = 10.199-10.110 A; 8(+0*052O) = 115*770°-115-2960 

Prehnite 
Prehnite was crystallized from its high-temperature equivalents at 300 OC using various 

oxygen buffers, 2 to 8 kb Paul,,, and run durations of 20 to 50 days. The prehnite appears as 
distinct euhedral crystals-stubby orthorhombic prisms about 2-10 microns in size. 
Prismatic crystals show parallel extinction with positive elongation and rather high 
birefringence. 

Synthetic prehnites are generally regarded to be Ca2A1, -~ex(AISi,)O,,(OH), where x is 
less than 0.5 according to the present work and also to the results of Surdam (1969) and 

TABLE 3 
Unit cell dimensions and angular separations of the dflraction peaks (O2OEp-1 I I for some 

synthetic and natural epidotes 

Run B u e r  Pflu,,, Temp. Duration a,d b ,d  c,d P ( O )  Y,dJ A2eCuK,,(o) 
no. (bars) ("C) (hours) +0-009 20.004 k0.012 f0.052 k0.65 k0-012 

513 
386 
388 
349 
499 
552 
428 
499 
502 
422 
389 
552 
412 
4 14 
402 
376 
503 
389 
363 
499 
550 

358 
954 

1152 
670 
789 
258 
50 1 
I005 
789 
524 
735 
258 
889 
482 
998 
715 
789 
735 
98 I 
I005 
616 

8.907 5,642 
8.917 5.652 
8.910 5.646 
8.900 5.648 
8.891 5.667 
8.897 5.659 
8-908 5.648 
8.921 5.637 
8.903 5.639 
8.901 5.645 
8.914 5-658 
8,900 5.618 
8.891. 5.658 
8.894 5.648 
8.894 5.638 
8.894 5.630 
8.889 5.627 
8.889 5.644 
8.911 5.646 
8.842 5-663 
8.884 5.639 
8.904 5.649 
8.907 5.660 
8-899 5.639 

10.189 
10.180 
10.199 
10.180 
10.118 
10.168 
10.179 
10.179 
10.168 
10- 187 
10.177 
10.189 
10.165 
10.167 
10.173 
10.169 
10.162 
10.151 
10.168 
10.110 
10.140 
10.173 
10.180 
10-166 

115.490 
115.330 
115.365 
115.360 
115.320 
115.311 
115.353 
115.388 
115.328 
115.459 
115.333 
115.296 
115.353 
115.415 
115.4Q6 
115.362 
115.311 
115.459 
115.465 
115.534 
115.710 
! 15.403 
115-400 
115.383 

462.19 
463.73 
463.63 
463.75 
463.51 
462.76 
462.80 
462.44 
46 1 e40 
462.12 
463.92 
460.39 
462.10 
461.30 
460.73 
460-10 
459.49 
460.10 
461.87 
456.18 
451.47 
462.10 
463.60 
460.90 

3.240 
3.244 
3.170 
3.175 
3.167 
3.171 
3.167 
3.227 
3.339 
3.260 
3.272 
3.185 
3-192 
3.208 
3.162 
3.185 
3.333 
3.222 
3.122 
3.093 
3.212 
3.204 
3.146 
3.269 

~~ 

from San Isido. Baja California, with composition Cal &cQ\A11.9J%o puSipl;XOH) (Myer. 1965). ' from Westfield, Massachusetts, with composition Cal.99F~B,AII.94Fe~.04Si~012(OH) (Liou, 1973). 
from Gaspe, Quebec with composition Ca I pficQ~~Nao o ~ l ~ . ~ ~ e o . & g ~ . ~ ~ i @  12(OH) (Myer, 1966). 
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Coombs et a/. (1977). Microprobe analyses of four synthetic and one natural prehnites are 
listed in Table 4. which gives the range of Fe,O, and the most representative composition for 
each charge together with its experimental conditions. As with epidote, the Fe3+/(Fe3+ + Al) 
ratio in the octahedral site for the synthetic prehnite varies as a function of oxygen fugacity. 

TABLE 4 
Electron microprobe anabses of prehnites formed at various fO,-T-Pnurd conditions and 

natural prehn fte 

Run no. 21 
(HM. 

300 "C, 
2 kb. 

986 hrs) 

SiO, 43.20 
CaO 25.78 

20.36 
4-91 

Subtotal 94.45 

AI203 
Fe*O, 

(total Fe) 

Run no. 59-7 Run no. 52 
(NNO, (NNO, 

401 "C, 499 "C, 
8 kb, 5 kb, 

676 hrs) 1WS hrs) 

43.00 42.94 
26-39 25.91 
20-35 25 .O2 
4.53 0.92 

94.27 94.79 

Run no. 59-5 
(QlMF; 
412 "C, 

8 kb, 
889 krs) 

Run no. 43 

503 "C, 
2 kb, 

789 hrs) 

(QMFv 
Run no. 38 Natural' 

(QMF, prehnite 
376 "C, 

2 kb, (starting 
725 Lrs) materia9 

43.45 
26.39 
20-90 

3-92 

94.66 

42.05 
27.12 
23.87 

1.23 

94.27 

43.85 42.50 
25.99 27.13 
21.01 24.29 
3.70 0.88 

94.55 94-80 

Number of cations based on I I oqgens 
Si 3.05 3-04 2.97 3.05 2-95 3.07 2.96 
AllV 0.95 0.96 1 e03 0.95 1.05 0.93 1-04 
AIv' 0.75 0.74 1-01 On78 0.94 0.81 0.95 

Ca 1.95 2.00 1 *92 1.99 2.04 1.95 2.02 
Fe+) 0.26 . 0.24 0.05 0.21 0.06 0.20 0.05 

Fc+'/AI"' + Fc+' 0.26 0.24 0.05 0.21 0.06 0.20 0.05 
Fe'+/(AI + Fc'+) 0.13 0.12 0.02 0.11 0.03 0.10 0.02 
RangeofFe,O, 3.08-5-91 3-69-4435 0.75-1.17 2.69-4.51 0-9&1-51 

~ 

Natural prchnite from Prospect. New South Wales. 

TABLE 5 
Unit ceN dimensions of prehnices formed ac various fo,-T-P,u,d conditions and natural 

prehnites 
~ ~ 

Run B u e r  Pnuu Temp. Duratlon a,A b ,A c.A V.& 
no. (bars) ("C) (hours) +0.003 k0.03 20.03 + O s 3  

59-6 HM 8000 386 954 4.637 5.477 18.403 467.39 
21-1 HM 5000 377 689 4.652 5.488 18.441 470.96 
41 HM 2000 499 789 4-648 5.485 18.411 469.39 
21 HM 2000 300 986 4.655 5.492 18.498 492.91 
47 NNO 8OOO 552 258 4.639 5.457 18.439 466.75 
34 NNO 5000 350 785 4.645 5.471 18.396 467.49 
54 NNO 2000 389 735 4.622 5.524 18.362 468.80 
59-1 NNO 2000 369 836 4.642 5.481 18.454 469.52 
46 QMF 8OOO 552 258 4.634 5.489 18.429 468.63 
59-5 QMF 8000 412 889 4.630 5.452 18.428 465.17 
58 QMF 5000 402 998 4445 5.488 18.432 469.87 
59 QMF 2000 363 981 4.643 5.492 18.473 471.05 
38 QMF 2000 376 715 4.644 5.490 18.452 410.44 
'Natural Prehnite 4,642 5.473 18,421 470.00 

Natural prchnite from Prospect. New South Wales (same as Table 4). 
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Because regrinding the prehnites in run products for reversal experiments markedly reduced 
the grain size, the prehnites in reversal experiments are not coarse enough for microprob 
analyses. Therefore, the few prehnite analyses listed in the table are not sufficient to detect the 
relationship between temperature and the Fe3+/(Fe3+ + Al)"' ratio. 

The unit cell parameters of synthetic prehnites together with those of the natural prehnite 
used for the starting material are shown in Table 5 ;  also listed are the experimental run 
conditions. A considerable range in unit cell dimensions of the synthetic prehnites was found; 
they are a(+0-003) = 4-655-4-622 A, b(+0.03) = 5.524-5.452 A, c(f0.03) = 
18.498-18.362 A and cell volume (k0.3) = 472.91-465.17 A3. The cell edges or volumes 
correlate systematically with the experimental conditions: as for epidotes, they increase with 
increasing oxygen fugacity add with decreasing temperature. The increase in unit cell size for 
the synthetic prehnite is attributed to an increase in iron content (Deer et al., 1962; Surdam, 
1969). 

Iron Oxides 
Iron oxides occur as minor phases (e.g. less than 5 volume per cent) in all synthetic and 

reversal run products. Their presence was detected by optical and X-ray diffraction methods. 
Hematite crystallized together with magnetite in the experiments at the& defined by the HM 
buffer whereas magnetite crystallized as the only iron oxide at fo, defined by the NNO and 
QMF buffers. 

The unit cell dimensions of synthdc and natural magnetites are listed in Table 6. The 
range of a axes is 8-402-8.397 A at& defined by the HM buffer, 8.402-8-378 A at the 
NNO buffer, 8-397-8.384 A at the QMF buffer and 8-39&8.381 A at the IM buffer. As 
suggested by the data, the cell parameters of synthetic magnetite decrease slightly and 

TABLE 6 
Unit cell dimensions of synthetic and natural magnetites 

Runno. B a e r  PnVu Temp. Duration a,d V.d3 
(burs) ("0 (hours) +0&02 k0.5 

59-6 Hh4 8000 386 954 8.397 592.01 
41 HM 2000 499 789 8402 593.05 
47 NNO 8000 552 258 8.318 588.02 
52 NNO 5000 499 1005 8.393 591.30 
34 NNO 5000 350 785 8402 593.05 
42 NNO 2000 502 789 8.398 592.22 
48 NNO 2000 422 524 8.399 59246 
46 QMF 8000 552 258 8.384 589.32 
49 QMF 5000 414 482 8.393 591.23 
58 QMF 5000 402 998 8.391 590.81 
38 QMF 2000 399 715 8.394 59143 
43 QMF 2000 503 189 8.390 590.59 
53 QMF 2000 389 135 8.393 591.30 
59 QMF 2000 363 98 1 8.397 592.03 
51 IM 5000 499 1005 8.391 590.59 
59-2 IM 5000 550 616 8.380 588.59 
Natural magnetite 8.319 588.21 
Synthetic magnetite 8.396 591.86 

Natural magnetite: From Lovers Pit, Minevilk, New York, (Newhouse 

Synthetic magnetite: National Bureau of Standard, Monograph 25, 
& Glass, 1936). 

Section 5.3 1 (1967). 
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systematically with decreasing f,, or with increasing temperature along the buffer curves at 
constant Pnuw From the data of Turnock & Eugster (19581, such a variation is mainly 
attributed to the substitution of AI for Fe3+ at the higher temperature and mo 
environments. 

i 

I 

Garnet 1 

Garnet was detected by X-ray diffraction as a minor phase (less than 5 per cent in volume) 
in some run products of synthesis and reversal experiments. The measurement of garnet cell 
dimensions was not attempted because its X-ray reflections are weak and overlap with those 
of major phases such as epidote, prehnite and magnetite. Microprobe analyses of garnet were 
not possible due to the fine grain size (less than 2 microns in diameter) and the small amount 
present. However, Liou (1973) has noted that with decreasing& the grossular component in 
synthetic grandite garnet increases, as reflected by the systematically decreasing value of the 
cell edge and refractive index (A',,). His results support the suggestion that the Fe3+/(Fe3+ + 
AI) ratio of grandite varies as a function of fo, and temperature. 

EXPERIMENTAL RESULTS* 

Run data 
The synthesis run data indicate that the high-temperature assemblages consisted of epidote, 

garnet, hematite and magnetite with small amounts of prehnite at thef,, defined by the HM 
buffer. However, in lower fo, experiments, phases such as epidote, garnet, quartz and 
magnetite with a minor prehnite were encountered. Charges with greater than 80 per cent 
epidotes were synthesized at temperatures of 500-550 OC, and at variousf,, values, . 

Fifteen reversal runs were first performed in a narrow temperature range of 300-425 O C  
with variousfol buffers and 2 kb Pn,[d in order to determine the equilibrium temperature and ' 

the continuous nature of the equilibrium relation between prehnite and epidote. Twenty-seven 
reversal runs at Pflufd = 5 and 8 KB were later completed to determine the effect of Pfluld on 
the isobaricfoa-T relations. The reversal experiments at 2 kb Pfiuld required durations of 30 to 
50 days, whereas at 5-8 kb Pfiufd the reaction was readily reversed in 20 to 35 days. Epidote 
and magnetite were detected as stable phases in all run products. However,.prehnite was 
present only in lower fo, and in lower temperature runs, and garnet in higher &-higher 
temperature runs. Both garnet and prehnite, together with epidote and mag 
in the P-Tfield of a transition zone shown in Figs. 2-4. 

The experimental results on the prehnite-epidote stability are plotted 
isobaric logf,-T diagrams of Figs. 2 and 3, The maximum stability limit of epidote (Liou, 
1973) is shown for comparison. Both Uou' 
starting compositions. 
As shown in Figs. 2-3, epidote has a 

300-550 OC, 2-8 kb Pnu[d and at variousjb, values. The present results have deiieated two 
reactions; for simplicity, we use the phrase garnef-In reacffon to define the minimum stabifity 
for the garnet-bearing assemblages and theprehnfre-our reaction for the maximum stability of 
the prehnite-bearing assemblages for the given bulk composition. A transition zone occurs 
between these two assemblages where the three phases epidote, prehnite and garnet are stable. 
It should be noted that the compositions of these phases vary with the PfldrT-f,, conditions 
and they are therefore designated with solid solution (s.s.) as a subscript. 

. 

d the present experi 

The experimental run tables a n  available from the mior author. 
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FIO. 2. Log /o,-T diagram for the garnet-in and prehnite-out reactions at 2000 bars PnM. High and low 
temperature assemblages arc shown. Circles arc for reversal experiments and squares arc for synthesis runs. Solid 
circles: assemblage epidote,., + garnet,, is  stable. Open circles: assemblage prehnite,,. + epidote,, is stable. 
Half arcles: assemblage epidote,, + prehnite, . + garnet, is stable. Solid squares: successful growth of high-T 
assemblage. Open squares: unsuccessful syndesis mns. h e  previously determined curve for the maximum 
stability of epidote from Liou (1973) is also shown for comparison. The oxygen buffer curves of Huebner (1971) 

uc corrected for pressure. 

Garnet-in reaction 
The garnet-in reaction is defined by a discontinuous reaction: prehnite,, + iron oxide + 0, 

= epidote,.,. + grandite,., + fluid. Depending on the oxygen fugacity, the iron oxide is either 
hematite-magnetite or magnetite. The univariant line for the garnet-in reaction was located 
on the basis of reversal of the reaction. In. the products run at temperatures above the 
univariant line, garnet appears and magnetite and prehnite decrease. The reaction is shown as 
a solid line in Figs. 2-4. The garnet-in reaction line crosses the HM buffer curve at 325 f 
5 O C ,  2 kb, 353 f 10 O C ,  5 kb, 373 f 10 O C ,  8 kb, the NNO buffer curve at 356 f 5 O C ,  2 
kb, 385 f 10 O C ,  5 kb, 405 f 10 O C ,  8 kb and the QMF brfffer curve at 369 f 5 O C ,  2 kb, 
395 f 10 O C ,  5 kb and 412 k 10 O C ,  8 kb Pflu,d. The equilibrium temperature for the 
garnet-in reaction at fo, defined by the HM buffer is about 40-45 O C  lower than those of the 
NNO and QMF buffers. 

As discussed in the previous sections, with successively increasing temperature and 
decreasing f0, both epidote and prehnite become progressively more aluminum-rich and 
coexisting garnet moves toward the grossular end-member; concomitantly, the Fe+'AI,O, 
component of magnetite increases. At temperatures ranging from 325 O C  to 405 OC, 2 kb 
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FIO. 3. Log Jb,-T diagram for the garnet-in and prehniteout reactions at SO00 (A) and 8000 (B) bars Pn,,,, 
(symbols are same as Fig. 2). 
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(C) buffers. The previously determined curves for the maximum stability of epidote from Liou (1973) and from 

Nancy (1977) arc shown for comparison (symbols are same as Fig. 2). 
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Pfluid and fo, defined by the HM buffer, the coexisting epidote and prehnite have their 
maximum Fe3+ contents at the conditions defined by the garnet-in reaction, with the epidote 
containing higher Fe+3 than the coexisting prehnite. 

Prehnite-out reaction 
The prehnite-out reaction is defined by the continuous reaction: prehnite,, + iron oxide = 

epidote,, + garnet,, + fluid. The reaction is expressed by a dashed line in both logfoa-T 
and P,,,-T diagrams. Laboratory experiments on the epidote and prehnite minerals have 
proven difficult. Because of extremely sluggish reaction at low temperatures and especially at 
low pressures, several methods and types of experimental evidence were necessary to 
delineate the quilibrium temperature of the prehnite-out reaction. To ensure accurate 
delineation of this equilibrium, three kinds of starting materials were used: (1) for the starting 
material 11, mixtures of synthetic epidote + natural prehnite + hematite, the amount of 
epidote increases and the amount of prehnite decreases as the equilibrium boundary of the 
reaction is approached; (2) for the starting material 111, using the run products at 
temperatures above the prehnite-out reaction, the charge shows a slight increase of prehnite 
and a decrease of epidote at temperatures below the reaction line, and (3) the metastable 
prehnites found in the run products at temperatures above the prehnite-out reaction are much 
more aluminous (Table 4). 

Following the above procedures, the equilibrium temperature for the prehnite-out reaction 
was determined. The prehnite-out reaction crosses the HM buffer curve at 343 f 5 OC, 2 kb, 
375 f 10 OC, 5 kb, and 395 f 10 OC, 8 kb, the NNO buffer curve at 377 & 5 O C ,  2 kb, 407 
f 10 OC, 5 kb, and 430 f 10 OC, 8 kb and the QMF buffer curve at 388 f 5 OC, 2 kb, 416 f 
10 OC, 5 kb and 435 f 10 OC, 8 kb Pnuia. Apparently, atfo, values defined by the HM buffer, 
the upper stability limit of prehnite is about 35 and 45 OC lower than that in the NNO and 
QMF buffers, respectively. 

As shown in Figs. 2-4, the garnet-in and prehnite-out lines are almost parallel; the 
epidote,,. + garnet,, + magnetite assemblage is stable at high& and temperature, and the 
prehnite,., + magnetite + epidote,,. assemblage is stable at lowfo, and temperature. In a 
narrow fo2-T region, prehnite,, + garnet,,, are stable along with epidote and iron oxide for 
the bulk composition. 

The P,,,,T relations for the garnet-in and prehnite-out reactions together with the 
maximum stability of epidote (Liou, 1973; Naney, 1977) are shown in Fig. 4. The garnet-in 
and prehnite-out lines have Pn,,cT slopes of about 1 kb/9 OC. The steep slope of the 
univariant lines suggests that the reactions are not sensitive to variation in Pn,ld, which is 
quite different from the upper stability limit of epidote. Such a difference is mainly due to the 
smaller amounts and smaller volume of H,O and/or larger AS involved in the 
prehnite-epidote reactions compared to the high-temperature dehydration of epidote 
described by Liou (1973). The transition zone has a temperature range of about 20 OC at 
2 kb, 22 OC at 5 kb and 25 O C  at 8 kb Pa,,. 

PREHNITE-EPIDOTE EQUlLIBRIA 
The garnet-in and prehnite-out reactions should be considered in the system CaO- 

Fe0-Ft,O3-A1,O3-Si0~-H2O. Fig. 5 shows the phase relations of prehnite, epidote, garnet 
and hematite as a function of temperature in the pseudo-ternary system CaO-Fe,03-A1203 
with excess quartz and fluid at 2 kb Pnuld and fo, defined by the HM buffer; X gives the 
starting composition for the present experiments. Four isobario-isothermal sections are 
drawn for increasing temperature to show the compositional relations among garnet, 
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FIQ. 5. Phase relations of pnhnite. epidote, garnet and hematite as a function of temperature in the system 
CaO-FezO,-Al,O,-SiOz-HzO with excess quartz, and fluid at 2000 bars P,,, and& of the HM buffer. Positions 
of tie lines arc qualitative. X is the starting composition for the prcsent study and MOWS indicate the shat of 

composition with increasing temperature. 

epidote, prehnite and hematite for both three-phase and two-phase assemblages. These 
diagrams were constructed based on the present and previous experimental results and 
deduced from natural parageneses and mineral compositions. 

Phase relations for the pseudo-ternary system CaO-Fe,O,-Al,O, at temperatures below 
325 OC are shown in Fig. SA. Grandite garnets are assumed to have complete solid solution 
whereas both epidote and prehnite have limited extensions of solid solution. The 3-phase 
assemblages prehnite,,. + epidote,.,. + HM and prehnite,., + HM f grandite are stable at 
this P-T-foI condition. Fe-epidote cannot coexist with andradite garnet. At 325 OC, a 
discontinuous reaction, prehnite,.,. + HM = epidote,,. + grandite,, + quartz + H,O, 
occurs. This reaction is equivalent to the garnet-in reaction of the present study. 

At temperatures between 325 O C  and 350 OC, the phase relations for the system are shown 
in Fig. 5B. Two 3-phase assemblages epidote,, + prehnite,,. + garnet,.,, and epidote,., + 
grandite + hematite and tie lines for 2-phase assemblages are indicated. At any given 
temperature, the compositions of epidote, prehnite and garnet of the 3-phase assemblages are 
fixed. With increasing temperature and at the fo, of the HM buffer, epidote,,, prehnite,,. and 
garnet,., become more aluminous and the 3-phase region shifts toward the AI,O,-CaO join 
as indicated by arrows. For the bulk composition of the present study, the 3-phase 
assemblage prehnite + epidote + grandite garnet is stable. 
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The phase relations at temperatures between 350° and 405 OC are similar to those at 325O 
to 350 OC except that the two-phase region of epidote,., + grandite becomes wider and those 
of epidote,., + prehnite,., and prehnite,., + grandite become much restricted with increasing 
temperature. For the bulk composition of the present study, prehnite becomes unstable and a 
two phase region of epidote,.,. + grandite occurs instead of the 3-phase assemblagt epidote,., 
+ prehnite,, + grandite. The continuous prehnite-out reaction for the bulk composition of 
the present study can be written as prehnite,.,. = epidote,.,. + grandite + quartz + fluid. 

The phase relations at temperatures above 405 OC, 2 kb PflUld and thefo, values defined by 
the HM buffer curve are shown in Fig. 5D. Prehnite is no longer stable and the only 3-phase 
field is epidote,., + grandite + hematite. With increasing temperature, both grandite and 
epidote increase their A120, content as shown by arrows. At the temperature range of 405O to 
550 OC, another continuous reaction of epidote,,. + HM = garnet,., + quartz + fluid 
occurs. 

The phase relationships shown in Fig. 5 led to the following conclusions: (I) within the 
temperature range of 325-550 OC, grandite solid solution may remain complete in the system 
in the presence of excess quartz, whereas the extents of solid solution for epidote and prehnite 
become restricted with increasing temperature; (2) tie lines for 2-phase and 3-phase regions 
show the equilibrium compositions for Coexisting phases. These data are deduced from the 
present experiments, from the available analyses of natural coexisting phases (e.g. Coombs et 
al., 1977) and from thermodynamic calculations (e.g. Bird & Helgeson, 1981); and (3) the 
discontinuous reaction at 352.C represents a crossing of tie-lines and the continuous 
reaction at 350 OC relates to the shift of the 3-phase field to a 2-phase region for the starting 
composition of the present experiment. These two reactions are equivalent respectively to the 
garnet-in and prehnite-out reactions determined by the present study. 

The compositional vm'ations and assemblages of minerals shown in Fig. 5 as a function of 
temperature allow T-X relations of phase assemblages to be constructed. This was done 
under the assumption that epidote, prehnite and garnet solid solutions in the binary systems 
behave ideally without formation of any intermediate compounds. Fig. 6 is a schematic T-X 
projection of phase relations along the Ca2A12Si,0,,(OH)2-Fe20, join at 2 kb Pfluld andfo, of 
the HM buffer. Solid lines are deduced from present and previous experimental data and 
dashed lines are inferred relations. At temperatures below 325 OC, the 3-phase assemblages 
prehnite,, + hematite + andradite and prehnite,, +, hematite + epidote,.,, are stable. The 
2-phase assemblage prehnite,, + epidote,,. is restricted to Ca-rich compositions and may be 
stable up to 405 OC. At this temperature, Al-prehnite breaks down to clinozoisite + grossular 
+ quartz + H20 (Liou, 1971). The discontinuous reaction occurs at 325 OC and the 
continuous one at about 343 OC for the bulk composition of the present study. These two 
reactions respectively define the low- and high-temperature compositional lines for the 
transition zone assemblage Pr,, + Ep,.,. + Gt,.,. With increasing temperature, these 3 
phases become more aluminous. The partitioning of Al-Fe+J between these phases is such 
that prehnite is more aluminous than coexisting epidote and garnet, and garnet is the most 
iron-rich phase (Bird et al., in press). It should also be pointed out that the composition of 
AI-epidote is much more sensitive to temperature change than that of Fe-epidote whereas the 

Phase relations at higher temperatures in 'the pseudo-binary system appear to be 
complicated and cannot be constructed with certainty, An interpretative relation is drawn in 
Fig. 6; it was deduced from (a) the calculated reaction for the breakdown of clinozoisite (Ps 
4) to anorthite + grossular + fluid at about 590 OC, 2 kb P,,,,,,, (Holdaway, 1972); (b) 
relations between zoisite and clinozoisite delineated by Enami & Banno (1980) from natural 
parageneses; (c) the stability of Fe-epidote (Ps 33) up to 600-670 OC at 2 kb depending on 

opposite relation holds for prehnite. . ,  
. .  . 

! 
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Flo. 7. Schematic P-T and T-X,e-A, diagrams showing 5 continuous (Qht lines) and one discontinuous (heavy * 
line) reactions relating prehnite, epidote, garnet, &on oxide, quartz and fluid in system CaO-Fc,Op 
A120,-Si02-H20-0 following the procedure of Alan Thompson (1976). Mineral compositions and rssemblages 
shown in Fig. SA, E, C and D arc indicated. X is the starting composition for the present study; Tcm 

shown on the diagram arc from the present data and Liou (197 1). 



Fio. 8. Tetrahedral projection showing phase relations of prehnite, epidote, garnet, hematite and magnetite as a 
function offoz in the system CaO-F&-Fe16,-A1,0, with excess SiO, and H,O at a particular but unspecified 
P,,,. Tetrahedrons abcd, abde and bcde arc for the systms controlled by the HM buffer. Tetrahedron b'c'd'e' is 

for the NNO, QMF and IM buffer systems. 
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prehnite coexisting with epidote-hematitoquartz. The temperaturocompositional rela- 
tionship is qualitatively shown in Fig. 7. More systematic compilations of compositions for 
these Ca-AI silicates are necessary. 

(3) Phase relations for the pseudo-ternary system CaO-Al,O,-Fe,O, as a function of 
temperature shown in Fig. 5 are schematically designated as A, B, C, and D in Fig. 7. The 
T-XFe+, relationship of Fig. 7 provides a quantitative estimate of the Fe+,-Al distribution 
coefficient among coexisting Ca-AI silicates. It is apparent from Figs. 5-7 that the 
partitionings are highly dependent on mineral assemblage. 

The previous discussions are for phase relations at thefo, values defined by the HM buffer. 
At lower fo, conditions, magnetite is stable in most geologic conditions, and phase equilibria 
and mineral compositions are significantly different. Fig. 8 is a tetrahedron showing the phase 
relations of prehnite, epidote, garnet, and iron oxides as a function of f4 in the system 
Ca0-FeO-Fe20,-AI,0,-Si02-H20 in the presence of excess quartz and fluid at a given 

Compositional shifts for magnetite, epidote, prehnite and grandite with decreasing fo, 
are shown by arrows. Hence mineral assemblage at variousfo, values could be similar while 
mineral compositions could be Werent. For instance, at the& defined by the HM buffer, 
assemblages hematite + magnetite (b) together with either epidote (c) + prehnite (d) or 
epidote (c) + andradite (e) or prehnite (d) & andradite (e) are possibly stable in certain P-T 
ranges. At the lowerfo, conditions defined by the NNO and QFM buffers, the assemblage 
magnetite (b') + epidote (c') + prehnite (d') + grandite (e') is stable. Therefore, at fo, 
conditions lower than those of the HM buffer, the phase relations shown in Fig. 6 should be 
modified. 
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DISCUSSION A N D  PETROLOGIC APPLICATIONS 
Epidote-clinozoisite minerals have a wide stability field and have been recorded in rocks 

ranging from zeolite facies to magmatic conditions (e.g. Zen & Hammerstrom, 1982) whereas 
prehnite is widespread in subgreenschist facies rocks at low pressures. However, the 
assemblage epidote + prehnite & garnet (+chlorite + albite + quartz) has not been 
extensively described due to its restricted P-T-f,, stability field as demonstrated in the 
present study. The only documented occurrence of epidote + prehnite + garnet is from 
spilitized basalt of the prehnite-pumpellyite facies in Gladstone Peak, southern New Zealand 
(Coombs et al., 1977). This assemblage was inferred to have been recrystallized at 2-3 kb 
Pnuld and 300-400 OC; the X,,, content is determined to be 0-53 for garnet, 0.33 for epidote 
and 0.05 for prehnite. In rocks of increasing grade, these phases become systematically 
enriched in A 1 content. Partial assemblages (epidote + prehnite, prehnite + garnet, epidote + 
garnet) are rather common; the reported occurrences, their A',,+, contents and estimated P-T 
conditions are summarized in Table 7. These data, deduced from natural parageneses, are 
consistent with the present experimental results and the phase relationships shown in Figs. 
5-7. 

Compositional variations of prehnite and epidote 
The extent of solid solution in prehnite defined by the two end-members Ca2- 

A12Si3010(OH)2 and Ca2Fe+3A1Si,01,(OH)2 has been extensively discussed by previous 
investigators. The Fe+,-end-member prehnite has not been synthesized nor reported in nature. 
Hashimoto (1964) suggested that most prehnites have &+I less than 10 per cent although 
same may extend to 20 per cent. A maximum X,,, of 24 per cent and 28 per cent for prehnite 
solid solution has been reported by Surdam (1969) and Zolotukhm et al. (1969, respectively. 
However, Matsueda (1975) suggested that a compositional gap occurs between 8 and 13 per 
cent and that the maximum substitution of Fe+3 for AI may be up to 10 wt per cent Fe203 
(&+I = 22 per cent). If this gap does exist, then the phase relations between prehnite and 
epidote described in the previous sections need to be significantly modified. In order to test 
this hypothesis, microprobe analysed compositions of natural prehnites from zeolite and 

TABLE 7 
Parageneses, compositions, suggested P-T conditions and distribution coeflcients of co- 

existing ca-A1 silicates from some low-grade metamorphic rocks 

Mineral assembloger X E  X$: X Z  SuggesrcdP-T AI-Fe'+ AI-Fe" R&renns 
conditions "P+&p KnGa-&p 

Pr + Gt + Ch + C, +Qz Coombs et 01.. 1977 
Pr + Gt + Act + Ch + Qz 0.23 0.67 2-3 kb, 300-400 OC 0.2 Coombs e: a/., 1977 
Pr + Ep + Gt + Pm + Act + Qz 0.05 0.33 0.53 2-3 kb, 30C-300 OC Coombs et al., 1977 
Ep + Gt + Ch + Opaque 0.32 0.64 I kb.400'C 0.3 Kitamura, 1975 
Ep + Gt + Cpx + C, 0.24 0.53 I kb,470'C 0.3 Perchuk & Aranovich, 1979 
Pr+  Ep + Qz 0.19 0.26 Prchnite-pump. facies 1 4  Houghton, 1982 
Pr + Ep+ Pm + Ch + Ab 0.11 0.27 Rehnitcpump. facies 3.0 Zen, 1974 
Ep + Pr + Qz 0.18 0.24 0.4 kb, 320 .C 3.9 Bird e: a/., in press 
Ep + Pr + Qz 0-18 0.24 0.5 kb, 334 OC 2.9 Bird et 01.. in press 
Pr + Ep + Ch + K,+ Cpx 0.03 0.23 0.5 kb 250-350 'C 9.6 Cavurcti et 01.. 1980 
Pr + Ep + Act 0.03 0.25 Greenschist facies 10.8 Evrm & Schiflinm, 1983 
Pr t Ep+ Mt + Qz 0.10 0.25 2 kb, 376 -C 3.0 The present nudy 

0.24 0.99 2-3 kb, 30C-300 OC 

KnZ:i; : Partition codlicicnt between prehnite and epidote: &.E: :Partition eoetiicicnt between garnet md epidote. 

Ch = chlorite, C, = calcite. Act = actinolite, Cpx - cliiopyroxcne, Pm = pumpcllyite K, = K-feldspar 
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RQ. 9. Histograms showing compositional variations of analyzed prehnite and epidote in low-grade metamorphic 
rocks together with the proposed compositional gap for pnhnite by Matsueda (1975) and for epidote by Strens 
(1965). A. Data for prehnite are from Surdam (3969). Zen (1974). Coombs et of. (1970), Houghton (1982) and 
Evarts & Schiffinan (1983). B. Epidotes for the pumpellyitc-actinolite and greenschist fades rocks arc from 
Brown (1967). Toriumi (1972). Coombs er 01. (1976). and Nakqiima et ol. (1977). C. Epidotes for the 
pnhnitc-pumpellyite facies rocks arc from Kimiyoshi & Liou (1976). Kawachi (1975). Kdth et of. (1968). 

Mehegan et of. (1982). Houghton (1982). Smith et ol. (1982) and Evarts & Schiffman (1983). 

prehnite-pumpellyite facies rocks (Surdam, 1969; Coombs et al., 1977; Mehegan et al., 
1982; Evarts & Schiffman, 1983; Bird et al., in press) are plotted in Fig. 9A. The results 
indicate that no compositional discontinuity in the range of 8 to 13 mole per cent exists and 
that prehnitc may contain up to X,,, = 0.30.‘ 

The existence of a miscibility gap between Ps 12 and 22 within the epidote series was 
suggested by Strens (1965). This gap was subsequently reported for natural epidotes from 
greenschist to garnet amphibolite facies metamorphic rocks (Holdaway, 1965; Hietanen, 
1974; Raith, 1976). Available compositions of epidotes from rocks of prchnitopumpellyite, 
pumpellyite-actinolite and greenschist facies are plotted in Fig. 9B, C; the data cover the 
suggested miscibility gap of Strens (1965). Brown (1967) found no gap in epidotes from 
greenschist facies rocks from part of eastern Otago. Toriumi (1972) confirmed the complete 
continuity of epidote compositions in the range of Ps 8 to Ps 35 at the pumpellyitoactinolitc 
grade in the Sanbagawa belt, Japan. From these data and from the fact that no direct 
experimental evidence for such a solvus has been obtained within the range of temperature in 
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which epidote occurs in nature, it is concluded that epidote solid solution is continuous at 
least in the range of Ps 10 to Ps 33 (also see Bird et al., in press). 

It is known that complete solid solution exists in the grandite garnet system. The linear 
relationship between physical properties and chemical composition was reported by Liou 
(1973). Perchuk & Aranovich (1979) also studied the thermodynamics of andradite- 
grossularite solid solutions from exchange-mineral equilibria with A1 and Fe+3 aqueous 
chloride solutions (aq). Their experiments demonstrate complete solid solution between 
andradite and grossular. 

It is concluded that Fe+’/(Fe+) + AI) ratios in prehnite, epidote, garnet and magnetite vary 
as functions of temperature, Pfluld and fo,. With decreasing temperature and more oxidizing 
conditions, prehnite, epidote, garnet and magnetite are enriched in Fe+’. The Pnuld-T-f0, 
relationships shown in Figs. 5-7 are consistent with the compositional variations deduced 
from natural occurrences and thermodynamic studies. 

Sliding equilibria among prehnite, epidote and garnet 
The present study indicates that continuous reaction relations exist among prehnite, 

epidote and garnet as a function of temperature. Field observations are in good agreement 
with our results, and prehnite is always lower in &,+I than coexisting epidote. Seven examples 
are shown in Table 7. Prehnite (&,+I = 0.11) coexists with epidote of &,+I = 0.27 in a 
prehnite-pumpellyite facies metabasite, Johnstown (Zen, 1974). In the Larderello-Travale 
geothermal field, Italy, prehnite of &,+I = 0.03 was found to be stable with epidote of &e+’ = 
0.23 (Cavarreta et al., 1980). In the Del Puerto ophiolite of Southern California, coexisting 
prehnite (A’,,+, = 0.08) and epidote (XFe+, = 0.25) are described (Evarts & Schiffman, 
1983). These data together with the present results were used to cdculate partition 
coefficients for these minerals. The results are listed in Table 7. As shown in the table, the KD 
increases with increasing temperature. Similarly, the Fe-A1 distribution coefficient between 
epidote and garnet has been determined for natural assemblages by Kitamura (1975) and 
thermodynamically calculated by Perchuk & Aranovich (1979) and Bird & Helgeson (1981). 
We used their data to draw tie lines for compositions of coexisting epidote and garnet in Figs. 
5-7. 

It should be pointed out that prehnite with &,+I = 0.43 has been reported by Surdam 
(1969) and Evarts & Schiffman (1983). According to Fig. 7, such iron-rich prehnite cannot 
possibly coexist with epidote. One possible explanation is that prehnite enriched its Fe,O, 
content with decreasing temperature below the temperature of the discontinuous garnet-in 
reaction. At such low-temperature conditions, prehnite is stable with either laumontite or 
pumpell yite. 

Sliding equilibria involving phases with continuous compositional change are common for 
low-grade metamorphic reactions. One example of the epidote-pumpellyite sliding equilib- 
rium at pumpellyite-actinolite facies conditions has been illustrated by Nakajima et al. (1977) 
and Schiffman & Liou (1983). Under P-Tconditions between those of the maximum stability 
of Mg-pumpellyite and the minimum stability of Fe-epidote, both pumpellyite and epidote can 
coexist, with their relationship defined by a continuous reaction similar to the one described in 
this paper. The partitioning of Fe+’ between pumpellyite and epidote in this P-T region is 
highly dependent on temperature and bulk rock composition. With increasing temperature, 
the coexisting pumpellyite and epidote decrease their Fe+’/(Fe+) + AI) ratios. At constant 
temperature, Fe+3 may preferentially concentrate in the epidote. The epidote-prehnite 
relationship described in this paper is similar to that of epidote-pumpellyite. 

Most low-grade metabasites consist of two or three Ca-AI hydrosilicates together with 
albite, white mica, chlorite, quartz, sphene and hematite and/or magnetite. Phase relations 
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and chemistry of the coexisting Ca-A1 silicates are needed in order to use sliding equilibria 
such as the one described in the present study for the determination of temperature and 
pressure of metamorphism, Compositions and parageneses of minerals in common low-grade 
metamorphic basalts can then be shown in a series of Ca-Al-Fe+3 plots and T-X diagrams. 
Figs. 5 and 7 show examples of phase relations and compositions among prehnite, epidote, 
grandite and iron oxides at four different P-T conditions. The complexity of their relations 
means that careful examination of natural assemblages and analyses of compositions of 
coexisting phases are necessary. With such paragenetic diagrams, both continuous and 
discontinuous reactions can be delineated for progressive metamorphic sequences of basaltic 
rocks in low, intermediate, and high-pressure series. Hence, P-T conditions of low-grade 
metamorphism can be more precisely determined. 
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Cootinuour exploration and development for  geothermal power i n  act ive 

voIcanic area8 ruch a8 Japanere I r h ~ d r  have provided excellent opportunity to  

invert igat t  vater-rock interaction8 k geothermal ryrttmr. 

f8 that  the changing comporition and temperature of geothermal fluid8 a8 a ' 

Our baric premire 

function of time i8 recorded by the paragtncrer, comporition8 m d ~ i r o t o p i c  

propertier of the arrociated dnera1 arremb1age8, and that the latter Can be 

ured to  r e ~ o n r t r u c t  the evolution of a geothermal system. 

dncralogical~etrological-geoch~ical  imrertigatian of d r i l l  hole core rampler 

i8 accerrary to fully underrtand the comp1tx effect8 of rock-vattr interaction8 

i n  geothermal 8yrtem8. 

Hence, detailed 

The Onikobe geothermal area i r  relected for detailed study as part  of the 

U.S.-Japm cooperative project i n  1978-1983 because i n  Oaikobe uhich ha8 been 

recognized as a ehrr ic  UMph of a geothemal ryrtem i n  Japan, many pilot ,  

exploratory and producing e l l 8  ranging from 200 to 1300 meters in depth have 

been d r i l l e d  md ~ologica l~ochcarica lqeophyrical  i a f o r u t i a n  and ncariy 

complete d r i l l  hole core r.mpler are available. Hheralogical  4nd petrological 

e x d t u t i a a r  of fuo d r i l l  holes Vith depth to  350 m (Uor. 123 .nd 126) and oae 

d m  to 1155 I (UO. 127) Ut= C m b t r d )  par.g@!Utrer and COEpO8itiOU8 Of 

recond8ry dacralr  -re identified rod analyzed. 

h e r t i g a t e t i  by (WI and irotopfc u r r  rpectrameter. The& UWZT collected 

c h d r t r i e r  together w i t h  available water chairtrier and 

p c t r o l o g i u l - J a c r a l o ~ i u l  data of qther d r i l l  hole corer from the Oaikobe 

geothermal area were used to outline the effect8 of geothermrl mterr a d  other 

c A t m ~ r  m tttt ai terat ioor  of thc encloring rock80 

Tcv melceted r m k r  uere 

The OaaiLobe caldera h 011 the eastern edge of thc Creen Tuff b a r k  in north 

cent ra l  BOruhu and h.8 m wal-rh8ped depnrr ion  about 10 h in diameter. 

M€oceue Crem tuff8 together rith younger caldera deporitr  anconforaubly 

'he 

1 



35 

overlie the basement complex of Paleozoic p e l i t i c  sch is t s  and Cretaceous 

granodiorite. 

both marine and aon-marine volcanogenic tu f f s  and lavas of andesit ic t o  dac i t ic  

composition. 

dac i t i c  lava dome of 0.35 0.y. BP was intruded into the southern part of t h e  

Onikobe basin. Associated with the intrusion were the norma1 fault ing and 

hydrothermal a l te ra t ions .  The magmatic ac t iv i ty  related t o  the dome formation 

is believed to  be the major heat source for  the present-day geothermal ac t iv i ty  

and associated hydrothermal manifestatioqs i n  the Onikobe area. 

The caldera fornations are Plio-Pleistocene age and consist of 

After the deposition of the caldera sediments and lavas, a 

Because of intense hydrothermal a l te ra t ions ,  no fau l t  has been positively 

identified on the surface by geomorphological and geological data. 

occurrence of subourface f au l t s  has been inferred f r w  seismological and 

e l e c t r i c  survey; there subsurface fau l t s  may have controlled the three Onikobe 

geothermal be l t s  which have been delineated f r m  deep d r i l l i ng  of over f i f t y  

production and p i l o t  bore-holes. 

However, 

Thenaal waters from the Onikobe geothermal area have been analyzed; they 

belong to  the Na-Cl or Na-Ca-Cl type. 

of dissociated BCOg and magmatic laC1-rich solution v i th  meteoric water. 

Elavever, auf llcv bS 
considerable mount of f o s s i l  seawater from Miocene Green Tuff i n  the basement 

They m y  have evolved from contamination 

34 isotopic and geochemical data suggest that  a 

of the Oaikobe Quaternary volcano ~ u s t  have supplied some deep wells. Acidic 

thermal waters with high SOc and low C 1  contents apparently are confined to  

shallow depths. ?'his conclusion was supported by the widespread occurrence of 

calcite i n  deep drill-hole samples and by dr i l l i ng  of a new production hole a t  

1255 m with a remarkable amount of alkaline (pA 

va ters. 

8.3-8.5) high-T thermal 

In sp i t e  of the pervasive hydrothermal a l te ra t ion ,  four rock types were 

identified among those d r i l l  hole core samples: 

dac i t i c  tu f f  and lava. 

andesit ic tu f f  and lava, and 

Tne s J e r i t i c  rocks contain mainly augite 2 hypersthene 

+ hornblende *= &Jar mafic minerals and the dac i t ic  rocks are characterized bv - 
2 
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the presence of hornblende and quartz phenocrysts, plagioclase of lover An 

content and higher contents of glassy matrix or groundmass. 

and lava rocks are highly vesicular and abundant secondary minerals occur in  

vesicles. Pifteeu less al tered core samples vere analyzed by a vet chemical 

method; the resu l t s  indicate that the compositions of the altered rocks vary 

s ignif icant ly  from the i r  unaltered equivalents. 

Si02, MO, Ka20 + K20, addition of H20 and S and oxidation of FeO mat 

have occurred during the hydrothema1 a l te ra t ion  and such chemical a l te ra t ion  

varies from spechen to  specimen. 

Kuno's hypersthene series and may have chemical character is t ics  of the 

calc-alkaline series.  

Both pyroclastic 

Significant leaching of 

kvcr the less ,  these rocks may belong to  

The minerals produced by the hydrothermal a l te ra t ion  depend on geologic 

position, composition of host rock and chemical composition of the fluids. 

Near the surface, par t icular ly  in  fumarolic areas,  where vigorous boiling 

occurs and mixing vi th  atmospheric oxygen is possible, the rocks altered to  

sof t  s i l iceous material containing clays, opaline s i l i ca ,  a luni te ,  sulfur  and 

pyrite. 

dis t r ibut ion of secondary minerals with depth vas determined. 

minerals i n  the bore-hole cores occur as (a) precipi ta t ion in  vesicles and 

along fracture#, (b) replacement of plagioclase and mafic phenocrysts, and (c)  

replacement of groundmass or volcanic glass. 

A t  deeper levels,  the mineral assemblages are different  and zonal 

Secondary 

Clay d n e r a l s  are the -st c o m b  phase i n  the bore-hole cores and consist  

of smec t ite, a lkaliue smee t i t e  , chlorite/smec t i te in te rs  trat i f ied  miner. Is, 

ch lor i te  and i l l i te .  

temperature, cormlatable  with C a i e o l i t e s  and other a iaerals .  

character is t ic  X-ray basal spacings under dry condition and a f t e r  glycol 

treatments and morphological features by SEM were described. 

ehloti te/smectite in te rs t ra t i f ied  phases are variable i n  camposition and 

contain mainly SiO, (28-33 ut%), minor amounts of &a0 (0.06-2.0 ut%) md CaO 

(0.1 to  2.2 *%I, and negligible rmwnts of 5 0  and Ita20. 

They show systematic variations d t h  depth and 

Their 

The 

The C. content 

3 
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of the i n t e r s t r a t i f i d  phase decreases with increasing depth, in accordance 

vi th  the lover proportion of interlayered amectite obse&ed in  the  X-ray 

d i f f rac t ion  results.  

a ouch more restr ic ted range of chemical compositions wi th  mch l w e r  CaO and 

Si02 than the chloritc/smectite phase. 

The chlor i tes  are rest r ic ted to  deep-hole cores and have 

I l l i t i c  clay minerals are re la t ively rare compared to  chlorite/amectite 

phases due to lw 5 0  contents of or iginal  rocks. 

judging f m  their  X-ray diffract ion patterns and limited microprobe 

compositions, belong to the i l l i t e  and i l l i tc /smect i tc  i a t e r r t r a t i f i cd  

minerals. Continuous variations occur in  th i s  ser ies ;  with increasing depth, 

the smectite component decreases md i l l i t e  becomes the major K-bearing phase 

The i l l i t i c  clay e n e r a l s ,  

for  deep d r i l l  hole core sampler. 

I 

I 

Zeolite d n e r a l s  are vel1 developed i n  the core samples and some are 

ercep t ionally abundant. Such comon zeol i tes  include mordenite, laumontite, 

yugawaralite and uairaki te  and the i r  depth dis t r ibut ions were determined. 

Minor zeol i tes  identified in  the core ramples include c l inopt i lo l i te ,  

dachiardite, chabazite, thamsonite and natrol i te .  Laumoatite is typically 

found a t  depths greater than 50 a and sha l lwer  than 000 a and pgawaral i te  a t  

the laver end o f  the l 8 u m t i t e  zone. The analyzed laut?ontite and yugavaralite 

have nearly stoichiometric composition 6 t h  very minor .mounts of Pe203, 

Wa20 and 3 0 .  

most ve11c a t  depths greater than 100 a. 

have considerable ranges of compositions with less than 0.2 vt% Pt203 aa 

t o t a l  Fe and 0.1 vt% K20. 

nvairakitc" and "analch". A l l  analyzed mi fak i t e s  range f r m  Wrloo t o  

Utt6 and 110 uraIcime-rich composition was found. There appears to  be no 

correlation between composition of wairakitc and depth o f  i ts  occurrence, uor 

any pattern between composition and d e  of occurrence. 

Vairakite is the most abundant zeol i te  d n e r a l  and occurs i n  

Uany vairakites were analyzed and 

Hain variations are defined by 2 end-mbers 

Other Ca-A1 s i l i ca t e s  include minor prehnite and epidote. The analyzed 

prehnitcs span a considerable range of Fe*3/(Fe+3+ A l l  ra t io)  the wit 

4 



iron-rich prehnites contain 6 4  vt% ?ez03 md appear to be stable with 

epidote + wairakite + qu8rtz + ch lo r i t i c  clay. 

lower i n  Fe Content md u e  r t ~ b l e  with r r i r a k i t e  2 ca lc i t e  + quartz. me 

analyzed epidotes range in  p i s t ac i t e  content from 19 to  37 and most analySCS 

are around Ps 29 t o  33. 

v i th  those from other geothermal area (&E., Cerro Prieto). 

epidote and prehnitc 8uggeSt that no h i s c i b i l i t y  gap ex i s t s  for these phases. 

S i l i ca  d n e r a l s  are ubiquitous and include both c r i s toba l i t e  and quartz. 

The veined prehnites are arch 

me compositional range of epidote is *cry compatible 

The analyses of 

Cristobali te is rest r ic ted to shallow depths rrhkreas secoadary quartz is 

present in every core samples. Kaolinite is one of the most cotanon phases 8t 

the surface of fumarolic areas. 

kaolinite and pyrophyllite are very minor. 

which occurs as ODC of the 1 A S t  phases h paragenetic sequence. 

carbonate trains are u l c i t e  h emposition 6 t h  mil7 a few percent €'e, Hg and 

IQ. 

me S s value of pyri te  ruggested that f o s s i l  mawater within Hiocene 

sediments m y  have contributed suff ic ient  sulfur  for  pyrite crysta1lizatioa at  

depth. 

Eovtper, i n  d r i l l  hole core samples, both 

Calcite is mother c m  phase 

A l l  analyzed 

Other recoadary sainerals include a lb i t e ,  ubiquitous pyrite and hal i te .  
34 

The zonal dis t r ibut ion of clay .ad zeol i te  u n c r a l r  can be simplified as 

follovs: 

o r  smectitc ch lo t i t e /mcc t i t e  i n t e r s t r a t i f i ed  uneral chlor i te  for 

With increasing depth, the follaving patterns are: aLk.linc r w c t i t e  

clay minerals and mordenite .I, Immontite 3 yugnraralite --+ wairakite 

for zeolites. 

m e e t i t e  end smectite =cur with wrdeni te ,  &lo t i t e /mec t i t e  i n t e r s t r a t i f i ed  

phase with l.umantite, .ad chlor i te  with mi fak i t e .  

com1atab1e with other geothermal areas i n  Japan, Iceland, Rev Zealand and the 

U.S. 

We consistently found the general a s s o c i ~ t i o n r  that alkaline 

Such zona1 patterns 8re 

chenrographic rclatioas of c-on Ca-A1 hydrosil icates (Ca-zeolites, epidote 

a d  prehnite) together v i t h  quArt2, carbou8te d chlorite/smectite were 

delineated M a r h p l i f i e d  8ystem ~.6-ez03-A~,0,-(Fe0 + %O)-SiOz 

5 
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- H p  at. Compositions of prehnite and epidote a r t  plotted i n  a 

. ternary diagram c10-A1203-Ft263 and tie lines for the' coexisting phases 

in  the 2-phase assemblages (mi rak i t e  + epidote and m i r a k i t e  + prehnite) and 

the 3-pha.e asredlager (epidote + prehnite + wairakite and m i r a k i t e  + 

prehnite + ca lc i te )  are drawn. The deduced phase relationships a t  f of 

10O-17O0C and depth of 200-350 o yield five 3-pha.e assemblages uhich have 

been +recorded i n  other geothe-1 areas and i n  lov-grade aetabasalts.  

conclusions are t u d e  from such chemographic relations: 

epidote are res t r ic ted  t o  Fe-rich composition a t  low temperatures and become 

' 

Three 

(1) Both prehnite and 

1-rich with increasing temperature, (2) the Al-cnd d e r  of both prehnite and 

epidote are not .s tcble  under the physico-chemical conditions o t  the Onikobe 

geothermal system, and (3) the Pe-A1 partioniag between epidote and prehnite 

iuggests tha t  the epidow always contains higher F t  than the coexisting 

Such conclusions are consistent with those data deduced fram : prehnite. 

hydrothenma1 experiments, t h e m o d y d c  calculations and natural  observations. 

Zonal dist r ibut ions of minerals and phase relationships obsenmd i n  the 

Onikobe gtothexmal area are controlled by a campltx interplay of many factors. 

Relevant experimentally detemined s t a b i l i t i e s  o f  &-zeolites, clay minerals, 

epidose end prehnite were used to  i l l u s t r a t e  the paragenetic depth 

(temperature) 8equtnce. The effects  of other variables including (a) solution 

chemistry, (b) bulk rock chemistry, (e) rock permeability, (d) local pressure, 

(e) PHtO/PLota1, ( f )  ro l id  rolutionr i n  secondary minerals, (g) C02 

L content and (h) kinet ics  are br ie f ly  d i sps i ed .  Because of these effects ,  the 

. apparent observed temperature ranges Over which minerals are found in  the 

I Onikobe area are generally broader than thore expected from the experimental 

s t u d i e s .  . 
I n  order to  explain the origin of acid-chlorite solution in  the Onikobe 

geothe-1 area, a possible fau1t-hydrologic mode1 vas proposed. 

t h i s  acid f lu id  could be explained e i the r  by a deep-seated magmatic BC1 source 

The origin of 

or by the contamination of neutral  chloride waters with a small amount of 

6 
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h ' T a i a n  prwide excellent examples of ac t  

logic terr&u Cmich are w e l l  underrtoad. Development of geotherrvl 

-been greatly ar~pharized in  there COuQtricr bccaure it i 8  p o t e a t h p  

m a j ~  energy rerource in active volcanic aremr. txploration for geothermal 

energy in'Japan 'md Taiwan began in  the ear ly mixtier, and m y  eqilor&oty 

'hbles have been d r i l l&  up to 2000 m io dipth. .Drill hole corer have'been 

raarpled, thermkl h t e r r  have been analyzed chtnically avl  irotopically,  and 

many other gcologk'al data (e.g., temperature t radient ,  flow rate ,  I 

eabi l i ty )  ad geo~hyr ica l  data hawe been collected. A 2S MI geothenul  

Over plant V a l  8UCCL88fuliy in r t a l l t d  at OniLobe in 1975. 

hi8 project on m c k r r t e r  interaction in geothermal 8yattpr war i n i t i a t e d  +- - 

under a US.'- Japan Project. 8incc April 1, 1978, the Urn and JSPS have 

rpmsored a jo in t  U.S.4apan project on coordinrtcd rtudier of r o c k k t c r  

interact ions ht geothermal systems ut i l iz ing  experimental and f ie ld  

approaches. 

rock8 with seawater md meteoric n t e r r  frtm 200°C t o  400°C h order to 

determine the kinet ic  a d  equilibrium d e r  of interaction o f  rodrr 4 t h  

A t  Stanford, ue have rtudied the interaction of d e r i t i c - b a r a 1 t i c  

8 O l U t i O U S  chedCally,  i8OtOpiCally .nd d M r d O g i U l l 7 .  h .ad Taitnn, 

the propertier of d r i l l  hole core sampler and the f ie ld  aspect8 of r o c k r a t e r  

interact ions io the Onikobe, kkone and Tat- feothtraal  .rear *re 

invt 8 tigated The f ield rtudier include pe trolo~iulaiacralogical~each~ca~ 

examinations of dr i l l -ho le  core rampler and the i r  correlation d t h  the chemical 

and isotopic propertier of thermal vaterr. The collective rpecf t ie  aims =ret 

and are: (1) t o  determiae the dnera logica l ,  chemical and irotopic 

charac te r i r t ic r  of the hydrothemally al tered rocks in there $ c o t h e m 1  arear, 

(2) to deduce tbc requence of c h e d u l ,  mineralogical and geological event8 

that  have 8ffected the mineral arremblager of the altered mckrt  and (3) to  

detenuine the kinetic8 and equilibrium reactions attending tho al terat ion.  The 

8 
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conclurionr and problema pored by the f i e ld  data are to be correlated vita and 

interpreted by the experhental  data, t o  be t t e r  our understanding of the 

genetic prOCe88e8 h @ O t h e m 1  8y8t-o 

Our c-on goal h to study rockcrater interactions of Japanere geothe-1 

rystenu i n  the hope that  rume general statements w i l l  be porrible that  apply to  

procerrer i n  t h b  classic  islaad arc. 

to i81md u c r  ehevhere 61% eventullte. 

Japm and romt of them have akaady inr ta l led geothermal power p1antS. 

Bowever, the project h r  focured only on a rest r ic ted number of areas) in  view 

of t b e  and perroanel limitations. We have taken the Oaikobe and ihkonc area8 

i n  Japan .nd the Tatun in Taiwan as on-going subjectr. These geothermal area8 

vert relected for detailed investigation becaure they are r e c o g n h d  88 clarrie 

examples md becaure geological-geoche9lical~eophysical information and a 

nearly coqilete 8 L t  of d r i l l  hole core samples are available. A l l  three of 

there geothenul areas are i n  volcanic areas lad are largely m d e r i t i c ,  but 

they d i f f e r  fmP opc another i n  the va r i e t i e s  of andesit ic and other rock8 

present, and they d i f f e r  romewhat h water mer;  hence, secondary mineral 

assemblages and mineral parageneses are rQOCuhat different.  The s imi l a r i t i c r  

.nd difference8 among the three g e o t h e m l  areas could yield 8- principle8 

relat ing to waterrock interaction8 in geothermal rystem8 h i c h  might not be 

apparent fronr the investigation of a ringle ryrtea. 

We hope that  generalirationr applicable 

There are u n y  geothermal f i e lds  in 

Thh report derCribe8 thc t c 8 U l C S  Of our detailed inVer t ig8 th l r  Of 

dril l-hole core md thermal water raq ler  from the Oaikobe geothermal area. 

S i m i l u  reports w i l l  be prepared for  the Eakoue and Tatun geothermal sprtenr. 

The Onikobe geothermal area i r  located in the w r t h n r t e r n  corner of Wiyagi 

Prefecture, northern Honrhu a d  lie8 within the K u r i k m  - Quasi National Park 



(Figure 1). 

When the energy crisis became apparent i n  the u r l y  s ix t ies ,  the Electr ic  

Power Developing Co., Iac. carried out exploratory surveys of many geothermal 

areas in  Japan. 

basin showed the greatest  potential  for  geothermal pwer  generation. 

period from 1962 t o  1912, basic exploratory surveys n r e  conducted and many p i lo t  

holes were dr i l led  i n  arder to col lect  samples, to  measure subsurface 

temperatures md eompoaitions of thermal waters md to  investigate subsurface 

structures. 

It vas concluded that  of a11 the areas invsstigattd,  the Uaikobe 

In  the 

Aa a resu l t  o f . thc  surveys, the company concluded that  the 

Figure 1. Location of the Odkobe area, Japan. 

geothermal steam vas suff ic ient ly  abundant and of high enough temperature to  

generate e lec t r ic i ty .  

April of 1973 and it was completed in the spring of 1975. 

Hence, the company started constructing a pwer  plant i n  

h i s  25 MU f ac i l i t y  

has been orre of the proto-type geothermal power plants Ln Japan. 

krewer, the Onikobc geothermal steam is mostly produced from as shallow as 

300 meters in  depth and t h i s  area is  characterized by the surface kanifertationa 

43 

of the geotbemal field.  The surrounding areas are covered by natural  forest  and 

10 
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the geothermvl steam is re-injected into tha deep portion of the basin. The 

instal la t ion of the geothermal pwer plant has preserved the natural  beauty of 

the national park, and therefore the Onikobe geothermal syrtem has been hi@ly 

pub liciaed. 
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PROCEDURES aP P-CT a m m  aP mSTICATfm 

k n y  p i lo t ,  exploratory and producing uells ranging f r a  200 to  UOO Yters 

in  depth have been dr i l led  k the Onikobe geothermal area since 1963 by the 

Electric Development -any Ltd. The sites of d r i l l  h o h r  studied are plotted 

Sa P i c r e  2; their columnar stratigraphic sections and temperature dis t r ibut ions 

are ahom i n  Figures 3, 4, 5 and 6 (there features w i l l  be described in detail i n  

later sections). Xore information on these d r i l l  ho l t r  is l i s t ed  in Table 1. 

-2, -5, CO-7 md 00-8 have been 

Ifany other core s.mpler wire e x d a e d  and 

S a  preliminary data for d r i l l  hole 

published (Seki, oaulsi et  al., 1969). 



b e s e  include core ~ n t e r i a l r  froat P-5, P-7, P-8, P-10, -7, Co-6 and a-11. 

There previously accumlated data together with our aev observations on recently 

collected 8aaiph8 from DCV hole # 123, #lZO and #l27 d l 1  be described in this 

report. 

de scribed be lau. 

Plan of the Project 

The general procedure of the project and method of investigation are 

Selection of the Onikobe d hkone geothernul areas for the cooperative 

research targets vas nade i n  1977, rince the i r  baric geology .nd 

hydrologic-geochemical infomation of their  thctlnrl waters are available a d  both 

Seki and O k i  have been working on there geothermal arcm for A d e r  of years. 

The Tatun geothermal . p 8 t m ~  vas added to our project for eompariroo with the 

Japanese systems becarre of i t a  potential  ccQpoplic hportance. 

part  or as A uhole) wt reveral times during the 1976-78 period to  direurs and 

define the baric  role of each invcrtigator. 

quertions war drawn up, and Q I t c n U I t i V e  target area8 i n  Japan and Taiwan nn 

I proposed. 

The group ( i n  

ret of interesting r c i en t i f i c  

45 

Figure  2. Oirttibutien of bore boles io the Oaikobe geothermal are., 
Japan. Opta circler! Sore-holct dercribed h thh report. Slack dots 
d t h i a  O p m  circler C d u c ~ i o n  vallr [*.e., 1121 and 1127). 
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Table 1. Depth from land rutfacc and date of dril l ing 
c a p l e t l o o  of bore-holes plotted Ln tlgure 2. 

luber k p t b  (m) Date 

co-7 500.0 1966. lov. 
co-8 1000.0 1969. June 
-10 l352.0 1970, Oct. 
co- 11 u00.0 1972, reb. 
1-5 7s.s 1971, Jan. 

P-7 
P-8 
1-10 
101 
102 

103 
106 
105 
107 
108 

109 
112 
117 
120 
123 

2M.0 
250.0 
203.0 
233.0 
301.0 

228.0 
366.0 
375.0 
362.0 
2b4 .O 

2b3.0 
320.0 
170.0 
363.0 
351.0 

124 
127 

351.0 
1155.0 

1971. Apr. 
1973, July 
1973. Aug. 
1970. Oct. 
1971, Lept. 

1971. Lept. 
1971. Dee. 
1972. July 
1972. Lept. 
1974, h b .  

1973, Jan. 
1973. June 
1975, b y  
1976, Apr. 
1977, reb. 

1978, 4 r .  
1980. July 

Field Study and Sample Collection 

The group lDct i n  Japm during the sunmer of 1978 and vis i ted many geot&rmal 

areas there. 

geologic structures and flowing rprings were examined. 

depths dawn to 350 E (lor. 123 d 124) and one dovn to 1300 n (cbll) vere 

selected for detailed petrologic-geothermal studies (see Figure 2 fo r  location). 

Their s t ra t igraphic  re la t ions and temperature gradients hawe been constructed by 

Seki. 

three portions: 

ident i f icat ion,  one to  Sakai for isotopic study, and one to  Stanford for 

petrographic, microprobe and SEX investigations. 

A t  the Onilrobe caldera, the paver plant vas visi ted and rock types, 

Two d r i l l  hole cores Vith 

Core samples n r e  collected at every 10 to  20 n and were separated into 

one t o  S e t i  and olci for  petrographic and clay mineral 

k s e p t e d e r  1980, Ray Cui l lme t t e  vis i ted the Onikobe geothermal areas and 

collected core samples frum a nevly d r i l l ed  lo.127 (see Figure 2 for  location). 

Ibis hole was dr i l l ed  under the nc-ndation of Seki and Cki based 011 our 

petrologiul-geochemical data, and this has been the best producing w e l l  i n  the 

13 
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Figure 3. Geologic cross rections along A-B, A-C, and C-D of Figure 2 for the 
Onikobc geothermal area, Japan. A: Volcank rocks of andcritic 
coPlpositiaru. D: Volcanic rocks of dacitie compositions. 

14 



48 

area. 

Pe trograph ie Study 

During September 1978 to  July 1980, n studied the thin sections of 

dr i l l -holc  tore samples. Minerals identified include Ca-zeolitcs (mordenite, 

s t  i l b  i te , epis  t i l b i t e  , heulandite, p g a v a r a l i  t c  , laurnonti te and vairaki te) , 
a n a l c b ,  prehnite, epidote, a lbi te ,  It-feldspar, gypium, anhydrite, a luni te ,  

carbonate, kaolinite,  i l l i t e ,  mpcctite-chlorite clay minerals, write, magnetite, 

hematite and others. 

were delineated. 

Their paragenetic sequence and depth tonal dis t r ibut ion 

Tcmpcmhrrcf CI 
0 200 3m 

7 - 
B 
d 
i 

Figure I .  Ccothcrml gradients for bore-holes, P-5, P-7, P-8, P-10, 4 123, and 
I 126, in the Oailcobe geotherrP.1 area, Japan. 

X-ray Diffraction and SEE¶ Studx 

By using X-ray diffract ion together with Differential  Ttterml Analyses (DTIL), 

we have ident i f ied 4 tmes of PPcctite-cfilorite clays i n  these geothermral areas. 

Systematic study of these clay minerals by Scanning Electron Microscopy (SEW was 

undertaken at  Stanford i n  order to determine (1) morphology a d  c rys t a l l i n i ty  of 

the 6 types of clay minerals; (2) textural  relationships and paragenesis among 

the clay minetala and other s i l i ca t e s  and (3) compositions of there f ineqrained 

clay minerals. These data u e  significant for  aur interpretation of r o c k r a t e r  

interactions i n  gcothermral systems, as these clay minerals are ubiquitous and 

abundant i n  wit d r i l l -ho le  core iamples. 

15 
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Figure 5. CCochcrm81 gradients for bore-hokr GO-7, GO-8, 60-10 and GO-11, ha the 
Onikobc geothermal area, Japan. 

16 
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Figure 60 Ccothe-1 g n d i m t r  for bore bola #121, the Onikobc geothermal u t a ,  
J ~ P ~ u .  
A8 51 hourr after Um 8tOp of c o o l i q  water -ply. 
E: 99 hour8 after the atop of coolirrg water rupply. 
C: 596 hour8 after the rtop of cooUng water rupply. 

17 
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Microprobe Anabsea 

Microprobe analyses of s i l i ca t e s ,  clay and carbonate minerals were done at  

It is n l X  known that  most Ca-zeolites have extensive compbsitional Stanford. 

variations.  For example, wairakite 

(CaA12Si4012 

nearly complete solid solution (e.g., Seki and Oki, 19691, yet only the 

end-menber s t a b i l i t i e s  have been determined (t iou,  1970, 1971.). 

2 5 0 )  and analcime (Na~2Si4012  2H20) form a 

Therefore, 

depending on the Ca-Ua substi tution, wairakite d n e r a l s  may form a t  temperatures 

much lover than those experimentally determined. Both epidote and prehnite from 

geothermal areas may contain substantial  .mounts of f e r r i c  iron; a previous 

experimental study by Liou (1973) and studies on aatural  paragenesis by Seki 

(1972) and Liou (1979) sugeeat tha t  Fe-rich epidote may form a t  very low 

temperatures in  a very oxidized environment. Therefore, compositions of those 

&-A1 silicates are knportant i n  dtciphering the physico-chemical conditions of 

the i r  fornation. 

Polished thin sections vere prepared for  most d r i l l  hole core maples and 

each section vas carefully examined. Individual mineral grains selected for 

probe analysis vere sketched and photographed before being coated v i th  carbon i n  

preparation for microprobe .r.aiysis. 

minerals require highly polished carbon-coated surfaces. 

caused by cleavage, fracture and impurities can r ignif icant ly  a f fec t  the 

analyt ical  resulta.  

damaged by high electron-beam Currents of the small beam diameters used during 

the microprobe analysis (c.g., Wacqueen and Ghent, 1970; Sickle and Powell, 1977; 

Matsumoto, 1978: Liou, 19791. Therefore, special  precautions were necessary to  

ensure that  the data vere reliable.  

Isotope Studies 

Hicroprobe analyses of carbonate and clay 

Sl ight  imperfections 

Moreover, carbonate, clay and zeol i te  minerals i r e  readily 

Concurrent with the mineralogieal-petrological and campositional 

investigations, stable sulfur  isotope studies were made on selective thermal 

vater  samples and pyri tes  in  d r i l l  core specimens by Sakai in  h i s  laboratory. 

18 



The data mi u t i l i zed  to e r t a b l h h  the 8ource and tuture  of the hydrothermal 

I 

In COnC1U8iOU, thir tapar t  intendl to  addrarr the following qUcrtion8 uhich 

are accersary for  our be t t e r  u n d e r r t d i n g  of the wolut ion of a geothermal 

8y8 ta .  T h h ,  k turn, ldll aid i n  future t rplorat ion d 488e88mnt Of 

geothermal potential  fo r  other areas. 

1. The paragenetic sequence of foxmation of recoadatp mineral8 in  the 

Onikobe potherma1 area and metamorphic reactions related to  their 

format ion. 

2. The phyrico-chemica1 condition8 of their generir deduced from phare 

equi l ibr ia  and their  compariron v i t h  recorded temperaturer, depth, pH 

&ad mmlyzed rolution co~poritiorrs. 

3. 8pati.l pattern8 of h y d r o t h c m l  81tcratioa8 and their re la t ion t o  

the flov of hydrotheraal rolutionr. 

4. The Source of the hydro thcml  f h i d r  tarponrible for the a1teration. 

5. The effect ive mter-rock r a t i o  i n  the geothermal ryrtem. 

6. The a t t a i ~ m e n t  of chemical and irotopic equilibrium i n  the coexisting 

d n c r a l r .  

7. I h e  change of f rotopi t  md f luid c ~ o r f t i o n r  and tmqerature of 

g r o t h e m 1  fluid8 48 4 function of tiPr 48 recorded k the changer of 

mincral a s red lage r  i n  these geothermal areas. 

PREVIOUS STODIES 

So l i d  Ita t c r i a l r  

The hydrotherul  a l terat ion of volcanogenic rock8 4t the rurface of fumarolic 

areas within the OniLode caldera barin b.8 been b r i e f ly  dercribed (e.g., 

It.L.atrp, 1959a.b) l&kaaara et al., 1961; Hitorugi, 1969; Tau&, 

et a1.i 1978). 

1975; fmrda  

Three intenrely al tered area8 4 m d  u n y  thermal springs have 
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bten located: 

Miyazava-Fukiage area (e.g., see Figure 7). h e  areal  d i r t r ibu t ioa  of secondary 

d n c r a l s  including er i s toba l i te ,  opaline riliea, sulfur,  limonite, Fe-sulfide, 

kaol ini te ,  halloysite,  a luni te  and mect i t e  has been delineated by T m d a  et  a1. 

(1978). Wioor r ea l i t a s  such as mrdeni te  and heulondite have been identified in  

8- of these surface a l t e r td  tolcanic  rocks. 

are the products of the recent hydro them1 ql terat ion or  the earlier burial  

metamorphism i r  not certain. 

(1) Arayu-ktayams area: (2) Ogw-kgaum area; and (3) 

Bowever, whether these zeol i tes  

2 Ihc Arayu-Katayama area occupier about 6 km uad the ,original rock8 &re 

mainly andcs i t i cdac i t i c  lavas 8nd the i r  pyroclartic deporits. 

a l tered rocks are colorlesr aad consist  of aa iancr s i l i c i f i ed  zone aad an Outer 

a rg i l l i z td  zone around samc t h e m 1  springs. 

obscure. The s i l i c i f i e d  rocks contain ol-cristobalite, quartz aad t r i d p i t e  as 

main secondary phases rrherus the a t g i l l b e d  rock8 contain kAolinite, 8mectite 

and aluni te  i n  addition to  the s i l i c a  phases. 

Bydrothemally 

Somi of the zonal distribution8 are 

Siliceous s inter ,  sulfur  and 

limonite are actively precipi ta t ing frem same t h e m 1  springs and 

are sublimating from f u P r a t O k 8 .  Both sulfur and 8 i l i ca  vein8 are 

sulfur  c ryr ta l r  

abundant. 

Figure 7. Schcnutic map shoving the loca l ic ie r  o f  fumarolic .rad hot-spring areas 
3rr the Odkobe alder&, Japrp. EX: ttayama: AR: Amp; m: &gam; 
W: Itmisawat Hp: Hitakt; FA: Fukiage: HZ: tfiyazawa; TU: Tdoroki.  

20 



~ 

I 54 
I 
I 

I 
I 
I s i l i c a  deposit occurs an alunite-kaolinite-opal zone. Around the 
I 

1 
i 

2 The Ogama-Megama area covers about 0.5 km and consists of altered massive 

s i l t s tone  with amorphous s i l i c a  as the major secondary d n e r a l .  Surrounding the 

Hiyarava-Fukiage area, the or iginal  *mite tuf fs  have been s i l i c i f i ed  and 

arg i l l i red  and a small amount of si l iceous sinter,  is presently precipitating from 

thexmal springs. 
I 
I 

The hydrothem1 a l te ra t ion  of the deep bore-hole cores of the Onikobe 

geothermal area has been studied by Seki, Onuki e t  a1. (1969). 

forty core samples from d r i l l  holes 

petrographic microscope and by X-ray diffractometar. 

zeol i te  and clay minerals from the surface to  701.5 m i n  depth has been 

de tershed  based on reconnaissance petrographic txaminatiun of deep bore hole 

materials. 

zone, laumontite zone and wainki te  zone and a variation of clap minerals from 

mnectite to ch lor i te  through chlorite/amectita in te rs t ra t i f ied  clay minerals 

occur. 

zones (Seki b Ukumura, 1968). 

of 552.5 and 598.1 m contain vairakite,  quartz ;nd pyrite,  according to  Seki, 

OIIUlri e t  al .  (1969). However, the core materials from 00-10 a t  depths of UOO m 

and 1243 e contain quartz, chlor i te  and mixed-layer clay minerals, together v i t h  

quartz and kaol ini te  respectively, but 110 zeolite.  

core samples has not yet been done and it w i l l  be car r i td  out i n  the present 

8tudy. 

roughly comsponds to  the changes of ehemical composition of thermal waters in  

this area. 

One hundred and 

-2, 5, 7, and 8 have been examined by 

The zonal dis t r ibut ion of 

With increasing depth and temperature, a non-zeolite zone, eordenite 

Yugavaralite has a lso been found between the laumontite and wairakite 

The core materials from bore hore 00-8 a t  depths 

The detailed study of the 

Ilcvcrtheless, the r m l  variation of a l te ra t ion  minerals v i th  depth 

It is apparent from the above review that  except for the ,reconnaissance study 

of some d r i l l  hole cores by teki ,  Owki et a1. (19691, detailed d n e r a l  

parageneses vith respect to depth and the i r  correlation with chemical 

compositions of the geothermal f luids  have not been investigated. 

. .  
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Phe-1 Uatetr . .  
hemica1 c a p o s i t i o n s  of fumarolic gases and of hot-spring and 

high-temperaturt geothernrrl waters from the Onnikobe geothernul area h m  been 

collected md erppined by a d e t  of inocstigators (e.g., Tani et  al., 1968). 

Their r e r u l t r  w i l l  be compared with our data i n  a later section. The fumarolic 

gasel (8t T 

820 and 0.2 X gas *ereas 50 (about 32-59 X )  .ad CQ2 (35-60 X )  ut 

dominant gas emonca t s .  

laO°C according to Uakamura et a1. 1959) consist of 99.8 vol X 

The high-temperature waters, according to recent 

studier by Ozm md llagashinr (1975). IMumur8 et  a1. (1977) and Ozava e t  al., 

(19801, have been thought to be primarily originated from acid UC1 - rich fluid 

formed by volcanic emanation urd these acidic waters become neutral  o r  alkaline 

by interact ion with volcanic rocks during the i r  ascent to the surface. 

QDLOCY AND GEOLOGIC SEITXNC 09 fBE MltOBE CALDERA 

Fhe Japanese b l a n d  arc h ~ s  experienced repeated volcanism, both t e r r e s t r i a l  

and submarine. 

believed to  be intimately connected with the generation of fumaroles and 

hot springs, dewelopmtnt of high geothermal gradients, evolution of the Green 

Intensive volcuriim that has continued siucc the ear ly  Pliocene is  

Tuff tectonic be l t ,  and intenrive al terat ion of rocks at the surface and a t  depth 

i n  mfmcrour existing geothermal areas, i n e l d i a g  Onikobe a d  the surrounding 

region. 

The zonal dist r ibut ion of Quaternary volcarcfc rocks has been revealed by the 

c la s s i c  studies of Kuno (1966, 1968b1, Katsui et  rl. (1974); Ishitiara (1974), and 

Uiyashiro (1974). 

tward  the vest) (a) an outer volemic tone with tho le i i t e  and ealc-alkalftlc 

rocks contdning relat ively low 5 0  and l?a20, (b) UI inner tone uf tho le i i t i c  

rad calc-alkaline rocks with higher 50 and #a20 eontentr, (e) and a 

vestenmost zone c h a r a c t e r h d  by tho le i i t i c ,  ulc-alkal ine and a l k a l i  rocks. 

They u e  (successively from the Pacific ocean side of Japan 

The Hiocene Green Tuff basin of Japan extends from Rokkaido through Bonshu to  

pass under the sea j u s t  east of Ut. Fuj i  and Iru-Bonin Island and to northern 
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A 

Ccohgie u p  md CLOII section of the Onikobc Caldera, Japan (mudifhd 
after Tamad. et al . ,  1978). KA: Katayam fumarolic area; OK: Oknno-in 
fumarolic area; bB: Arayu fumarolic area; 1E: n t g m  fumarolic area; 
XI: Witaki Spa; t: bniram Spa; T: Todotdri Spa; P: Fukiaga Spa; PI: 
W i p t m t a  Spa. 
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Kprhu. 

the accompanying the-1 and hydrg theml  e f fec ts  art  rec in altered 

and metamorphosed rockr. 

rocks, mortly coarse breccias, and tuff  ejected fram undersea volcanoem. 

Intrusive ac t iv i ty  during sedimentation emplaced diker and phgs ;  $me rhyolite 

umsses reached the IC. floor,  with widespread a l te  

bur ia l ,  the ru i t e  of materials uas mctawrphoscd and hydrothermally al tered to  

propylite assemblages. Quaternary volcanism ha8 injected heat, which i r  being 

dissipated i n  par t  by e&rculating uater ryrtems. 

rocks have been subjected to  multiple a l te ra t ion  processcr. 

The basin b.8 been the r i t e  of steady volcanism since the Miocene, and 

The barin cmta inr  mainly thick 

In  placer i n  the basin the 

Table 2. Zbe litbortrrtigraphic Ooits of Lhe Onikobe Caldera, Japan 

Geologic hit ZhiCkWrs 
(io meters) 

I i 

4 e  
( io  Years before I 
.th present) I 
21,180 + 890' 
t4,970 2 1210. 

I . ,  
0.3 millionCL 

*CI4 dat iag~g"? i s s ia  track dating (both from Tamda et d., 1978) 
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Stratigraphy 

Fbe Onikobe alder., the site of a p o t h e m 1  power r ta t ion,  is on the u r t  
l 

edge of the Green h t f f  b a r h  i n  north central  Bonrhu. 

caldera ir characterized by an ova~-rhaped dtprerrion about 10 km i n  man 

diameter. 

Phyriographically, the 

I 
~ 

I 

The rtratigraphy, structure, and geologic his tory of thhir caldera 
I 

I b+n have been dercribed by Katayama and Iliaczava (19f81, trno (1952, 19531, 

Katsui (1955). hk.rrmra (1959, a, b), Ifatruno urd f l h h u r a  (19651, Uitorugi and I 
i 

Ymeya (19721, Yauda (1972 a, b, 1973, 19751, urd Ymuda et a1; (1978). The 

d i r t r ibu t i an  of the l i thologic rmitr rhovn i n  P i y r c  8 and t he i r  stratigraphic 

re la t iour  u c  schematically presented in  Table 2. Brief descriptiolrs of there 

=i t8  Ut &8 fO1hV8 

A. Paleozoic P c l i t i c  (ichirtr and Cretaccour Granodiorite: 

P e r i t i c  r c h i r t  and granodioriie conrt i tute  the basement compkx of the 

Onikobe u l d e r a  and they uucouforubly underlie the Miocene Green tuff8 and 

younger f o m t i o n r .  The s c h i s t o n  pelitic rock8 crop Out only along the 

exposurer of htioml Eighvay 108 urd at the wuth of Sugitroolori Creek. '2hc 

rchirtr C O U t i r t  of arrcwite + a l b i t e  4 quartz + chlor i te ;  8- of them contain 

graphite. l'he pelitic rock8 e r e  locally intruded by the biotite-hofiblende 

granodiorite of probable l a t e  Cretaceour age. the granodiorite i r  extensively 

exposed h the restem and southern border8 of the Odkobe u l d e r a  and a180 

rporadically outcrop8 within uplifted block8 of the Green Tuff formation in  the 

caldera basin. Diker of rhyolite, &cite,  8ud anderite are ktnrded into the 

granodiorite urser and there diker are probably related t o  Hioccnc volcanic 

act ivi ty .  The granodiorite u s  found a t  the bottom of a deep (1300 11 bore hole 

(GO-11) dr i l l ed  by the Japan Electr ic  Development Corporation (Ritorugi, 1970). 

B. Hiocenc Volcanogenic toma t ion  (Green Tuff81 : 

tht Miocene volcanogenic n d i a m t r  i n  thir area rmcooforaably ewer the abwe 

mot& b a r m a t  rOcL8. Fbe I f i O C e m  f o ~ t f ~  C O U r i r t 8  Of h a ,  wl-r&te, e f f  

breccia ad tuff  of andcri t ic  and dac i t i c  cooporitionr, Lntercalated with &in 

bedded randrtoac and shah. The volcanogenic redbent8 have suffered intense 
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burial  and hydrothermal a l te ra t ion  and the rocks have been replaced by a 

propytit ic assemblage of sodic plagioclase, ch lor i te  clay, i l l i te ,  quartz, 

ca lc i te  and leucoxene d t h  or  without epidote. 

The Green Tuff formation is widely distributed i n  the areas surrounding the 

Onikobe caldera basin and it also occurs as m uplifted block within the basin. 

This f ac t  indicates that  the Green Tuff formation mst form, a t  l eas t  partly,  the 

basement above vhich Plio-Pleistocene volcanic rocks ucre accumulated. 

and Yoneya (1972) concluded that the depth internal  between 760 Q and 1300 Q of 

bore hole 

Miocene Green Tuff formation. 

core samples from th is  urd other bore holes i n  the present study can not 

conclusively confirm the occurrence of the Green Tuffs a t  the depths noted 

above. This is because almost a11 cores from th is  md other bore holes have 

suffered severe a l te ra t ion  due to  the present E e o t h e m l  ac t iv i ty  and it is 

d i f f i c u l t  to  c lear ly  different ia te  the Hiocene Green tuff  from the 

Plio-Pleistocenc volcanic rocks. 

- C. 

Hitosugi 

-11 dr i l led  a t  the Onittobe geotheraal area i r  composed of the 

Rwever, careful examination of mny d r i l l  hole 

Pl iocene-Ple is tacen~lcanic  and sedimentary rock8: 

The Pliocene-Pleistocenc rock re deposited subaerially or i n  lacustrine 

envrionments. Geologically they be divided into s ix  fonnations, as follows: 

(1) Kit8gawa daci t ic  welded tuff  formation: This welded tuf f  formation of 

about 100 m thicknesr uacooformably overlies the Green Tuff foramtion and is 

exposed only outside of the OniLobe caldera basin. 

character is t ics  of th i s  vcldcd tuff ,  the product of nuee ardente type volcanic 

ac t iv i ty ,  are quite  s h i l a i  to  those of a pumice flw and velded tuff  formation 

widely distributed in  the surr  

located to  the north of the On ui,  1955). Fi r  

t h i s  uelded tuff  formation are  2.2, 2.3 and 2.6 my BP (Yamada et  al., 1978). 

The petrological and chemical 

ing are8 of the Tovada volcano caldera which is 

( 2 )  dkazawa €'ormations 

deposits of the Ooikobe caldera 

the c i rcu lar  caldera, the diameter of which is about 10 km, vas formed before the 

Thir is the lowest portion of the non-marine ba8i.r 

s a thieknesr of about 500 0. 
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dpposition of t h i s  Akazawa fo ru t ion .  

This formation is chiefly composed of conglomerate, andesit ic md dac i t i c  tuff  

breccia, and lava flow intercalated vi th  thin beds of si l tstone.  

are considered to have been derived f- the abwe-noted Kitagava d a c i t k  ralded 

Pebbles rrhich 

tuff  fonmtion uere found at the basal part  of the Uuzawa formation. The 

f i r s ion  track age of the andcrit ic agglomerate of this folaution 

(Yamad. et  al,, 1978). 

1.8 rp BP 

(3) Hiyazava Formation: This a o n w r i o c  volcanogenic formation is coaposed 

of hornblende daci t ic  lava f l w ,  tuff  breccia and pumice flow b n c c h  with some 

thin s i l t s tone  and conglomerate beds. . ' be  thickaess of t h i s  forPution is 

e s t h a t e d  to be about 300 9. 

formation is 1.5 rp BP (Yanada e t  al., 1978). 

The fission track age of daci t ic  lava of t h i s  

( 4 )  Kawakuraznra Formation: This n o n w r i n c  fomation of 100 n thickness 

rmconfoinubly covers thc Wyatawa formation. Pocks composing this fomration u e  

andesit ic lava, tuff  breccia and tuff  vi th  some insertion8 of u d - f l o w  deporitr. 

During the deporitian of the Kasrakurazn formation a 3 by 4 km barement block 

was uplifted i n  the northwestern part  of t h i s  Onilcobe caldera b8si.r. 

(5) Tatuhinata dacite b e :  This lava dome form the wal shaped mountain 

of T . L . h i ~ t a - y a n n  at the eastern part  of the Onikobe caldera basin. Uatsuno and 

RLhimura (196)) and Yamad. (1972a, 19723, 1973, 1975) b.vc considered the lava 

dome to  b e  been forpcd a f t e r  the deposition of the Ooikobe formation d d c h  k 

described b t l w .  

method indicate that the T.twhinata dacite 1.9. dome m s  erupted about 0.35 rp BP 

(Yamad. et  al., 19781, making it luch older than the C14 dated Unikobe 

formation. 

formation as has been noted by r an i  et  a1. (1968). 

However, abso lub  age determinations by the fission track 

The Takahiuata dacite mst be unconformably covered by the OnPobe 

The Arap fumarolic area located within t h i s  dacite dome. Other active 

geotheN1 area8 ruch as Katayama, -0-io and Utgam u e  distributed near the 

western boundary of the TakJliaata dacite dosc (for local i t ies ,  see ?@re 7 and 

8 ) .  The nagmatic ac t iv i ty  related to the f o r u t i o n  of this dome ir believed to 
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be the Wjor  heat rource for  the prerent day geothermal act ivi ty  and arrociated 

hydrothermal manifestatioor i n  the Onikobe caldera barin area. Geomorphological 

evidence clear ly  indicate that  many fumarolic explosive crater8 i n  the 

Katayama-Arayu area occur a t  the uertern and north nstern flanks of dome-shaped 

Takahinata volcano (Nakamura, 1959b; Uatsuno a d  lishimura, 1965). It m r t  be 

noted that  Ckaki and Kanno (1977) have rhovn the areal  dis t r ibut ions of 

l w - n r i r t i v i t y  rtream f l o w  and high heat dircharge on the vestern ride of the 

Takahinata dacite dome. They shoved the north and routhwertvard rtream f l w r  of 

meteoric groundwater vhich war heated and contaminated by the volcanic act ivi ty  

related to  the Takahinata dacite dome. 

(6) Onikobe formation: Thir n a n m r i n e  formation of about 100 m thick is 

composed of conglomerate and si l t r tone.  

agglmerate are intercalated,  but c l a s t i c  materials derived from surrounding 

lo volcanic s t r a t a  ruch as lava flow and 

Hiocene and Pliocene-Pleistocene volcanic rocks are c-on. The accwulation of 

a i r  formation occurred about 24000 years ago based on the C1' method (Ymada 

et al . ,  1978). 

Development of the Onikobe Barin 

The geologic development of the Onikobe basin has been conridered to be a 

Krakatau type caldera (Kuno, 19531, a volcano-tectonic deprerrion (Katayama and 

Ilnrzrwa, 1958; Xatruno 8nd Hishimura, 1965) o r  a rerurgcnt cauldron (Y8mad8, 

1972s). 

changer and the s t ruc tura l  complexity of the lacurtrine and volcanogenie deporitr  

(barin depO8it8) and the lack of concrete correlation data among various 

l i thologic  uni ts  within the barin md thore s t r a t a  clreuhere. There problem are  

Such differences of opinion appear t o  be due to  the abrupt facies 

due par t ly  & the heavy vegetation covering the en t i re  area and part ly  to the 

intense hydrothermal a l te ra t ion  of many l i thologic  units.  

model proposed by Yamqda 

k v e r t h e ~ e r r ,  the 

(1972b) is modified and described be lw.  

The Onikobc barin ony have farmed a f t e r  the deposition of the Kitagawa velded 

tuff  which occurs both €n and outride the barin. The barin deposits, 

unconformably overlaying the uelded tuf f ,  are divided in to  the Akazava, Gyazava, 
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Khkura tava  and Onikobe formation8 in  arcending order. 

of the Onikobe aon-aarinc deporitr ,  the Taluhinata &ci te  dome war intruded in 

the routhcrn par t  of the barin. 

block) 3 x 4 km i n  d h n s i o n ,  which conr i r t r  of the Green Tuff and granodiorite, 

i r  exposed in the northvestern part  of the caldera. 

bqunded by norma1 fau l t s  md the barin Miyazawa dtposi ts  u e  rteeply dipping away 

frm the block. 

deposition of the Uiyazawa formation. The geological constraints described 

above 8Ugge8t that  the requence for  the formation of the Onikobe barin can be 

runrrmriaed a8 follovr: 

Pr ior  t o  the deposition 

A nearly rh~ab-shaped block (-the Zanno-Wri 

The block i r  primarily 

Such relat ions ruggert the block W.8 upli f ted a f t e r  the 

(1) Pre-caldera deposition of the Kitagawa dac i t ic  . n l d e d  tuf f ,  which 

unconfomably ovcrlier the Green Tuff and grandiorite(2.3 -2.4 M.Y.B.P) 

(2) Regional block fault ing and f o m t i o n  of a caldera by collapre or 

rubridence. 
Deposition of the aon-marine LUuzam (1.8 U.Y.) and Hiyazava fomationt  

v i th in  the caldera barin. 

Uplift  of the Zanno-Uori basement block md deposition of the 

Kavakurazma fonnacion. 

Extrurion of the Takrhiruta dacite lava (0.35 =.yo) md intense 

hydrothema 1 a1 t e ra  t ion. 

Deposition of the oon-mariac Onikobe fowation about 23000-25000 ye,arr ago. 

(3) 

(4) 

(5) 

(6) 

Geologic Structure and Fracture System 

Because of d i f f i cu l t i e r  in traversing the area, the dense vegetation ewer ,  

and the intense hydrothema1 al terat ion,  the .detailed geologic r t ructurer  of the 

Ouikobe bar in  have not been worked aut. 

8UnWg8 and rubsurfact dr i l l ing ,  $me regional 8 t r u ~ t u r e r  have bten suggested 

(e.g., lhtruno md f i r h k r a ,  1965; Ytnrada, 1972a,b). 

Based on a e r i a l  photography, ground 

The Onikobe bar in  is c h a r a c t e r h d  by a c i rcu lar  deprerrion bounded by a 

8eries of ring faul t8  md by a r t ructural  dome uhosc u i r  i8  Ipu-sE inride the 

barin. Uany high-mgle noma1 fau l t s  have been ruggerted to have formed during 
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the development of &e Onikobe basin. 

l a t e r  and the Zanno-Mori block of basement rocks v.s uplifted i n  the northwestern 

par t  of the caldera. Around the Zanno-Mori block where the s t r a t a  dip steeply, 

many minor fau l t s  art observed. 

Same of these faul ts  e r e  active again 

In general, v i th in  the Onikobe basin, minor faul ts ,  clastic dikes and joints  

are vel1 developed and they sporadically occur i n  the uncomfomiably overlying 

younger basin’ deposits. 

those of northeast-routhwest direction. Many conjugate rpstems of fractures and 

c l a s t i c  dikes in the southeastern area of the Onikobe basin have been studied in  

Winor faul ts  of northwest-southeast direct ion are mat by 

de ta i l  by Yamada (1972a,b); i n  th i s  region the exposure is be t te r  and the rocks are 

less altered.  

the caldera has undergone lateral extension. 

are concentrated along a narrow shear zone extending probably to  the foundation 

of the caldera. 

laainly by such fracture systems. 

The +csults o f  h i s  study indicate that  the southeastern part  of 

Same fractures and c l a s t i c  dikes 

The hydrothermal system of the Onikobe caldera is controlled 

In the Katayama geothermal area of Onikobe, i n  uhich g e o t h e m l  act ivi ty  is 

most videly obsemed and many bore-holCs to* geothehal  power plant have been 

dr i l led ,  no fau l t  could clear ly  be identified by geomorphological or  air-photo 

geological data. 

seismological and e l ec t r i c  survey data by Hitosugi (1976). 

l i s h h r a  (1965) and Nakano (1981) have recently suggested a ser ies  of #W-SH 

trending major fau l t s  occuring a t  depth. 

high-temperature geothermal vater t o  flow i n  th i s  area. However, these fau l t s  

have not been confimed by geologic rurveys and deep dr i l l ing.  Our studies of 

many deep d r i l l  hole core samples from the Katayama area revealed no l i thological 

or s t ruc tura l  features such aa slickensides, f au l t  s t r ia t ions  or brecciations t o  

substantiate the occurrence of auch large fau l t s  a t  depth. 

The occurrence of rubsurface fau l t s  has been inferred from 

Uatsuno, and 

These faul ts  may provide channels for 

Within the Katayama area, three strong g e o t h e m l  be l t s  were delineated from 

d r i l l i ng  of over f i f t y  production and p i lo t  bore holes. 

closely related t o  those rubsurface fau l t s  inferred from the geophysical data 

These b e l t s  may be 
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mentioned above. There belt8 are rhovn i n  ? i y r e  2 and are rerpcctively called 

K-liae, Y-line and t- l ine by the Japanere Electr ic  Developent -any. 

production wel l8  1101, 102, 103 .nd 112 are on the'K-line, # 108, 109* .nd 117 

are on the Y-line md # 104, 105 and I27 are OD the 2-lint. Future production 

well8 vi11 be dr i l led  along there three lines Jhich apparently have enough 

fracture  rpaeer for large flwr of high-temperature thermal ataterr a t  depth. 

The 

Chemical Comporitioas of 'Ihermal Waters and Steams 

Cornporitfonr of thermal vater frm the the Odkobe geothermal area are l i s t ed  

i n  Table 3 and ut plotted in the C1- C02 - SO, diagram of Figure 9 .nd the 

Ua-Ca-Mg diagram of ?igure 10. 

water obmiaed through mort bore-heler belongs to the Il.-Cl or Ha-Ca-Cl type. 

Them1 water frombore-holcr CO-2, CO-3 and CO-5, however, %E of other LJPts 

charac t t r i r td  by higher contenti of BW3 and/or SO,. 

It ia Apparent from there plots  that  the thermal 

Chedul composition8 of rteam associated with thermal water frm #me 

b o r t - h o t r  i n  thk geothermal u e a  u e  l i r t ed  in  Table 4. Wort of the 8te.m 

conrir t8  of le88 d.n 2 trtx gas except the ooc frm -3. Thc tart8 are cornpored 

r fn1y  of o02 (56-73 lit%) tnd %s ( 2 0 4 0  Ut%) with minor tllountl of 5, 
El2 md cB4. The w t X  of 

GO-3 and CDb are higher t h m  thore gases frm other bore hob8 through h i c h  the 

Ua-Cl type thermal water €9 obtained. 

fn t o t a l  gar forming the .team from bore-boles 

The re lat ionrhipr  betueen the C 1  content and the content8 of other componentr 

r p ~ h  as Ha, K, C8, Ffg, SO, and BC03 i n  the thermal water obtaincd through 

deep bore-holer in the Onikobe geothermal area are rhovn i n  Figure 11. Il., K, CA 

md W generally tncrearc w i t h  an increart in  C1. SO,, bovcver, seema to 

decnarc or to remain eonrtant with the inertare h C1 content. me BC03 

content# of acme thcrvl water with very lav C1 content are extremely high. It 

rhould be mentioned that meteoric water (rain wa.ter) contains DO Ita, K, Ca, Mg, 
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, Table 3. QIemiu1 c ~ o r i r i o a a  of  t h e m 1  a t a r m  frol  deep bore b k m  
im h e  Oaikobe geothervl area. Japan. 

( b n r i a m d  1 

27 28 29 30 31 32 33 % 

0105 0111 0123 #I27 I-lime 'I-lime 2-line 2-line 
(375 m) (320 m) (351 m) (1000 m) (a) (b) (e) (d) 

c 5.73 0.00 5.65 6 . u  3.15 13.17 11.w 
8a+ U2.67 39-60 0.01 41.48 56.63 33.51 10.s a3.99 
CG+ S.06 1.22 0.06 1.2s a.75 3.68 1a .n  20.02 
ma+ 36.21 1.12 0.00 0.01 1-81 0.01 2.49 3.20 

0.78 0.01 1-02 0.01 3.U 4.26 

C1' b1.29 59.92 0.56 u .a7  a5.w %.LO 144.59 149.89 

so: - 0.38 1.32 0.14 0.05 0.93 3.35 o . ~  o.ia 
c o p  

r q  a u b r o u l  2S4.04 62.66 0.w 49.05 a7.u 43.62 ~ 5 . 4 9  1 5 0 . ~  

8r- 0.01 
t- 

naa' 0.10 0.08 0.48 

mubtoul 253.67 61.% 0.70 49.00 $6.23 40.27 145.W U0.07 

7.61 4.25 9.43 

tou 470.61 115.79 0.77 97.U 168.9 00.71 253.27 262.85 

k I K  6.91 7.% 8.29 10.67 S.34 7.09 
nrfa 0.62 0.16 0.01 0.21 0.001 0.133 0.16 
C l l S Q  675.45 45.39 4.00 977. 91.9 ro.at si. a52. 

T e q .  (OC) 920 $90 980 9 20 
Pa 3.2 4.54 2-61 4.75 4.1 8.2 3-34 3.3 

h i e  trrenge 0.3773 0.0736 0.0007 0.0507 0.099 0.051 0.1W 0.178 

kference hm L %is %is mi8 aim hi. Thir 
&Sash. ?*per raper taper ?.per h p e r  ?apcr 
1975 

(a) nixed cherul  uater of K - l i n e  (e101, 102. 103) 
(b) n k e d  tberul #fer o f  Y-line (1108. 109, 117) 
(e) Mixed thcrul water of 2-lime (0101, 105. 107. 120. 127) 
( d )  Hired Iharul n t e r  o f  2 - l h .  

SO4, 11C03 and C1; therefore, it should be p l o t t e d  near the origins of the 

diagrams i n  Fimre 11. 
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CI 

Figure 9. C1 -zCQ(HCO2 *CO$ - SO4 diagram of fhcmal waters from bore 
holes of the Onikobe g e o t h e w l  area ( t h C m 1  waters condensed 
from steam are mot k l d e d ) .  

0 

Figure 10. 11.-Ca-lfg diagram of thermal waters f m  bore holes o f  the ODikobe 
geothermal area, (thermal waters condensed frum steam for m r  plant are 
wt included). 
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Table 5 lists chemical comporititms of thermal water m i t r e d  a t  hot springs 

rurrounding the Onikobe geothermal area. This thermal water is 4180 of the ?la-Cl type, 

except for  the Ua-C1-RC03 type of Kanitma hot spring urd the Ma-Ca-Cl-S04 type of 

&gama fumarolic arC8. 

contents of other components i n  th i s  hot spring thermal water; t h e i r  relationships are 

Figure 12 show8 the relationships between the C 1  content and the 

we- ?hi la r  to  those of deep bon-hole  thermal water of the Onikobe gcothemral are8 

rhovn i n  Figure 11. 

composition. 

Howver, the hot rprfng water has a very res t r ic ted  chemic81 

On the basis of detailed hydrological LX8miMtiOU of ra in  and 8nOV precipitation, 

stream flow and discharge rate  of geothermal water, Ozaki and Kanno (1977) and % s k i  

(1981) have d c t e d n e d  that  thermal water i n  the Onikobe gecotheronal area and i t s  

- surrounding hot spring areas principally originate from meteoric water permeated to  

depth from the surface (Figures 13 ond 14). 

are shown 88 arrows i n  Figure 13; the W-SE trend observed is  similar to  that of the 

The flow directions of meteoric groundvarcr 

present drainages of the Katayama uea.  

water collected st the surface of the Onikobe geothermal area and its surrounding 8tea.c 

are shown i n  Table 6. 

Chemical camporitions of ra in  water and river 
- + 

Deep thema1 water and su r f i c i a l  hot spring water of the Onikobe geothermal area mas 

have evolved i n  the folloving way: 

(1) 

(2) 

Precipitatioa permeated into the ground. 

The HC03 content of the groundwater may have been somewhat increased by the 

decomposition of ru r f i c i a l  orgmic material and by the dissociation of organic matter 

d t h i n  the 8irtStOne Of the bkaZ8Wa fOtolatiOU. 

(3) HaCl-rich hot solution from depth, probably fram Hioctue wolcanogenic marine 

sediments forming the basement of Oailtobe caldera, W88 mixed d t h  groundvater (1) 8nd 

(2) t o  fom Ua-Cl type md l!a-C1-HW3 type t h e m 1  water, respectively. 

(4) Sane of the BW37ich t h e m 1  water may have been formed by the mixing of 

COziich volcanic gas 6 t h  the groundwater (l)or(Z). 

(5) S04-rich t h e m 1  mter MI fonned by the mixing of SO4 (or A2S)-rich 
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96.0 4.0 
99.6 0.4 
99.4 0.6 
99 .o 1.0 
99.7 0.3 

98.99 2-1 
99 .o 1.0 
99 a6 0.4 
99.6 0.4 

Table 4. Chemical compositiont of ateam forming f l u i d s  i n  dcep 
wells of Onikobe geothermal area, Japan (Ozava and 
Nagashima, 1975). 

20 73 7 
24 68 8 
30 60 10 
29 66 5 
40 56 b 

37 57 6 
30 62 8 
29 63 8 
33 60 7 

Well 
number* 

co-3 
Go-4 
Go-7 
GO-8 
GO- 10 

G o - 1 1  
101 
103 
105 

I 

1 

I 

Composition of R 
H2 N2 CHq 

69 18 
81 11 
85 14 
20 76 
13 77 

n.d. n.d. 
84 14 
61 16 
45 51 

13 
8 
1 
4 

n.d. 

n.d. 
2 
3 
4 

+Chemical compositions of thermal waterc arsociated vi th  there 
are rham i n  Table 3. 

volcanic gas or solution from depth with groundwater (1) or (2). 

thermal water occurr only i n  a re lat ively confined n a r r w  area near the Takdtinata 

dacite mass, which is believed to  be a major heat rource for the Onikobe g e o t h e m l  

area. 

SO4 (or H2S)-rich gas or rolution can ear i ly  r i r e .  

Hg and As Contentr of Thermal Water 

S04-rich deep 

The narrow area m y  indicate the presence of f issures  or  fau l t r  through which 

Thema1 water collected from deep bore-holer of the Onikobe geothermal area are 

chemically characterized by high Rg contentr (Koga and Noda, 1975). 

of volcanic rockr rtrongly altered by fumarolic ac t iv i ty  a t  the land surface of th i s  

geothermal area are a l ro  high (Tabler 7 and 8) .  

Ag and As contentr 

A close jpnet ic  relationship betveen Hg 

deposita md geothermal ac t iv i ty  har been reported by White (1965). 

(1975) portulated that  the high Hg contents of the thermal water and of the su r f i c i a l ly  

altered rocks i n  the Onikobe geothermal area may indicate 8 high potent ia l  for 

geothermal resources i n  t h i s  area. They ham proposed that  a detailed Hg content 

invcrtigation of the thermal water, fumarolic gases and exposed volcanic rocks wu ld  be 

Koga and Hod. 

one of the most ureful  geochemical methods for  the exploration of the Onikobe geothennal 
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Table 6. Qedcal  caporition8 of rafn #Let 
river water in the Onikobe mo 
area and rurtoundiag area. 

1 
Rain vater. 

?&€age 
h e . .  1986 

K+ 0,163 
m* 2-13 

0.07 y"i 0.04 

r;l+ 
rub t O t . 1  2.603 

rq rubtotal 2.70 

c1- 1.81 

f 

b / K  14.56 wa 0.57 
Cl/SQ 21.04 

T e q .  P C )  120 
PB 6 049 

Ionic Strength 0.0026 

L terrace nli8 
Paper 

2 
t i n  vater, 
KAtayama 

h g . .  1978 

0.01 
0.18 
Or16 
0.03 

0.38 
0.57 

0.14 

0.26 

0.38 
0.62 

0.00, 

0.76 

19.89 
. 0.18 

6.61 

3.7 
0.001 

ai8 
Paper 

3 
River 
water . 
hrki8re 

0.04 
0.02 
0.01 
0.12 
0.19 
0 3 9  

0.11 
0.36 

1.32 
1.43 

0.38 

- 

0 A 3  
7.73 

6.60 
0.0015 

Irl.otra 
1959 
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Eg contents ' (ppm) 
Altered rocks t Steam Condensates 

Onikobt 0.153 0.411 16.0 22.5 
(Av. 19.5) 

I 

Uatsukaua 0.049 - 0.061 0.9 - 1.7 
(Av. 1.2) a 

Otake 0.0032 0.0285 19.9 - 57.9 
(Av. 37.9) 

AS contents ( p p d  

17.9 - 69.4 
(Av. 35.4) 

6.1 - 26.7 
(Av. 13.4) 

1.2 - 22.4 
(Av. 10.4) 

40 

Hs 

16.0-22.5 
(Av. 19.5) 

Oailtobt 

Hat rukaua 0.9- 1.7 
(Av. 1.2 

(Av. 37.9) 
Otake 19.9-57.9 

& 

17.9-69 e4 
(Av. 35.4) 

6.1026.7 
(Av. l3.4 

<Av. 10.4) 
1-2-22 a 4  



- 
ad I 

P i g u n  11. 9.41, K-Cl, C.41, Xg-U, S O 4 4 1  and EO3-a dhgnaa of tbc-1 
water8 from bore holes in the Onikobe trothexma1 area, Japan. 
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0 1 Y 

2 
38 a_ , 

'u i 
- ---7 

1s 0, 

area. 

S Isotope of Thermal Water 
34 The8 s v a h e s  of thermal waters discharged from dr i l l -ho l t s  of the mikobe 

geothermal area are r h m  i n  Table 9. The Y-line, f-l ine and 2-line waters are mixtuns  

of thermal waters discharged from sme wells dis t r ibuted in  the Y-line area, K-linc area 

and 2-line area (see Figure 21, respectively. 

34 The 4 S values of waters of #l02, 4111, #124 and Y-line (5108, 1112, #117) are  

about +3.90 which is close to  the merage value of thermal waters originated mostly from 

meteoric water. 

d4s values of +19.90 which is near the 8% value of seawater sulfates.  The CI 

contents of K-line and 2-line thermal waters are over tvo or three times of the C l  

content of Y-line thermal water. The isotope and geochemical data suggest that a 

considerable amount of fos s i l  seawater from Hiocent volcanogenic sediments in  the 

basement of Udkobe Quaternary volcano a r t  have supplied into some deep wells of the 

Onikobe geothermal area. 

Hovaver, thermal waters of the K-line and 2-line have extremely high 

I 
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Figure 13. Specific n s i r t i t i t y  distribution of stream flavs in the Oaikobe 
geothermal area and its snrrouadirrgs, Japan (Otaki .ad kmo, 1977). 

Obliquely hatched us. :  over 20,000sL-cm 
Eorkontally hatched area: 10,000-20,000~u 
Dotted area: less .than 10,000SZ~ 
AX, m, WT, kE, FA, IIZ: 8tC Figure 1. 
A r r w s  iadiute prolable meteoric grouaduater flow heated a t  the 

vcstena side of Takahiruta dacirc dme. 

0 lkm [ . 
Figure 14. Specific heat discharge distribution u h k t e d  from temperatures and 

dischuger of stream flw in the Oailobe geothezmal area .nd its 
surrounding, Japm (Or& md -0, 1977) 
Hatched area: 
U n t m t d e d  area: 

over 140 kcal/sec/l k d  
kss a n  140 ~ u l / s e e / ~  I& 

A& X ,  m, re, FA, 8CC F b m  7. 
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uall 

1102 

6 ' 9  

+3.90 

1ll1 

1t2b 

E-line 
(I101 .102,103, 
U1) 

f line 
(1108 mll2 m11V 

+16.32 I t l l a e  
(I106.105,106, 
120) 

+3.92 

+3.89 

+19.90 

+LO2 

Acid Thermal Wa:er 

Oz-a md 1S.gashha (19751, Y m d a  (19751, B.fc.mura e t  a1. (19771 and Ozava, 

U a g a s h h  and Ivasaki (1980) have reported that  the chemical characterist ics of the 

t h e m 1  water k the Onikobe geothermal area generally change v i th  depth as follovs: 

A. 

1. 

8urface or w a r  surface t h e m 1  vater: lw pE, high SO4 md lov C 1  content; 

intermediate depth water <100-500 d t  neutral pE, intermediate SO4 m d  

fntemediate C l  contents; and 

C. deeper t h e m 1  water (800-1300 I): lw PA, law SO,, and high C1  contents. 

otava and Hagashha (1975) and OZ~, 'Uagarhima and Ivasaki (19801 inferred (1) the 

release of magmatic gas r ich €n ECl from depth, (2) i ts  d x i a g  r i t h  metoric vater t o  

form acid, high C 1  thermal water and (3) the t r an r fona~~ t ion  of t h i s  acid thermal va t e r  

to l neutral  one by interaction 6 t h  the rock as it comes up. 

The concept of the vide d i r t r ibu t i an  of acid thermal vater or 8teaUI a t  depths of 
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w e t  800 ID i n  the Onikobe geothermal area was born from the production of acid thermal 

water through some bore-holes such as C-10, 011 and C-I3 dr i l led  to  1100-1300 m depth. 

JEW once t r i e d  t o  get enough neutral  or  alkaline thermal water or rteam from these deep 

bore-holes but la te r  abandoned these deep wells and changed the project plan. They then 

began dr i l l ing  relat ively shallow (200-500 m) bore-holes such a8 #101, 102, 103 and 124 

to  supply neutral  steam to the i r  power plant. Thermal water and steam obtained through 

these shallow holes were of neutral  or weakly alkaline nature (pH 

beginning. Several months or a year later, however, they changed to  acid or weakly acid 

(pH * 3-41. Also, the temperature of t h i s  thermal water and steam and the amount 

dircharged gradually OT rapidly decreased a d  is  apparently affected by precipitation of 

rain or  melted snow. 

5-71 a t  the 

Recently, JEM: again dr i l led  t o  w e r  1000 ID i n  the 2-line be l t  (#127) and succeeded 

i n  finding respectable amounts of neutral  or weakly alkaline steam a t  a depth of over 

1000 m i n  t h i r  geothermal area. A l l  available data (dr i l l ing,  petrographic and water 

chemirtry) of bore hole #127 clear ly  indicate that within m over ll%t deep bore hole 

there must be at  least two horizonr i n  which acid thermal water i r  developed a d  

hydrothermally formed u l c i t e  ha8 been dissolved way to  form highlv porous rocks. 

cannot expect the occurrence of acid thermal water a t  depths greater than 950111. 

Therefore, the idea of the the confined dis t r ibut ion of neutral  pH thermal water o r  

rteam at relat ively shallow depths (100-500 d and the vide dis t r ibut ion of acid thermal 

water at greater  depths within the Oaikobe geothermal area vas not supported by the data 

obtained from this #127 dr i l l ing .  

W e  

The genesis and dis t r ibut ion of acid thermal water or steam a$ depth is one of the 

mort important problems i n  the exploration for  g e o t h e m l  resources. As f a r  as we knav, 

the Occurrence of acid thermal n t e t  is generally confined to  a shallower zone abwe the 

predominant neutral  o r  alkaline solution zone. Even when acid thermal water is found a t  

depths of several hundred meters below the surface, the occurrence of the acid thermal 

vater ia generally rather local. Examples of the occurrence of acid thermal water a t  

depth in  some Japanese geothermal areas vi11 be given as followr: 
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t l )  In  the )ktsulcawa geothemal area, Sumi and )ked8 (1973) identified the presence 

of the following three types of theraal waters fn re la t ian to  depthr 

acid type (pH 0 2.1-5.4): from a m a r  surface shallow zone of about 300-150 I depth; 

a c i d a e u t r a l  type (pR - 3.8-6.3); from ”upper reservoir”, developing from about 160 

to  550 P i n  depth; and 

weakly acid to alkaline type (pll * 0.0-8.6): from 1-r reservoir at about 550 t o  

1400 m i n  depth. 

(2) PWO types of thermal water, acid and neutral-alkaline, occur i n  the Onuma 

geothermal area, Japan (Ita et a l , ,  1977). 

water is chief ly  due t o  a difference in  SOh content. 

The difference betveen these hro types of 

Chemical compositions of acid 

thermal water are almost the same as those of neutral-alkaline NaCL type thermal vater  

plus C02 and SO4. 

neutral-alkaline type thermal water in  the O n a  geothermal area as confirmed by deep 

bore-holes. Detailed petrographic data c lear ly  indicate that,  a t  the depths a t  rrhich 

‘acid thermal water predominates, no carbonate minerals form i n  the hydrothermally 

al tered rockr (Yora et  rl., 1973; f t o  et  al., 1977.. fhe acid thermal water a m t  have 

been formed only locally by the mixing of H2S- and/or Cb2-rich volcanic gar migrated 

up through a f au l t  (&agana fau l t )  a t  the southern part  of t h i s  geothemal area with 

videly d i r t r ibu ted  alkaline or neutral  deep t h e m 1  water (It0 e t  al., 1977.). 

Figure 15 indicater the dis t r ibut ion of acid type and 

(3) I n  the firishima geotherrpal area of Japan, thermal water from depths af over 20 

a is  neutral  or  weakly alkaline and becomer strongly acid or acid only near the land 

rurface a1 the resul t  of penetrated oxygen-bearing meteoric water (Yoshida, 1974). 

far as observed i n  dr i l led  core s q l e  i o  thi6 geotheraal area, ca lc i te  is a very 

As 

c~rrmon a l te ra t ion  mineral i n  corer from below 13 m depth but disappears by interact ion 

with circulat ing acid thermal water in bore-hole cores from less than 13 m depth. 

’ ( 4 )  In  bote-holc AT4 dr i l led  i n  the Takiaoue geothemal area of Japan from which 

150°C alkaliat thermal water is produced, ca lc i te  is a very e m o n  al terat ion mineral 

formed i n  rocks a t  depths of over 30 m (Kinbar8 and Sumi, 1973). 

detected i n  the shallower zone where acid thermal water predominates. 

Eo ca lc i te  was 
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(3) In  the Satsunm g e o t h e m l  area of Japan, thermal water frcrm the surface i s  

acid (Khbara md Okubo 1978). 

poor i n  SO4 n s  obtained. 

A t  greater depths, neutral  ho.-C.-Cl type t h e m 1  n t e r  

(6) Koga et rl.  (1981) have reported a rapid lowering of the pH of thermal n t e r  

coming from a depth of 1343 P through a bore i n  the Hatchobaru geothermal area, Japan. 

The thcrmal water obtained when the d r i l l i ng  of t h i s  hole was finished was neutral  or 

veakly alkal ine RaC1 type vater of pH m 7.5-7.7 and NaC1 I 2300 ppm. Within 10 d 8 p ,  

the pX of these thermal waters dropped down to  almost 4.0. 

a d  Cr& r a t io s  i n  these thermal waters decreased and the HrS04 content increased. 

Petrographic evidence clear ly  indicates the presence of low pH thermal water a t  depths 

of 35-85 m a d  700-850 m md t,he wide predominance of neutral  o r  alkaline thermal water 

i n  the deeper par t  of the hole (Fuji= e t  al., 1981). 

. -  

Simultaneously, the C1/S04 

On the basis  of detailed 

examination of technical procesres and geochemical and petrographical evidence, Koga e t  

a1. (1981) concluded that  the b r e a k d m  (corrosion) of casing pipe a t  a depth of 684-960 

.I led to the d x i a g  of acid t h e m 1  n t e r  uhich is  famed i n  a r e l a t i y l y  shallow part  

with neutral-alhl ine thermal wter which came up from depths of wer 960 a. 

mixing oust have been the major process which caused the rapid drop i n  the pH of the 

t h e m 1  vater  as functian of the. 

This 

The videspread occurrence of ca l c i t e  i n  most of the core samples collected by deep 

d r i l l i n g  h a good indicator of the widespread occurrence of neutral to alkaline thermal 

n t e r s  at depth i n  the Onikobe geothermal area. For umple,  i n  borecholer P-5, P-7, 

P-6, P-10, GO-7, 6018, 123, 124 md 127 from which neutral or weakly alkaline thermal 

n t e r  b obtained, calcite can be videly observed as a hydrothermally fomed mineral. 

At depths of Over 800 i n  GO-10 md wet 600 m i n  -11, calcite -6 not found. 

two deep e l l s  have been abandoned or collapsed because of the p r t d d n a n c e  of u i d  

thermal vater  at depth. 

to 1500 or 2000 m, h v e r ,  neutral  or atlcalirte t h e m 1  waters of wer SOOC m y  tmve 

been obmintd. 

These 

If  there tuo bon-holes  had been d r i l l ed  more deeply, perhaps 

In bore-hole 1127, the g e o t h e m l  gradient, p e m a b i l i t y  of rock8 md d i t r i b u t i d  of 

calcite indicate the p re scna  of acid thermal vater a t  depths of about 370-470 m and 
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670920 1. 

water vas obtained from a depth of 1000-1150 m, where ca lc i t e  is one of the c-on 

hydrothermal a l t e r a t  ion minerals. 

In  t h i s  bore-hole enough high-temperature ( 

In June to July o f  1962, a new deep production hole (#I281 (1255 m) (for local i ty  

see Figure 2) vas successfully dril led.  

alkaline (pH: 6 . 3 4 . 5 )  high temperature s t e m  and therlanl n te r  (stem 40 ton/hour, 

thermal water IOU ton/hour, m 6 x h  temperature 24b°C). 

This new hole produces a remarkable mount of 

Figure 15. tiorth-south cross section tn Omrnu geothermrrl u e a ,  Japan ( I to  et  ai . ,  
1977). 
A: &id t h e m 1  water t o m s  
ti-A: t i e u t r a l ~ l k a l i ~  them1 water zones. 

LIllloLoCY AND DESCRIPTION OF 6ELEClED CORE MIBLES 

The rocks a r t  m important component of the geothemal system md a detailed’ 

knwledge of the o&irul l i thologies .nd the secondujr assemblages are necessary t o  

determine the ehemieal interaction betvrcn rock end therma.1 nters.  

X-ray diffract ion studies of the d r i l l  hole cores have identified many secondary 

phases. 

t o  20 for  d r i l l  holes 

127 respectively. 

minerals are l i s t ed  according t o  the sequence of silica, clay, zeol i te ,  feldspar, 

c a r b o ~ t e ,  sulfate ,  pnhn i t e ,  epidote and opaque decrals: (2) Their modal abundances 

were not determined and the table a h p l y  shows that  a given mineral is pteient 

Petrographic m d  

These phases md the rock type of tach core sample ut l i s t ed  in Tables 10 

P-5, P-7, P-8, P-IO, -7, CO-8, CO-10, -11, 

Tb+ce points should be mentimed for these tables: 

123, 124, and 

(I) Sccondaq 

a 
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Table 10. Rock trpcb and secondary minerals of hare-hole corem of bP-5, the Onikobe geothermal area, 
Japan. 

Abbreviations 

AT: Andealtic tuff or tuff breccia: A: Andesitic lava; Df: Dadtic tu€€ or *A€ breccia; D: Daeit:c 
lava; Cr: Cristobalite: Qzr Quartz; Ka: Kaolinite (IO; Py: Pyrophyllite (PI, Alk-star Alkaline 
smec ti te i Ss: 
Wd: nbrdemlte; Cp: Clinoptilolite; Lm: Lamntite; Yu: Yugswaralite: W r :  Wairakite, Dach: 
Dachiardlte: Chab: Chsbazita; mom: Thomsonite; Nat: Natrolite; Ab: Sodic plagioclase, Carb: Calcite, 
Gyp: Gypsum: Anh: Anhydrite, Alu: Alunite; Ad: Adularia, Pr: Prehnite, Ep: Epidote, Ht: Hagnetite, 
M: Hematite: Py: Pyrite; S: SulCuf; NaC1: Halite; Chalcopy: Chalcopyrite; Act: Actinolite, Pump: 
Purapellyite, Bf: Biotite, 1:  Not positively identified. 

Smec t 1 te , In t-ch : Ch lor i te/smec t i te in tara tra t i f  led mineral-ehlor i tar Ill : Ill1 ta , 

m 
h) 



Table 11. Rock types and secondary minerals of bate-hale cores of #P-7, the Onlkobe Rcathetmal area, 
Japan (Symboles are same a8 i n  Table 10). 

ob w 



Table 12. Rock types and secondary minerals of borehole cores of UP-8, the h i k o b e  geothermal area, 
Japan (Symboles are same as  in  Table 10). 



Table 13. Rock types and secondary minerals of bore-hole cotes of #P-10, the Onikobe geothermal area, 
Japan (Synboles are same ea in  Table 10). 



86 

P
 

f
 

U
 

zi 8 d 

u 
c, 

I 
c
 

0
 

O
0

i
o

 
O

 
0

 

0
 

0
 

0
0

0
0

 
o

o
o

/a
o

o
 

0
0

~
0

0
0

0
0

 0
 

0
0

 
0

0
 

0
 

0
 0

 0
 0

0
0

,
~

 
0

 0
 0

1
0
 0

0
 0

 0
 0

 0
 o

io
 0

 0
 0

1
0
 
0

 0
 0

 0
 0

 
0
 

0
 

I- 

&
'

 
0
 

* u a a a u L. V
 

53 



87 

54 



~~ ~~ 

88 

core s a q l e  from a cer tain depth; and (3) The secondary minerals occur i n  veins, in  

vesicles ,  i n  matrix, or  as a replacement a f t e r  feldspar, mafic minerals, or volcanic 

glass  m d  such d e r  of Occurrence are not different ia ted i n  there tables. Their 

var ia t ion with depth, character is t ic  chemistry, and occurren~e8 w i l l  be discussed 

later. 

f i r s t ,  followed by petrographic dercriptianr of selected rock 8awle8. 

I n  th i s  section, general features of the al tered rock types 611 be described 

Four rock types were ident i f ied% 8ndesit ic tuff  - tuff  breccia (AT), andel i t ic  

lava (A), daci t ie  tuff  - tu f f  breccia (DT), and dac i t ic  lava (PI. Although pervasive 

hydrothermal r l t e r a t ion  has s ignif icant ly  modified both primary textures and minerals 

fo r  most of the core sampler, many features are well preserved and they were used for  

d i s t inc t ion  among these rock types. 

cores were completed and the resu l t s  w i l l  be described later. 

lava contains less SiO, than the dac i t ic  rockr. 

rocks contain mainly augite 2 hypersthene 2 hornblende as major mafic minerals; 

quartz phenocrysts were not ident i f i td .  

characterized by the presence of hornblende and quartz phenocrysts, plagioclase of 

lauer An conteat, and higher contents of volcanic glassy matrix or  groundmass. 

primary features of the 4 rock types are br ie f ly  described below. 

Chemical analyses of some less altered rock 

In  general, andesit ic 

Therefore, the andesit ic 

Oa the other hand, the dac i t ic  rockr are 

The 

Andesitic tuff  and tuff breccir  (AT) 

Tuffaceous rockr u e  most common i n  the d r i l l  hole core samples. Because they 

have suffered severe a l te ra t ion  due to  the present geothemal ac t iv i ty ,  it i 8  

d i f f i c u l t  t o  c lear ly  assign the volcanic rocks into the various Plio-Pleistocene 

formations described i n  the previous sections. 

abundant angular andesit ic fragments of various s izes  and shapes i n  a matrix of 

fine-grained Poltanic glass,  quartz, and eoqene t i c  minerals. Andesitic fragments 

even v i th in  a single tuff sample pay vary s ignif icant ly  i n  textures a d  i n  primary 

minerals, which are similar to  those of the andesit ic lava8 (A) described below. 

Because of the re la t ive  accessibi l i ty  t o  geothexmal waters, the tuffaceous rocks tend 

to be much more al tered then the i r  lava counterparts. 

The andesit ic tu f fs  consist  of 

Veining and fracturing are 
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. , . .  
very common. 

part .  Slight 

Both mafic and plagioclase phenocrysts have been al tered a t  least  i n  

ly altered andes c ‘tuff contains both augi d hypersthene as 

phenocrysts and groundamss minerals and zoned plag 

35. 

but they were not identified.  

other fine-grained tuffaceous matrix material are extensively replaced by seeondary 

phases including zeol i te ,  ch lor i t ic  clay mineral and calci te .  

lase phenocrysts of An 85 to  

Olivine microphenocrysts m y  have occurred in  some mafic andesit ic fragments, 

Class shards are irregular in  form; they together with 

Andesitic lava (A) 

Except for the Takahinata dacite dome, both andesit ic and dac i t ic  lavas are rare 

i n  the Onikobe geothermal area. 

chemical composition and textural  variations. 

by the common occurrence of augite phenocrysts and hypersthene as dcrophenocrysts or  

i n  the groundmass. 

basal t ic  andesites and been ent i re ly  altered. 

both as a phenocryst and as a groundmass constituent. 

c rys ta l s  and i t s  core composition may be as calcic  as An 8540.  

occurs a3 phenocrysts and shows s l igh t  pale greenish brown to  pale green 

pleochroism. 

Those that  occur MY cover a vide range of 

The andesit ic rocks are characterized 

Although olivine vas not found, it may have eccurrtd in  some 

Plagioclase is the most couunon mineral 

Plagioclase always forms zoned 

Augite most often , .  

Hornblende occurs in some andesit ic core ramples but is a re lat ively 
. I  

minor consti tuent compared to augite. 

iapnc t i te-i  lmeni t e  , zircon, and apat i t e  . 
Other primary phases include 

Dacitic tuff  and tuff  breccia (DT) 

Primary textures and a l te ra t ion  features of the daci t ie  tu f f r  from the Onikobe 

geothenual area are s @ i l r r  to  those of the andesit ic tvffs  mentioned above. 

However, the dac i t ie  rocks contain corroded quartz phenocrysts together with toned 

plagioclase and mafic d n e r a l s .  

daci te ,  but the most abundant mafic d n e r a l s  art green %to greenish brown hornblendes 

vhich appear as phenocrysts and groundmass- 4s vcll as crysfal fragments ia the 

matrix. hph ibo le r  are euhcdral to subhedral i n  form and are comaonly 

ch lo r i t i c  clay together with fint-grained rphene. 

Augite and hypersthene may occur i n  the less silicic 

Oxidized hornblende vas not 
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Table 16. Rack types and secondary lainerala of borehole corem of #O-lO* the Onikohe geothetrsl area, 

Japan (Symboles are name ae i n  Tahle la). 
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Table 17, Rock types and secondary minerals of bare-hole cores of #GO-11, the Onikobe geothermal area, 
Japan (Symbolcs are same as in Table 10). 
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Table 19. Rock types and secondary minerals of bore-hole cores of 1124, 
the  Oaikobe geothermal area, dapan (Symboles a re  same as  i n  
Table 10). 

The petrographic featur t r  of 30 relected core sampler from various d r i l l  holer i n  

the Onikobe geothermal area are dercribed below. The f i r r t  15 ramples are leas 

a l tered and =re relected for analysis for major elemcntr uring a wet chemical method 

8nd the re ru l t s  are listed together with modal compositions (both primary and 

secondary) fa Table 21. 

lo. 1, Bypcrsthenc-augite andesite (P-8, 118.05 9): Thir andcri t ic  rock from 
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d r i l l  hole P-8 

plagioclase as phenocrysts md fineqrained clinopyroxene, magnetite and volcanic 

porphyritic in texture and consists of augite, hypersthene and 
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glass as groundmass phases. 

and pseudomorphed by fine-grained aggregates of br-irh smectite. However, most 

augite phenocrysts .remain freah and some are replaced by brown smectite, leucoxene 

The hypersthene phenocrysts have nearly been replaced 

and calcite along crys ta l  margins and cleavages. 

plagioclase phenocrysts vas found. 

assemblage of ca lc i te ,  leucoxene, quartz, laumontite, smectite, pyrite,  kaol ini te  and 

gyprum. 

=cur 

No hydrothema1 al terat ion of 

The groundmasr has been strongly altered into an 

Thin veins 0.3  pa vide w i t h  brown mec t i t c ,  quartz and minor laumontite 

The strong a l te ra t ion  of the rock is reflected i n  i t s  major chemistry 6 t h  very 

high A1203, Fe2OOjr Ra20 and l$O. 

lo. 2, Ryp ersthene-augite andesite (P-10, 144.25 a): 

from d r i l l  hole 9-16 is similar to  the rock described above. 

phenocrysts uhich have been subjected &a similar alteration. 

hypersthene phenocrysts are preserved and augites are only altered along cleavage 

traces and crys ta l  margins. The groundmass has been to ta l ly  replaced by the 

asremblage quartz, lauwmtite,  brown to  brownish green smectite, calci te ,  d8chiarditc 

This porphyritic andesite 

It consists of the same 

Bovcver, some 

and leucoxem. 

art f i l l e d  d t h  brownish green smectite a t  the margin and quartz a t  the ceattr. 

80 pyrite vas found, Irregular amygdules 0.7 t o  1.2 rn i n  diameter 

Thin 

veins 0.3-0.3 pn vide consist  of quartz, dachiardite, laumontite and brownish green 

smec ri te . 
The rock has a very similar major chemistry to  that of No. 1; they are both lov 

i n  SiO, and high i n  Alz03, Fe203 and HiO. 

No. 3,  Boroblende daci te  tuff  (GO-7, 108.4 m)t This. tuff  tonsiats  of abundant 

f ragments of hornblende, plagioclase and corroded quartz phenocrysts and fine-grained 

plagioclase, magnetite and volcanic glass i n  both groundmasr and tuffaceous matrix. 

Hornblendes are nearly completely replaced by pale brown to  brownish green alkaline 

8meCtite md  some strongly roned plagioclase phenocrysts are  replaced by laumontite, 

ca l c i t e  and alkal ine mnectlte. Both groundmass and matrix materials have been 

to ta l ly  a l tered to  laumontite, quartz, m c t i t e ,  ca lc i te ,  hematite, gypsum, pyri te  

and Leucoxcue. 
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;This tuff  is chemically characterized by higher Si02, Fe203 and 5 0  and 

lover A1203, NO, CaO md E20 compared to the 8ndesites described above. 

Ro. 4, Augite rnderite (GO-7, 147.01~): Augite phenocrysts i n  t h i s  porphyritic 

andesite are nearly co=pletly replaced by brown an tc t i t e  + ca lc i t e  + minor leucoxene 

vhereas plagioclase phenocrysts are s t i l l  very fresh. 

or iginal ly  composed of fine-graincd augite, p!agioclare, magnetite urd volcanic 

gfaS8, i r  strongly altered to  calci te ,  quartz, aordcnite, laumontite, pyrite and pale 

greenirh brown wec t i t e .  

and wairakite vhereas other veins about 0.4 m thick consist of only anhydrite + 

quartz. 

anhydrite-bearing veins i 8  not apparent. 

occurs i n  the rock m d  vairakite is restr ic ted to  only the veins of t h i s  rock. 

of the pripary lcagnetite and secondary pyrite crystals  have bear oxidized and 

replaced by hematite along their  crystal  oargins. 

The groundmass, which was 

I 
I 

V e i n s  0.7-1.0 PD thick consist lPrinly of quartz, c a l c i t e  
1 

The temporal and spa t i a l  relationrhip b e m e n  the vairakite- and 

It should also be noted that  laumontite 

S o w  

This andesite contains low SiO, and HgO and vev high Pt203, CaO and COz. 

No. 5, Augite andesite (CO-7, 201.1 8):  Thir porphyritic 8ndesite consists of  

augite and plagioclase phenocrysts md augite, plagioclase, magnetite and volcanic 

glass &8 groundmass phases. 

brovni8h green ehlor i te /mect i te ,  and leucoxene. 

however, are rather fresh except for p a r t i a l  replacement by ca l c i t e  and m i r a k i t e  

along c rys t a l  margins or cleavage planes. 

Host of the augite phenocrysts have been altered to  pale 

Phenocrysts of plagioclase, 

The m d m a s s  has been strongly 

s i l i c i f i e d  a d  completely replaced by laurnontite, vairaki t t ,  calci te ,  quartz, write, 

ehlor i te /mect i tc ,  lcucoxene and gypsum. 

calcite and n i r a k i t e .  

comon. 

ch.n those described above. 

Amygdules are chiefly composed of quartz, 

Quartz, quartz-talcite- and quartz-wairakite w i n s  art 

This rock is higher in TiO,, FeO, and Ifgo Md lower i n  Fe203 and &$I 

Uo. 6, Bornblende &cite  tuff  (-7, 351.8 m)I  This tuffaceous rock contains 

abuadant- fragments of primary phenocrysts, but most of them have been strongly 

altered. For instance, most hornblende phenocryst fr8gments have been replaced and 

pscudorotphed by pale g r t tn i rh  brawn chlor i te  clay, ca l c i t e  and ltucaxene. 
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Plagioclase phenocryst fragments are a lso partly replaced by vairakite,  sodic 

plagioclare,  i l l i t e ,  quartz and ca lc i te  along the i r  cleavage planes. 

fragments of quartz phenocrysts are abundant. The tuffaceous matrix urd groundmass 

have been strongly s i l i c i f i e d  and replaced by quartz and wairakite vi th  subordinate 

amounts of ca lc i te ,  ch lor i t ic  clay, epidote, leueoxene, gyp~um and pyrite. 

pyri te  c rys ta l s  have been oxidized to  foxm a hematite rim. 

Corroded large 

Some 

Wany amygdules and veins 

are f i l l e d  6 t h  quartz, sodic plagioclase and vairakite.  

ma thick is a lso  found. 

C.0, Na20 and 5 0 .  

&n alunite vein of 0.1-0.3 

This rock contains very high S O 2  urd low A1203, UgO, 

lo.  7, Augite &ci te  tuff  (#124, 159.5 m): Most of the primary phases of t h i s  

rock are w e l l  preserved. 

replaced by a pale green-pale brovnish green chlorite/smectite with minor .mounts of 

epidote, ca lc i te  and leucoxene. 

phenocryst6 have been identified. 

Some augite phenocryst fragments have been par t ia l ly  

Neither r e l i c s  nor pseudomorphs a f t e r  hornblende 

Most plagioclase fragments remain fresh, while 

some have been par t ly  replaced by prehnite, epidote, quartz, ca lc i te  and sodic 

plagioclase. 

recrystal l izat ion vas found. 

Quartz fragments are irregular in  shape and no overgrowth or 

The groundmass, fine-grained tuffaceous matrix and t iny l i t h i c  fragments are 

cornpored of small c rys ta l s  of augite, plagioclase, magnetite, quartz and volcanic 

g h S .  They have been strongly altered to the assemblage of laumontitc, epidote, 

quartz, calcite, ch l~or i te /mect i te ,  prehnite and sodic plagioclase. 

Some amygdules 0.3-1.3 lorn i n  diameter are f i l l ed  with quartz-laumontite, 

quartz-laumon t i te-chlor i te/mnec t i  te and quartz-hm~onti  te-prehni te- 

chlorite/smectite assemblages. 

and epidote seem to be stably associated in  th i s  rock. 

Judged from textural  n l&ions ,  prehnite, laumontite 

No. 8 ,  Augite andesite tuff  (8124, 162.4 m): Augite phenocryst fragments have 

been extensively replaced by pale green c h l o r i t d w e c t i t e  and ca lc i te  v i th  minor 

amounts of leucoxene and epidote. 

generally remain freak -*a have been only partly replaced by sodic plagioclase and 

prehnite alsni ctea-.-ap- plane&. 

Bovever, plagioclase and l i t h i c  fragments 
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The groundmrr and tuffaceous matrix have been strongly al tered to the 

assembbrage of quart t ,  pale gram &1ixite/rmectite, ca lc i te ,  sodic pIagiocIase, 

epidote, leucoxene, wainki te  and pyri te  v i th  Pinor amounts of prehnite. 

Amygduler are nnmd in  rhape md f i l l ed  r f t h  chlorite/rmcctfte, mi rak i t e  and 

quartz. 

Although X-ray diffract ion patterns of the l igh t  fraction separated from rock 

povder by rurpensioa indicate the presence of m u l l  amounts of thauuni te  d 

dachiardite, t he i r  Ocetlrreuee could not be c o n f i m d  by dcrorcope. 

No. 9 ,  Augite andelite (4120, 178.0 m):. The rock is porphyritic in texture 

6 t h  augite, plagioclarc and magnetite as the -in phenocryst minerals. X t  i r  a 

typiul frerh augite andesite. Only glassy groundmass has been vcakly replaced 

by quartz, bravnirh green racct i te ,  leucoxene a d  kaolinite,  md mgiter  by brown 

n e c t i t e  along c ry r t a l  u r g i a r  or  cleavage pl.nas. 

Bo. 10. Augite mdcsi te  tuff  (4120, 201.8 a): Augite fragments have been 

almost ent i re ly  replaced by pale &reen chlorite/rmectite,  leucorene, epidote and 

calcite. Plagioclase fragments have also nrffered a l te ra t ion  to rodit 

plagioclase, epidote, u k i t e ,  prehnite, quartz and m i n t r i t e .  

plrgioclase grain shows a d i s t inc t  u l c i c  core of An 88 and a rodic rim of & 32 

(Table 22). Thc groundmasr, tuffaceour u t rk  .ad f incqra iaed  l i t h i c  fr&gments 

-re rtrongly al tered into m u r e d l r g e  of quart t ,  uleite, m i r a k i k ,  

ehloritelrmectite,  prehnite, epidote, pyri te  d sodic pl.giocl&sc. 

& unaltered 

8 ~ 1 1  nricler 0.6 a0 in d h e t e r  &re f i l l e d  witb quartz, lmmwntite md pale 

btavnish green chlor i te /mect i te .  Bulk rock X-ray diffract ion analysis i d i c a t e s  

tbat 8 4 C l  i s  m alteration dnCr4l in t h i s  apetimen. 

Vein d n e r a l a  are chiefly ca lc i te ,  quartz, rcrirakite, ptehnite and 

chloritelsmectite;  00 I.uwmtite uas f e d .  BMver ,  of these veins e h a r f y  

cut the tuffaceour u t rk  which h4r been replaced by a laumontitebeariag 

arswblage. 

80. 11, Augite anderi t t  tu f f  (4120, 211.1 d: Mitt, plagiOcl88e d 

coarre-graiacd l i t h i c  fragment8 have been almost coupletely replaced by pale 
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green chlorite/amectite, vairakite,  prehnite, quartz, and rodic plaqioclare v i th  

rubordinate .nwnts of ca lc i te ,  epidote, pyrite,  gyprum and leucoxene. 

assemblager have a h 0  replaced the glarry groundmara of volcanic fragmentr and 

fine-grained tuffaccour matrix. 

mineral araociations are stable i n  th i r  rpecbenr 

prehnite + vairaki te  + quartz: and (2) chlorite/amectite + rodic plagioclase + 

prehnite + quartz. 

S k i l a r  

Microrcopic obrervation indicate. the following 

(1) chlorite/rmectite + 

Epidotes i n  th i s  specimen are  generally brovnirh pir taci te-r ich fine-grained 

crys ta l r  with i r regular  form. 

prehnite and vairaki te  but are relic. from the replacement by prehnite and 

wa i rak i t c  . 

The epidoter may not be rtably asroeiated with 

X-ray diffract ion analysis of the l ight  fraction acpitated from rock powder 

by a rucpension method indicates the prertnce of yugavaralite in  th i s  rpecimen. 

?ficroscopic obrcnration, hwever, could not positively confirm its occurrence. 

No. 12, Kornblendc daeite tuff  (6124, 222.8 m): Fragments of mafic 

pheaocryrtr, probably of hornblende, have been completely replaced by pale green 

ehloritelamectite and leucoxene. 

assemblage of quartz, wairakite, rodic plagiaclarc, ‘calci te  and i l l i t i c  clay. 

Rel ic t  plagioclare was analyzed and has An 39 camporition (Table 22). 

matrix has been wholly replaced by the assemblage of quartz, i l l i t i c  clay, 

ch lo r i t i c  clay,  rodic plagioclare, wairakit t ,  gypsum, and ca lc i te  v i th  minor 

amounts of epidote md pyrite. 

associated v i th  quartz , sodie plagioclase, wnirakite, i l l i t e  and chlorite.  

I r regular ly  rhaped cavi t ica  are f i l l ed  6 t h  quartr-wairakite, 

quartz-vairakite-chlorite/rmec titt, wairakitc-calcite and 

epidote-quartt-chloritt/amectite. 

Plagioclase fragment. are altered to  the 

Tuffaceous 

Idiomorphic epidote c ryr ta l s  are rtably 

Eoio. 13, Augite andesite (6124, 259.9 d r  The original  mafic phcaocrystr m y  -sve 

contaiued both augite and hyperrthene but they have been completely replaced by pale 

green chloti telamectite,  leucoxene and calcite.  Plagioclare phenocryrts are a l r o  

al tered to  a waitatrite-sodic plagioclase arrenblage particularly along crys ta l  margins 



Sample No. 

127 2 9 8 . h  

54.07 - 46.83 
27.74 - 32.66 

0.69 - 0.71 
0.06 - 0.04 

11.11 - 16.41 
0.83 - 0.06 
4.54 - 2.13 

99.04 - 98.84 

55 81 

An 

Sample No. 
8 

127 - 409.7 

51.76 - 43.94 
29.20 - 33.66 

0.69 - 0.58 
0.04 - 0.04 

11.85 - 18-49 
0.23 - 0.03 
4.50 - 0.83 

90.27 - 97-57 

58 92 

Table 22. Chemical analyses of primary p l a g i o c l a s e s  i n  d r i l l  h o l e  
core samples from the Onikobc geothermal area. 

124 - 165.6m 

51.50 - 48.59 
30.15 - 32.03 

0.97 - 0.88 

13.45 - 14.75 
0.18 - 0.09 
3.69 - 3.32 

99.94 - 99.66 

67 71 

127 - 154.6m 

52-96 0 46.36 
29.51 - 33.40 
0.40 - 0.77 
0-01 - 0.03 

0.09 - 0.05 
4.18 - 1.39 

99.85 9 99.75 

63 87 

12.70 - 17.75 

124 - 201.8s 
Core Rim 

46.41 - 60.00 
34.62 - 26.40 

0.74 0.18 

17.86 - 6.70 

1.37 - 7.24 
0.08 0.13 

101.06 - 100.65 

124 - 222.8m 

58.98 
26 91 

8.03 
0.15 
6.99 

101 -08 

88 32 I 39 

124 - 259 .9~1  

61.16 - 58.90 
26.32 - 26.51 

6.23 - 8 .29  
0.85 - 0 .60  
7.65 - 6.60 

102.22 - 100.90 

31 41 

123 - 309.5m 

52.24 - 54.12 
28.53 - 28.10 

0.89 - 0.80 
0.07 - 0.47 

12.83 - 14.31 
0.62 - 0.08 
3.60 - 3.21 

98.78 - 101.09 

67 72 

124 - 288.6111 
Core R i m  

50.90 - 48.60 
29.71 - 31.43 

1.25 - 0.83 

13.94 - 15.46 
0.12 - 0.13 
3.52 - 2.71 

99.45 - 99.35 

124 - 334.7m 

49.93 
31 e25 
0.98 

15.20 
0.10 
2.90 

100.35 

69 76 I 74 

123 - 344.6m 

53.40 - 45.37 
27.00 - 31.60 

0.46 - 0.80 
0.00 - 0.10 

11.70  - 17.17 
0.10 - 0.06 
4.77 - 1.56 

97.43 - 96.66 

58 85 

*Total  Fe a# Fa203 
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Table 23. Chedcal analyses of clinamroxcnes in d r i l l  hole core eemples 
from the Onikobe geothermal aree. 

' 

101.20 99.41 - 99.69 99 -35 - 99.30 100.24 - 100.71 99.12 - 99.67 100.37 

42.8 ' 42.0 - 41.2 42.7 - 42.0 41.1 - 41.1 42.6 - 41.0 42.3 
14.8 15.9 - 19.4 17.5 - 19.6 16.2 - 19.4 17 .1  - 18.3 18.1 
42.4 42.1 - 39.4 39.9 - 38.4 40.7 - 39.5 40.3 - 40.7 38.9 

. .  

Sample No, 124 -'165.6m 124, - 254.4n1 124 - 307.5~1 

1 

53.00 
0.50 
2.78 
9.39 

15.25 
19 e96 
0.32 

52.30 - 51.79 

1.60 2.14 
9.92 - 12.05 

14.71 14.32 
20.54 19 -10 
0.34 - 0.29 

51.81 - 51.43 

1.99 2.22 
10.90 12.H 
14.94 - 14 a62 
19.44 - 18.60 
0.27 - 0.26 

I 

P 
0 w 
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and cleavage phne8; 8- plrgioclarc phenocryrtr hkve h 31-61 ColapOritiOtI (Table 

22). The groundmrrr ha8 been h o l l y  replaced by quartz, vairakite,  epidote, rodic 

plagioclase, and i l l i t i c  clay, vith minor amounts of gyprum, pyrite,  'leucoxeoc mnd 

u l c i t e .  

color a r t  be high 

Idiomorphic epidote c ry r t a l r  with l ight  y e l l w i r h  g r e e n e d  

pirtatite ~1~leWle8 .  

Veins are  chiefly composed o f  quartz and m i f a k i t e  vi th  rubordia~ate mount8 a f  

u l c i t e .  

So. 16, Augite anderi t t  (1121, 2913  a): Thir i 8  a t c l a t ive ly  unaltered tndesite 

w i t h  abundant rclietr of augite and plagioclare phenocryst*. 

pseudopmxphr composed of brownish green or brwn $meetice and lcutoxeae &e found 

a f t e r  hyperrthene or hornblende phenocryrtr, Augite phenoeryrtr have p f f t r c d  p a r t i a l  

a l t e r a t ion  into btamhh green m e c t i t e  along their c r y r t a l  margin8 clr elClvrge 

Sme U b u l U  

planer. 

%e groundmars has been ent i re ly  replaced by mordenite-qgurrtt-rdctite Yith aaor 

gyprum and kaolinite. 

mectite. Uo pyrite vas found, -trite c ry r t a l r  are a i d h a  Lato hematite rloag 

t he i r  c ry r t a l  88rgins. 

Pound amygdulcs are chiefly compared of aordeni 

So. IS, Augite andesite (#124. 334.7 m): Mort of the hrgite phenoc 

replaced by pale tnA chlor i te lssect i rc  a d  ~ u w x e o a  v i e  minor crltiter cmclitetcd 
. -  

dt203 &ad 0.3-0A ut% TiO, (Table 23). %be hydrothemat rltera 

p l q i a c l a 8 e  phenocryats i r  weak; only a miom teplacement by,*aitakita, # a r t 2  and 

sodic plagioclase along the i r  cleavage planer ha8 occurred. Some crf the unaltered 

P l ~ i O C h a e  p h e U O C t f r t 8  U C  AS U k i C  .I hl 76 h b l k  a), The @+oUndlprS8 h.$ been 

totally.Seplaccd by the arremblkge wairakite, *odic plrgioclrre,  pyrite, erlcite, 

chlorite/smectfte, p b t a c i t i c  epidote rad d n a r  gypsum a d  1eucoxCne. 

Vein8  1.7-1.9 IP thickacrr are Cornpored o f  quartz, vairakitc, uleitc Ind 

prehnite . 
*o., 16. Dacite rtrff (t124, 288.6111): 'Ihh p y r o c l u t i c  rock contkhh.abundrat 

chloritk pseudemorphr after augite and hyperrtheat (?) (or hornblende) phcncitrystr. 
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In  .some of these pseudomorphs, relict augites uere found. Plagioclase phenocrysts of 

(Table 22) are only p replaced by ur i rak i  oig cteavages and 

I. tuffaceour matrix has been uholly replaced by wairakite, pale green 
. J ,  ( 

chlor i t ic  clay, pyrite and 

epidote. 

small amount of fiae-grained crystals  of Pe-rich 

&gdules and vtins arc  chiefly compoaeb of vairakite and quartz. 

I Zoned plagioclase <An 63-87)(Table 22) and 

ti in th i s  tuffaceous rock have been par t ly  altered to  laumontite 

ca lc i te  and ca lc i t e  + chlor i te  + leucoxene respectively. The tuffaceous matrix is 

e assemblage calci te ,  c r i s toba l i t t ,  quartz, clay mineral, 

The'occurrence of c r i s toba l i te  is bost characterist ic a d  t h i s  18umontite and pyrite. 

only sample which contains c r i s toba l i te  i n  d r i l l  hole 1127 

I Phenocrysts of mafic minerals, probablf 

hypersthene, have completely altered i n t o  aggregates of pale green clay 

mineral and leucoxene. Plagioclase phenocvsts have only suffered pa r t i a l  replacement 

g cracks by laumontite, clay Pineral, ca lc i te  and leucoxene. Pyrite has fomed 

agnetkte crystal  margins. Vesicles and irregularly shaped veins 0.3-0.6 m 

thick are chiefly composed of quartz, ca lc i te ,  and uairakite with d n o r  .mounts of 

t Both plrgioclare and mafic pyroxene 

phenocrysts have been c&letely replaced by prehnite + sodic plagioclasc + vairakite,  

ind pale green ch lor i t ic  clay + leucoxene assemblages respectively. 

matrix and lenticular glass shards are also wholly altered to aggregates of prehnite, 

The ruffrceous 

i raki te ,  ch lor i t ic  clay, anhydrite, pyritc a d  minor Mounts of 

ea IC i t e  . 
No. 20, Andesite tuff  (1127, 409.h): Par t i a l  replacement of plagioclase 

crysts  by calcite, vairaki te ,  i l l i t e  and sod plagioclase has occurred along 

cleavages and cracks. a i s  rock contains the most calcic  plagioclase (h 92)(Table 

22) among the analyzed sampIer. Pyroxene phenocrysts have bten'campletely replaced by 

a calci te-pale  green ch lo r i t i c  clay-leucoxene asoembla&e. The fineygrained glassy 

matrix has ruffered strong s i l i c i f i ca t ion  and has been a l te red  in to  the assemblage of 
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quar t t ,  ca lc i te ,  mi rak i t e ,  sodic plegioclase, pyrite and clay minerrls 

( ch lor  i te/rPlcc t i te  in te rs  t r a  t i  f ied mineral and i l l i t i c  mineral 1. 

analysis indicates the presence of gypsum. 

X-ray d i f f rac t  ion 

lo.  21.22* Andesite tuff  (1127, 577.2m and S 7 8 . h ) :  These two tuffaceous rocks 

are very similar and contain abundant m i r a k i t e  in veins and as replacements a f t e r  

plagioclase and glassy matrix. 

within plagioclase phenocrysts are uell developed. 

and hypersthene, have been completely replaced by p e n  to pale green ch lor i t ic  clay 

and minor amounts of leucoxem. 

ch lor i t ic  clay cut through the tuffaceous matrix daich has been a b o r t  completely 

replaced by vairakite,  sodic plagioclase, ch lo r i t i c  clay, and pyri te  with minor 

Irregular veins of w8irakite + sodic plagioclase 

Uafic phenocrysts, probably augite 

Veins chief ly  composed of n i r a k i t e  with a rim of 

calci te .  

of adularia as a hydrothema1 mineral i n  t h i s  sample. 

me X-ray pavder pattern md aicrorcopic observation indieate the presence 

lo. 23.21.25, Dacite tuff  (1127, 702.9q 703.h and 703.h):  These three dac i t fc  

tuff  core samples are very similar. They contain phenocrysts of corroded quartz, 

plagioclase, pyroxene and/or hornblende. 

pa r t i a l  replacement by ca lc i te ,  sodic plagioclase, vairaki te ,  and soue i l l i t i c  clay 

along cleavages and cracks. Uafic phenocrysts have been completely decomposed into a 

green ch lor i t ic  cl.y-calcite-lcucoxeae assemblage. The tuffaceous matrix has been 

replaced by chlor i t ic  C l a y ,  calcite, sodic plagioclase, i l l i t i c  clay, quartz, and 

pyrite with Fe-rich epidote. Veins and fractures are not common except in sample 

Plagioclase phenocrysts have suffered 

\ 

703.h in which quartt-uairakite and ca lc i te  are ell developed in some vesicles and 

ve ina . 
lo. 26, 27* Dacite tuff  (1127. 101O.h and 101l.h): These two core samples have 

ident ical  petrographic features. 

hornblende) cnd plagioclase have been completely replaced by ch lo r i t i c  clay + calcite 

+ epidote + leucoxcue and sodic plagioclase + ca lc i t e  + i l l i t i c  clay,  respectively. 

The tuffaceous matrix including glas8 shards has a180 suffered total r e p l a c n n t  by 

chlor i t ic  and i l l i t i c  clay, calcite, sodic p l . g i o c l a ~ . a n d  pyrite. 

q ru r t t -u l c i t e  veins art common and no mirakite vas found i n  these samples. 

Ohenocrysts of a u f i c  l i n c r a l  (probably pyroxene or 

Calcite and 
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No. 28, 29, Dacite tuff  (1127, 1103.h and 1106.h): These two samples are 

similar except for  the absence of wairakite in the la t te r .  

have been completely replaced by sodic plagioclase, vairakite and i l l i t i c  clay. 

mafic minerals, probably hypersthene or  hornblende, have also suffered to t a l  

hydrothermal a l te ra t ion  to  a chlor i t ic  clay, ca lc i te  and leucoxene assemblage. 

hydrothermal a l te ra t ion ,  including s i l i c i f i ca t ion ,  of the tuffaceous matrix into the 

assemblage of quartz, sodic plagioclase, i l l i t i c  and ch lor i t ic  clay, epidote, pyrite 

Plagioclase ohenocrysts 

The 

The 

and leucoxenc is d is t inc t .  

No. 30, 31, Dacite tuff  (E127, 1104m and 1105.51~): Plagioclase phenocrysts in  

these wo sauples have been partly altered into a sodic plagioclase + vairaki te  + 

ca lc i te  assemblage vi th  a minor amount of i l l i t i c  clay along cracks or  cleavages. 

Uafic phenocrysts , probably augite and hypersthene, are pseudomorphed by pale green 

chlor i t ic  clay + ca lc i te  + leucoxene. 

by quartz, ca lc i te ,  wairakite, i l l i t i c  clay, ch lor i t ic  clay, sodic plagioclase, 

The tuffaceous matrix has been wholly replaced 

Fe-rich epidote and pyrite. Hany vesicles of irregular shape in the original tuff  a re  

f i l l e d  6 t h  the vairakite-quartz-calcite asrembLage w i t h  a thin ch lor i t ic  clay 

coating. Sample 

sample 1104.0m. 

1105.5m contains much less  vairakite and much more i l l i t i c  clay than 

CBEMICAL COPIPOSITIONS OF SOME REPRESENTATIVE CORE SAMPLES 

Chemical compositions of 15 selected core sampler are l is ted in  Table 21 together 

with the i r  modal mineral compositions. 

these rocks. have been extensively altered due to  the i r  interactions with geothc-1 

vaters.  

them contain even up t o  93-96% secondarg phases. 

contents are l i s ted  as secondary phase and in  fact ,  some of them could be primary. 

Therefore, chemical compositions of the analyzed rocks cannot be considered reliably 

representative of the or iginal  tacks. The extensive chemical modif ications during 

hydrothermal a l te ra t ion  are shown by (1) extremely high H20,  Fe2O3 and S contents, 

As described in the previous sections, a11 

Secondary phaser consti tute more than half of the modal compositions; some of 

Of course, in  Table 21, a11 quartz 
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(2) high Fe20j/Fe0 ra t io ,  (3)  lov t o t a l  Na20 + K20 content, (4) variable Si02, 

HgO and t o t a l  Fe a1 Few and (5) no correlation betveen Ti02 and PeO"l/XgO ratio.  

Such chemical variations are  rhovn in the (50 + tta20)-Si02 plot  of Figure 16, 

in  the SiO2-FeW/)Ig0 plot  of Figure 17 and the (I?a20 + K20)-Feo*iIgo plot of 

Figure 18. 

n r e  normalized to R22bfree valuer. 

To plot  the comporitiona of there rockr onto there diagram, a l l  oxide8 

According to  Kuno (1950; 1959), a11 rion-allulic volcanic rock8 of Japan can be 

different ia ted into a hypersthene or pigeonib  rcr icr .  

up of rocks whore groundmass pyroxencr are  both monoclinic and orthorhombic, o r  only 

orthorhombic, whereas hi8 pigeonitic rerier i r  made up of 'rockr whore groundmarr 

pyroxenes are  only monoclinic (augite, ferroaugite and pigeonite). 

cr i ter ion,  he used the occurrence of hornblende and b io t i t e  phenocryrtr 48 being 

charac te r i r t ic  of hi8 hyperrthene rer ier .  fun0 (1959, 1968b) l a t e r  regarded hi8 

hypersthene and pigeonitic re r ie r  as nprerenta t ive  of volcanic rockr of the 

calc-alkaline (CAI and t ho le i i t i c  (TR) ser ies  rerpectively. However, as pointed out 

by fiyarhiro (1974) and otherr,  ruch mineralogical and chemical cor reh t ionr  may not 

be alvayr tnw.  

CA and TI3 re r ies  as rhown in  Figure 17. 

H i 8  hyperrthene re r ie r  i r  made 

ha an additional 

niyarhiro (1974) proposed the SiO,-Feo*/HgO plot  t o  different ia te  

ha described i n  the pnviour  r e ~ t i a u r ,  a11 the anderi t ic  and dac i t ic  rockr from 

the Onikobe geothermal area contaiu hyperrthene together v i th  augite and hornblende as 

the mort c-on mafic aiacralr, although they have been extenrively replaced by 

ch lor i t ic  clay. tlo pigeonite -8 found. Therefore, there rock8 may belong to Kuno'r 

hypersthene ser ies  and they may have chemical character i r t icr  of the Cak-8Ik8lint 

series.  

daci te)  at a given Feo*&O r a t i o  are higher in  SiOz, Ma20 + 4 0 ,  and lower in  

Few contents than tho le i i t i c  rock.. 

v i th  an increare in  the Feb*&O rat io .  The c o m p o r i t i o ~  of the al tered rockr from 

the Onikobe geothemal area vary signif icant ly  from the i r  unaltered counterparts. 

shown i n  Figurer 16-18, r ignif icant  leaching of Si02, &O, Ra20 + 5 0 ,  md 

oxidation of FeO amst have occurred i n  lome rockr during the hydrothema1 al terat ion.  

According. t o  lfiyarhiro (19741, the calc-alluli vokanic rock8 (andcrite and 

The Ti02 content 'of the CA rerier dccrearer 

Ils 
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Figure 16. (tla20 + K20) - Si02 plot  for selected d r i l l  hole core samples from 
the Onilcobe geathcroP.1 area. 
high alumina basal t  md alkali basal t  are  from Kuno (1966). 
to those samples i n  Table 21. 

Coupositio-1 f ie lds  for tho le i i te  basal t ,  
Numbers refer 

Circles are andesitic rocks and squares are 
dacitic rocks. 

Such chemical a l te ra t ion  varies from specimen t o  specimen. 

12 (#124-222.8m) may have gained a signif icant  amount of S i02  durinq al terat ion.  

contrast ,  a possible loss of Si02 in  lo. 5 and in  Nos. 1, 2, and 10 may have 

occurred. 

PeWfUgO) for any possible island arc volcanic rocks (see Uiyashiro, 1974)  and these 

two samples are not plotted in  Figurer 16-18. 

may have occurred during the hydrothermal a l te ra t ion  of these samples. 

For instance, specimen Yo. 

In 

Similarly, ramplcs No. 3 and 4 contain too l i t t l e  YgO (hence too high 

Apparently, significant leaching of -0 

i 

DISTRIBUTION OF SECONDARY MINERALS UITI? DEPTH 

j Distributions of secondary minerals with depth for d r i l l  holes FP-S, P-7, P-8, 

1 

P-10, -7, -8, GO-10, GO-11, 123, 124, 127 are l i s ted  in  Tables 10 t o  20. 

points should be mentioned about these tables: 

Two 

(1) the modal abundances of the 

secondary minerals were not determined and the tables simply show that  given minerals 
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Figure 17. Si% - hW&O plot  for  selected d r i l l  hole core saqles from the 
Onilrobe geothermal area. 
di f fe ren t ia te  u l c -a lka l i  mcks from tho le i i t i c  rocks. Uumbers and 
8-01s are the same as those of Figure 16. 

This diagram of Wyashiro (1974) was used to  

are present in the core sample a t  cer ta in  d e p t h ;  (2) the d e r  of occurrence of the 

secondary minerals ia the pyroclastics and flovs could be grouped into the following 

four types: 

(a) Precipitation in  wesicles (e.g., amygdaloidal mineral) and along fractures 

(e.g., vein mineral); 

(b) Replacement of plagioclase phenocrysts and groundmass aost ly  along fractures  

and cleavages; 

(e) Replacement of ferromagnesian minerals including hornblende, augite, 
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No,O+K,O 

Figure la. Coqori t ioos of selected d r i l l  hole core samples plotted onto the 
cldsrical AFM diagram. 
Shido et a1. (1971). 
dac i t ic  rocks. 

Compositional f ie ld  of oceanic tho le i i tes  is from 
Closed c i r c l e r  are mdesi t ic  rocks a d  squares are 

hyperstheue a d  possibly olivine; and 

(d) Replacement o f  volcanic glass. 

Such differences in  modes of occurrence were not differentiated in these tables. 

Therefore, a zonal dist r ibut ion of secondary minerals i n  some d r i l l  holes is not 

apparent. Characterist ic features for their  dis t r ibut ion are br ie f ly  described Lor 

each bo reho le  as follows: 

- P-5 (Table 10): Thirteen core samples were studied from this 179.6~1 deep 

pilot-hole. These sampler are mainly andesit ic tuff  w i t h  tvo thin andesit ic flovs a t  

3 6 . h  and 52.5111. 

gypsum, and pyri te  usually occur. 

Host sampler are highly altered; quartz, rmectite, carbonate, 

Cris tobrl i te  was found only in  samples from the 
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upper 36 s c t e r s  along with d n o r  secondary quartr. 

sporadically occur in samples a t  shallow depth. 

l bo l in i t e ,  i l l i t e  and anhydrite 

Uative sulfur and l ac1  ycre identified 3s rmple from 22.3111 in depth. 

Three r eo l i t e  d a c r a l s  occur in the d r i l l  hole core samples: wrden i t e  at depths 

above 45.9m, 

occurs a8 a vein mineral a t  depths between 36.010 and i 2 . h .  

epidote vas found in  two deep samples. 

.nd chlorite/smeCtitc i n t e r s t r a t i f i ed  oinerals occur at greater depths. 

laumontite a t  depths belov 7 2 . h  a d  dachiardite which Portly 

Poorly crystallized 

Smectite uas widely formed above 168.0 m 

- P-7 (Table 11):. l ineteen core samples were examined from t h i s  250.0 m deep 

The rock types vary'from andcrit ic to  d r c i t i c  t u f f s  and flows, d t h  boreitole. 

the f l o w  being volumemiully less hpdr t an t . ,  Smectite o r  alkaline m e c t i t e  is 

present to 5 depth of 130.8 m, with chlorite/naccti te i n t e r s t r a t i f i ed  mineral 

then occurring to  the bot tm.  

m. 

I l l i t i c  clays occur at depths greater than 218.0 

The seo l i t e s  exhibit  a crude depth distribution, with mrdeni te  and 

c l inop t i lo l i t e  occurring frcm 26.0 to 50.0 I, lawbmtite a t  115.0 and 130.8 m, 

and wairakite from 115.0 to  170.0 a. Dachiardite is found between 26.0 and 

150.0m,~wstly as a vein-forming phase. 

150.0 t o  250.0'a. 

Epidote occurs in  every sample from 

Cristobali te,  alunite,  and native sulfur  are found i n  the 

upper fev tens of meters. 

studied bore-bole cores. 

of daci t ic  mature, m y  not be 8 geotherplal a l t e r a t ion  product but of igneous 

origin. 

Carbonate, gypsum and pyrite are formed ia most of the 

Sodic plagioclare, which vas found i n  only tvo sldaplas 

Adularia as an al terat ion d n e r a l  vas found only in  ramplea from 218.0 a. 

P-8 (Table 12): Twenty-one core samples e r e  examined from thia 300.0 m deep - 
boreitole. I h e  rock is p r e d d a a n t l y  anderitc and andcrit ic tuff  with tvo thin 

dacite and d r c i t i c  tuff  layers. 

depth-zoned; kaolinite and mnectitc or alkaline mettire occur i n  the upper 150 

meters, and illite and chlorite/ .nccti te i n t e ra t r a t i f i ed  miueral occur i n  the 

1-r part of the hole. 

The phyllosil icater are n p p r o x h t e l y  

1 .  

Seven different  zeol i tes  are found i n  thia  hole: l a j o r  
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mordeni te, lmmont i t e  , M ir  

chabazite and thomsonite. 

show a succession v i th  increasing depth, while dachiardite is present through 

mst of the core. 

and chabazite occur only at  vein minerals . 
below 95.0 m depth. 

180.0 m. 

assemblage of ac t ino l i te  + epidote + a lb i t e  + chlor i te  + quartz + pyrite. 

The mrdeni te ,  laumontite, yugawaralite and wairakite 

hs f a r  as observcd in thin r e c t i a s ,  dathiardite,  thomsonite 

Epidote occurs in  most sUpple8 from 

Secondary a lb i te  is found i n  a11 five samples from below 

Actinolite occurs in  the 300.0 m sample which contains the a l te ra t ion  

- P-10 (Table 13): Twenty-three core samples were studied from th i s  203.0 m 

deep drill-hole. 

subordinate dacite and daci t ic  tuff .  

mineral throughout the core; 80 chloritr /rmectite in te rs t ra t i f ied  mineral 

occurs. 

132.0 and 133.35 Q. 

m and occurs as cavity f i l l i ngs  m a d  as an i n t e r s t i t i a l  piuse i n  laumontite- o r  

wairakite-bearing al tered rocks. Host of the dathiardite,  chabazit t  and 

thomsonite are found in  veins. 

e l inop t i lo l i t e  to uairaki t r  through laumontite and pgava ra l i t e  can be seen. 

Epidote occurs consirtenrly a t  depths greater than 125.0 m. 

and gypsum are very coamon i n  the core s p e c h n s .  

found, even in wairakite-bearing 'rock. 

The rock is predominantly andesite and andesit ic tuff  v i th  

Smectite is the dominant phyl1oril icate 

Kaolinite and native sulfur are found at 25.0 m, and i l l i t e  occurs a t  

Hordenite vas found in  core s.mples from deeper th8n 161.05 

A rough depth zonation from mordenite- 

Carbonate, pyri te  

NO a l b i t i c  plagioclase vas 

- GO-7 (Table 14): Thirty-five core samples vere examined from this  500.0 a 

deep d r i l l  hole. 

minor dac i t ic  tuff .  

chlorite/smectite in te rs t ra t i f ied  mineral t o  ch lor i te  toning with depth is 

noticeable. Smectite, ch lor i te  

clay are  observed a t  15.0-175.0 a, 201.0 m and 2b3.0-623.6 m respectively, 

although the rock a t  450.6 m coauins  chloritr /smectite in te rs t ra t i f ied  minerel.+ 

mi rak i t e .  

The rock is  predominantly andesite and rnder i t ic  tuff  v i th  

A d i s t inc t  alkaline &ctitc-smectite through 

An equally welldeveloped mrdeni te  through laumontite t o  vairaki te  
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zoning vi th  depth is also observed. Xordenite, laumontite and miratr i te  occur a t  

depths a t  1S.O-147.0 m, 36.0-175.0 m and 201.1-500.0 m respectively. Only me 

sample has dachiardite as a vein rineral .  Albite occurs i n  many sampler below 

depths of 201.1 m and epidote is found s t a r t i ng  a t  a depth of 263.0 m. 

occurs a t  377.S and 398.6 m. 

Prthnite 

Carbonate, pyrite ~ n d  gypsum are widely found. 

- CO-8 (Table 15): Pifty-one sunples uere studied from this 998.3 m deep 

drill-tiole. 

dacite, and daci t ic  tuff .  Smectite and alkaline smectite occur t o  a depth of 

199.2 a, and chlorite/mnectite i n t e ra t r a t i f i ed  mineral is found from 147.0 t o  

998.3 m. 

of mordenite through l auwnt i t e  to  m i r a k i t e  v i th  depth is observed; mordeaite, 

launrontite and miratr i te  are found at 25.6-S0.S m, 50.5 m-350.5 mi and 126.5-998.3 

m respectively. Albite, illite and epidote occur in most samples below 147.0 P, 

.nd prehnite is &senred in four samples between 701.5 and 869.2 rn depth. 

Actinolite associated v i th  a lb i t e ,  epidote, prehnite, quartz, wairakite and 

chlor i te  was identified at 869.2 ID. Pyrite occurs in a11 rtudied samples md 

chalcopyrite m a  found i n  the deepest sample a t  998.3 P. 

only tvo samples in the shallowest part. The occurrence of carbonate in 

bore-hoit cores collected at depths greater than 650 m is rather  r a re  and 

$he tock coasir t r  of subequal amounts of andesite, andesit ic t u f f ,  

Chlorit ic clay is  found a t  depth8 greater than 250.0 m. A progression 

Cris tobal i te  occurs i n  

pyrophyllite occurs i n  nost samples b e l w  about 850 PI. 

the presence of neUtrak&ll i lW thermal water and acid thema1 water a t  

re la t ively sha l lwer  and deeper levels of this vel1 respectively. 

This f ac t  must indicate 

(Table 16): Thirty-tw #ampler were examined fran t h i s  1330.0 m deep 

bore-hole; ’ Apprpxh te ly  r ixty percent of the #ample8 are andesite with the 

remaining fbrty percent’ being dacite and daci t ic  t u f f -  Smectite i r  present i n  

four saqles abwe 302.0 I, chlorite/mnectite’ i n t e r s t r a t i f i ed  dacral occurs from 

155.0 to  1330.0 m, and i l l i te  is present i n  wst rampfer from 6SS.0 t o  1330.0 m. 

Wort of the chlorite/smectite k t c r s t r a t i f k d  clays i n  rockr deeper than 330.0 m 
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observed in  th i s  e l l  are lauqontite and vairaki te ,  the former occurring to  a 

depth of 305.0 m, and the l a t t e r  between 203.0 and 701.0 m. One very unusual 

feature about this vel1 is that vairakite is not observed anywhere Over the 

deepest 500.0 m interval  where no carbonate was found and pyrophyllite is 

comma. 

nearly ubiquitous from 300.0 to  $00.0 m, but i s  present in only two of nine 

ramplts below th is  depth. Prehnite occurs a t  500.0 m. Actinolite has been 

An analogous pattern is observed d t h  epidote, where th i s  mineral is 

are chlor i t ic .  Pyrophyllite occurs in  most 8 a B I p b  below 800.0 m, and b io t i t e  is 

present at 1330.0 m. Laumontite, yugawatalite, and wairakite display the typical 

zeo l i te  zonation pattern with depth observed in  many of the other cores. Albite 
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bntatiwely identified a t  600.0 and 1006.0 m, as has pumpellyite a t  1103.0 and 

1300.0 a. In t h i s  d r i l l  hole, the presence of acgd t h e m 1  water is also 

expected a t  the depth8 from 600 m to the bottom. 

123 (Table 18); t i f t y h r o  s8mples from t h i s  353.0 m deep well were studied. - 
The rock is primarily andesit ic and dac i t i e  tuff  with minor andesite layers. The 

shallowest core samples available for t h i s  nll begin a t  a depth of 158.9 m. 

Smectite occurs in only three samples, a t  175.9, 184.7, and 187.6 I and 

chlor i te /mect i te  i n t e r s t r a t i f i ed  d n e r a l  is comouly present in other sauples 

throughout this  -11. Only three s p e c h n 8  among forty-two specimens from depths 

between 158.9 a and 333.3 a hawe ch lo r i t i c  clay. 

chlor i te /mect i te  i n t e r s t r a t i f i ed  d n e r a l  zone md chlor i te  zone fr located at 

about 340 a and rocks a t  greater depths than 340 m are c h a r a c t t r h d  by the 

occurrence of chlorite.  I l l i te has been identified in most of the studied 

sampler. Seven zeol i tes  occur i n  the corer wairakite, l a u ~ o n t i t e ,  yugavaralite, 

dachiudi te ,  na t ro l i t e ,  tbabati te,  m d  thomsonite. Of these, only u i r a k i t e  is 

ubiquitats throughout the core. 

eight samples between 238.6 and 328.6 a. 

feu samples. 

the d r i l l  bok.  

s k  samples between 169.6 and 279.8 ma 

Probably, the boundarg between 

Dachiardite is present as a r e i n  mineral in 

¶'he other zeol i tes  each occur ia only a 

Epidote and a l b i t e  are present in most of the samples throughout 

Pr thni t t  occurs in only three samples. Adularia is present €a 

- 124 (Table &9): F i f t y s i x  Umples Hre rtudied from 158.3 to  349.4 I depths 

i n  ue11 # 12b. The rock is cmosed of rubequal andesite and andesit ic a d  

daci t ic  t u f f s  Vith only one thin &ci te  f l w .  

intermittently present betueen 16S.6 and 200.3-m and occur €a the sole 

mrdeaite-bearing sample at 291.5 1. 

is present in most sampler throughout the bore hole; only three S p t C b M  at 

2143, 219.6 and 227.4 m depths have ch lo r i t i c  cby.  

identified i n  some of the sampler a t  depths below 193.4 m. 

dach iud i t e  occur sporadically bebiten 150.3 and 264.05 m, md u i r a k i t t  €8 found 

Kaolinite and rarectite u e  

Ollor i te /mect i te  i n t e r s t r a t i f i ed  d r u r a l  

I l l i t e  has been teatatiwely 

kumcmtite and 
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in  many core samples from depths of 162.4 to 349.4 m (bottom). 

yugavaralite are present in  only m e  sample from 211.1 a and chabazite and 

thomsonite are found in  some specimens f i l l i n g  network cracks. 

py r i t t ,  a l b i t e  and epidote are generally present throughout the core. 

Trace amounts of 

Carbonates, 

Prehnite 

is limited to the 158.3 to  211.1 m interval and to the 334.7 to  344.6 m 

interval.  Adularia occurs i n  six samples between 193.0 and 270.6 m. 

- 127 (Table 20): Twenty-four samples have been examined from t h i s  1105.5 m 

The upper half  of the hole is p r h r i l y  composed of andesitic tuff 

Smectite is only present a t  

deep well. 

while the laver half is composed of daci t ic  tuff. 

32.4 m. Chlorite/smectite i n t e r s t r a t i f i ed  mineral occurs in samples collected a t  

depths between 154.6 m and 298.5 m. 

1105.5 m. Chlorite md chlorite/smectite inters t ra t i f ied mineral are associated 

i n  three specimens a t  296.1, 297.5 and 298.5 m. 

depths greater than 409.7 m. 

155.4 and 296.1 m, and wairakite i n  most samples a t  depths greater than 155.6 m. 

Albite is present in-most samples from 298.5 t o  11OS.f Q. 

depths great& than 702.9 m and prehnite only a t  297.5 D. 

the upper 411.5 m. 

specimens. 

lo%, except i n  specimens of 409.7-411.5m and 902.7m. 

records for  &hi. bore-hole indicate that d i s t i nc t  leakages of cooling water 

occurred a t  depths of 390-470~1 and'870-91Om. 

measured bottom-temperatures yere extraordinarily low at 51 hours and 99 hours 

a f t e r  the stop of the cooling water 8Upply. Eigh porosity rocks occurred a t  

these tvo depths due to the decomposition of ca l c i t e  by acid thermal waters. 

Chlorites are found between 296.1 m and 

Zl l i te  Oecurs i n  most sampler a t  

Clinoptiloli te occurs a t  32.4 m, laumontite a t  

Epidote occurs a t  

Gypsum is l b i t e d  to 

Pyrite and a rbona te  art observed in almost a l l  studied 

Calcite comnoaly occurs in  t h i s  bore-hole even at depths greater than 

The daily d r i l l i ng  

Figure 6 also shows that the 

SF% AND EDAX STUDY OF OOBE SAHFLES FROM DRILL HOLE /127 

Twcnty-thret 5 t o  10 am chips of core maples from U4.6 t o  1105.k depth in 
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the 1127 d r i l l  hole vere examined using scanning electron microscopy and 

semi-quantitative cnergyy-hirpersive analysis. This study of core f127 vas 

carried out for the following reasons: 

(1) t o  bet ter  understand the paragenetic sequence of d n e r a l s ;  

(2) to determine i f  a 8 ematic difference in  phy1108ilicate morphology o r  

paragenetic sequence occurred aa a function of depth; 

(3) to qual i ta t ively determine the compositions of the fine-grained 

phyllosil ieate;  and 

(4) t o  see i f  t h i s  type of study wu ld  r e su l t  in  the discovery of secondary 

phases too small to  be obsemed using opt ical  microscopy. 

Figure I9 includes otny scanning electron dcrographs of chips from the 1127 

core samples. 

cavi t ies  n r e  present, f r e e - g r d n g  secondary phases with d i s t inc t  mrphologier. 

Tentative identification8 of minerals i n  there photos were bared on morphologies, 

semi-quantitative energy-dispersive X-ray analysis on the SEN, and previous thin 

rectian and X-ray diffract ion identifications.  

completely sunned a t  law p e r  (100-2WX), then representative areas were 

observed a t  medium power (500-100OX), and f inal ly  specific areal vere examined a t  

high pouer (2OOO-SOOOX). Approximately one hour was spent examining each chip on 

the SEX. 

The areas shown k the photos are typical textures or, where 

Each of the samples vas f i r s t  

The following art short individual sample descriptions keyed t o  the Figure 19 

d c n g  raph 8 : 

- 154.6111: T w  habits of phyllosil icates are tentatively ident i f ied in the two 

photodcrographr: large (10-30 d c r o n  Vide by 2-3 micron thick) plates  of'. 

we11-crystalliied phyllori1icate, and a very f i e  (less than I u c r o n )  emneshed 

web of a smectite-@ppeariag material mixed with fine acicular c rys t a l s  occurring 

as elmpa among the large plates. The f incqrained acicular crystuls  are a 

Ca-Al-Si pha8e based on the EDAX &t& 

morphology and qua l i t a t i r c  colaposition. Hordenite war not found i n  thin section 

by petrographic microscope. The tvo phyllosil icates both contain Ca, Fe, S i  and 

They appear t o  be wrden i t e  bared 00 
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A 1  . - 154.h: The phyllosil icates obse&d i n  t h i s  photomicrograph are generally 

unifornrly coarser than i n  the previous sauple. 

Al. 

They also contain Ca, Fe, S i  and 

Xinor acicular potdenite crystals  n r e  found. Coarse pyrite is abundant. 

- 155.41: Three p h o t ~ c m g r a p h r  are shovn i n  Figure 19 for t h i s  sample. The 

p h y l l o s i l i u t e  occurs as quite uniformly-shaped 2 to  10 micron plates  clustered 

in the f o m  of rosette-shaped aggregates. Gypsum cm be seen i n  several areas 011. 

the grain. 

- 2 9 6 . 1 ~  The d n e r a l s  comumly observed in t h i s  sample are laumontitc 

(possibly a l t e r ing  to leouhardite), mi rak i t e ,  pyrite,  and a phplloril icate.  

- 297.59: In addition to qtiartz, phyl lor i l icate  and pyrite,  a K d l - S i  blocky, 

freeqrowing crystal is obsenred in one cavity. Although a K-zeolite cannot be 

Completely eliminated, the -phology w u l d  fawor its being K-feldspar, moat 

l ikely 8dularia. 

- 298.50: In d d i t i a n  to the phases identified optically,  several tapered . 

a c i c u l u  c rys t a l s  are obrerred i n  cavities.  

be Ca, ?fg, Fe, and Si. 

but lordl amphibole i s  a porsibi l i ty  based 01) the morphology mad the E M X  

eomporitjon. 

microreope methods au! it Lr not commm at shallav depths fn g e o t h e m l  d r i l l  

bolaS .  

tDbX indicates the major elements t o  

Ilo absolute identification vas possible for t h i s  phase, 

Secondary -hibole was not identified by using X7ay and 

- 409.h: Coarse, latt ice-like phyllosil icate =curs as a coating on a r t r i x  and 

apparently 4s a vein filler. Quartz .nd pyrite arc ubiquitous. 

- 411.h: Coarse, divergent aggregates of plates are overgrom by f iner  

phyl1osilicates; pyrite fr again abundant. 

- 577.h: Clusters of euhedral quartz crystals are very c m  ia cavities. 

'Lht phyllosi l icate  b.8 much the same 4ppcarance as in the previous s.rple. 

mllcr quartz crystal. intcrgrovn with the phylloril icate exhibit  a distorted 

habit, being d i s t inc t ly  flattened pa ra l l e l  to the ~ ' u i s .  

h e  

- 578.lr: Phyllosil icate very sidlar to the k r t  smple is observed. Pyrite 
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is also abundant; quartz is arch less soe 

7 0 2 . 9 ~  This sarple is a h s t  identical  i n  appearance to the prtvi-8 one. - 
703.1m: Coarse, euhedral calcite crystals  are observed lining cavities8 

In addition to  

7 

twinning s t r i a t ion8  ut shovn on 805e of the exycta1 faces. 

phyllosil icates,  write, calci te ,  and quartz, a blocky Ca-AI-Si crystal was found 

i n  m e  fracture. 

ctubazite o r  pgawar&lite. 

Uo positive identification could be made and it may be 

703.9m, 704.h (no photos), 7 W . h  (no photos), 792.la, md 9 0 2 . 7 ~  These 

five Sample8 are very similar in  appearance. Wedium-grained phy l lo s i l i ca t e  

curved aggregates are the only features seen on the marfice of these chips, 

1010.6m (no photos) and 1011.3m: Yery fineqrained, poorly-shaped 

phyl losi l icate  h the only secondary phase observed. 

1103.6m: S u b h e d d  ca l c i t e  cry~t.1~ are observed h~ cavitits. - 
Phyllosi l icates  are coarser than those observed at 1 O l l . h .  

1104.01~: tnergyydispersive anrlysis o f  of the platy phyllosil icates i n  - 
the f i r s t  two photos h , b )  reveals major &munts of A I  and S i  but only  d n o r  

amounts of other elemeuts, s u g g t s t i q  that somt of the platy crystals  play be 

pyrophyllite. 

shw typical  Hg-Ft-Al-Si &nalYStS &S in  previous s&mples, indicating that they 

are i n t e r s t r a t i f i e d  &lori te .  Calcite and a blocky 10.-Al-Si phase, post l ikely 

a lb i t e ,  are also obrerved. 

The very Coarse rosettes i n  the aext tvo photos (e,d) a p p u r  

1104Am: Abundant tuhtdral  u l c i t e  crystals  are v i s ib l e  almg f r ac tuns .  

Distinct,  well-shaped Peilg-Al-Si phyllosil ieates art v i s ib l e  intergroun vith the 

u l c i t e s  end also, apparently, on the rurfaee of the calcites. 

vell-crystall izcd phyllosil ieates could be chlorite. 

- .  

These 

- 1105.5m: Abundant euhedral quartz crystals end phyllosil icates are visible. 

EMX indicates major A1 and S i ,  eubstantial K and ?e, d n o r  

in the phy11osi1icate8, nrggcsting U1.t they might be phengitie illites. 

and Hg, and no Ca 

Concluding Bemarks 
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,Detailed examination of phyl losi l icates  in  the core r.nples of d r i l l  hole 

#12f hrr yielded diguuour rerul ts .  Although a variety of phyl losi l icates  

including mect i te ,  elkaline # c t i t e ,  in te rs t ra t i f ied  chlor i te ,  

K-phyllorilieater and p7toph7ltite were detected, posit ive ident i f icat ion of 

these pha8tS fS di f f icu l t .  

the phyllor i l ieates  a d  part ly  due to very poor rerolotion of the EDAX 

qor l i ta t ive  8 ~ b r e r .  Tberefare, further SEH rtudy of core samples from other 

d r i l l  holes -8 not contiuued. Sever81 very uhconaraa phares are 8uggcSted’ to 

occur in the ramples based on the rrtphology md the qual i ta t ive caaporition. 

This ineludes f i a t  a e i c u h r  wrdeni te  in #1W.6 and #154.9; adularia in  1297.5, 

trewlitie aephibok (1) in  e98 .5 ,  md chabatite (?) or yugavaralite (1)  i n  

1703.1 1;. 

mi8 b part ly  due to the 8idf.r mrphobn Of a11 

t lee t ron  microprobe -lyses bve  been performed 08 polirhed thin S e C t i O a 8  frum 

the 1124 well by J.C. L i a t  .rd f m  the 1123, #127, .nd #124 wellr by Ray Cuitlemette. 

‘Ltuc 1127 core r q l c r  were c z i t i u l l y  bnd-choren by f. Seki .nd -7 &illt&tt at 

Onikobe €8 August 1980. Only par t i a l  cores were available; .nd rupltr  were cborcn both 

at regular intervals  in the 8vai labl t  core tad &ere eh.nger in lithology or texture 

were dbcern ib le  d t b  a hand lens. The 1123 and 1124 core sampler were r i d l a r l y  chosen 

for rtudy by 1. %tki at ea r l i e r  dates. Petrographic raconruisruue r tud i t r  of polished 

tbin r tc t ionr  wmm followed by detailed electrcra ricroprobe 8nalyrer of 8eco;ldarp pha8eS 

observed in  thore thin Kc t i a i r .  &ll of these analyses were designed to h t e n 8 h  Vith 

the detailed petrographic and c h y  X - r q  diffract ion rtudies curied out by Y. Seki 01, 

another a t t  of thin wct ians  cut  f m  rnpler collected from the s l y  core intervals. 

Electron dcroprobe . rulyrer  amre carried out both to obtain complete quantitative 

ralr md to e o n f i n  tentative petrographic iden t i f iu t ions .  In 

the l a t t e r  u s e ,  both d - q u a n t i t 8 t i v e  “ r e a l - t h *  couot8 and cathode-ray rereem 

ia8giag techniqircs wefa used. the ramptar for  microprobe rtud7 were prepared u 

rtandard polished thin 8eCtiOUS at Stanford. 

‘ 

After examination, the uear cbor 
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study on e8ch 1" by 2" r l i de  e r e  circled v i t h  pemanent ink 8nd phbtogr8phed a t  20 to  

SOX o8gnification. The photos vcre then marked to indfc8tc the tentative d n e r r l  

idmtffiC8tOnS md the preferred ue88 for u u l y s i r .  In 

. h8nd,-dtcvn rketches vert used iU8te.d of photos 88 microprobe %PI". preparation 

phetos or di*ramr uar necessary i n  order to locate small grains for a w i y r i r  

the oicroprobe:s &ener8lly poor lorpower tr8nsmitted and lar and highh-power 

reflected l ighr opticr. 

011 the photos to allw the electron beam to be pl8ccd exactly on the 8- rpot t o  

cont iwe. the 8n8lyrir. After the . rulyser e r e  completed 8ad examined, cmpo8itiou81 

@attern8 obrrrvcd could be correl8ted vith texture and p8r8gcnetic inforqution by 

In 8ddition, the exact me8 8n8lyzed could be wrtred d i n e t l y  

ning thi rectionr petrogr8phically. After initi.1 examination 8nd prior to 
0 

aicroprobe..@Mlyri&, e8ch polished r e c t i m  w88 co8tcd vi th  m 125 t o  175 A thick 

caaductioe carbon film using 8 vacuum evaporator i n  order to prevent r t a t i c  charge 

build- end beam deflection duriag a ~ l y r i r .  

A l l  of the detoprobe analyse8 uere c 8 r r i t d  out on 8 unuml 3;ehanml bRL model 

emprobe at  Stmford. b rutple current of 8 p p r o x b t e l y  lOOnA $et an a 

st8nd8rd dth 8n rcceler8tiag volt8gc of 1s W n r  urcd for a11 of the 

4 be.m+diameter of 20-25 d c r o n r  w8s ured vhenever poarible, When necesruy 

mall g r 8 k  qi ta  or grain inholpogeneity, beam diameter u -11 88 1 t o  2 

qdtton8 v#8'ured. 

'mr not being dertroyed. 

@h& thb van done, C8fC -8 erereired to 8ee th&t the t8rget U e 8  

%e r8v COUUt8 n r e  a180 especially obrerved 8s 8 fwc t ion  Of 

88Cert& th8t Chc difforion Of #&8li ut818 .WRY frapl the 8pOt 8rC8 Y.8 O O t  

iag, result ing fdm?lY lar 80diuP md potasrium Qaluer. When thi8 t n s  observed 

m i r y  mrrw win d n e r a l ,  the, @ample stage war continually moved during the 

is, &en poiniblg, Ifn order to keep the am811 be8m on the ofacr8l beicy mrlyzed 

t 81678 I f  the 8- 8pOtv thus imiting damaging heat buildup. 

e AlU twX-SI iicroprobe ua8 up8b le  of 8hkaeeou81y amtyzhg f8r 3 

elsrentq. Thus, for a typical  8 or 9 clement aNlf(li8, C8ch Of the rpeetrcneten b8d to 

be . a u i l l y  driven to I dw pe8k porit ion an ffer8.g~ of Lhree timer. this could be d m  

in  ow of fM n y r t  ' ( f )  the beam could be l e f t  oa one are8 to be 8lulyzed sad thc 



Table 24A. Xicroprobe rtmdardr wed for mineral Umlyaer. 

Albite. 
Platioclue Ab Ab cb b e t  ber  Ab Or 

Pyroxene Cp R ber  Cp C P C p * b  

Ptehnitc Cp 

Cpidote cp 
Wairakite. 
tuoontite. 

Phengitie Illite.. 
?hylloril icater h e r  *b b r r  Sperm b e t  Let  Ab Or 

Carboaat8r b e r  Spear Cp C 

Ab - albi te ;  Or - Orthoclase: mer - Kmrmtiut Cp - Clinopyroune; Spear - SperarrCine 
C - Calcite: R - Rutile. 

Tugeuaralite Ab Ab b e t  CP 

Albite Or& her .  Cpx. Spcra. Calcite Rutile 

5x02 66.14 64.U 39-60 47-60 3S.41 

TW2 4.97 1.u 1.06 100.00 

UP3 19.77 17.06 13.3s 9.36 20.19 

%'3 0.01 1.07 17.36 2.70 

s.s7 2.47 0.01 

0.19 40.31 0.01 

9.sa 13.u) 0.01 

CaO 0.36 10.07 1a.m 0.62 ~6.03 

%O 11.46 0.91 1-90 1.06 

' 4 O  0.23 15-40 1-18 

43.97 

mu: 99.99 99.90 99.04 100.05 101.46 100.00 1oO.ao 
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spectrmeters  driven to  a11 peak positions before rcving the sample t o  the next area; or 

(2) the three spectrometers could be l e f t  at one group of aett ings and a11 of the 

saqtcs could be sequentially brought into analyzing position before the spectrometers 

vere driven to nev positions. A t  that  time, the saqles  could again be sequentially 

moved into m 8 l y t i ~ a l  position (i.e., the S a w  20-25 micron areas previously analyzed). 

Option (2) vas chosen in order t o  minimize spectrometer reproducibility errors and 

excessive drive time. 

analyzed to be located as many t h a  as necessarp. 

standards uaed fur the malyses. 

standards as closely as poasible i n  order to  d a i d z c  IPatrk-correction errors. The ZAF 

computer program HACIC fv by John Colby was used for  the data reduction. 

I 
i 
i 
i 
1 
1 
I 

I 

i 

1 

The detailed photographic probe ‘hraps” allowed the exact spots 

Table 24 lists the microprobe 
i I 

An ef for t  was made t o  match matrices of ~ k - 8  md 

I 

j 
A total of 419 analyses of secondary (and 8 fev p rba ry )  minerals were carried 

out on the #123, 

Guillemette. 

report. 

s8mple d e r s .  

d n e r a l r  are described i n  de t a i l  in the uext  chapter. 

clinopyroxene, compositions were described i n  the previous sections. 

124, end 127 core sample thin sectina by J.G. Liau md b y  

Of these, 167 representative analyses were chosen to  be included i n  t h i s  

The d e s  of occurrence of -st of the minerals analyzed are  provided below the 

The character is t ic  cornpositional features for  individual secondaw 

?or both primary plagioclase m d  

DESCXIPTION OF SECCNDAM ) I IHEws 

Si l ica  Hinerds  , 

Si l i ca  miner&ls are ubiquitous in the al tered saqles from the Onikobe geothermal 

I area and include both cr i s toba l i te  and quartz. 

depths md occurs as a fine-grained massive rephcement i f t e r  glassy groundmass, as 

fine-grained p r e c i p i p t e s  i n  vesicles,  and 8s thin si l iceous layers as the latert phase 

along fractures. 

fint-rained aggregates intimately associated w i t h  other secondary a h e r a l a  

feldrpars md glassy gradid-88, as cuhcdral eoorse-graiod c rys ta l s  along fractures and 

vesicles and as ; , . ~ s t a l l t e d  morric aggregates a f t e r  primary quartz. w a r t s  f8 wst 

Crir tobal i tc  is rertricted to rhallov 

Secondary quart& is present in every rpecimen. It occurs as 

a l te red  
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tolnonly asrociated with clays d m r a l r ,  carboorrter, reol i te8 and pyrite in the al tered 

raEpler. 

Kaolinite hyrophy l l i t e  

Keolinite t one of the mort c m  mcondary pharcr at the rurface of fumarolic 

areas within the Onifrobe gaothemul area. 

kaol ini te  m d  pyrophyllite are  v s q  d w r  md kaol ini te  i r  re r t r ic ted  to r h . 1 1 ~  depth. 

They e m  only be ident i f ied hi fine-grained s tparater  by X-ray diffraction. therefore, 

the i r  occurrence md depth dis t r ibut ion ut d i f f i c u l t  to determine. They occur as 

fine-grained ph.se8, intimately arrociated with other secondary d n e r a l r ,  i n  veins and 

Hovaoer, in d r i l l  hole core r a p l c r ,  both 

&I n p l & C e m t S  & f t t t  pl.giOChSe WSt.18 md g1.88 8h.rdS. 'LhC b o l i n i t e  i 8  

rest r ic ted to sh.l lav depths abwe 300 meters except for  porous ramples i n  COIll *ere 

d w r  L.ol ini te  was identified in rmpltr at depthr of about SOOm md 70011. 

Pyrophyllite occur8 in 8ome Core Sampler a t  depthr greater t h m  800 meters i n  

CO-8 and 0 0 - 1 1 8  an h e r r e  c o r n l a t i a x  betamen pyrophyllite 8ad wsit.ki+e u y  exist. 

Pyrophyllite t present in thore d r i l l  hole core rampler &ere a i r a k i t e  t e i the r  

absent or foms u a l a t e r  phase. Apparently, the formation of both kaolinite ead 

pyrophyllite is fmored in rocks clhcre m acidic aqueous rolution f low.  

acidic moirorrprcnt, Ca-zeolftes nrch as laumnti te  md wfrak i t e  are  aot stable. 

In ruch an 

Clay Wineralr 

Clay datrals are &e mort hydrothermal d n e r a l s  in bore-hole cores of the 

Unitrobe gtothemal  uc. .nl consirt of a variety of species. 

diffract ion character i r t icr ,  p u t i c u l a r l y  the basal spacings under dry conditions md 

a f t e r  athylene-glycol treatment, the clay d n e r a l s  in the d r i l l  hole core r n p l e s  from 

the Ooikobe geothermal u e a  u e  divided into n c c t i t e ,  alkaline r rcc t i te ,  

chlor i te /anect i ta  i n t s r r t r a t i f i ed  mineral, chlor i te  .ad i l l i t e .  Table8 2S-3S list the 

dml valuer of these clay Jaer r l s  under dry conditions md 4 f t t r  ethylene glycol 

treatment. 

Based on the X-ray  

Belw, we f i r s t  describe the procedure8 q l g e d  for Qur ident i f icat ion of 
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the .clay mineral species, then the general textural  n d  eomponitional features of each 

of the clay minerals, their dis t r ibut ion a d  depth variatfonr, and finally we 

mr resu l t s  with those of other iUVeStit8tiOUS i n  many other geothermal areas. 

correlate 

Procedures for  Identification of Clay Xineralr 

It has been rho= that the baral spacing dOOr of sme ri te md mect i te lchlor i te  

i n t e r s t r a t i f i d  mineral varies easi ly  by catian exchange as uell as by changes i n  the 

r e l a t ive  humidity under clhich these clays are kept. 

clay minerals according to the f o l l d a g  procedures: 

We d e t e d n t d  the door values of 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8 .  

The nample vas ground into fine-grained pavder of less than 100 dcronn,  imersed 

i n  d i s t i l l e d  vater in a beaker, and thoroughly s t i r r ed  i n  order to separate the 

clay pa r t i c l e s  f t m  other Pinerals. 

The suspennion v.s allowed to  r i t  for  15-30 minutea and then poured into another 

beaker; the l ight  ruspcnsion contained abundant clay minerals. 

The clay-rich suspension vas l e f t  i n  a beaker for a t  l ea s t  2 dayr in  order t o  

deposit sufficient amount1 of the surpendcd clay minerals a t  the bottom of the 

beakktr. 

An X-ray povder s l i de  vas prepared by smearing v i th  a small amount of the 

elay-rich slurry. 

The nlide vas dried and kept a t  room temperature for several days in UI 

atmosphere of lw relat ive humidity (less than 50%). 

Phrrcovite pcuder m a  used as .II internal  standard because the dml value of 

muscwite is well d e t e d n e d .  

"he r l i de  was run in the X-ray diffractometer f i r s t  from 10' to 2.5' 28 

(CuW),,at a chart  speed of O.So/cm/mia. Then it m s  run from 40' to 2.5' 

and 65' t o  SOo in order to detemine other d n e r a l n  md the (060) reflection 

of clay minerals, respectively. 

The sl ide vas placed into a waled plant ic  box t o  uhich had been added 2 or  3 

drops of ethylene glycol; it vas then run again i n  the X-ray d i f f r ac tme te r  from 

i 00 
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123 
187.6m 

GO-11 
1SO.Om 

I I 2e1cuw 10 15 

Figure 20. X-ray diffractog- of (A) mutite, (B) a U u l i r  smectite, 
(C) chlorite/smectite interstratified mineral and (D) chloritic clay. 
Solid liocrt 4t 
treatment. 

tonditioas; broken lines: after ethylene glycol 
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, 150 to 2.5' 28 (CUBS). 

9. The dml value (118 then determined in  the care of . o c c t i t e - c h l o r i t e , d u d  hyer 

a d  chlor i te ,  and the i r  dool *.her a r e  calculated from the i r  dooz ' dm3 
8 d  dm4 *.~uer. 

Dercription of Each Clap Mineral Specier 

k c c i t e  (%e I C1.p): n e  clay dneralr v i th  door valuer ranging f r m  16.38 
0 0 

to 15.46 under dry condition and 16.6 - 18A a f t e r  ethylene glycol treatment are &lied 

emectiter in a i r  paper a d  examples of the i r  X-ray diffractograma ate r h w  in tigurc 

20tA). The term "mectite" ir  a general term or poup naae ddcb fdcluder *uiotrr types 

of expandable clay dneralr much 88 montmorillonite, bs idc l l i t e ,  raponite a d  a h e r r  

(Eberl, 1978: Bailey, 1980). kcording to Bet1 (1978), the .on;trorillonite rhould be 

NdioctahedralN rrntctice in which w8t o f  the leyer charger are developed by ircmporphour 

rubrt i tut ian in the octahedral layer, d~erear  the main Qarga cmpouent %n beide l l i t e  is 

tetrahedral. 

bemeen aontmorillanite a d  be ide l l i t c  h not porrible. Although the $me rrponitc was 

o r i g i a l l y  ured a8 the equivalent of tr ioctahedral wn tmor i l l oo i t e~  uq lufPIot8 have 

uaed rapatitt 81 a general term to include both r r c c t i t c  md amt .or i l ion i te  (e.g., 

Itiaibara, f975a.b; Sequet et &lo. 1975). 

Bc recomendcd using the general term n e c t i t e  when t+ different ia t ion 

k c t i t e  mineral8 n e  - in the upper 200 I of rprt of the dri l l -hole  corer and 

8tlC OCC88iOU811JI fwnd d m  to 8 dcpth 8f 300 I. 

by rfcroprobC mcllyrir 88 a r e ru l t  of the inabi l i ty  to k a t e  I.r&er h b t e d  8riLar 

rui table  for  th ia  type of a n ~ l y r i r .  190 defin€tely- ident i~€ed m c t € t e r  yare touad in the 

t127 core ramplea t d n e d  by SEX. 

UO cha ic81  C W 0 8 I t i 0 ~ 8  ob tained 

~1k:crlioC S r c t i t c  ( M e  I' Clay): Alkaline mec t i t e r ,  in uhi& mat o f  the CI ctnd ?lg 

C 8 t i O W  i n  r p c C t i t e 8  8fC r t p h c t d  8&8lim r t d h  #IS& 88 lf8 .nd a. chrr ic t t r t tCd 
0 0 

by dml (dry) valuer gf 12.5-13A and m cxpanrioa to f7.0-17.6A 8 f t e r - e t h ~ l e n t  'glycol 

treatmesf. & rhorra $n Figure 20(B), the alk8liue a e c t i t e r  are rarily different ia ted 

from the mect i t e  dera ibed  above. 
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The dool (dry) versus dml (Ed diagram of cloy mine rom the Onikobe d r i l l  

re ampler  are ru8marited in  Figure 21. &parentIy, a r ignif icant  g8p between 

m e c t i t e  urd alkaline *mcctitc ex is t s ,  rupporting the obrerv8tion that  both chemic81 

c w o r i t i o n  and r t ructural  relations are  dirtontinuour between 'the two clay d n e r r l r .  

S k i l a r  obrerv8tionr have been Pade in  the Miocene volcanogenic requence of the Seikan 

underre8 tunnel area in  Japan (Seki, e t  a l e ,  1980). 

Like Ca-Hg mnectite, t h i r  variety generally occur8 at depths rhallowcr than about 

200 m; it  i8, however, mch less abundant than the foruter, occurring in fever r.mpler per 

hole and in  'a' dotal Of only 4 of 11 drill-hole corer. 

could be eirried out. 

Uo microprobe o r  Sm analyses 

C "  Chlorite/Smectite In t e r r t r a t i f i ed  Minerals (Type I1 Clay): We r u w d  the clay 

a inera l r  with dml (dry) valuer of about 14-15% and an expansion t o  14-161 by ethylene 

glycol treatment a8 chlorite/smectitc i n t e r r t r a t i f i ed  minerals. mere minerals eonrir t  

The degree of ' of mn-expandable layers of chlor i te  and expandable smectite layerr. 

expansion by cthyletk glycol treatment generally increarer w i t h  the incre8se of  

i n t e r r t r a t i f i cd  expandable components. The re lat ive i a t en r i t i e r  of the 141 peaks and 7X 

peak can be ured to  ertimate the relat ive proportion of expandable layers in  

ch lo r i t e /wec t i t e  in tc r r t ra t i f icd  mineralr (Weaver, 1956; 'lorhimura, 1971; Yorhimura e t  

al., 1977). 

X-ray diffractograma decrearcr eontinuourly from about 1.5 t o  about 0.4 and dool 

With increariag chlor i te  content, the peak height r a t i o  of 7g/148 in the 

. thanger from 141 to  15.59 (as a r e ru l t  of ethylene glycol treatment). Variation fn the 

' *re la t ive  intenSitie8'Of the bar81 rpacingr a t  141 and 7g o! there a inera l r  a r t  be caused 

p r b r i l y  by variation of cations i n  the octahedral layerr and i n  the hydroxide rheet, 

the latter being occupied -by large cations and 820 ooleculcr. 

Host chlorite/mnectite i n t e r r t r a t i f i ed  mineral8 from the bon-hole  Con8 of the 
0 

' 'Onikobe geothermal area rhow a d i r t i nc t  316 diffract ion peak, indicatiag that they are 

regularly in t t r r&a t i f i t d  minerals. P igun  20(C) i l lus t ra te8  the X-ray diffractogrm for  

a Chlorite/mnectite in ta rs t ra t i f ied  mineral: the basal rpacingr reprerented by the three 

d i r t i n c t  peak8 are r e spec t ik ly  31A for  (001). 14.6; for  (002) and 7 . s  for  (004). 

The dOOl (dry) - dOOl (HC) re lat ions for  chlor i te  /met t i tc  inter8 trat i f  ied 

0 
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Figure 21. %1(dry)4001 (ethylene glycol) diagram of alkalima rocctite US), 
smec rite (SI and chlorite-ch1oritelsmectite interrtratifSed dater.1 series 
(a) in mckr o f  #123 (a), #124 (a) md #127(C) boles of the Onikobe 
geotheraml area, Japan. 
drrcrals rrsured fron boic-hole cores o f  the Odkobe geothermal area. 

(0)  is a aunmury figure o f  a l l  aPect€te-chloritc 
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minerals a n  plotted in  Figure 21(A) for  individual Onikobe d r i l l  cores 1123, 120 and 

127. F r w  the available data shovn in  Figures 21(A) and (B), a small gap exis ts  betveen 

mec t i t e  and the chlorite/smectite i n t e r s t r r t i f i ed  minerals, whereas a continuous se r i e s  

occurs between the chlorite/smectite in te rs t ra t i f ied  minerals and chlorite.  

Morphologically, the ch lor i te /mect i te  minerals observed by scanning electron 

microscopy in  samples from core 1127 occur as d i s t inc t ,  thin, platy and generally curved 

crystals.  Coatings of these 2 t o  10 micron crystals  often display a locally 

sub-parallel ,  corrugated texture. 

are sometimes seen. 

displays low birefringence. 

Aggregates of curved plates in  the fom of roset tes  

Optically, the chlorit t /smectite is pale green in plane l ight  and 

The chlorite/smectite in te r r t ra t i f ied  minerals are the m s t  coumon phy11osilicate 

found i n  the Oaikobe geotherPIll1 area, occurring abundantly in  dr i l l -ho le  cores at depths 

greater than about 150 m. 

electron microprobe. 

i n t e r s t r a t i f i ed  minerals and 17 chlorites.  

Selected minerals vere analyzed for their  major chemistry by 

The resul ts  are l i s t e d  ia Tables 36 aad 37 for  11 smectite/chlorite 

The in te rs t ra t i f ied  phases are auch more 

variable i n  composition than chlor i te  and contain asinly Si02 (28-33 Ut%),  A120j 

(9-19 Ut%) ,  Pew as t o t a l  Fe (8-29 U t % )  8nd NgO (10-23 Ut%) ,  minor amounts of Mno 

(0.06-2.0 Wt%) md CaO (0.1 t o  2.2 Ut%) and negligible amounts of 4 0  and ??azo. 

Since the chlor i te  group d n e r a l s  can accommodate only a very limited amount of Ca in 

t h e i r  structure,  the presence of more than a few tenths of a percent of th i s  element in  

an analysis indicates the occurrence of interlayered mectite. 

can observe from Table 36 that  shallin~fer samples contain higher Ca eoncentrationr, md,  

hence, a higher proportion of interlayered mect i te .  

for d r i l l  holes #I23 and 127. 

i n t e r s t r a t i f i ed  chlorite/smeetite is observed i n  the X-ray diffract ion results.  

As a general rule, one 

This t.rrcnd is shoun in  ripre 22 

A similar pattern based on the cxprndibility of the 

The d r l  variations among the major components Si0,-A120, - (FeO + HgO) f a r  

these ana1yses are shovn i n  Figure 23 together with the compositional plots of . D I C C t i t C  

by Sudo and Shimada (1969), chlorite/smectite in te rs t ra t i f ied  mineral by Kirabarr 

(1975a,b) end chlor i te  by Shirozu et  al., (1975). 

in te rs t ra t i f ied  phases s h w  significant variations i n  terns of these components; s a w  of 

Apparently, the ch lo r i t e /mtc t i t e  
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r (3 
21 .o 
2b .O 
JS e 0  
39 .o 
41 .O 

M.0 
s1.1 
700.1s 
115 .o 
130.8 

142.5 
l M . O  
170.0 
200.0 
218 .o 

bO.0 - 

hl/Smeet - Qlorite 
D- I C  

Illite 
L 

10 .20)  

10 .30)  

them h v e  umporit iaor very d o r e  to tb t  of chlorite.  Ikverthe1esa, they contain higher 

Si02, lauer (re0 + &O) ard lover C.0 than chlorite.  Both the #mectite/chlorite 

i n t e r s t r a t i f i ed  mineral and chlor i te  u e  extremely lw in 5 0  content and a re '  

r igaif icant ly  different  from i l l i t e  and i l l i t e / n e c t i t e  n k e d  k y e r  s i l i ca tea  described 

la ter .  

Qllor i te  C1m (Type Iff  Clm): The dOOl spacing of UI ideal  chlor i te  i8 mot 

changed by ethylene glycol treatment (Makamura, 1976). The occurrence of rueh 

rmexpandable chlor i te  is extremely rare in the d r i l l  hole core sampler frola the Oaikobe 

gCOthrU1 an80 Wort of the chlor i te  t h y 8 9  a8 8hoVn i n  Figure 20(D)v makly to  
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Table 27. B e  4001 ralues o f  clay m i r r a l r  tram c o n s  mX ?de the Onikobe 
~ e o t h e r u l  area, Japan. 

50.0 
M.5 
72.5 

95.0 

100.0 
104.1(5) 
111.2 
118.0 
124.5 

15.0 

131.1 
148.50) 
150.0 
I56.2(5) 
168.5(5) 

200.0 
213.9 
250.0 - 

IO. 

Table 28. h e  r a l w s  o f  d r y  d a r a l s  fro0 c o n i  m t  ?-IO* the Onikobe 
geothcaal a n a *  Japm. 

LP- 
(m) 

2s .o 
so .O 
50.5 
$1 .s 
95.6 

100.0 
110.0 
125.0 
132.0 
133.3(5) 

135.0 * 

138.20) 

149 -0 

141.2(S) 
148.7(5) 

152.5(5) 

161.OtS) 
166 A 
171.7(5) 

183.00) 

160 e 0  

194.2 
203.0 - 

L r c  t ice 
Dry LC 
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k P &  

I t  .o 
20.) 
2310 
26.3 
107 -0 

147.0(8) 
171.0 
201.1(3) 
tOl . l (S)  
243.0 

247.0 
263.0 
276 .O 
299.3 
300.8 

3S2.0 
377.5 
Y1.0 
398 .o 
423.4 

0 

4S0.6 
200 .O 

Q I l / $ n c t  - Chlorite 
B r Y  LC 

-derate 1y expanded by ethylene glycol treatment. 

I l l i te  
& 

10.6<0) 

Tables 25 to 35 list the dool values of clay minerals from cores of many d r i l l  

holes i n  the OniLobe g e o t h e m l  area. 

[doo1(EG)-dwl(dry)] / dml (dry) r a t i o  decreases with increasing temperature and 

depth in the OniLobe geothermal area. 

drier81 changes to da lo r i t i c  clay, and the percentage of chlor i te  layers in  the 

The data c lear ly  indicate that  the 

Apparently, the chlorite/smectite i n t e r s t r a t i f i ed  

chlor ite/smec t i te in t e r s  t r a t  i f id minera 1s increases v i t h  incrcas ing dtp th . 
Some boreitole core samples contain both chlor i te / rw.ct i te  i n t e r s t r a t i f i ed  mineral 

and c h l o r i t i c  clays as shovn i n  the X-ray diffractogram of F’igure 24. Whether these two 

a stable  is not certain. Optical observation to reveal t he i r  genetic 

rals were analyzed for t he i r  y j o r  element compositions and the 

r e su l t s  are l i r t e d  in Tables 37 and 38 and graph iu l ly  shovn in  Figures23 .nd 25. 

Canpared to those chlorit t /smectite i n t e r s t r a t i f i ed  minerals described above, the 

chlor i tes  have a much more rest r ic ted range of chemical compositions. The ch lo r i t e s  
‘’+ 
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k p  Lh 
&L- 

2s .o 
M d S  
100.5 

ho0.s 
I263 

147.0 
147.1 
141 .o 
199.2 
202 .o 

207 -0 cz:: 
297 -0 
3S0.9 

351.0 
402.5 
4SS.O 
m0.s 
so1.0 

s52.5 
597.5 
599 .o 
6SO.S 
611.0 

700.0 
700.1 
701.5 
7SO.O 
799 .o 

G:: 
950.0 

Smectite 
Drr tc 

C h l l b e t  - Chlorite 
Drr t G  

' Xllite 
D.+ 

10.3(0) 

< .  . 
ir.st2) 

IO.l(2) 
10.20) 

contain auch lower C.0 end SiO, than the chlorite/rmcctite phrases. 

Analyses of minerals considered be almost en t i re ly  

contents are also plotted - in Figure (a f te r  thy, 1950). The 

d r i l l  holes #123, 124, and 127 a11 plo t  in  the pycnochlorite and diabantite f ie lds ,  

follcning pnoridked ch lor i te  ~~OPYUC the deeper samples appear to generally plot  

fur ther  to the l e f t  than the rhallouer ones as a resu l t  of lower S i  contents. 

oxidized ch lor i te  nomenclature i s  o en the malyses fa1 the delesmite a d  

ch.moaite f ie lda . 
samples, the occurrence ruggestr that unoxidked chlor i tes  are more l ikely than oxidized 

I f  

r a t io s  could not be obtained for  tliese 
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m e  
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150.0 
I:::: 
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&03.0 
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tos.0 
3% .O 
400.0 
4014 

503.0 
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lor.0 
111.0 
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12os.o 
962.0 
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1U.9 
159 .2 
159.9 , 
1b2.9 

169.8 
175.l 
178.8 

*O 

.t 
L87 e6 
1934 

207 .I 
110.4 
215.2 

238 -6 
244.9 
247.6 

t u . 0  
2b0.9 
262 .& 
26f.6 

271.6 in .I 
28f.1 
210.1 
295.2 
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in 3 
159 A 
162.4 

.165.6 
167 a 3  

172.4 

179.3 
186.3 
192.0 

193.4 
200.3 
201 08 
209 -9 
211.1 

21b.Ot5) 
214.3 
219.6 
222.8 
227.4 

u1 .I 
235.8 
239 .a 
2bl .o 
24s .o 
2b6.b 
219 -4 
u2 .1  
253.1 
2% .4 

259 .4 
264.0(5) 
26b.4 
2 7 0 1  
276.9 

286.2 
29 1 .I 
2Pb.6 . 
300.5 
307.5 

310.4 
315.4 
318 ;I 
320.4 
323.7 

s24.1 
329.1 
33b.7 
W . 6  
h 6 . 3  

in .o 

l w c t r t e  
Drt CC 

a l l t r c t  - h l o r i t e  
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t ab le  35. The 4001 T 4 h 8  of clsy oineralr  from tore8 of 1127, the hirob., 
Eeotherul ore., Jopw. 

- 
k p t h  
0 
32 -4 

155.4 
154.6 

E:: 
4;:::: 
E:: 
409.7 

411.5 
577.2 
578.1 
702.9 
703.1 

703.9 
704.3 
704.9 
792.1 
902.7 

1010.6 
1011.3 
1103.6 
1106 .o 
1104.4 

llos.s 

ones (where, following Ray's convention, oxidized chlor i tes  are thore containing more 

than 4 vt.% Fe203). t ab le  38 l i t ts  the calculated chlor i te  f o m l a s ~  for the analyses 

plotted in  Figure 25. 

mectite-free chlor i tes ,  i t  is  hiportant to  note that very few of there chlor i tes  exhibit  

00 expansion upon ethylene glycol treatment; the majority st i l l  chaw weak t o  moderate 

expansion. 

number of researcherr. 

inter6 tra t i  f ied ch l o r i  te/rmecti t e  miinerr 1s a lso  exhibit a dis  t ine t 311 n f l e c  t ion,  

indicating that  they are regularly rather than randomly in t e r s t r a t i f i t d .  

Although these analyses can be ruccersfully calculated as 

This is character is t ie  of h a t  has been called "swelling chlorite" by 

In addition t o  shoving a 10-161 ref lect ion,  the Oaikobe 

I l l i t e /Saec t i te  In te rs t ra t i f ied  Hinerals and Ser ic i te r  

i n  some deep bore hole coreo of the Onikobe geothermal areas. 

compared to smectite-chlorite rerieo clay k n e r a l r  described above. 

minerals, judging from the i r  X-ray diffract ion patterns and limited microprobe 

I l l i t i c  clay minerals occur 

They are relat ively rare 

The i l l i t i c  clay 
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22. Plot of C.0 w t X  i n  chlorite-rmectite i n t e r s t r a t i f i ed  minerals f m  d r i l l  
hole samples in cores #I23 and #l27 as a function of depth. 
calculaftd on the b a s 3  of vater-free t o u r s  normalked to  882. 

C.0 vas 

cmpositions, belong to the i l l i t e - i l l i t e / m e c t i t e  i n t e r s t r a t i f i ed  mineral meritsI 

Continuous r a r i a t i o m  occur i n  this ser ies ;  with increasing depth, as shown i n  Table 30, 

the difference i n  (001) spacings between dry condition and a f t e r  ethylene glycol 

treatment becmcs smaller. 

decreases and i l l i t e  becomes the major K-bearing phase for deep d r i l l  hole core samples. 

h txamplt of an X-ray diffractogrlm of a typical i l l i t e t m e c t i t e  i a t e r s t r a t i f i e d  

Ibis relationship indicates that the saee t i t e  component 

mineral separated from -11 (203.0~1 depth) i s  shown i n  Figure 26(A); both p n -  and 

post-glycolation diffractograms are pnseutc4. 

tvo components-mectite and i l l i te .  

i n t r r ~ t r a t i f i e a t i o n  e f  s e r i c i t e  and smectita. 

uhich can best be shovn in the diffractogram run a f t e r  glycol treatment (13.7U for 

rmectite component and 9.d for  the i l l i t e  cmponent). 

Figure 26(8), the cnd-member f l l i t t  (or ec r i c i t e )  exhibits a character is t ic  uhite Pica 

pattern with l 0 . d  for 4001) peak and 3.06A for (002); these ref lect ions are not 

affected by ethylene glycol treatment. 

The diffraetagram exhibi ts  the e f fec t s  of 

The 27.31 peak i s  due -to the regular 
0 

The 12.65A peak is due t o  both cgmponentc, 
0 

On the other hand, as shown i n  

0 

The (hkl) reflections in  the range of 20'-35' 
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Figure 23. Si% -'A1203 - (FeO + -0) d k r a m  s h d w  t w o s i t i o n s  o f  analyzcd 
ch lo t i t e /mcc t i t e  i n t e r s t r a t i f i ed  ducrals and chlor i tes  from d r i l l  hole 
cores of the Onikobe EeothezPrl area. Rw&ers rofer.  to those analyses in 
Tables 36 and 37. Sm: m e c t i t e  (Sudo and Shhoda, 1969); C S r  
chlor i te / .wct i te  in ta rs t ra t i f ied  d m r a l s  (Kimbara, 197Sa); Cht chlor i te  
(Shirozu et al,, 1975). 

Cum 2 8  (Yoder and Eugster, 1955) indicate that  i l l i t e  and i l l i t e /emect i te  

in te rs t ra t i f ied  minerals belong to  the % a d  tHJ (or 1H) polytmes respectively. The 

values of dwo spacing of 1.097a' - I.SOO~ suggest e a t  the K-beariag clay minerals arc 

dioctahedral phylloril icates.  

Some dr i l l  core sampler contain both lnacctite-ehloritc and i l l i t i c  clay minerals. 

Both appear to be stable. Some i l l i t e  c ryr ta l r  are coarse enough. towxhibi t  the opt ica l  

properties of phengftic d c a .  The phengitie phyllosi$icatcs a re  cobrless and have high 

birefrigence, whereas the c h l o r i t e - m c t i t e  minerals are l igh t  green i n  color and have 

neutral  interference color. X-ray diffractogramr of some #8mpye? Vith the 2 tlrpes of 

clay minerals are sham in  Figure 27. The 9.821 peak appearing a f te r ' e thp lem glycol 
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Table 38. Calcol8tcd foru lae  for ChlOrit~8 It- tbe ODikobe 8eotbarul 
aru. Japan. 

0.U 

0.n 

Depth 
I 
I 
I 411.). 

702.9. 
703. b 
703.9. 
704.9. 

i 
I 

902.78 

1103.b  
1104 .om 
1105.). 

10. SI 

10. so 
10A7 

10A2 
10AO 

10.3, 
lo+ 
1 O . l 3  
loa6 

d 
Oo1W 

10.0, 

9 .B5 
' 9.B5 

10 .or 
10.1, 
LO .lo 
10.1( 

9.92 

9.8, 

o.s3 
0.S5 

0.l7 
0.1) 

0.0) 
0.03 
o.oo 

0.65 

0.3) 
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nicolr.  

8me i l l i t i c  clay d n e r a l r  from the bore-hole coret  0.f the Onikobe geo the ru l  area 

were analyzed by the electron microprobe. The,reIult8 are lC8ted i n  Table 40 and 

graphically i1lurtrated in Figure 28. A180 r h m  in  the diagram are c h p o s i t i m r  of 

rapmite (Yorhimura et al., 1975), mericite (Higarhi and Shirotu, 1975) and i l l i t e  

(Shboda and i?irhi]r8M, 1973). up6n,e%kimtion of the recotmairrance d8ta l i r t e d  i n  the 

#123 - e127 - 
703.b w 

lo. 238 A m  

ub1e.and 8hoW in the figure, 8everaI fact8 are de&ucedt 

rubrtantirl1y i n  the i r  u j o r  elements, (2) the SiO, content ranger from 31 t o  49 v t X  

(1) i l l i t i c  clay mineral8 *a- 

r 

and increaser d t h  increasing 3 0 ;  (3) thore i l l i t e / a c c t i t c  i n t e r r t r a t i f i e d  nineralr  

riot 
;>g3 

WO 
le0 

31.b6 33.11 58.82 42.27 19.51 b9.U 36.04 37.97 36.34 32.94 
P.76 20.15 22.66 25.20 31.51 30.93 23.U 22.72 25.02 19-00 
14.03 12.19 9.17 0.32 0.24 0.23 8.53 6.60 8.31 4.56 
0.66 0.73 - - - - 0.U 0.29 0.11 0.11 

13.U 13.33 14.52 1.56 1.35 1.21 S.71 8-05 5.11 b.33 1 
t.0 
K20 
b 2 0  
W y d r a ~ r  
T a u  1 

0.29 0.26 0.17 0.11 0.09 0.07 0.50 0.75 0.4s 1-84 1 
0.09 0.12 0.M 0.19 0.28 0.20 1.M 2.20 0.W 2.34 , 

79.76 81.99 88.17 76.19 Pa.% 91.94 78.61 81.33 80.47 69.28 ' 

1.S 1.69 2.51 6-54 8.82 9.32 3.10 LE9 be04 2-09 

Si% 
;;g3 
I b O  
4 0  

c.0 
K20 

$&~r 
sou 1 

58.32 38.57 b8.08 48-96 
26-55 26.74 28.33 27-96 
10.28 1b.G 3.X 3.90 
0.17 0.09 0.04 0.64 
S.72 5.05 1-77 le% 

0.30 0.27 0.08 0.02 
4.31 3.96 10.36 10.17 
0.35 0.37 0.U 0.08 

89.91 89.71 92.52 93.46 
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Figure 26. X-ray d i f f n c t i a  diagrams of (A) illite/amectite interrtratified mineral 
(GO-11, 203.010) and (B) i l l i t e  (GO-8, 9SO.Od, Onikobe geothermal area, 
Japan. Solid liner a t  dry conditiol: broken l i n e r  after ethyleae glycol 
treament 
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ONIKWE 
It127 7Rt.Sm 

ONIUOBE 
I123 344.6m 

Figure 27. X-ray diffraction diagrams of (A) i 1 l i t e jrwct i t e  iaterrtr8tified mineral 
arrociated with chlorite (#127, 7 0 3 . 9 ~ ) ~  8ad (8) chlorite and rericite  

line: 4t dry e d i t i o n ;  Broken liner after ethylene glycol treatment. 
(1123, 344.h) from the Ollikobe geothermal area, ' J8p-e Solid 
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No,O 

Figure 28. Al203-(FcO + MO) - (K20 
analyzed i l l i t i c  clay m.incralrmf- d r i l l  bole cores of the Onhabe 
geothenul  u t a .  A: l a p o n i t e  (Trioctahedral rmrcctite) (forbimura et 
al., 1975): B: %ll i t e / r apmi te  in t e r r t r a t i f i ed  d n e r a l  (Sato et  al.,  
1975); C: rericite (Hig8rhi 8ud Shirozu, 1975); 0: I l l i te  (Shboda and 
Pishiyam, 1973). 

+ h 2 0 )  dhgt.m rhowing C-OritiOtLr of 

(4) the analyzed compositions as rhavn i n  Figure 28 l i e  between those of smectite and 

i l l i te  with posr ibl t  paired rubrti tution of (FeO + WpO)=Al2O3 + ( 5 0  + th20). 

Such coupled rubrti tution and incna r ing  illite component i n  the i l l i t e / smec t i t e  

i n t e r r t r a t i f i ed  minerals u n  be correlated 6 t h  depth, and hence temperature of 

formation. 

c lays  from boles 1123 and 127. 

to generally increase with depth. 

(1981) from burial  Petamorphic requencer and from other geothermal areas. 

Figure 29 is a plot of 1: concentration as a function of depth for i l l i t i c  

The proportion of i l l i t e  naking up there mineral8 appears 

Similar obrervations have been made by Hover et  a1. 
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Figure 29. Plot o f  K20 & 2 in i l l i t i c  clay d r i e r a h  froa - core r m l e s  of #123 
4od 1127 48 4 function of depth. 

A Uew X-ray Uethod to  Ertimate sbcct i te  % i n  Il l i te/Smectite In t e r r t r a t i f i ed  Uineralr 

DeterPlination of 8mectite content i n  i l l i t e / r a e c t i t e  i n t e r r t r a t i f i ed  minerals by 

X-ray diffract ion data has been rtudied by Weaver (1956). Be prerented a relationship 

between percentage of the expandable layer and the basal 8paCing after.ethylenc glycol 

treatment. 

the % of rarectite layer in i l l i t i c  Clay mineral8 i n  the wairakei gcotherPI.1 area and 

rhoved a deereare of m e c t i t e  layer % w i t h  increaring temperature eoaditioar. 

i l l i t i c  clay I fnc ra l r  in the Ulirakei geothermal area into three groups: high dml 

(10.40-11.788) group, Patemediate door (10.28-10.401) group and lar dml 

(9.93-10.281) group, respectively, vi th  high, iatemediate,  and lau content of emectite 

l rperr  ha the fn t e r r t r a t f f i ed  dne ra l8 .  Baver and Ibvat t  (1966) rhwed that the dml 

rpacing of r e r i c i t e / r ~ l c c t i t e  i n t e r s t r a t i f i ed  mineral8 undtr dry conditions generally 

increases with increasing n w c t i t e  layer Z. They also rhowed that the reparation of the 

(001) (9-lOb and (002)(S-6it) peaks i n  28 (Cukd) values for there mh~era l r  a f t e r  ethylem 

Hh method has been emamonly wed. For iartance, Steiner (1977) c r t h t e d  

8t divided 
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t 

Figure 30. A 2 8 0 ~ ~ 0 1  v8. dm1 n k t i o a r  of mr ic i t e / . r cc t i t e  i n t c r r t r a t i f i ed  
d n e n l r .  
area md the a l f  &ar t  (&mer et al., 1976); clored circler :  clay 
mineral8 from the Oniltobc geothermal area, Japan. 

Open c i rc le r :  publbhd daw from the Saltoa S u  geotherpvl 

glycol treatment decrearer with incrtariog eontent of i n t e r r t r a t i f i cd  mec t i t c  layer. 

Bared on the X-ray method proposed by Bower and ?lovatt (19661, WcDovCll and Elder8 

(1980) found that the amectite laytr  x in the r e r i c i r e /mec t i t e  i n t e r r t r a t i f i ed  d n e r a l r  

from the Salton Sea geothermal f ie ld  of C l l i fo rnh  deercarer with increariag depth and 

temrpcrrture. I h e  re1ationrhipr are l i r t ed  below: 

ocpth 
412m 

494m 

62Om 

725m 

llf5m 

Temperature 

185-190°C 

21oOc 

6 0 ° C  

275OC 

325OC 

2 of Smectite Layer 

10-15 % 

5 %  

0-5 X 

O f  

0 %  

- s  
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0.79 - I .oo 
1.20 

0.45 - 1.68 
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(1) mJj;drnreon et ai., (1370). Krtrtunneddttir (197lo) 

(3) Kuno (19) 
( 4 )  C d  (1968). C u i  and lCIede (1973) 
(5) byemhi (19731, Lyrrhi md Turrrkl (1975) 
(6) Ctciner (1977) 
0) Cigvaldem . a d  White (1961. 1962). L c h m  md mite (1965. 1917) 

(2) Ceki 8t 81,s Cl969), l t l u i  (1955). ?hi8 v.p.r 

i 
i 
I 

i 

i 
8-r et al., (1976) studied Ol igoeene~oceac  core r8mpler f m  a dr i l l -ho le  (5776d on 

the.tl.6, Gulf Ceast a i d  found that the nrcct i te  h y e r  X i n  b c r i c i t e / n e c t i t e  

i o t e r r t r r t i f i e d  d n e r a l s  ~ d e e n r r ~ s  f r m  about 85% to  about 20% d t h  b c r e r r e  

temperature. 

Gulf a r t .  

the h w r a l o g i c a l  change e i e h  occurred during the di8generir of a b6Sh thick Eocene 

randrtont f o m r t i a r  in Texas. 

depth and 

P i p r e  u) plotted the i r  d8t8 fram the Salton sea g e o t h e m l  area rnd the 

h similar d i i g r P l  h.8 bem constructed by Bolts and Prank8 (1979) to rhw 

! 

Stifrotu et a1. (1972) propored a method to t r t i o r t e  the Qount of anecti te l8pr 

i n t e r r t r r t i f i e d  w i t h  r d c i t e  by Dcasurcrcnt of the peak width of the 10-ld ref lectfoa 

at hlf height and of the perk p o d t i a n  of lo-ld reflection. 

UerverBr diagram and f o u J  that  the basal  n f l ec t i sn  of tbe r e r i c i t e / m c t i t e  

i n t e r r t t r t i f i e d  d a c r r h  Vith greater than bo% n u c t i t e  l ryer  rcprrates into tvo peaks of 

Sat0 (1973) modified 
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, 

8.5-jd and 16-17t Watambt (1980) confirmed the finding by theoret ical  u l t o l ~ t i o n ;  

*e difference i n  28 betutea the tu0 peaks a f t e r  ethylene glycol t r e8 fwnt  iacrear t r  dth 

inereare i n  the 8aec t i t t  layer. Watambe (1981) recently propored another d i w r  

identify the type of 8 e r i c i t i / m e e t i t e  i n t e r r t r a t i f i ed  mineral8 from X-ray pwder data; 

the diagram idic*tet  that the w e c t i t e  layer % CUI be inferred f r w  the difference i n  29 

(Cum) Value8 of tbe tvo peaks between 9-10' .nd  16-17' a f t e r  ethylene slycol' 

treatsent. A r h i l u  nethod ha8 been propored by Spodan (1980). 

The dool valuer under dry condition8 and a f t e r  ethylene glycol treatment u e  

useful t o  e r t h t e  the m t c t i t e  % i n  the rericite/rmcctite i n t e r r t r a t i f i e d  mineralr. 

Banver, a8 h.8 been ~ ~ O U U  bp SteitXer (19771, the dOOl of i l l i t i c  Clair  w i t h  le88 th.n 

1520% 8mectite layer doer not expaad but apparently rhrinkr a f t e r  ethylene glycol 

treatment (Table 39). 

reflection of the glycolated rmectite layer (8.96) vi th  the 001 ref leet ion 'of  r e r i e i t e  i t  

about d (Eigarhi, 1980). 

Such 8hrink.g~ nu i t  be due to  the interference of the 002 

Aa direurred abwe, sever81 method6 have been ured to  estimate the m e c t i t e  % i n  

the r e r i c i t e /mee t i t e  i n t e r r t r8 t i f i ed  clays by means of the acarurement of the 2 8  

difference bettrem trso peaks. 

confidence, particularly i n  the sampler there the i l l i t i c  clays are 

other d n e n l r  ruch as rmeetite, chlorite/.mcctite i n t e r s t r a t i f i ed  

i l l i t e  and zeolites.  

Havcver, it i r  d i f f i c u l t  to locate there ' tvo peak8 Vith 

The dml and dm valuer of i l l i t i c  clays progrersively i&reare and deckare 

respectively with the increase of the proportion of i n t e r s t r a t i f i ed  imectite layer 

(Higarhi, 1980). The r h i f t  of the 101 peak r e p r e k i n g  dOOl to  a lover 26) Value' 

&8t be dqe to  the interference of the (001) reflection of 8mectite (16-15f) with the 

(001) ref lect ion of r e r i c i t e  (lO.Ob). The r h i f t  of the 31 peak representing dwG t o  

8 higher 26 value is due to  the interference of the (Ws) ref lect ion of m n c t i t e  

(2.9-3.01) v i t h  the (005) reflection of rericite (3.31). 

As shown in  Figure 30, the difference in  28  (CUP&) betveen doo4 (dry) and dm; 
1 .  

(day) for the r e r i c i t e /mcc t i t e  i n t e r s t r a t i f i ed  mineral8 'increaser with the increase of 

rmectite layer. When i l l i t i c  clay minerals are reparated from quartz and feldrpar, 
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re l iab le  peak reparation be'tveen 2OoM u r d  2OOo1 c a ~ :  be obtained. The datr  for the 

# from the d r i l l  hole care #127 in  the h ikobe  geothernul area are plotted 

i in  Figure 30; the n r u l t r  indicate that the m e c t i t r  content in the in te rs t ra t i f ied  

i l l i t i c  clays is less than 10 percent. 
i 

Occurrence of I l l i t i c  Clay and Chemical Composition of Original Rocks 

proposed that  i l l i te /maect i te  i n t e r s t r a t i f i ed  minerals and i l l i t e  found 

I 

I 

thermal areas were formed chiefly by K-tasomatimn (addition of K to 
. +  

rocks~ from the fluid phase) (Steiaer, 1968, 1977; Rwer, et al., 1976). 

proposed the folloving sequence of hydrothermal a l te ra t ion  of a i l k i t  glass  t o  i l l i t i c  

clay: s i l i c i c  volcanic glass 3 b - m e c t i t e  + aericite/amectite i n t e r r t r s t i f i ed  

mineral --a ser ic i te .  

clay minerals i s  a high pK*/oH' and a law d?a+/mK* r a t i o  i n  the geothermal 

fluid. 

observed i n  the Wairakei geothermal area (Steiner, 1977). 

thermal vatcr to  form i l l i t i c  clays seem to  be a sa l ien t  chemical feature of hydrothcrmral 

a l terat ion a t  Wairakei. 

i l l i t e / m e c t i t e  i n t c r r t r a t i f i cd  minerals are a lso  c m o n  (Sigvaldason and White, 1962; 

Schoen and Uhite, 1965, 1967). 

the altered d r i l l  hole rocks in this geotherrnal f ield.  Schoen and White (1965) suggested 

that the mK /nrH r a t i o  of the thermal waters must be high at depth. 

Steiner (1968) 

Be concluded that  the most s ignif icant  factor  in  forming i l l i t i c  

The a l te ra t ion  of plagioclase to  i l l i t i c  clays is less canmon but was a l so  

The introducion of K from 

In the Steamboat Springs geothermal area of Nevada, 
I 
! 
i 

The i l l i t i c  clays appear t o  be s table  phases in  most of 

+ *  i Similarly, i n  
I 

va and Otake~geothermai areas of Japan, i l l i t i c  clay minerals are  c m o n  

(Sumi, 1968; Sumi and Haedo, 1973; Hayashi, 1973; Hayashi e t  al., 1978) and have been 

found in many more bore-hole cores than in the Onikobe and Rakone gcothemal areas. 

the other hand, in  Icelandic geothemal areas, i l l i t i c  clay minerals are e i ther  absent or 

present.in only extremely small  mounts in  hydrothermally al tered rocks a t  shallow depth, 

and no K d c a  or  K-feldspar occurs at depth. 

A r d r s s o n  et a l ,  1978). 

On 

I 
1 
i 

( T b r s o n  and Kristmannsd&tir, 1972; 

The major changer i n  the al tered basal t ic  rocks are  hydration 

and oxidation, and enrichme*. of c*02 in  a fev sampler (Kristmannrd&tir, 1975a). 
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Table b l  l ists  the type and 5 0  content of or iginr1 rocks and the occurrence of 

i l l i t i c  clay minerals i n  g e o t h e m l  areas of Iceland, Onikobt, kkone, )frtrukava, Otake, 

Wairakei and Steamboat Springs. 

correlation ex is t s  between the occurrence of i l l i t i c  clay8 and the t n e  and 5 0  

contents of origi-1 rocks. 

u y  be significant for  the fomst ian  of i l l i t i c  clays,  l i thological  charactcr i r t ics ,  

especially the 4 0  content of or iginal  rocks, must be the important factors that 

determine the abundance of i l l i t i c  clay d n e r a l s  in  t0ck8 of geothernrrl 8y8ttme 

Zeolite Hinersls 

firmination of these data mkes it apparent that  a Close 

Although the addition of 8 m e  )50,frm g e o t h e m l  waters 

Zeolite d n e r a l s  are we11 deweloped i n  the core samples from the Odkobe geothermal 

Some calcium zeol i tes  are exceptionally abundant in  romc samples and they are area. 

easi ly  identified by petrographic microscope; much common zeol i tes  include mrdeni te ,  

laumontite, yugavaralitc and wairakite. Their Z O M ~  depth dis t r ibut ion i n  #GO-2, CO-5, 

CO-7 and -8 of this geothermal area b s  been described by Seki, olruki et al. (1969). 

Similar plots  €or these and other d r i l l  holes are shown i n  Figure 31. Apparently, v i th  

increasing deptb (hence temperature), the zeol i te  prerent warits from 

o o r d e n i t t d  laumontite=+ yugsvara1ite-b vairakite.  

discussed later. 

Details of such wariations w i l l  be 

In  addition to those comon zeolites,  c l inopt i lo l i te ,  dachiardite, chabu i t e ,  

thornsmite and natrolite vere a lso  identified.  

sporadically in  some samples. 

They are very minor in  quantity and occur 

These zeol i tes  are not described below. 

Hordenite ((R.2,f2,C.)A12Si10024 7%0) : Wordenite is the most common 

Zeolite at shallw depths frcrm the d r i l l  core samples. It character is t ical ly  occurs a t  

depths of less than 200 meters and is wst carnoonly found between depths of about 50 t o  

150 meters, depending on the geothermrl gradient. 

c l inopt i lo l i te ;  opt ical  dis t inct ion betvten them is d i f f icu l t .  

radial  fan-like or spherul i t ic  aggregates of fine prismatic c rys ta l s  i n  weins or wesicler. 

It is cammanly associated with 

Wordenite occurs as 

Unfortunately, no wrdeni te  was found in core sauples from d r i l l  holes #123, 124 and 

127. 

contains abundant Si02 (e.%. 65-67 ut%) and warier s ignif icant ly  in  terns of C., A 1  and 

Therefore, 110 microprobe analysis of mordenite vas obtained. Wordenite usually 
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1 

knh ydrour 
Total 06.66 . 

SS.91 

0.12 0.20 

86.61 88.43 

61.53 - 60.23 
17.29 0 17.89 
0.05 
9.04 - 9.M 
0.09 - 0.07 
0.29 - 0.12 

88-27 - 07-89 

61.06 - 61.47 
15.72 - 16.22 
0.06 - 0.06 
0.62 - 8.81 
0.05 - 0.01 
0.35 - 0.32 

i 85.06 - 86.92 

Table 43. C h a l a l  caporitions of laummtite md uairakitr 
meparated Ira bore-hole cores of -7. Onikobe, 
JAPM Weld, Oaukl et 01.. 1969). - 

- 
- 
no2 
tio, 

u2°3 

"2'3 
feo 

IhO 

5 0  

CAO 

@2O 

5 0  

nzo+ 

a2" 
Total 

fo.97 

0.03 

21. so 
0.10 

0.11 

0.02 

tr .  

12.22 

0.28 

0.10 

14.11 

0.18 

99.72 

Ua irakit e 
00-7. 3 9 7 . b  

Sb.91 

0.01 

22.7s 

0.6h 

0.4h 

0.01 

0.23 

11.69 

0.60 

0.31 

8.23 

. 0.19 

loo .Ol 
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K (e.g., Seki, 1973.). 

k u a m t i t e  (CaAl2Si4Ol2*4~O) : hummt i t e  is typical ly  found at 

depths greater than SO m and shallower than 200400 m and occurs in  a11 t leven of the 

ba t+o1e  cores studied from Onikobe. It occurs as e i ther  a vein or  rmpgdule mineral or 

replacing plagioclase phenocrysts and glassy groundmass; it often takes the form of a 

 parallel lath aggregate. Because laumontite vas  re la t ive ly  u~~coamxm i n  samples from 

d r i l l  holes 1123, 124, and 127, only a feu microprobe analyses yere obtainedr 

resul ts  8re listed i n  Table 42. The samples analyzed from hole 4124 were qui te  pre  i n  

composition, containing only *try minor Fe203, Ma2O and 5 0 .  

compositionr of laumontites rep8rattd by heavy liquid and analyzed by wet chemical method 

have been reported and u e  shown in Table 43. The probe &U contain considerably higher 

Si02 md lower k 0  than the nt chemical data. 

Yugavaralite (C8A12Si601a*4Rz0): Yugavrralite ha$ been found in s ix  

the 

Qledca l  

of the eleven su i tes  of core samples. 

per hole, varying i n  depth from the shsllavcst  occurrence in  9-0 a t  156.25 P to  the 

deepest occurrence in  W-8 at 7 0 1 . 5 ~  

at the lower end of the lmmontite tone and a t  the upper par t  of the m i r a k i t e  %ant. 

Four microprobe analyses are listed i n  Table 42; they are very close to  the k e n d e e r  

composition, containing only very minor amounts of Fe203, 1a20 and 5 0 .  

It is  typical ly  found i n  anly one or  tuo $ampler 

It is  moat conmonly found 8s 8 blocky vein miatral 

Wairakite ((Ca,Ra2)Al2Si4Ol2 -2H20)r Wairakite is the most abundant 

teo l i -  mineral in  the Onikobe dr i l l -ho le  core samples. 

at depths of 100-150 P and extending to  the bottom of the holes. The one noticeable 

exception to  th i s  statement is hole -11, where wairakitt  is present between 203,8nd 701 I 

depth, but is absent from 791 to  1300 9. Wairakite m o s t  comonly occurs 8s I r t i d  ldnttrl, 

often f i l l i ng  the core of veins lined vi th  e i ther  anhedral or  euhedral quartzr 

faund as amygdule f i l l ings ,  replacing plagioclase, and replacing f inevra incd  matfix. 

a l l  of these occurrences it exhibits typical wery lw birefringence dnd often shows 

cross-hatched twinning. 

It occurs i n  most wells beginning 

It is a l t o  

In 

Uairakites of var iars  occurrences from many core s-les e r e  ana1yrcd for t he i r  

@Or Components tsiO2, A1203, 1a20, -0, Fe203 and %O)(Tables 43, 44). For 
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Figure 32. w o r i t i a a l  var iat ion8 of analyzed u a i r a k i t e r  from the Onikobe 
geothcml  area,  Japan plotted i n  Wa-Ab'-!?at' dibgrrm of Seki  and Oki 
(1969). (A) a11 malyres from core8 Q123, 124 and 127. 
comporitionr of v a i r 8 k i t e r  from cores 

Core-riol 
(B), 41% (C) and #127 (PI. 

I CO, ALsh4r.PWl 
wo 
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each mmple, a t  l t a r t  3 crystals  and IS spot analyses were obtained. Considerable ranges 

of the i r  compositions uen found. 

less than 0.2 wt 2 Fe203 as t o t a l  Fe and 0.1 wt X K200 

(e.g., 123-156.9 m) have Over 0.5 vt X Fe203 a d  concomitantly lower SiO, and 

A1 0 contents. 

tetahedral sites may be significant for  same smirakites. 

shovn to form, a sol id  solution ser ies  &th a porsible gap at intermediate compositions 

Characterirt ically,  wit analyzed n i r a k i t e s  contain 

S o w  wairakite analyses 

Such re lat ions suggest that  8me Fe*3 subst i tut ion for A 1  t o  S i  in  
2 3  

Wairakite and a a a l c b e  have been 

(Seki and Oki, 1969). 

ra t io .  

Furthermore, much solid solutionr exhibit  a variable AX to  S i  

In  order to i l l u s t r a t e  the range of compositionr found a t  Onikobe, compositionr 

obtained by electron microprobe analysis were plotted on a vairaki te  

(CasAl16Si3209a .pX20) , nat ro l i te '  (?&19.2A119.2Si28~8096 d20)  , 
a lb i te  ' (#ar2A112Si36096*~O) triangular dingram as developed by Seki and 

ai (Figure 32). 

etc.) within each depth sample arc connected by a line. 

holes d 123, 124 and 127 range from Wrrm t o  Urt6 and contain 110 w r c  than 5% Rat' 

The tw extreme analyses for each type of occurrence (vein, amygdule, 

A l l  analyzed wairakiter from 

component. 

electron microprobe. 

composition of vairakite and depth of sample, nor any pattern bttveen composition and 

&e of occurrence (id., vein, mygdule, ttc.). 

vein minerals frcm hole 1127. 

bof the vairaki te  component than did the rims. h 8 ~ ~ m i a g  that  grovth occurred from the 

vein walls inward, this might suggest an increase of temperature with time during the 

deposition of the vairbkitt .  The low A1 t o  S i  rat ios  eeen in these analyses re lat ive  

to  a d r a k i t e - i d e a l  analcime ser ies  are consistent v i th  that  seen by Seki (1971) and 

Steiner (1955). 

IJo analcime-rich compositions were found i n  any maples analyzed by 

I n  general, there appears t o  be ZIO correlation betveen 

The only trend o b r e t ~ t d  vas within 

Analyzed cores of four vein8 showed a higher proportion 

Prehnite 

Prehnite sporadically occurs 4s fine-grained aggregates a f t e r  plagioclase, discrete  

patches i n  matrix and vesicles,  or as veins of variable thickness. 

feu patches of prehnite aggregates #re found; thus, the occurrence of prehnite l i s ted  in 

Tables 10-20 may not be representative. 

In  most samples, only a 

Some core samples may contain prehnite but thin 
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rectioning may have d r r e d  the prehnite-bearing portion. 

easi ly  identified by oicrorcopt. Anhedra 

aggregates, eolor lerr  to pale green i n  eo 

birefringence. 

the matrix; the pr thni tes  are colorless t o  pale green urd have uniform habit; #ow rhow 

b o r t i e  structure. 

Vhcnever it occur8, prehnite i r  

Sample 124-209.9 m contains more than f volurac f coarre-grained prehnite i n  

. -  . .  
Prehn i t e ra  irakite-ca le  ite-rod i c  ~ l a g  ioc h r s -ch lo r  i te  / m e ~  ti t c  inter8 t r a  t i f  icd 

miner8 l-quartt-pyr i t c  (2 epidote 1 

prehnite-bearing rpec b e n r  ruch 

ep ido te%& IC ite-rodic plag ioc lare-cblor i t e t m e c  t ite i n t e r r t r a  t fied miner8 l-quartz-pyr i te 

assocbt ion is also found in r m e  rpeciwmr from relat ively ahallover (lower temperature) 

par ts  of bore-haler. 'Ihir relationship $8 rhovn i n  4121 a8 f o l l w r :  

moat e-= mineral 4arociatiaa i n  

Prehnita taumontite Ua i r ak i  te Eo idote 

+ + + 
+ + .  + 
+ + 

- 
+ + isa .3 

n .  

159.5 
165 -6 

192.0 
201.8 + + (trace) 

209.9 
211.1 ' *  . + 
3344.7 

+ + 
+ .  . + + 

+ +' + 
+ + 

Chemical cornpositiaar of prthniter i n  bore-hole cores of the Onikobe geothermal area 

are  ahova i n  fable 15. 

Altotal) r a t i o  i n  Figure,33 and the Fet3 - A1 var i r t ion i n  the bctahedral r i te i n  

Figure 3&. 

composition. Others r h w  a -11 rrnge' of Fe* AIv1 rubrti tution urd ruch a tange i r  

l i r t e d  i n  the table. The analyzed prthnites *pur l conridcr8ble range of Fe+3/(Fe*3 + 

A11 rat io;  the mort iron-r€ch pr thni tes  (Fe203 6-8 vt %) &cur i n  h e  matrix 8nd 

appear to be stable with epidote + vairaki te  + qorr tz  +"chlor i t ic  clay. The veined 

prehnites, on the other hand, are arch lower fn PI content (Fe203 leas than 3 vt f )  urd 

are r table  Vith ~ f i a k i t e  f carbonates-+ quartz. Such rl difference in the Fe20, 

The f 

For ea& r.mple, pore 'amb=r =re t&n- 6- hawe uniform 

* ,  

J 
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contents betveen matrix prehnites and veined prehnites may be due t o  a s l igh t  difference in  

and/or temperature). The matrix pnhn i t e r  ruy h o e  Cryrtall i ted under f 
fo2 ( O2 
condition8 buffered by highly oxidized rocks rhereas the weincd p n h n i t e s  forarcd at lower 

f 

rhaun in  Figure 33 i S  consistent vi th  analyses of prehnite from the Cerro Prieto geotherP.1 

f i e ld  (Bird et al., 1983). 

and higher C02 conditions a t  a l a t e r  rtagc. The compositiaul range of p n h n i t e  
O2 

Figure % rhws the variation of F c * ~  and A 1  in the oct8hedral rite8 of prehnite 

according to tbe basic foxntula Ca2(Fe, A1y')(AlSi3)O12~OH)2. The l ine for unity 

value of the  octahedral r i t e  i r  drawn. The 81x8 of Bee3 + A 1  for the matrix prehniter is 

greater than the unity value and the C. cations are less than the ideal  walue of 2. 

relations suggest that  a m a l l  amount of rubs t i t i t i on  of Fe*' for  Ca i n  the Fe-rich 

ptehnites may have occurred. 

Such 

Pnhn i t e  knovn to urry an appreciable .rpwnt of F c * ~  in  octahtdral  rite8 

occupied chiefly by aluminum (Papike & Zoltai, 1967; Surdam, 1969). The maximum 

rubrti tution of Fe+3 may be up to 10 n i g h t  percent Pe203, the phare approaching the 

composition Ca2Fe AlSi3010(OH)2. The extent of solid rolutions i n  prehnite 

defined by the two end-mzmberr Ca2A12Si30,,(OH)2 and Ca2FeA12Si30,0(OH)2 

has been extensively investigated. 

S e + 3  less than 10% and some may extend to 20%. 

prehnite solid solution has been respectively reported by Surdam (1969) and hurts and 

Schiffman (1983). 

betveen 8 and 13f and that the m a x h  substi tution of Fe*3 for A 1  m y  be up to  10 

vt. % Fe20j (Se+3 = 22%). 

compilation of available compositions of natural prthniter from zeol i te  and 

prehni te-puqel lyi te  facies rocks by Kim et al., ( in  p n r s ) .  

indicates that  no compositional d i r c o n t i v i t y  ex i s t s  in the range of 8 t o  13 W l C  %, 

and that prehnite contains up t o  25% Se+3. 

conclusion for t e o l i t e  facies prehnitc. 

Epidote 

+3 

hshimoto (1964) ruggested that most prehnites hawe 

Maximum S e + 3  of 20 and 25% for  

Bowever, Matsueda (1975) suggested that a CompOSitionaI gap occurs 

R i s  suggestion vas not supported by a recent 

Their compilation 

More data are needed t o  werify t h i s  

Epidote alret occurs sporadica11y in  Onikobe d r i l l  hole core runpltr as tabular 
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Most cornonly observed associations with idicnwrphic epidote are 

cpidotemirakite..chlorite/smectitc i n t e t s t r a t i f i ed  mineral or chlorite-sodic 

plagioc lase-calc i te-quartr-pyrite . The rssemblage , epidote-va irakite-th lo r  i te  /met t i t e  

in te rs t ra t i f ied  mineral or chlorite-sodic pllgioclase-calcite-prehnite-quartr~yrite is 

also found in  rome specintens, such as #124-162.6. The epidote-laumontite-calcite- 

chloritelsmec t i t e  in te rs t ra t i f ied  mineral-pyrite (2 prehni t t )  assemblage is  observed in 

only four specimens, including #124-159.$. 

core samples. 

46). 

plagioclase, chlorite/smcctite in te rs t ra t i f ied  mineral or chlor i te ,  quartr  and pyrite.  

Compositional distributions and variation of F ~ + ~ - b l  i n  the octahedral r i te of these 

epidotes are respectively rhown i n  Figures 33 and %. 

p i s t y i t e  content from 19 to  37; most ansljres have compositions around Ps 29 t o  33. 

Except for the one w i t h  an extremely high Fe203 content 

the compositioaal range of epidote from the Onikobe geothemal area is very compatible 

v i th  those from Ctrro Prieto (Bird,  et  el., 1983). 

epidotes from metamorphic terraines and g e o t h e m l  areas varies,  depending on 

metamorphic grade and oxidation s t a t e  of the rock. 

Wo epidote vas found in  mordentite-bearing 

Epidotes from many samples were analyzed by electron microprobe (Table 

These epidotes are a l l  stably associated with vairaki te ,  ca lc i te ,  sodic 

Tbe analyzed epidotes range i n  

replacing plagioclase , 

The Fc*’/(Fc*~ + A l l  r a t i o  i n  

With increasing metamorphic grade, 

epidote becomes more aluminous, ref lect ing not only the effect  of temperature and to t a l  

pressure but also the concomitant decrease of the oxidation s ta te  of the rocks (for  

de ta i l s  see K h  et al., in  press). A systematic compositional variation of epidote 

v i th  depth, and hence v i th  temperature in the investigated samples from Onikobe is not 

apparent. Bwever, it appears that  epidote stably associated v i th  vairaki te  + 

magnetite (e.g., Sample #124 - 307.5) is higher i n  F c * ~  compared to  the epidote of 

the epidote + prehnite + vairaki te  assemblage. 

to  the difference in  mineral assemblage w i l l  be described in a l a t e r  aection. 

Carbonates 

Such compositional var ia t ions related 

Calcite is one of the most comnon vein minerals i n  the Onikobe cores. It is  found 

s tar t ing at depths of only 4 fev tens of meters in  many holes 4nd continuing to  8 

maximum depth of 1100 m in  f127. Compositionally, n11  carbonate grains analyzed by 
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electron PiCrOptobC and SEM were ca lc i te ,  containing only a few percent Fe, Hg, and Mn; 

representative microprobe analyser are listed in  Table 47. 

to  less than 100% calculated carbonate as a resu l t  of d i f f i cu l t i e s  i n  obtaining very 

good polishes on the maall, rof t  grains. 

such small grains are undercut during the thin-section preparation process, resul t ing 

i n  a rough surface and r a n d c ~  scattering of emitted X-rays. The r a t i o  of one element 

to  another Vithin the 8nalysis rhould not be severely affected. 

Some of the analyses to t a l  

mis is a common probltm encountered when 

The mineral occurs as a vein and auygdule f i l l i n g  and replacing fine-grained matrix 

and plagioclase and pyroxene phenocrysts, especially along cleavage cracks in  the 

l a t t e r  tvo. 

of the last to have formed, based on textural  relationehips. The absence of t h i s  

mineral vi thin cer ta in  zones in  the middle of somc of the cores and i n  the bottam 

sections of others m y  be important in  establishing cer ta in  hydroIogic parameters i n  

the Onikobe geothermal f ie ld .  

Sodic plagioclase 

When it occurs as a vein mineral, it is usually observed to  have been one 

This vi11 be discussed further la te r .  

Based on petrographic observations of cores in  many wells of the Onikobe geothemal 

area, we concluded that the replacement of primary plagioclase by sodic plagioclase 

seems to  begin to  occur when volcanic rocks were altered a t  temperatures of 

12O-18O0C. At  greater depth where volcanic rocks were altered a t  ' teweratures higher 

than 23Oo-24O0C, some plagioclase phenocryrts have en t i re ly  been replaced by sodic 

plagioclase together v i th  or vithout reo l i t i c ,aad  i l l i t i c  or ch lor i t ic  clay d n e r a l s .  

Chemical compositions of some sodic plagioclases are shown in  Table 48. They are 

basically a l b i t i c  plagioclase v i t h  m An content of lees than 5 and low Fe20j and 

tlg0 contents. 

Pyrite 

Pyrite is one of the most coflpon a l te ra t ion  minerals in bore-hole cores from the 

Onikobe geothexmal area. 

and mmny euhedral pyri te  aggregates a lso occur in  veins, i n  matrix, and in  the 

groundmass of volcanic c las t s .  

liberated from the decomposition of iron-sil icates or  volcanic glass. 

Bome pyri tes  are observed t o  have replaced primary magnetites 

Such pyri tes  must have foamed by using the iron 

Pyrite-bearinq 
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Table 47. Chemical analyses  of carbonates i n  drill h o l e  core ssmples 
from the  Onikobc geothermal area, Japan. 

S a ~ l e  100. 

?eW 
h0 
b o  
CaO 
COz-fne 
Total -- 

127 - 154-6111 127 - 155 .4~1  127 - 409.7m 127 - 101O.h 127 - 1 1 0 3 . 6 ~ ~  127 - 1104.% 
(clang. grain) ( v e i n )  ( v e i n )  _ ( v e i n )  (va in )  

0 .17 - 0.32 0.30 0.42 - 0.51 0.16 - 0.02 0.00 - 0.00 0.06 
0.55 - 0.61 0.89 1.08 - 1.21 1.15 - 0.30 0.11 - 0.51 0.37 

0.09 - 0.01 0.01 - 0.ob 0.05 0.13 - 0.10 0.12 0.27 - 0.34 
55-05 53.26 - 53.41 53.82 52.91 - 52.66 53.00 - %e62 55.79 - 55.30 

54.40 - 54.95 55.91 - 55.85 s5.53 54.11 - 54.44 55.13 54.68 - 54.72 - 
(large grain, ( v e i n )  . part of v e i n )  

I I 

FeW 
HnO 
w@ 
CaO 
Coyfree 

0.13 - 0.52 0.30 
0.97 - 1.41 2.30 
0.12 - 0.33 0.29 

53.32 - 51.70 53.57 
54.54 - 53.96 56.46 

0.22 
0.66 
0.48 

32.01 
53.37 

0.23 
0.25 
0.17 

54.43 
55.011 

0.00 
0.31 
0.10 

53.42 
53.83 

I I I 
Calc.  Carb 
Total 197 .21  - 96.10 1 100.44 I 97.27 I 98.29 I 96.07 

+Total Fe 01) ?e0 
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Sample No. 127 - 703.h 127 1104.h 

Si02 67 e41 68.33 - 68.31 
20.41 21.26 - 21.18 

0.06 0.03 0.01 
A12O3 
Fc2O3* 

0.00 0.00 - 0.00 
0.83 0.33 * 0.39 

Hgo 
CEO 

0.21 - 0.25 0 0.08 
11.11 11.09 0 11.38 

K20 
Ha20 

Total 100 e03 101.29 - 101.35 ’ 

An content 4 2 2 

127-1105.Sm 

67.31 
19.55 
0.11 
0.00 
0.27 
0.30 

11.64 

99.18 

2 

Table 49. .Comparison of SO4 and €I S contents of t h e m 1  water and fumarolic gas 
from the Onlkobc and Ragone geothermal areas, Japan. 

Onlkobe lialcone I 
SO4 content of 
thermal water 
(PPd 

B s Content of 
tiema1 water 

H2S Content of 

(PPd 

fumarolZc gas 
(vol. X )  

51 - 369* I (Av. 148) 
1 - 727 

(AV. 136) 

** 
10 - 166 0 - 44 
(Av. 205) (Av. 13) 

0.01 - 0.12*** I (Av . 0 .06) 
0.02 - 0.37 

;Av. 0.22) 
I I 

* Nakamura, 1959a ; Hitosugi, 1969; Sekl et a le ,  
1969 ** Avaya, Hlrano and Kubodera, 1974 

*** Hirano, Okl and Avaya, 1973; &aya, Hlrano, 
Suzukl and Okl,  1976 
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Bore-hole coret  

11123 178.8 m 

333.3 m 

1124 183.3 m 

331.4 m 

1127 231.7 m 

(1 703.9 D 

*I 

D I  

6"s 

+3.59 

+3.00 

+3.38 

+2. OS 

+3.06 

+5.43 

veins of the following mineral assemblages are comont 

Laumontite or vairakite-quartt-pyrite 

laumont i t e  or va i rak i  te-calc i te-quartz-pyri  te  

k IC ite-quartz-pyrite 

In the Bskone geothermal area, the Occurrence 

182 

2 clay minerals 

of pyrite in  bore-hole cores is much 

less  camnon than a t  Onikobe, although there are no d is t inc t  differences in  the 

Petrographic and chemical character is t ics ,  including major chemistry of thermal water, 

betveen these two geothermal areas. 

dis t inct ive feature distinguishira the Onikobe g e o t h e q l  area from Rakone in regard t o  

the hydrothermallv formed a l te r r t ion  minerals. 

The occurrence of pyri te  appears t o  be the most 

There is no difference in the SO4 contents of thermal waters between Onikobe and 

8.kone; however, as shovn in Table 49, the E2S contents of the thermal waters and 

fumarolic gates of the Onikobe geothermal area are wch  higher than those of the Wakone 

geothermal area. 

played the pejor role i n  producing the vide dis t r ibut ion of py r i t t  in  volcanic rocks a t  

depth in  the Onikobe geothermal area. 

The high E2S concentrations in  thermal vaters  and gases m a t  have 

Several reactions can be writ ten for the 
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c rys t a l l i t a t i on  of w r i t e  as follow: 

depths to +5.43 a t  8 depth of 7005. 

pyri tes  i n  a l tered basa l t ic  rocks from depths of 0 to about 800111 in the Osykjanes 

geothermal area of I W l d  (Sakd et al., 1980). 

Ueykjmes Peniasula &ere present-day seawater is actively pcrcolating through the 

porous basa l t i t  lsvas at depth, t h e d  

increases v i th  increasing depth, showing a greater inwolvcacnt of seawsttr su l fa te  i n  

the deeper part. 

703.h in  the Onikobe 4127 well has 8 mch h ighera  

231.h depth i n  the same well and pyrites f r m  similar depths in other wells. 

Onikobe geothermal ana,  the percol8tion of present-day seawater eannot be m e e t a d .  

Rowver, fo s s i l  eeawater within Hiocem volcaaogenic marine sediments a t  the basement 

of this geothermal area may have contributed suff ic ient  rulfur  for w r i t e  

c rys t a l lha t ion  a t  depth #see Chapter 6 ) .  

Ral'ite 

These values art almast ident ical  to those of 

In the active geothernul area of the 

34 s value of epigenetic pyri te  generally 

It mst be noted that  the hydrothermally formed pyri te  at a depth of 
3k 6 value than the pyrite from 

In the 

- 
The comm occurrence of ha l i t e  in  bore-hole cores is one of the most 

c h a r a c t e r i ~ t i c  features of hydrotherorrlly a l tered rocks i n  the Onikobe geothermal 

area. 

thermal waters. 

contains 187-213 l u q  Ua mid 302-372 meq C1. These concentrations are uwer half of the 

present-day seawater values. The Onitrobe geothertul area is  also characterhed by the 

formtion of b l i t e  88 a rcale  deposit i n  s t e m  transport pipes, i n  injection w e l l  

u s i n g  pipes a d  011 the rur fac t  of  turbin blades (Table 51). r t l i t e  has not been 

This fact  must be chiefly due t o  the hi@ concentration of Na and C1 in  the 

For trample, the thermal water discharged through the CD-7 hole 
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96.31 

White r u l e  I (1) I ( 2 )  
Black r u l e  

99.59 

I I 
I 

21.93 
4.79 
9.90 

tr 
55.22 
0.U 
4.32 

38.20 
0.29 
0.08 

tr 
60.43 

0.51 
0. oa 

reported i n  bore-hole cores or as a scale depotis at my other gtothemal  area in 

Japan. The compositions of scale deposita in the Matrukavr, Make and Onuma geothermal 

areas have been reported md are l i s t e d  in Table 52. In Sable 52, the Ma, I md C 1  

contents of t h e m 1  vaters in  there geothermal areas are a lso  rhova. 

the contents of chlorine md alkaline metal ions in  the Onikobe thermal vaters are latch 

It is  clear tha t  

higher than thore of other Japanese geothexml' areas rhoun i n  Table 52. 

PROGRESSIVE W G E S  OF )II!EUS WITH DEPTH 

When one cxaak t r  the dist r ibut ion of secondary minerals at a function of depth i n  

d r i l l  holes of the Onikobe g t o t h e r q l  area, reveral patterns are apparent: 

1. a general zoning Vith respect t o  type of phyllosil icate present. 

2. a zoning vi th  respect to zeol i te  oinerals.  

3. dtpth-deptndent relationships for several  other minerals. 

Clay tfinerals 

The dist r ibut ion of clay minerals as A function of depth is perhaps best  ,exemplified in  

Within the ch lo r i t e / rwc t i t e  group, the following pattern is  Table 10 for d r i l l  hole 60-7. 

seen with increasing depth: Alkaline maectite,mnectitc chlorite/smectite 
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Table 52. Scale deposits and l?, I; a d  C1 conttnta of thermal 
waters of htruL.wa, Make and Onma geothermal 
areas, Japan. 

Scale 

( P P I  

lb 

K 

C 1  

Hatsukmi8 

Sll%c. 

14-360 

4-250 

1- 26 

odake 

S l l l u  

FeSOq 

670-1098 

70-320 

1010-2317 

S l l t t .  

345-491 

46- 59 

382-447 

*data from Sum1 .nd ecda ,  1973; Eayashl, 1973; Ita, 1978; Wiyamorl, 1968; 
Fugll, 1969; Wj l ,  1969; I to ,  1978; I t0  et E l . ,  1977b. 

in te rs t ra t i f ied  mineral .I) chlor i te .  2 

Alkaline smectite occurs frum 15.0 t o  107.0 m depth, amectitc from 36.0 to  175.0 I, and 

in te rs t ra t i f ied  chlor i te  from 201.1 ID t o  the bottom of the hole It 500.0 m. 

ptcrent between 107.0 aad 175.0 P, and i l l i t e  occurs from-175.0 m t o  the bottom of the 

hole, roughly matching the in te rs t ra t i f ied  chlor i te  range. 

GO-11, pyrophyllite occurs below depths of about 800 m. 

considerably more overlap among the chloritefsmectite ranges than doer -7. 

Kmoliaite is 

In d r i l l  boles G0-6, GO-10, and 

Host of the cores display 

As discussed previously, electron microprobe and X-ray diffract ion data indicate that  

the proportioa of the smtctite component h both the ch lor i te /mect i te  and i l l i t e fmrec t i t e  

in te ra t ra t i f ied  minerals decreases v i th  depth. A similar pattern of increasing i l l i t e  

colaponeat as a function of depth was observed by Perry and €&vet (1970) i n  Gulf Caart 
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PREHNtTE 

1 1 

43 0.4 

4 
0 62, QI 02 43 0 4  

Feo3/( Fee3+ AI 1 

Figure 33. l?umber of aulyses for  prahnite .ad epidote plotted against Fc*~/(Fc*~ 
+ A l l  ratio.  

sedfinents. 

and Hover (1976) perfomed a ser ies  of experiments on glasses and Uyming bentonite to 

examine the effects  of both temperature and time on th i s  trend. 

trends observed i n  the Gulf Coast sediments could be explained e i ther  with a temperature- 

dependent equilibrium model or with a time and temperaturc-dependerit kinet ic  model. lome 

of th i s  sane uncertainty a l so  applies to  th i s  f ie id  relationship. We favor, hwever, the 

equilibrium  PO&^ for those conditions near the b o t t m  of the deeper d r i l l  holes 8 S  a 

resu l t  of the higher temperatures. 

lhey attributed this pattera to an increase i n  temperature v i th  depth. mer1 

They concluded that  the 

Zeolite HLnerals 
" 

yugavaralite, and wairakite is br ie f ly  described i n  a previous section. 

through (K) 

d r i l l  holes GO-7, co-8 and nine other d r i l l  hOk8 dircus8ed in this report. 

The ronal dis t r ibut ion of the four common calcium r tol i tes-mordeni tc ,  laumontite, 

Figure 31(A) * 

shows the depth dis t r ibut ion of these four Ca-zeolites plus  c l inopt i lo l i te  i n  

The rtolites 

art plotted on &e geothemsl gradient cunres. The general pattern of 

mordcnitt +laumontite ~yugavanl i te - . .wair~ki t t  d t h  increasing depth is observed. 

addition to these 4 Cazeol i tes ,  c l inopt i lo l i te  is also sometimes seen 

In 

this pm&ressive 
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Figure 34. Fe*' - UVx plo t  for analyzed pnhn i t c s  and epidotes from the Onikobe 
gtothe-1 area) Japan. 

zonation and it occurs near the upper par t  of the mordtpite zone: 

be made regarding these d@grams: 

the f o l l d g  pointc Cln 

1. moderate to strong averlapping is  the rule  ra ther  than the txcept im in  

most of these diagrams. 

2. not a l l  five zeol i tes  are usually reen in any m e  core, 

eleven of the cores- e i the r  absent or infrequent in  

3. the plot t ing of the zeol i te  variation along .the geothermal gradient is a useful way 
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Figure 35. Estimated average geothemal gradient for  the 013ikobe geothermal area, 
Japaa. 

of introducing tu0 hiportant pieces of infomation. Rawever, care must be taken in  

re la t ing the zeol i te  present A t  a given depth to  the corresponding gradient 

temperatur9. 

The l a s t  point i s  true because each measured gradient.eurve w i l l  be par t ia l ly  a 

function of the flov regime developed Ln the vel1 area as ' a  resu l t  of d r i l l i ng  and 

subsequent pumping and may not represent the long-term, more or less steady-state 

:rWcraturc pattern. 

formation may be to construct a comporite geothermal gradient for  the approximatch 

A bet te r  way t o  consider a possible temperature deoendence of zeol i te  

0.25km 2 Katayama area of Onikobe. This has been done in  Figure 35; the deepest 

two-thirds of the curve basically follows the maxiunan GO-8 ge0the.m. while the upper third 

is a composite constructed from the -8, -10, and -11 trends. This c m o s i t e  curve 
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Figure 36. Distribution of reeond8ry d n c r 8 l s  as a function of depth md e t t h t t d  
tcmpcr8tUreS from Figure 35 in the Ooikobe geothemml 8re8, J8p.n. 

downplaya the effect  of "kinks" in  the cumes rffiich may be due to 10~81 well-induced flew 

charm t e r i r t i c r .  

Figure 36, constructbd using depth-tenper8ture r e l a t i a s  from th i s  composite curve, 

chow the dis t r ibut ion 6f second817 m~iner81r 8s 8 function of portul8ted present 

temperature i n  the field.  

Correlation Between Clay and Zeolite Uinerals 

From the d tcu r s ions  presented in the prcvious sectionr, it is  8pparent that  both clay 

8nd zeol i te  minerals change progrerrively i n  species with depth, and hence temperature, in 

the Onikobe gcothenml area. Such changes are surrrrmrized below: 

(1) Both rmectite and 8lk8liae r w c t i t e  occur i n  the core samples fram s h a l l w  depths 

(hence lw temperatures). The most coolLDon zeol i te  asrociated Vith these clay mineralr is 

mordenite (e.g., Tables 10 t o  15); however, this zeol i te  is extremely rare in the core 
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88mpler of d r i l l  hole8 1123, 124 6nd 127, The lack of Ca-acolit tr  i n  rhallau core 88mpler 

and the ubiquitournerr Of krol ini te-duni te  i n  8Qm d r i l l  bole8 8UaeSt8 lau pfl thermal 

Vaterr &ich i ah ib i t  the formation of Ca-teoliter. 

8hOM i n  Figure 37(A), the Occurrcncc of ch lo r i t e /mec t i t e  i n t c r r t r a t i f i e d  clay mineral i 8  

extremely. rare. 

In the mordenite-bearing sampler, as 

(2) Thc chlorfte/emectite i n t e r r t r a t i f i ed  clay mineral occur8 a t  i n t e rwd ia t e  depthr. 

It €8 mort caplwmly arrsciated v i th  laumoatite and wairakite. 

i n  the launwntite-bearfng d r i l l  hole corer are rhovn i n  Figure 37(B). 

mec t i t e  and chlorite/mree t i t e  i n t e r s  t r a  t i f i ed  mineralr togc ther with i l l i t e  fmec  ti  te 

in t e r r t r a t i f i ed  d l w r a l r  were found t o  be r table  With lntoaantite. 

The clay dner.18 identified 

Smectite, a l k a l i  

(3) The clay d n e r a l r  rhovn in Figure 37(C), occurring 8t depth and r table  v i t h  

vairakite,  &re both e h l o r i t e / m t c t i t e  i n t e r r t r a t i f i ed  dner618 and chlorite.  K-clayo are 

a lso present. 

Comparison 4 t h  Other Ctothermal Area8 

Similar paragentsir of clay and creolite d n e r a l r  has been reported i n  other geothermal 

areas, including thort  in Japan (Hapashi et al., 1968, 1973; Hayarhi and Yamaraki, 1975; 

Yamaraki et al., 1968; Kimbara and Okubo, 19781, i n  Iceland (Krirtmannrdbttir, 1975a, 

1975b, .1976, 1979; T&rson 8nd Krirtmannsd&tir, 1972; Kristmaw8dbttir and T&rtarron, 

1974, 1978; Krirtmmard&tir, 1982; Mhegan et al., 1982; Viereck et al., 1982; Exley, 

19821, i n  lscv Zealand (Steiner, 1968, 1977) and in  the United Stater  (kDowell and Elders,  

1980, Sheridan and tkirano, 1975; Bargar and Beeron, 1981). 

Such ryrtematic var i i t ions of Clay mineralr from mee t i t@ to chlor i te  through 

ch lo r i t e / rwc t i t e  i n t e r s t r a t i f i ed  minerals with increasing depth i n  rtratigraphic horizon 

or vith increasing aetamorphic g 

volcanogenic redimentr . of, Japan. 

such as 6mectitt and alkaline t e  

c h l o r i t d m e c t i t e  i n t e r r t r a t i f i ed  mineral and humontitc, and chlor i te  and vairakite are  

c m o n  (Scki et 81.. 1969; Iimbara, 1970, 1973; Shirozu, 1974; Kinrbara and Sudo, 1973; 

h k a m r a ,  1976; Yorhimura and Kimbataa 1974; Yoshimura et al., 1977). 

detailed examinations of the d e r  of occurrence and arrociated mineralr of 

ave been rtudied i n  mort d e t a i l  in  the Miocene 

ryrtematic 8SrOChtiOnS of clap and zeol i te  d n e r a l r  

(mordenite , c linop t i l o l i t e  and ana IC b e  1, 

For instance, from 
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chlor i te  /mec t i t e  in te rs t ra t i f ied  u a c r a l s  in  the Japanese Miocene volcanogenie f o r u t i a n ,  

To~himura and tirbara (1974) reached the following conclusions: 

S tab i l i ty  f ie ld  for the b t e r r t r a t i f i t d  d a e r a l r  b betvten those of a w c t i t c  and 

non-cxp8ndab1e .clay d n c r r l s  ruch as chlor i te  and r e r i c i t e ;  (2) the chlor i te /nrcct i te  

in te rs t ra t i f ied  minerals occur in  i n t b t e  association with laumontite; almost a l l  of the 

18u9ontitecbearing rocks i n  the Green Tuff m g i m  contain ch lor i te /mect i te  Laters t ra t i f ied 

minerals. The occurrence of the in te rs t ra t i f ied  oineral-hculandite association i s  

extremely tare;  (3) the associations of ch lo r i t t / r#e t i t e  in te rs t ra t i f ied  dntralr d t h  

mect i te  a d  those of eb lor i te /mect t te  in te rs t ra t i f ied  minerals v i th  chlor i te  h8ve been 

found, rerpectively, in the rocks t ransi t ional  betveen thc rhcct i te  sone and 

chlorf te /mect i te  i n t e r s t r a t i f i d  mineral tom and the rocks between the c h l o r i t e / n c c t i t e  

in te rs t ra t i f ied  u n e r a l  tone and chlor i te  tone. 

(1) There u s t  be a P-T 

Qdt.1 reactions for  the t ransi t ions 

among aaectite, ch lor i te /mect i te  i n t e r s t r a t i f i ed  mineral and chlor i te  have been suggested 

as fo l la rs t  

A progressive change of Hg mect i t e  + chlor i te / r rce t i te  i n t e r s t r a t i f i ed  mineral 

3 chlor i te  6 t h  increasing temperature has also been q e r b e n t a l l y  investigated 

(Eberl, 1978; m e r 1  et 81.. 1978). 

through sericite/smectite i n t e r s t r a t i f i ed  mineral 6 t h  increasing metamorphic 

temperature has a lso been reported 

Segontac, 1970; Shirozu end Higathi, 1974; Hisashi, 1980; Boffman and Elovcr, 1979; 

Pevear et al., 1980) and synthesized i n  the laboratory (Eberl, 1978; Eberl et 81.. 

1978). 

Similarly, the change of w e c t i t e  to r e r i c i t e  

8- Ueogene diagenetic sequences (Dunoyer de 

In the Icelandic geothermal areas, the occurrence of''8welliug chlor i te '  is 

confined almost exclusively to a t ransi t ional  tone between the high temperature 
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I cb lo r i t e ip ido te  tone (230-280°C) end the lw temper8ture rwc t i t e - t eo l i t e  tone 

(1-r than 2OOoc) (T&rron md kr i r t ranardbt tk ,  197'2; Kr i r tunnrdb t t i r ,  

r r  identified bt the i ~ ~ a s e  of dml value 

from 16.0-14.61 to 15.0-17.01 a f t e r  ethylene glycol treatment and the e m l e t e  

dib8ppe8r8nct Qf 141 perk a f t e r  h8t, tre8-t at 600OC far  2 h O U r 8 .  A t  the 

Vdr8kei geotherrrl  &a, Steiner (1968, 1977) reported the occurrence of 

n~ong-rpreitg =pi& nixed layer n r r l l i t g  &lori tef t  in  a strongly sheared breccia 

tone. The 1a.d peak of thf r  wNcl l ing  c h l i h t e "  expandc to 15 .6  8 f t e r  ethylene- 

81ycol treatment and collaprer to 13.bI a f t e r  heat treatment at 6OO0C f a r  1 

harr. f i e  DTA patterru and infrared spectra of the & l o r i t e / m c t i t e  

i n t e r s t r a t i f i d  oincralr  a e  quite similar to thore of f i e  "mlling chlori te '  i n  

fCel8ndie #eothe&l #rear. Kriraunnrd6t t i r  (1976) -erted th8t of the 

'nC1litg ch1otitern in Icelmdic geothezul  8m.8 muld bc t h e m l l y  rmrt8bte 

s e e t i t e  .&/or d t&1y  onrtabl t  chlorite/mc?ctite i n to r s t r a t i f i t d  minerals. 

Apprrently different  &f in i t i ons  and mhr810giC&l cha rac t t r i r t i c r  of the navelling 

tblot i te"  h8Ve been'propored. Stephen and )kcEwm (1951) 8re mong the firrt to  

suggest that the 168 ref lect ion of the *well ing &lori ten 8hift8 to  17.81 a f t e r  

glycol treatslcnt and ~b1lap8e8 to 13.d a f t e r  500°C heat treament. 

(1961) reported th8t the "rwrlling chloriten leny be a kind of chlor i te  i n  d i c h  

hydroxide rheetr o c m  a8 i r l a d - l i k e  faperfect l8yeriug between s i l i c a t e  Lyerr .  

h i m o d .  (1970) reported a11 cxpand~ble " 'n l1ing chlorite" ch8racterked by pe8k 

i h i f t s  of 16.d t o  15$1 (ethylene glycol) and 14.81 to 16.d (60OoC he8t 

treqtmeot) and intenri ty  r8 t io  of 7 x f l d  of 0.60. Ue 18ter concluded th8t the 

"'nrelling chlorite" oug mt belong to the c h l o r i t e / m c t i t e  t n t e r r t r a t i f i ed  mineral 

and the prcrence of h e r f e e t  brueite 18yerr between i i l i t a t e  rheetr  of mmectite 

has rerulted fn 4 chiorite-l ike etructure of 8welling behavior. 

definit ion,  ident i f icat ion method, chemical chsrac te r i r t ic r  and crys ta l  s t ructure  

Of the Welt ins  chlor i te  brve not yet been ert8blirhed. Wny problems =in 

onrolved &d rbould be'rtudied &I the future. 

Zen .(1969) a u ~ c s t e d ' t h a t  tht i n t e r r t r a t f f i cd  mineral should be t n 8 t t d  as 8 

Brhd l ty  

In rhort, the 
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t h e ~ o d y ~ m i c r l l y  r t rb l e  phase and the disappearance of the minerS1 in  dirgentr is  

might be one of the rensitiwe ind iea ton  of metunorphic grade. Ludo (196B) agreed, 

and proposed a DCV facies, nam~ly, the in t e r s t r a t i f i ed  el89 facies, characterized 

by the videspread occurrence of i a t e r r t r r t i f i e d  clay. A8 ha6 been noted prtwiaurly 

i n  th i s  Kct ion,  the variation of aectite-,interrtratified miner r l r4ch lo r i t e  and 

r e r i c i t e  is closely related to  the +ariation of zeol i tes  fram aordenite, 

c l iaopt i lol i te ,  r t i l b i t e ,  heulandite through laumontite t o  vairaki te  end other 

minerals such as rodic plagioclase, prchnite, epidote and pmpellyi t t .  The 

r t ab i l i t y  f i e lds  of chlorite/rmcctite and i l l i t e / m e c t i t e  ( s e r i c i t d m e c t i t e )  

i n t e r s t r r t i f i ed  Pinerala which can be ertablirhed by detailed petrographic and 

che~ographic umlyaes m a t  be m e  of the mort interertirrg problems related t o  

low-grade metunorphirm. 

From detailed descriptions'of recondary ph88eS i n  the preVi6~8 rections, it ir  

apparent that most d r i l l  hole core ramples consist of 2 t o  3 C.41 hydrous 

s i l i ca t e s  together with abundant quartz, carbonate, chlor i te-rwct i te  and pyri te  

and minor a lb i t e ,  i l l i t i c  c h y ,  rphent, magnetite and ro l f a t t s .  Cad1 

hydrorilicates inc ludes Cn-zeolites (lauwmtite, yugawaralite, ~ n i r a k i t e ) ,  prehnite 

and epidote. 

investigated samples. Prehnite and epidote are minor. Pumpellyite y . 8  not 

positively identified,  trace act inol i te  occurs in  soae deeper core ramples and 

Ca-zeolites are most abundant rnd occur i n  more thrn 80 % of the : 

garnet was aot found. 

Cauporitions of a11 there recondary phrres can be defined by a a p t e m  

including, 4 0 ,  Na20, C.0, HgO, FeO, Fe203, A1203, Ti02, SiO, 

H20, S, C02 and SO,, as components; there u e  too many to  be graphically rhovn. 

in  the i r  phase relations. 

the fo l lw ing  assumptions: 

. 
The t o t a l  number of components can be reduced t o  I v i t h  

(1) The system has an excel8 of fluid and quartz phases and the f luid ph8re ir 

composed mainly of 50, C02, S and SO,,. Respectively S, SO,, rnd W2 are 
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t i e d  v i th  write, gyprum (andlor mhydrite) and carbonate; 

(2) A l l  d n o r  5 0 ,  'k20 md TiO, are  rerptct ively fixed i n  d n o r  i l l i t i c  

thy, a l b i t e  a d  rpheac; 

(3) the only phase rhwiag r ignif icant  PeO and QO ' rubrti tution is ch lo r i t i c  

C 1 q  miUCr41 .  Although, dnw ac t ino l i te  8180 8 h m  8UCh 8ubrtihlt ion but it vi11 

not be included in  the p n r e n t  d i r c u d o n .  We cmbinc €'e0 + #go a8 one component 

becnrre ryrttmstic var ia t ion of PeO/LlgO in chlor i t ic  c l . ~  vith depth ir  not 

apparent md becauee we bave tre8ted ch lor i te  RS .o ~tcerr phore i n  our dircurrion. 

With there a r s ~ t i o n r ,  the witem ir  r i~upl i f ied  to be c.0 - h 2 O 3  - 
A1203 - (FtWHgO). 

the tetrahedron of Figure 38. 

Colnpositimr of the c- recondaty pharcr art plotted ia 

Fhc ranger of rol id  rolutionr for epidote, prehnite, 

grandite garnet, pumpellyite and ch lor i t ic  clay8 are rhwn. 

rystemstica1ly i l l u s t r a t e  the variation of mineral arrclablager and comporitional 

changes of epidote md prthni te  4 t h  depth, the C.-Al-Fe*3 pkne war relected a8 

the projection planc and chlor i te  of fixed cmporit ion as the projection point. 

In order t o  

This  r implification -is jus t i f ied  by a umber of factor8 l i r t ed  below (1) 

chlor i t ic  clay mineral8 are ubiquitaur; (2) comporitional variation8 of epidote, 

prehnite, garnet and even puqpcllyite is defined mainly by P c * ~  - 111 
rubsti tutibn; (3) analyzed zeol i tes  (laumontite and v8irakite) contain very minor 

Ra20 and they are plotted on the jo in bettieen 2A1 and Ca; and (4) compori t iar  of 

Ca-zeolites and other C a d 1  hydrour r i l i c a t e r  l ie m or very elore to  the 

projection plane. 

not s ignif icant ly  a f fec t  the i r  dirpori t ions onto the ternary di8gr.m. 

Bcnce, the compositional change of chlor i t ic  clay miineralr does 

The resul tant  projection of hematite, kaolinite,  pyrophyllite, laumontite, 

vairakite,  epidote, pmpel lyi te ,  prehnite, garnet, ca lc i te  and su l fa tes  on the 

diagram ZFe*3-2LLl-Ca are  r h m  in Figure 39. 

which r h w  r ignif icant  extent8 of rolid solutian as 801id l iner ,  the other pharer 

rhwn i n  the diagram have fixed compositions. 

ptnnpellyite contrins conriderau;, -%%ants of (Fe+Hg)O and the posit ion of: i t a  

projection I f  the 

Except for  the Ca-A1 r i l i c a t e c  

It rhould be mentioned tha t  

highlv di;a?dcnt on the colaposition of ch lor i t ic  phare. 
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limre 38. ColPpositiaar of ulcium rtalius, epidote, g a h n i t e ,  grsndite, and 
chlor i te  together vith other toolpo~l recondar7 phases (kaolinite, 
pyrophyllite, earbomte, sulfate ,  pyrite,  m 

illite, sphene, fluid). 

e t i t e  and hematite) vert 
plotted in 8 tetrahedron C.-(Pe,Hg)-ZAl-2Fe* '$ diagraut (+ a lb i t e ,  quartz, 

tamporition of Al-chlorite k Used a8 a projection point, then pumpellyite i 8  

overlapped vi th  prehnite. 

becaure pumpellyite wa8 aot  posit ively identified in  any core samples fram the 

This problem doer not exist i n  the present discusrion 

Onikobe geotherml ryrtem. 

This projection applies only to  the phase relations at the f values where 
O2 

hematite k stable. However, in mort d r i l l  tore s.mples from the Onikobe 

gcothemal area, magnetite h a stable iron oxide. 

phare r c h t i o n r  at f 

6 tetrahedron shoving the ph8rc relatiorrr of prehnite, epidote, garnet and iron 

Therefore, we have to  treat the 

1awtr than the b-tite-gnetite buffer. Figure 40 is  
O2 

oxide8 a8 a function of fo 
2 

presence of excess quartz and fluid 8t 6 given Pfluid.. Compositional shif t8  for 

magnetite, epidote, prehnite and grandite with decreasing f u e  shovn by 

i n  the rystem CaO-FeO-Fe203-A1203-Si02~0 in the 

O2 
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Pigun  39. Ca - 2 A1 - 2 Fe'3 diagram rhwing campositional variations of common 
Cad1 siliutes. 
the OnPobe geothermal area md basal t ic  f ie ld  are s h m  ( q u a r t z ,  a lb i te ,  
chlorite, sphene, i l l i t e ,  pyrite). 

Conpositions of analyzed core rampler (Table 21) f r h  

a r rws .  

s i l i c a t e s  and the similarities i n  mineral assemblages at various f 

For instance, at the fo 

magnetite (b) together v i th  tpidote (c) + prehnite .(dl or epidote (e) 4 andradite 

(e) or prehnite (d) t andradite (e) are possibly stable i n  cer ta in  P-T ranges. 

lover fo 

(d') + grandite (e') i s  stable. 

a t  various fo conditions, in. the following dimcussion, magnetite and hematite, 

are  plotted in the FeZOJ corner of the Fe*3-2A1-C. diagram. 

This diagram i l l u s t r a t e s  the effect  of fo on compositions of Ca-A1 

values. 

defined by the HH buffer, the assemblage hematite + 

2 

O2 

2 

At 

conditions, the assemblage aagnetite (be)  4 epidote (e') + prehnite 
2 

Because of the r b i l a r i t y  in mineral assemblages 

- 
2 

Bulk chemical coaporitionr of representative altered core samples l i s t e d  i n  

Table 21 and basal t  f ie ld  are a l ro  plotted i n  Figure 39. 

contents wre readjusted in  accordance v i th  the pnrence of excess a lb i t e ,  and 

ch lor i t ic  and i l l i t i c  clays. 

core samples from the Onikobe geotherml area ere higher i n  Fe*3 and 1Wer in Ca 

The h o l e  rock A1 

Campared to unaltered basal t ic  rocks, the d r i l l  hole 
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Table 53. Equlllbrium mineral assemblage fo r  core samples 
from D r i l l  Bole t123 and 124 of the Onlkobe 
geothermal Area.* ( A l l  assemblages + ch lo r i t i c  
clay + quartz 2 pyri te  2 a lb i te ) .  

depth 1123 

238. am Ep (32**)+Wr 

303.5 Pr (19)+Wr 

323. Sm Ep(23)+Wr 

344. am Ep(22-29)Wr 

348. SOL Ep(19)uPr(8) (?)+Ur 

depth 1124 

165.8" WPr(14-17) 

201. Sm Wr+Pr (3-8)+Cc 

209.9" Ur+Pr (17-22)+Ep (?) 

222. Sm Ep(26-29)Wr 

307. W E P  (37 1 

334.7" Ur+Pr (12) 

349.4" Ur+Pr (3-4)+Cc 

* Wr+Cc assemblages are not l i s t e d -  they formed much la te r .  
** The nrnnbers in ( 

Abbreviation: 

) refer t o  Fe+3/(Fe+%Al) I 100. 

Ep = epidote; Ur * walrakite; Pr - prehnlte; Cc = calcite. 

with compatible A1 contents. 

magnetite) and very miinor pnhn i t e  and epidote i n  core samples compared to  

1argr.de metabasites. 

Such a difference is reflected in  higher hematite (+ 

Two points need to  be emphasized when the  parageneses of observed secondary 

phases are discussed in  terns of these plots. (1) Bulk chemical compositions fo r  

the core samples are extremely heterogeneous iaomuch AS the geothermal system is 

open for  chemical exchanger. 

hydrothermal a l t e r a t i m  in rock types and i n  brecciations and veinings, each d m i n  

of a simple core specimen can be very different  i n  bulk composition. 

correlation of an observed mineral assemblage with bulk chemical composition could 

Depending on the difference in  the extents of 

¶berefore, 

be misleading. 

(2) Secondary minerals identified in a single core sample may have formed at a 

1 65 
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Pipsre 40. Tetrahedral projection r h d a  phase re lat ions of prrhnite,  epidote, 
garnet, bcnrrtite and magnetite u a fimctiaa of f~ in the .yrtem 
C.O-FeO-Fe~O~dl q w i t h  exetrr Si% and E20 at a $art icular  
but cmrptclfltd $ fluid. Tetrahedronr abce, 8bdt .nd bcde u e  fo t  tbt 
syyrtcors'cootrolltd by the Bn buffer. Tetrahedron b'c'd'e' 
Qin: md IH buffer qsteus. 

' 
for  the m, 

different time end at different physieo-chtmic8~ condition. (see Exlejj 1982 for 

Icel8nd geothtrrpal q8ted .  n'IhcJ occur h re ins ,  in V t 8 i C k 8 ,  8. -=gate8 

matr ix  or i n  grouulmarr,, and even as rtphcemcnt product8 of r01# p r h a e  and ear ly 

fomtd pharts. TtXtu-1 t lh th8  r a g t 8 t  that o f  them mt i n  

equilibrium, hence amy oecondup pharer are l i r t e d  in Fabler 10-20 for c8ch 

r p t c b u .  For inrtancc, carbonate rein8 are fQund to aat v a i n k i t e  c rys ta l s  in the 

Ortrfx roggerting c8rbonate fornu! l a t e r  under d i f fe ren t  physical conditionr; pet  

mir8ki te  has metart8blp perrirted.  Therefore, i n  the fo l lwing  dircurrior&, phase 
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relations are presented only for  those minerals that  exhibited grain contacts i n  a 

one-inch diameter polished nc t ion .  Dif f i c u l t h  in  eSt8blishing h a t  COQ8titUteS 

an @'equilibrium mineral 8 s s ~ l . g e "  i n  lw-gradc metamorphic rocks hrve already 

been documented (Zen and thompson, 1974). 

?finer81 assemblager which have rhown grain eontrct  re la t ions 8x2 l ir ted in  

Cmpositions of epidote and prthnite =re analyzed and t h e i r  Table 53. 

Fe+3/(Fe*3+Al) r a t io s  are listed v i th in  the parentheses  long with u c h  phase. 

Because these 8ssemblages fomed over the -11 temperature internal  of 115170°C 

and . 

diagrams of Pigum? I l ( A )  and 4ltB) respectively for  d r i l l  holes # 123 and 

At the depths of 166-350 0, they are platted in the isobaric-isothermal 

124. 

The Z-phast asse&l.ges wairakite + epidote mb vairaki te  + prehafte occur i n  a 

rider of samples uhereas the %phase arstmbla~es epidote + prthni te  + m i r a k i t e  

and va i r ak i t t  + prelanite + cclleitr h v e  very rcr t r ic ted occorrence. Tie liner for 

the coexisting phase8 are drawn according to the analyzed compositions of epidote 

and prehaite. 

Those samples w i t h  the 3-phasr assemblage prehnite + wairakite + epidote aced 

tu  be described, because for the 3-component syctem, eompooitions of the 3 phases 

should be inuariant at  constant P and T. 

vas formed a t  temperature of about llSoC And contains abundant coarreli[rained 

prehnite and vairakite i n  mtrh with minor very fine-groined epidote. 

pnhn i t e  and wairakitt e r e  analyzed 8nd the prehnite ranges i t s  F C * ~ / ( F ~ + ~  + 

The asseablage of a sample 5124-209.h 

Both 

A l )  ratio from 0.17 to 0.22. 

analyzed. 

Xoycver, the epidote is too fine-gnined t o  be 

From coqosi t ionr  of epidotes i n  other ramplea in the d r i l l  hole # 124, 

composition of the epidote for the f-phare arsemblagc vas estimated t o  be about 

se+3 
both epidote and pnhn i t e  were analyzed and respectively are Se+3 8 for  

prehnite and 

0.26. For sample # 123-348.51~ a t  17OoC, the limiting compositions of 

= I9 for epidote. 

The deduced phase relationships for 8ssemttlages of these 2 d r i l l  hole corea u e  
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r h a r i r e d  i n  Picure U t C )  a t  f of 11O-17O0C and depth of 200-3SOm. Five 3-phrre 

rrrembblater vere deliaeatedr 

epidote + ca lc i te ,  m i r a k i t e  + epidote + prehnite, epidote + p n h n i t e  + calcite, 

and mirak i t e  + prehnite + calcite.  

geotherprrl areas aid i n  lw-gr.de meta-baraltr, (t.g., Salton Sea, Bird et al., 

they art magnetite + epidote + wairakitt ,  ugne t i t t  + 

There arrtmblages have been recorded i n  other 

1983; I [ a m t r t n  aetabaral t ,  bruyma and Liat ,  unpublished rerul t r ) .  

It rhould be pointed Qut that  laumontite i r  rather comon at rhallav depths i n  

geothermal ryrtems. A8 a Qatter of fact ,  1.umontite and vclirakite occur together 

i n  many rampler. The lauwmtite-hcmntitc-epidote arrembhge h8r been found A t  

Tatun and h other geothermrl areas (e.g., Lan et al., 1980). In the invertigated 

ramplea from Onhobe drill haler 123 and l%, no textural  rtl8tiOU8 8uggerted ChC 

occurrences of 1.umontite + epidote + btmatite, lmzmontite + prehnite + epidote and 

laumontite + prehnite + calci te .  There arremblager may occur a t  lover tePperatures 

and higher f conditions. 
02 

Prom the phare relation. rhown i n  Figure 11, three concluoionr are drawn$ (1) 

Both prehnite and epidote are n r t r i c t e d  t o  Fe-rich campotition at lav  temperatures 

md become Al-rich with increasing temperature. 

arremblagcs formed at l lO°C for # 124-209.h and 17OoC for # 123-348.5111. 

The Al-cad d e r  of both pr thni tc  and epidote are not s table  under the 

phyrico-chemiul conditions defined by the arremblages i n  d r i l l  holes 4 123 and 

124. Al-prehnite vas replaced by the vairaki te  + ca lc i te  assemblage *ich is 

c-on in  the Onikobe g e o t h e m l  ryrten~. 

epidote and prehnite ruggerts that  the epidote alwayr contains higher Pe than the 

coexisting prehnite. 

Such featurer are apparent in  

(2) 

(3) The Pe-A1 part i t ioning bettoeen 

The conclusionr described above are consirtent with thore data derived from 

hydrothenrial experiments k g . ,  Liou et  al., in  prerr) ,  from thermodynamic 

calculations (e.&, Bird  & Halgeoon, 1978) md from natural  parageneres i n  burial  

metamorphic sequence (e.g., Evarts & Schifhan,  1983) and i n  other p;eothexmal areas 

(e.8.. the Salton Sea, Bird et a l e ,  1983). The phase relationships r h m  in Figure 

41 apply to environments with a very low ac t iv i ty  of COz. ??r higher 
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CO2-beating geothermal fluids,  the Ca-A1 s i l i e a t t t  including epidote, pnhn i t e ,  

n i r r k i t e  

clay ~ssemblage. 

those from d r i l l  hole '# 127. 

rrsemb1agts in  the Onikobe geothemal area vi11 be discurred i n  a l a t e r  section. 

and humontite are not stable and are replaced by a carbonate-chloritic 

Uany investigated samples lack the --A1 s i l i ca t e s ,  par t icular ly  

The significant e f fec t  of Co2 on mineral 

General Frc tors  

Zonal dis t r ibut ions of minerals and phase relationahips described i n  

previous sections are controlled by a complex interplay of many factors.  

hiportant me  is temperature. 

re la t ions from the composite curve of figure 35, show8 the dis t r ibut ion of 

secondary mtinerals as a function of postulated present temperature i n  the field.  

Each mineral occurs over a considerable range of temperature and depth intervals  

Figure 36, constructed using depth-temperature 

and shows significant overlapping with the other phases. 

role of temuerature in  these zonations, we Oust a lso  consider the e f f ec t s  of other 

In order  to  a ~ s e s s  the 

variables including (a) solution chemistry, (b) bulk rock chemistry, (e) rock 

pemteability and tcr ture ,  (d) load pressure, (e) PR/Ptotal, ( f )  sol id  

solutions i n  secondary minerals, (g) kinet ics ,  and others. 

genesis of secondary minerals in  geotherad 8gSteUI.s have been reviewed by Brme 

(1978); they are br ie f ly  sunmarked below: 

These controls on the 

Solution chemistry is  one of the most important wariablts i n  the formation of 

The fluid's  pH and P secondary mineral assemblages. 

important factors. 

that a high P 

conditions as shown by the fo l lw ing  reaction: 

C02. 

would cqnsume lI . 

art tvo  of the most 
co2 

For example, Zen (19611, and Thompson (1971) have postulated 

may inhibi t  the formation of calcium zeol i tes  a t  given P and T 
co2 

Clay 4 Calcite = Ca-zeolite + 

Likewise, by the law of mass action, a low pR vould favor reactions that 
4 Details of T-J&, re lat ions of hydrous h - A 1  s i l i c a t e s  i n  

2 

the 

The POlt 
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grothema1 systems and the pB e f f ec t  on the re lat ive s t a b i l i t y  between Ca-teolites 

and carbonate w i l l  be discussed kter. 

I n  closed or lw pe-ability r t r a t a ,  the solution chemirtry may be rtrongly 

affected by the local bulk-rock chemistry. 

vould be much less important i n  high-fbw, pexmeable si tuations.  

hole core samples from the Onikobe geotheraal ares have shi lar  andesit ic-dacit ic 

compositionr. 

The effect  of the bulk rock chemistry 

A l l  the d r i l l  

The effect  of load pressure differences w i l l  be quite m a l l  given the 

re lat ively shallat depth8 of the uells. However, given the presence of mjor f luid 

components other &an 5 0  in geothermal syrte-, the e f f ec t  of Ps o/ 
2 

Pfluid<l1 nay often be important. Values as lw as 0.3 PB O/Ptotal =ti0 
2 

have been postulated for t yp ica l  geothermal systems (Coambs et a l e ,  1959). 

lwer rat ios  significantly restrict the s t a b i l i t y  f i e lds  of the kydrous phases 

toward l w e r  temperatures. 

These 

Experimental studies have ururl ly  been u r r i e d  Out  v i th  pure end-er 

compositions. 

Pineral  i n  a geothe-1 system, then its s t a b i l i t y  range w i l l  be expanded re lat ive 

to the studied pure e n d d e r  and interpretation8 w i l l  have to be modified. 

example dealing with prehnite-cpidott equilibrium w i l l  be discusred later. 

I f  an appreciable amount of solid solution occurs within a given 

An 

The effect  of kinetic8 b a contrwersial  a d  not easi ly  definable problem. A t  

lav tenperatures c(50-l0O0C), it i o  generally acknowledged that kinet ic  

constraints are often important. 

uel ls ,  h m v e r ,  the si tuat ion b ouch -re ambiguous, especially giwen the variable 

lengths of time for uhich such systems operate. 

zeoli te assemblages have been observed to  become simpler with increasing age and 

that zeol i tes  are generally not found h . rocks  older than early Paleozoic (Hay, 

1966). 

A t  intexmediate temperatures found in  geothermal 

It is interesting to note that  

Belevant Experimentally Determined S tab i l i t i e s  of Some Rydrous Aluminumsilicateo 

Ca-zeolites: I f  ue nw examine available data fran experimental s t a b i l i t y  

studies on iome of these minerals, we may be able to  s e t  some limits on t he i r  
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condition8 of forPation. 

la-tite, 1WSOtiite a d  wairakite a t  PflUid 

a, b) as experimentally detemined for  the f o l l w i w  reactions: 

P i g u n  42 ah- r t ab i l i t y  field6 for  the minerrlr  

Ptot,l ( f r m  Liou, 1970, 1971, 

(1) r t i l b i t e  

(2) laumantite wairakite + 2E20, 

(3) laummtite 

(4) wairakite 

In  the Onikobe wcllr, when fluid prer rure . i r  le88 than to t a l  pressure and the 

laumontite + 3 quartz + 3 %O, 

1 8 V S O t i i t t  + 2 quartz + 2E20, and 

anorthite + 2 quartz .+ 2 5 0 .  

n20 ac t iv i ty  

occur at  lover P-T conditions than thore detexdned by the experbentr .  

thus expect the h m o n t i t e T n i r a k i t e  t ransi t ion to  occur at somewhat leas  then 

200'~. t~rimg Figure 36, w find that  laumontite occur8 over the 85' t o  195' 

range and that  u r i rak i te  occurs- from 'lSOo to >27S0C. The upper l i m i t  of 

le88 than one due to d i r rohed  rubrtancer, there zeol i te8 would 

One would 

laumontite i r  in  good agreement with the experimental value, but the lower limit of 

m i r r k i t e  i rn ' t ;  furthemore, rubrtant ia l  overlap occur8 between the laumontite and 

wairakite f ie lds  within mort wells. This could be explained in  at l ca r t  three ways: 

1. microprobe analyrcs of wairakite indicate up to  about 23 mole % analcime 

colnponent; t h i r  should extend the vairaki te  s t ab i l i t y  f ie ld  t o  lower tempcrrturcs 

and explain the overlap of Ha-bearing wairakite .od laumnti te .  - 
2. ropw of the vairakite occura in  veins or  open fractures where 

Pfluid/P,ot81 may often be less  than unity, blro favoring the formation of the 

Ierr-hydrattd vairaki te  at lower temperatures. 

3. the minerals at a given depth w y  not have equilibrated a t  one temperature 

but may instead be the composite products of a changing temperature regime. 

systematic zoning of vairaki te  veins i n  well d 127 may support t h i s  point. 

The 

Figure 43 from Zeng and Liou (1982) show the crperimentally-determined and 

calculated r t ab i I i t y  relations among yugawaralite, laumontitc and vairaki te  at 

PH20/Ptoral 
+ 2 0 war experimentally determined and the phase relationships among the three 

Ca-zeolites under geothermal conditions of PH 

1.0 and 0.3. The reaction: yugawarrlite = vairaki te  + 2Si02 

5 
= 0.3 I Ptotal were 

2 
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estimated. In geotherPII1 syrtema such a8 the OElikibe geotherm81 system when the 

C O n t A h  8bund8nt other components in  addition to 50, and h e r e  ' fluid 

r a t io s  may be appmrha te ly  0.3, p g a v a r a l i t c  s t a b i l i t y  vi11 be 

rest r ic ted to  depths rha l lmer  than S o b .  

From Figure 36 ue find that yugavaralite occurs wer the temperature range of 

150-205°C i n  the Onikobe cores, rp8nning almost the entire overlap area betveen 

laumontite and mi rak i t e .  Xhir wuld  correspond to a Pn o/Ptotal m t i o  

intemediate  betuetn 0.3 and 1.0. The re lat ively mrrw r t a b i l i t y  range of 

gugawaralite at lw Pa O/PtoU1 values rrould help to explain its relat ive 

paucity in  the Onikobe cores and .in other geothermal 8rC8h 

2 

2 

As ahom in Figure 43, the paragenetic depth requence of Ca-zeolitts in a 

geo tbemd system i s  highly dependent on. the h o s e d  thermal gradient, on the 

r8ti0, ad on other factors, including rolution composition *€I2o~tota1 
(e.g., Ciggenbach, 1981). 

gradient mid a high PE O/Ptotal m t i o ,  f ~ g a v a r a l i t e  msy be stable urd the 

depth sequence could be mordenite +18umontitt ~~g .va r s l i t e ,wa i r ak i t e .  

other hand, i n  regions with a lower geothermal gradient and a lover 

'E OiPtokl 
could be . ~ r d e n i t e ~ l N l a o n t i t e ~ ~ i r a k i t c .  Because many geologic, rolution and 

hydrologic conditions bay control both the Pa O/Ptot.l r a t i o  and the 

geothemal gradient, dif ferent  depth zonation patterns of Ca-zcolit ts  nmy occur 

wen i n  a single g e o t h e m l  system. Such variations have been recorded i n  the 

Onikobe gcothc-! aru by Seki et al., (19693). 

In a g e o t h e r ~ r l  systtm w i t h  a re lat ively high geothe-1 

3 
Oa the 

ra t io ,  yugavaralite is mat r table  and the zonation of Ca-teolites 
2 

2 

Clay Wincralst Figure 44 8hovs the experimental lydetedned transfoxmation of 

kaolinite to pyroophyllite represented by the equations 

pyrophyllite + 5 0  (A& T h ~ r o n ,  1970). A t  PB20 = Ptotil of 8 few 

hundred bars, -the transformation temperature 4s given 8s approximately 3OO0C. 

ThC upper l i m i t  for l u o l i n i t e  postulated -at Onikobe is 275'C. The lack of an 

apparent overlap 

and pytophyllite is only found in three uells. 

kaol ini te  + 2 quartz * 

be due to the f ac t  that  taol ini tC is very infnqoent  a t  depth, 

The lover transi t ion ttmperature a t  

174 



208 

Figure 4t. 

Onikobe could once again be due to  a low 0 /P V I  1UC 50 t o t s1  
me occurrence of kaol ini te  or  pyrophyllite is rtrongly influenced by rolution 

According to Eemley (19641, both kaolinite urd pyrophyllite u e  r table  chemistry. 

only under 

observation6 in  the Onikobe area. 

acid conditions. H i s  experimental eonclurion is rupported by our 

Kaolinite is generally found only at or  near the 

surface, &ere acid-sulfate waters occur as 8 resu l t  of 4 s  and pyri te  

oxidation. Fymphyllite is often found with mineral assemblages character is t ic  of 

acidic conditiuns. 

pyrophyllite is most abundant, ca lc i te  i s  almost always absent and wa ink i t e  i s  

e r ra t i c  in  -10 and completely absent in -11. 

I n  the deeper than 80Om segments of ~ l l s  -10 and cbll &ere 

Relatively l i t t l e  experimental work ex i r t s  at low to medium temperatures €or 

in te rs t ra t i f ied  clays due to  both the sluggish reaction rates and t o  the 

c m o s i t i o n a l  and s t ructural  complexity of clay minerals. 

have examined the kinet ics  of i l l i t e  formation from in t e r s t r a t i f i ed  m e c t i t e / i l l i t e  

€or several composition6. Extrapolation.frw the i r  data indicates that  a t  

tewetatureo above about 15OoC, lesr than 1000 years would be required t o  produce 

a 202 expandable i l l i t e / rmect i te  from a 100% expmdable m e c t i t e  of K-beidell i te 

conposition, 

that  kinetic constraints a n  not the most important factor i n  i l l i t e  formation for  

Eberl and Rower (1976) 

I f  these data are applicable t o  the Onikobe area, t h i s  rrould indicate 
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45. A-1- 6 4 dhgr8m (Pf lo id  2 m) m d  I). P f l U i d 4  d w r n  (6 = d buffer) for the garnet-fn d iscoat inuour and p r e h n i t c w t  
c o a b o u s  reac t ioar  (Lima et al . ,  in press ) .  The previous ly  determined 
curve for the ~ 8 x i a m  s t a b i l i t y  of ep idote  from Liop (1973) i s  81so rhovn 

' far carparison. 

176 



210 
" 

most of the length of the d r i l l  cores. 

(1978b) ala0 found that the perrenee of other intcrlaycr cations ruch ar 19. and C. 

appeared to  rubrtant ia l ly  retard the conversion of rmectite t o  amect i te / i l l i t e  and 

eventaully to  i l l i te .  

t h i s  e f fec t ,  it lD8p be of major importance in detemining whether i l l i t e  w i l l  f o m  

Rowever, Eberl and Bower (1976) and Eberl 

Although inruff ic ient  data ex i r t s  to  quantitatively arsesr  

w e r  the time intervals of in tc rer t  i n  geothermal rystems. Thur, facturr  rueh as 

rolution and bulk rock chemistry vould be important in  conridering the formation of 

i l l i t e .  

Albite, Prehnite and Epidote: There three lainerals show notable 

depth-dependent behavior. Liou (1971) experimentally determined the e t ab i l i t y  

curve for the reaction: analcime + quartz law a lb i t e  + 50. The presence of a 

sodium-bearing vairakite instead of analcime maker it dangerous to  extrapolate 

betveen the tw ryrtenas. 

temperaturea .I lov as llO°C to  as high at  or greater than 27f°C. 

In  the Onikobe area, a lb i t e  apparently occurr from 

Again, low 

wu ld  favor a lb i t e  i n  a dehydration reaction. The observed %,O'PtO t. 1 
occurrence of a lb i te  fomed below M°C i n  saline laker (Hay, 1977) a d  in  the 

Green River formation vould indicate that  f luid composition or k ine t ic  factors  may 

play a very large role  i n  a lb i te  r tab i l i ty .  

The prehni te ip idote  equi l ibr ia  have been recently determined for  a bulk 

composition of Ps 33 + excess 5 0  by K i m  et  al., ( in  prers). 

33 can be related to prehnite by a sinple reaction: 

prehnite + hematite; however, the reaction relationship i r  not tha t  

straightforward. 

which both compositions and proportions of prehnite and epidote vary continuously 

The epidote of Ps 

epidote (PI 33) + 5 0  - 
Instead, the reaction parser through a P-T t ransi t ion zone i n  

with changing temperature and oxygen fugacity. 

common i n  low-grade mineral paragenesis. 

Such cr+inuous rt8CtionS are very 

Examples o f  P-T, fo -T and T-X diagrams are i l lus t ra ted  in  Figurer 45 
2 

and 46 together with the maximum s t ab i l i t y  l imit  of epidote experimentally 

determined by Liou (1973). 

f ie ld  6 t h  a temperature range of <300°-5500C, 2-8 ICb Pfluid and over & 

As o h m  i n  Figure 16 ,  epidote has a vide s t ab i l i t y  
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range of fo values; Two r tact ians  n r e  deliaeated at lw temperatures: the 

garnet-in reaction defines the d n h  s t ab i l i t y  for the uaraet-bcariag assemblages 

and the prehnite-out reaction the maximum s t ab i l i t y  for  the prehnite-beariag 

assemblages. 

three phases epidote + prehnite + garnet are ctable a i d  the c ~ o s i t i o n s  of these 

phases wary according ta the Pfluid-T-f 

increase i n  temperature and decrease in fo , both epidote md pnhn i t e  became 

progress%wely mort aluminrmrrich and the COtXirtiQg gdrnet oowes t M r d  the 

grossular end-der. A t  temperature8 b e l w  32S°C, the assemblage 

2 

A t ransi t ion tone occurs between these two a s r ~ ~ b l a g e s  where the 

conditions. With ruccessiwe 
O2 

2 
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AI 
tigure 4611 Schematic P-T end T-XI 4 1  d i e g m w  h i m  5 continuaor (light lime) 

and em discont inuous  ?he- line) r e a c t i o n s  reletiq pretmite ,  ep idote ,  
garnet ,  iron oxide ,  qaarta end f l u i d  in optem 
Cao-re20&12~-si~-n20-0 f e l l w i n g  the procadan of l'hapotm 
(1976). Mineral c ~ e s i t i m s  end assemblages sham in  Fimra 47A,B,CI end 
D ere indicated.  X is the s t a r t i n g  cuqweition. 
Temperatures o h m  an the diagmm are f m  the prerent data and L i e u  
(1971). (After Lieu,  et al., in  press). 
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epidote-prehnite-garnet is not stable and both prehnite and epidote i n  the 3-phase 

8sserPbhge epidote-prehnite-hematite decrease the i r  Pe+’ Content With decreasing 

temperature. In other words, in  the pnatnce of epidote, prehnite reaches its 

maximum Fe* content a t  the temperature defioed by the discontinuous reaction. 

A t  lower temperatures, prehnitt  c q o s i t i a n  is highly dependent m the mineral 

assemblage. 

hematite, it may have higher 

epidote-hemat i te-quartr  . 

I f  prehnite coexists with garnet (or another Ca-A1 phase) and 

th8n the prehnite coexisting 6 t h  

Phase relations of prehnite, epidote, garnet and hematite as a function of 

temperature i n  the paeudo-ternary 8ystem C80-Fe203-A1203. 6 t h  excess 

quartz, and f luid a t  2 Kb Pfluid and f 

i n  Figure 47. W i t h  increasing temperature, four isobaric-isothenual sections are 

drawn in order to ehov the colnpo8itioarl relations among garnet, epidote, prehnite 

a d  hematite for both three-phase and tvo-phase asacmblages. 

constructed based on experimental r e su l t s  and on deduced natural paragenesis and 

mineral compositions and s h w  the following: 

325-55OoC, the range ‘of grandite solid aolution remains euuplete i n  the system 

with the presence of excess quartz, whereas the ranges of solid solutions for  

epidote and prehnite become wery reatricted With increasing temperature. 

t i e  lines fo r  2-phase and 3-phase region8 aha, the tquilibritun compositions for the 

coexisting phases. 

analyses of natural co-existing phases (e.g., Coombs et al., 1977) and from 

defined by the EPI buffer are shown 
O2 

These diagrams vert 

(1) Within the temperature interval 

(2) The 

These data are deduced from experimental resul ts ,  ma i l ab le  

thermodynamic calculations (e.g., B i r d  b Eelgason, 1978). (3) The disccKltirtuous 

reaction a t  3ZS0C represents a tie-lint cross type and the continuous reaction a t  

35OoC re l a t e s  the s h i f t  of 4 3-phase f i e ld  to a 2-phase region. Respectively, 

these two reactions a n  equivalent to the garnet-in and prehnite-out reactions 

shown in Figure 45. 

It is  apparent that the phase relations of Figures 45, 46 and O f  apply to  

temperatures greater than 325OC and that  at lw C02 actiwity ca l c i t e  i s  not 

stable. Bence they cannot direct ly  appply to the phase relations described for the 
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Figure 47. 'Phase re lat ioar  of pnhn i t e ,  epidote, garnet and hematite as a function of 
t e q e r a t u r e  i n  the system CaO-Fez~-A1203-Siq-€i20 with estest 
quartz, md fluid &t 2000 b u s  Pfluid md fo2 of the RM buffer. 
Positions of t ie  limes am qualitative.  
for the experimental study of Lfw et a1. ( in  press) and u r o v s  i n d i u t e  
the s h i f t  of composition w i t h  illcreasiag temperature. 

f vas the s t a r t i ng  composition 

Onilrobe geothemal system. 

c&ositional trends of both epidote and prehnite together with hematite o r  

magnetite are consistent 6 t h  those described in  the previous sections. 

instance, i n  comparing Figures &*)and 4 a  it is evident that  a t  the conditions of 

the Onikobe geothermal system, (1) garnet i s  not r table  and ca lc i t e  i s  ubiquitous, 

(2) the 3-phase assemblage Ep + P r  + kn (or Ut) was not found i n  the available core 

s.rPple, (3) compositions of coexisting epidote and prehnite in  the 3-phase 

asseublage Ep + Pr + V r  are l w r  i n  F f 3  contents than those i n  Ep + Pr + Cc, 

Havever, the principle for the sl iding equlibria and 

For 

( 4 )  both epidote and prehnite have much restr ic ted compositions compared to  thore 
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i n  high-temperrtun Condition8 8nd Al-cnd d e r 8  of epidote (c l inotoir i te)  8nd 

prthnite 8re not r t8ble  md (5) epidote is consistently higher in Fe*’ content 

thrn the coexirtent prehnitt .  
I 

I , 
I 

In s-ary, one u n  obre that the apparent 0bre-d temperature ranger wet 

expected from experimental rtudier. ‘Ibir m y  be explained i n  a t  least  3 ways: 

uhich d n e r a l r  8re found i n  the Onikobe area ar t  generally broader th8n thore I 

, 
I 

1. Tbhc equilibrium 8tudieB e88eXJti811y t x p k i n  the obrerved temper8ture I 
j 

r eh t ion rh ip8  i f  v a r i 8 b k r  mch a8 ch8nge8 h 8 O l U t i O U  .nd bulk tock &&#try, 

rock texture, and Pa O/Ptokl UT conridend. 
2 

2. The equilibrium rtudier m8y e x p k i n  the obremed n h t i o n s h i p s  i f  the 

minerals u e  considered to h v e  formed d e r  equilibrium condition8 a t  different  

t h r ,  vith the temperature varying 8t 8 given depth a8 a function of time. b the 

conditions ch8ngtd. 8opC of the dmcr8lr continued t o  pc r s i r t  metastably. 

. 3. Het8ruble reactions may be iarportant i n  the fornation of rung of the 

ph8ser observed, especially at  temperatures bclov 8bmt  UO°C. 

Effect8 of C02 and SO4 on Uineral &sembl.ger 

The therms1 vaterr  from the Onnikobe geothermal area described i n  the previous 

r e c t i m s  contain r ignif icant  mounts of COP, SOs, RaCl and other Zmpuritier. 

Bigh concentrations of there camponentr h8ve resulted in the cryr ta l l izat ion of 

c8rbmate, gypsum or anhydrite and Iuli te at the expense of k - A 1  r i l i c a t e r  and in 

the lowering of the temperature of 8ppearance of some index minerals. A & t a i l e d  

discussion of their effects  611 not be pn8eBted here; the hportance of the C02 

concentration i n  the fluid ph8re w i l l  be urtd to  e x w l i f y  the i r  rignificanct. 

The role  of C02 i n  lw-gr8de sct8morphitm has been recently reviewed (Seki 6 

Lim, 1981). 

b r e a k d y  of Ca-bearing s i l i c a t e s  and the i r  8ssefilager into calcite-bearing 

arse**es vi11 occur 8s a r e su l t  of tocreasing laole fraction of a2 i n  the 

f lu id  phase to over 0.i at temperaturer below ~ooOC..  F O ~  example, a t  

Ptotal*fluid=2 kb, 18umontita C8n aaly be rt8ble 8t t e ~ e r a t u n r  below 350°C 

Previous experiment81 8nd theoretical  r tudies indicate th8t the 
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I: 4 Zoisite + Quartz c: 6rosrular i te  + 5 Anorthite + 2 ~ 2 0  
2: Anorthite + Quartz + 2 Calcite r+ ~ r o r s u l r r i t e  + 2c02 
3: 3 Anorthite + Calcite + E20 
4:  5 Prehnite f 2 2bi r i te  + 2 Grorrularitc + 3 Quartz + 4R20 
S: 2 Calcite 2 Pymphpl l~ te  C Prehnite + Quartz + CO, 
6:  2 Wairakite f Prehnite + Pyrophyllite + Quartz + 2H20 
7: Calcite + Kaolinite + 2 Quartz Ct Wairakite + CO2 
8:  Lamonti t ie  Wairakite + 2R20 
9 :  Calcite + Kaolinite + 2 Quartz + 21120 
10: St i lb i t e  e humontite + 3 Quartrc + 3E20 
11: Calcite + Kaolinite'+ 5 Quartz + 5E20=Stilbite + % 

2 Zoisite + CO, 

h-tite + c02 
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Figure 49. Schematic T - b  te la t ions for Ca-reoliter (l.uorontite, a i r a k i t e ) ,  
prehnite, pumpe?lpite, epidow chlorite and u l c i t e  &n a rimple rpstem 
A12%48b(Fe, & ) ~ 8 i ~ ' A 2 d 2 .  The g e 0 m E t r i C  n l a t i o n r  u t  
constructed under the arsumptior~s that  (1) chlor i te  i r  m s i t i c  i n  
composition, (2) pmpellyi te  lies on the jo in t  chlor i te  a id  prehnitt ,  8nd 
(3) quartz and fluid are prerent io excess. 
Fez03 €8 ubiquitous in  the CI-A1 i i l i c a t e r ,  the simplified relations 
c w l d  be rignificantly modified. 

In geothernul rystems &ere 

at extremely lw o02 concentr8tions in b e  fluid (b 
(Ivanov and Curevich, 197s). 

indicate that the equilibrium kmperatures 8t d i c h  carbon8te-be8riag arsembhges 

8 4  carbonate-free 8ssembl.ger cocxirt r h i f t  r ignificantly by m a l l  ChaUReS i n  

0.0075 - 0.02) 
2 

These theoretical  mud experimental studies a l so  

%o 
%etrogr8phie evidence a180 clearly indie8tts the importance of C02 i n  the 
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fluid phare for cnralng differences in lw-rada arawblager. 

e f fec t r  of c02 ,m lw-grade actaaprphic parageneres would be t o t  

the dehydration temperaturea of --AI a d  other hydroril icatcr:  and (2) r t a b l i t e  Ca 

(and .bo ?& m d  Pel  i n  carbonate@ at the expenre of epidote, prehnite, pumpellyite 

and Ca-ztolites. The mole fraction of co2 in the f lu id  phare attending loir-grade 

metamorphim has .generally been a8Sumtd t o  

portulated that  the 

Locche ire&, Svitterland i s  lwer than 0.02. 

m e t a m r p h h  of a Triar r ic  formation in the Svirr Alps at about 200-S5O0C urd 1 3  

kb war t a t h a t e d  to  be lwer th.n 0.2 (Prey, 1978). 

low-grade metamorphirm to font  zeol i tes  and clay-carbonate asremblages i n  

Cretaceour non-rinc r e d t e n t r  of Alberta, Canada ma inferred to be lover than 

0.0075 (Ghent and Hiller,  1974). 

Iceland, mineral paragenesea ruggeat that  ear ly  deposition of a clay and ca lc i te  

assemblage occurred at higher + m d  vas auccctdcd by the htcr 

The moat important 

(1) decrtarc 

very lave Cowbr et a1. (1976) 

for  pumpeIlyite-actiaolite facier  metamorphiam in the 
2 

at tend ing reg ioru 1 
IC02 

in  f lu idr  attending 
2 

I 

In the f o r r i l  geothermal area i n  Reydarfjordur, 

2 ~ 

cryatal l i ra t ion of t t o l i t e c ,  prehnite end epidote at reduced +, conditionr 
2 

(e*g., Hehegan et al., 1982). Similarly, the leas c~mmon occurrence of wairakite, 

prehnite a d  epidote in the Ohaki-Broadlands geothermal area, l e v  Zcaland campared 

to  the Uairakei area har been attributed to  8 high concentration of C02 i n  

t h e m 1  vatera in  the former arc. ( B r o ~ c  h E l l i r ,  1970). 

Aa rhovn i n  Figures b8 and 69, the moat character is t ic  Ca-r i l icat ts  i n  

lw-grade metamorphiam are r table  at +, valuer of less than 0.1. 

content of the fluid phare cwt ro la  mot only the equilibrium tcmperature fo r  

cuccercive mineralogical toner but alao' the appearance of the ca l c i t e  + clay 

asrociation at the expense of Ca-A1 r i l icatec.  

strongly a f fec ts  the pE value of a hydrothermal rolution. 

silicate assenrblagts are believed to develop mainly i n  alkaline environments. 

contract, the character ia t ic  arremblage formed under acidic conditions is a clay 4 

carbonate asrenblage. 

The co2 
2 

Horewer, the C02 concentration 

Zeolite and other C a d 1  

I n  

The generally accepted idea that  the Ca-A1 silicates are 

f r table  a t  8 lw act iv i ty  of C02, hence in  r l igh t ly  alkaline golution, is 
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confirmed by obrtrvationr of mineral parageneses i n  geothtiarl  areas. 

The mineral arseoblrger identified i n  the Dnikobt S4mrpler u y  have foamed a t  

conditions vtrr close to that  of the (PID) imar i an t  point of Figure 59, T - b  
iM8much as ptPpcllyite was not found. 

very schematic and rbt ryrteo a p p l i u  only to  pheres hoiw ideal  colrporitionr. 

components such as Fe203 a r t  introducedc most of the rcactions 'would a h i f t  

tward  higher 

figure. For cxantple, We r tact iont  prehnite + do2-+ 820 m i r a k i t t  + c a l c i t e  

+ quartz uould expand rignificontly tward  higher 

prehnite contains a r u f f i c i t n t  onwnt of Fe203. In essence, the Al-prehnite 

(a8 well as the e l i n o ~ o i s i t e  and pumpellyite) may have a very rest r ic ted T-X 

r t a b i l i t y  field;  this may explain vby there phases were not found in  the Onikobe 

samples. 

2 
It should be emphaokcd that  Figure 49 is 

I f  

md l w e r  temperatart conditions than tho i t  rhown Sn the 
2 

conditianr i f  the 
2 

=O2 

Because of the importance of CQ2 i o  lawgrade metamorphism, more extensive 

iuvestigationr with experimental techniques that control P820/Pm2 under 

hydrothermal conditions are necessary to yield further information on the a tab i l i t y  

relations between t eo l i t e s ,  prehnite and other minerals and carbonate .8#cnrblagtS, 

which i n  turn m y  be correlated d t h  natural  d n e r a l  asrockt ians .  

Figure 50 . is  a log [a2*] - pa diagram of olri and Hiratno (1976) ored to  

i l l u s t r a t e  the a tab i l i t y  re la t ions 

terms of p ~ ,  ac i iv i t i e s  of ca2+ md so4, p a r t i a l  pressure of a2, and 

ac t iv i ty  r a t i o  of Al(OH)g 

basis of thermodynamic calculation8 *ad vas used to  explain the parageneses Of 

minerals from the Yugawara geothermal area, Japan. 

of Pugavara thermal waters). 

and mhydri t t  a t ab i l i t y  fielda wer l ap  considerably. 

waters from the Onikobe geothexmal system a n  

r e su l t s  indicate that Onikobe system wate t a in  higher P 9 a lover 

ac t iv i ty  of SO,, a laver ac t iv i ty  r a t i o  of AltOX)' / BtSi04 , and lover 

pa, compared to those of the Yugavara geothermal rystcm. 

calcite- la~tite- .nhOdritt  a t  1m0C i n  

f H4SiOo . This diagram vas con8tructed on the 

(A c i r c l e  tcprcrcntr the f i e ld  

Depending on these variables, the laumontite, c a l c i t e  

Selected 8nalysea of thermal 

COZ 

fhcreforc, laumontite 



No. PH logLC13 logFc02 

60-2 t. 47 -2.2s 0.28 
00-34 7 -  26 4 - 3 4  -1.22 
60-38 ?.s4 -3.84 -2.20 
60-SC 4-04 4 - 6 5  0. SO 
GO-SD 7.11 OS. 98 - 1 . D  
60-4 Z.61 -4.11 -2.1s 

60-6 7.75 -4.01 -2. s4 

to-tb L. 18 -2.72 -0. t7  
60-?D 5.72 -1 w 53 -0.55 
60-BA 6-22 -2.49 -1.00 

e127 t. 2e -3.01 -2. s9 
Y-line &- 42 -2.55 -1.S 

60-5 s. 54 -2- 62 0.49 

GO-7A 6.58 -2.64 -1.57 

GO-BC 6-29 -2.14 -1 47 
e111 6.67 -2.28 -2.09 

lo: 

0 

-1 

-2 

-3 

-4 

-5 

-6 

-7 

%O”l 
I I I I I I I 

t I I I I 

3 4 5 6 7 6 9  
PN 

Figure 50. Geothermal vaters of Ooikobe u t a  in log[Ca2*3veraus pli di8gr.m. 
Activity coefficient for e8ch ion ia calculated by the Dcbyt-RLiicktl 
equation. Anarea circled by solid line indicates the field of therpal 
uattr of fugavara ttotberml art (ai e t  a l e ,  1976). 
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(and other C . 4  l i l i ca t e s )  and u l c i t e  are pore conmon, *ereas gypsum (or anhydrite) 

is  Itas combti in  the h iknbe  core sampler. However, it should be emphasized 

that  these intabdtpendent variables and temperatures change with time and depth 

even i n  a s ingl t  well. 

s i l i ca t e r ,  carbonates and ru1fater betveen different  geothtmal  rys tms  mst be 

done vi th  caution. 

Therefort, correlation of the occurrences of h - A l  

Summary 

The dist r ibut ion of recondrlry phases with depth i n  the Katayama area, Onikobt 

is primarily controlled by cha-es i n  temperature. 

important e i ther  locally or 4 t h  regard to cer tain d n e r a l s  are  the fol lwing:  

Other factors  which a re  

the 

Puater/Ptotal ratio, Bolution a d  bulk rock chemistry, rock permeability, and 

kinetic constraints. 

calcium zeol i tes ,  interlayered clay IDinerals, and several  other minerals. 

Depthdependent zonation patterns are observed for  the 

ORIGIN A!8D DISTRIBUTION OF SOLUTXON TYPES - 
As vas shown i n  Table 3, amy of the geothermal ve l l r  in  the Onikibc geothermal 

area discharge acid-chloride tXpe solutions, characterized by a high chloride to  

sulfate  r a t i o  and a lw pa of 2 t o  b.5. 

geothermal f ie ld  and the i r  u t i l i za t ion  for generating e l ec t r i c  pwer  has been a 

major problem throughout the dwelopment of the f ie ld .  

solution types that have been discharged by each well or  dr i l l -ho le  plotted on the 

d r i l l  hole dist r ibut ion map. 

thermal springs a t  the same Onikobe area. It can be seen that the acid-chloride 

vater type is limited to dr i l l l ho l t s  in the Katayama and Uegama areas. 

The presence of these acidic f luids  in  the 

Figure 51 shms the major 

Figure 5 2  n h m  the same type of information for 

In order t o  underrtand the possible origins of the acid-chloride vater type, i t  

is a160 necessary t o  examine the origins of the other major vater  types. They are 

br ief ly  described be low: 

(1) Alkali chloride vaters  are generally high-temperature f lu ids  produced at 
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Figure 51. Distribution o f  solution types io Katayama area of Onikobe geothemul 
arear Japan (see P i g u n  2). 

Ba: Bicarbormte type 
C1: Alkali-chloride type 
ACI: &id chloride type 
ACIS: &id chloride sulfate  type 

CI + 
A CIS 

Figure 52. 

AR 
1:;) 

ZKm .- O- 

Distribution o€ hot-spring thermal vater types b Onikobe gcothemal 
area. C l r  Alkali-chloride type. ACIS: Acid chloride sulfate  type. 
Solution types i n  Katayama area (1111) is s h m  by Figure 51. 
HZ, FAr TB, mr KS: (ARtHEt KY, 

see Figure 7). 
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deptb in  many geothe&l ryrtcrmr primarily ar a r e s u l t  of meteoric water and 

vo lun ic  rock interaction. kactionr with s i l icate  mineral8 buffer the pR of the 

rolutionr to a e u  n a t r a l  valwer. 

I 
(2) Acid rulf8te vaterr miginate near tbe surface 81 a 'result of the I 

condenration of %Sdeariag 8tt.m into surface water8 ard the rubrequent 

oxidation of the B2S to 8ulfate ( E l l i r  urd Moa,  1977). 

(3) Bicubonate 8nd bicarboaate-rulf8te waters ply form by ocar-surf8ce 

condenration of C02 and Ii#-bt.riag steam md rubrequent reaction d t h  rockr. 

There water8 b v e  also been portulated to fom organic uater in s i l t y  layer8 w i t h i n  

the &aZN& F0rUti-n. 

(4) Add chloride-rulfate vaterr may form by a d e r  of different mechanirmr, 

88 proposed by E l l i 8  and Mahm (197711 

l.mi%iag of neutral  alkali  chloride vaters with near-rurface u i d  rulfate 

waters. 

2. tbe axidrtian of sulfide to bisulfate 8t depth, n r u l t i r y  in  e buffered 

acar-neutral 8olutian a t  depth uhich convert8 to an acidic rolution becaure of the 

dissociation of birulfatc up= cooling. 

3. the hpdrOb8 i8  of su l fu r  to l$S and sulfate at depth by high-tcwerature 
\ 

alkali chloride vaterr. 

4. near-rurface condenration of supercritical "steam" frori a rha l lw  magma 

body. 

(5) Acid chloride tmterr r r g e  &a & p o s i t i o n  with acid chloride-sulfate 

water8 by a rl ight to modtrite inereare in aulfate content. 

exist  for the origin of the fomer: 

1. a n a  md 0.gnrhha (1975) and &am, Uagarhiree, and Iuaraki (1980) 

Several porr ibi l i t ies  

portulated that the acid-ehlotide uater type vas the prevalent one at depth h the 

Onikobe u t a ,  hawing formed by the mixing of magmatic BC1 td th  r t t o r i c  uater e t  

depth. 

reactions 6 t h  silicates m 

It is converted to the 8k81i chloride type 8s 8 n r u l t  of buffering 

t r  w y  to the rurface. 

2. Acid chloride vaters cwld form by the mixing of aear-rurface 8cid sulfate 
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~ t e r r  d t h  8lk8l i  chloride vaterr. 3he fomer could be tr8nrported to depth 8 l q  

f8ul t t  which, 8 f t e r  8 the, could ac t  a8 inru18ting pa888gtW8y8 for  the downward 

movement of 8eid nmr-rurf8ce mterr v i t h w t  lkeUtr8liSiUg them. 

d. &id chloride water8 could f o a  by the r i r i Q g  of the 8- tw r o h t i o n r  

tlrp+S 88 i n  the prvviour U 8 e  i n  or d o n g  the &ill hole i t8e l f  88 8 n8lllt Of 

f8ilUn. 

124, m d  127 C O t c  8.aple8 h88 8180 f8iled to me81 O b V i G t 8  f8Ub ft8tUm8 8uch 88 

bncci r t ion ,  rlickenrider, etc. 'Ihi8 uy not be rurpriring conridering the intense 

level of hydrotheroll1 a l terat ion that the entire area bar undergone. 

pry u i r t  of trying to determine prob8ble fau l t  loc8tioar 8nd orient8tion i f  they 

do indeed d r t t  

Other uayr 

1. the d h t r i b u t i m  of stream ehannclr and marfact expnrr ians  a€ 

hydrothcml  act ivi ty  rtl8ttd to the general topogr8phy. 

2. variations in tewerature VB. depth plots  in d r i l l  holes; 8bnapt changer 

i n  the temper8ture of fluid8 a8 8 function of depth uy i d i c 8 t e  8 ch8nge in the 

flow regime. 

8 pczmuble 88h-fiow tuff  horizon. 

hro porrible UUKI of t h i 8  uould be 8 highly perme8ble f n r l t  tone or 

Figure 53 shows 8 porrible fmtlt d e 1  ruptriapored on the K8t8ya1~ u e r  d r i l l  

hole d i r t r ibu t ia r  u p .  

exirtence of rub-prrallel r tnm patteras north of the pwer  plant uea .  

Furthermore, the mort intenre hydro thcml  rurfatc .activity occur8 along the 

northern valley followiag propored f8ul t  0 C  on the u p .  Proposed dip8 011 the 

f8ult8 vere obtained &Iring tvo l int8 of re8rOIlingl 

portul8ted ret of f8ul t r  mr located b8red on the 

1- Tbe f 8 U h  fouad 8 geologic81 8ett ing rueh 88 the Chikobe a l d e r 8  8re 

mo6t l ikely to be high angle norm81 fault$. Y u a d r  (1972) measured dip8 of 70' 

OT gr t8 te r  QII fault8 loc8ted 8mthWSt Of the k t 8 y m  8 m . o  

2. Ceothenml gr8dientr r a r u r e d  for each of the eleven d r i l l  hole8 often 
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Figure 53. Localities of p r o p ~ c d  faults in K8Uy.n~ area of the Onikobe pothe-1 
area, Japm (aee Piparc 2). 

rhw 8b-t temperature ouiat ions (see Figure 31). These vert postulated to be 

due to the prtaence of perrpeablc f l w  channels and uere marked by @haded bars along 

d r i l l  holea on the three crosa-aectioas across the fatayana field (Figure 54, croas 

sections DC, CA, and 1111). Different dips on the fault act were then ewahated t o  

see hi& one would beot f i t  the data, erptchl1y for the bc:terchar8cterittd 1127 

Vel1  and tbt = s t  of the Y line. Postulated faults 8t depth e r e  then dram on 811 

three cross-sections. 

The follwing points e r e  fallowed in  constructing this podel: 

1. A l l  f8ults in the #et were asauned to be parallel to OM another. 

0. A l l  f m l t r  e r e  asrunrd to be planar. 

The f o l l d a g  results art obtained frvm this nodelr 
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1. the location and orientation of fau l t  based m l y  on the topography d 

m a typical dip value propored by f m d a  (1972) resul t  i n  an apparent dip RI the 

DC crorr-rection uhich roughly uatcher the depthr md aorthwarddipping trend 

obrerved for the geothermal gradient i r r ep r l a r i t i e r  i n  vel la  P-10 through -10. 

Well 1127 a8 located farther =it thAn the other e l l 8  on the crorr-rection and a8 

such vi11 txhib i t  dtepcr interarction8 when a vertwarddipping fau l t  i r  considered. 

Fault  8 correlate8 vel1 Vith the &cothema1 gradient m m l y  obrerved at 2. 

about 9 0 h  in.ml1 1127. 

3. For erorr section8 CA and dll, the proposed fault8 match romc of the 

features obrerved but leave othcrr unexplained. 

In order to make #me statenacntr concerning the origin of acid chloride type 

vaterr.  it i r  *ortant to consider two other factors: 

the meteoric water i n  the geothfrml @ystem, .nd the hydrologic gradient in the 

Onilrobe area. 

routhvcrt hydrologic gradient. This is supported by the behavior of the tvo hole8 

ured as re-injection ra118. Drill hole c0-11 var i n i t i a l l y  used for  t h i s  purpore; 

however, thic  use rerulted in interference Vith the K-line production uellr t o  the 

vert. When the 3-1 reinjecticn well vas used, however, 110 interference occurred 

with the Y - l i n e  ~ l l s  to the raortheart. Therefore, recharge of the f ie ld  may occur 

roughly frcm the topographic high to  the northaorthvcst .  

porrible recharge rite8 for 

Oraki and Kanno (1977) and Oraki (1981) have propored a p or the art t o  

This fau l t  podel could be interpreted i n  the fo l lwing  two uapr regarding the 

origin of the acid-chloride vaterrs 

1. The fault8 could Act a8 parrageways to allow t i t h e r  the parrage of 

BCl-bearing magmatic fluid8 up fram d 

f lu ids  f r m  rhallovcr levels, 

or the downward8 flaw of acid ru l fa te  

2. The interrection of the f m l t r  6 t h  the land rurface immediately to  the 

northb-northucrt could fO~ni8h a mChAnim for the lOC.1 recharge of the r y s t m  with 

contamimtiug acid rulfate  Mters. The rteeplydipping fau l t s  themselves vould, 

a f t e r  m i n i t i a l  reactiwt p - t X ,  provide relatively nowreactive pathways to  allw 
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u i d i c  fluids to reach the r&rurface. 

We propose that 8n acid rulfate  mixing m d e l  i s  more l ikely than a orgmrtic ECl 

model for the folloviag tw tt8SOZLS. 

being evolved, volcanic ac t iv i ty  is generally r t i l l  contiming and a shallov magma 

F k r t ,  ia tho= area8 where -tic EC1 is 

body is believed to  ex is t  (Ellie and )I.hon, 1977). 

Ollikobe; the las t  volcanic ac t iv i ty  here ie believed to have occurred 350,000 years 

ago with the foxmation of the Tak8hiruta volcanic d-0 

Thi8 is not the Care for  

Secondly, # m e  of the 200-40Om deep n l l r  at Onikobe geotherm81 area have rhovn 

a ch8rye in  8OlUtion chemistry m a functioa of time. 

weakly-alkaline rrclls have become acidic a f t e r  revera1 r m t h s  to  a year and flow 

has apparently become dependent 011 rhort-term precipitation patterns. This 

relationship could be interprcted as favoring the introduction of m r e  acidic 

I n i t i a l l y  neut r r l  to  

fluids ftom shallower levels rather than deeper. 

The extensive absence of carbonate a t  depth in n l l r  -10 and -11 might be 

explained by variations i n  rock properties. We have noted that  the carbonate and 

vairakite-frte zones are characterized by exceptionally porour rock. 

The major rolution types found a t  Ollikobe art equivalent to  those from other 

geothemal areas. 

holes, however, reems to be camplicated. Tbc camplieation occurring here ie the 

withdrawal of acidic rolutions from H l h  as deep as over 1000 P. The origin of 

th i s  acid fluid could be explained t i t h e r  by a deep-reatcd magmatic BC1 source or 

by the contamination of neutral  chloride rraters with a mall mount of near-surface 

derived acid-sulfate water. 

fau l t s  or to corrosion of the we11 caring. 

because of the relat ive volcanic inact ivi ty  of the u n a  and the general hydrologic 

patterns observed in  the Onikobe region.. 

The distribution pattern of solution types discharged by d r i l l  

The l a t t e r  could be due to r teeplydippiag recharge 

The acid rulfate  explanation is favored 
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ABSTRACT 

Parageneses and chemical compooitions of oecondary minerals in  many core 

samples of the Onikobe geothermal nystem, Japan were investigated in detail  in  

order to evaluate the controls of geothermal waters an alterations of 

andesitic-dacitic rocks. Depth zonations of secondary minerals were delineated 

for calcium zeolites as mordenite +laumontite~yugawaralite +wairakite and clay 

minerals as Bmec ti te (2 alkaline Emec t i t e l 4  chlorite/ smec t 5 te +chlorite . 
Compositional variations with depth (hence temperature) are apparent for 

Bmectitefchlorite and i l l i te /chlor i te  interstratif ied clay minerals but not for 

wairakite. 

become more aluminous with increasing depth. 

Both prehnite and epidote  a t  depth have Fe-rich compositions and 

The ubiquitous occurrence of 

pyrite and rare magnetite and the absence of hematite suggest that the Onilcobe 

system had fs;fo, conditions within the pyrite s tabi l i ty  field. The 
6 6  

occurrence of abundant calcite and Ca-zeolites indicates that thermal waters a t  

depth are neutral t o  slightly alkaline and so i s  very l aw  t o  stabil ize 
2 

Ca-A1 silicates. This conclusion is consistent with the production of a 
- 

remarkable amount of alkaline high-temperature steam and thermal waters in  a 

newly drilled production well. 
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242 INTRODUCTION 

Cmtinuous exploration and development for geothermal power i n  active 

volcanic areas such as the Japanese Islands have provided excellent opportunity 

t o  investigate water-rock interactions in  geothermal systems. Our basic 

premise is  that  the changing compositian and temperature of geothermal f luids  

a8.a function of time is recorded by the parageneses, compositions and isotopic 

properties of the associated mineral assemblages, and tha t  the mineral 

parageneses and compositions can be used t o  reconstruct the evolution of a 

geothermal system. 

investigation of d r i l l  hole core samples is  necessary t o  fu l ly  understand the 

Hence, a detailed mineralogical-petrological-geochemical 

caaplex effects  of water-rock interactions in the geothermal systems. 

The Onitrobe geothermal area, which has been recognized as one of the 

geothermal systems i n  Japan, is selected for detailed study because many p i lo t ,  

exploratory and producing wells ranging from 200 t o  1300 meters in depth have 

been dr i l led  and geological-geochedcal-geophysical inf  onnaticm and nearly 

complete drill hole core samples are available. Mineralogical and petrological 

examinations of core samples fran two 350 m d r i l l  holes (Nos. 123 and 124) and 

a 1135 m hole (No. 127) were completed; compositions of secondary minerals were 

obtained and the i r  parageneses identifed. 

investigated by SEH and mas8 spectrometer. These data together with available 

water chemistries and petrological-mineralogical data fram other d r i l l  hole 

cores i n  the Onikobe geothermal area were used t o  outline the effects  of 

several controlling factors on the a l te ra t ion  of the reservoir rocks by 

geothermal fluids. Details &re described in  Seki et &le, (1983). 

sumar i tes  petrochemical features and mineral parageneses related to  water-rock 

Several selected samples were 

This paper 

interactions i n  the Onikobe geothermal system. 
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243 GEOLOGICAL STRUCTURE AND SURFACE ALTERATION 

The Onikobe caldera is located in  north-central Honshu of Japan and forms 

an approximately 10 km diameter depression containing central  peaks of up t o  

400-500 m above the basin floor. The caldera is a late-Pliocene t o  middle 

Pleistocene edif ice  which has fomed a t  the extreme eastern edge of the Miocene 

Greeh Tuff metamorphic belt .  

The stratigraphy of the OnikolBe caldera area has been studied i n  de t a i l  by 

Yamada (1972). 

l i thologic groups: basement rocks and basin deposits. The basement rocks 

consist of Paleozoic schists, Mesozoic granodiorite and Miocene volcanogenic 

marine sediments (so-called green tuffs). 

is exposed within the caldera i n  the fault-bounded Zanno-Mori block whereas the 

Rocks of the Onitrobe area can be divided in to  two major 

The biotite-hornblende granodiorite 

schis ts  are  only exposed along the northwest outer caldera r i m  (Fig. 1). The 

green tuff  makes up most of the Zanno-Mori block and is a lso  abundant outside 

the caldera. 

volcanogenic formations. The Kitagawa dac i t ic  welded tuf f ,  the oldest  

The basin deposits consist of a number of marine and submarine 

Quaternary volcanic rock i n  the Onikobe areal crops out only outside of the 

basin proper. The other basin deposits, w i t h  the exception of the Takahinata 

dacite,  consist of subaerially and lacustrine-deposited flaws, pudces, and ash 

flows and t h e i r  locallp-derived sedimentary deposits fran cmglanerates through 

sil tstones.  The Takahinata dacite dome of 350,000 year B.P. (Yamada st al., 
1978) occurs i n  the extreme southeast area of the caldera. The only younger 

formation within the caldera is  the Onikobe Formation, which consists of 24,000 

year B.P. lacustr ine sediments. 

The most prominent s t ruc tura l  feature of the Onikobe caldera is  the 

Zanno-piori block in the northwestern corner. This 3.0 by 2.5 rCm fault-bounded 

block was upli f ted during the deposition of the Kawakuratawa Formation. This 

upl i f t ing mey have occurred as a resu l t  of the reactivation of high-angle 

normal fau l t s  formed early i n  the development of the Onikobe basin. 
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Minor faul ts ,  jo ints ,  and c l a s t i c  dikes are well developed within the 244 

caldera. 

NW-SE trending fau l t s  are  cut by younger NE-SW faults.  

where the strongest geothermal ac t iv i ty  is centered, fractures a re  oriented i n  

multiple directions; however, those with N 20060% strike are  dominant, those 

s t r iking N 60-90% are common, and fractures s t r iking N 34' E aleo occur. 

Hany of these fractures have greater than 70' dip. 

fractures and c l a s t i c  dikes with about N 60' W strike dominate and fractures 

with 1 30' E are  less common. 

A study of fau l t s  and fractures by Yamada (1975) indicates that  older 

In  the Katayama area, 

In the Arayu area, 

The most active and widespread area of hydrothermal ac t iv i ty  within the 

Onikobe caldera occurs i n  the extreme northern portion (the Arayu area) and 

along the northwestern edge (the Katayama area) of the Takahinata daci te  dame. 

These two areas merge t o  form a continuous, approximately 3 by 1 lun NE-SW 

trending zone of obvious surface al terat ion and active steam and gas emission; 

numerous boiling mud pots, steam vents, and sulfurdeposi t ing fumaroles occur. 

Rocks at  the surface have been pervasively al tered and contain abundant 

kaolinite,  alunite,  and native sulfur. 

a l tered areas occur t o  the i r  west: 

Katayama area i t s e l f ,  the most active surface expressions occur along a valley 

which strikes approximately N 20' W. Fig. 2 shows the location of some of 

the exploration, production, and re-injection wells dr i l l ed  t o  date i n  the 

Katayama geothermal area. 

three roughly l inear  trends, referred t o  as the K, Y and 2 lines. 

Two other smaller hydrothermally- 

the Ogama-Megama and Fukiage areas. In the 

Successful production wells appear t o  c luster  along 

In sp i t e  of the pervasive hydrothermal a l terat ion,  four rock types were 

ident i f ied among those d r i l l  hole core samples: .andesi t ic  tu f f  and lava, and 

dac i t ic  tuff  and lava. The andesit ic rocks contain mainly augite 2 hypersthene 

- + hornblende as major mafic minerals and the daci t ic  rocks are  Characterized by 
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the presence of hornblende and quartz phenocrysts and higher contents of glassy 

matrix or groundmass. 

abundant secondary minerals occur i n  vesicles. 

samples have been analyzed (see Table 21 and Figs. 16-18 of Seki et al., 1983); 

t he i r  resu l t s  indicate that  the compositions of the altered rocks vary 

s ignif icant ly  from the i r  unaltered equivalents. Leaching of Si02, MgO, 

Na20 and 5 0 ,  addition of H20 and S, and oxidation of FeO have occurred 

during hydrothermal a l terat ion,  such a chemical a l terat ion varies from specimen 

to  specimen. 

calc-alkaline series. 

245 

Both pyroc1ar;tic and lava rocks a re  highly vesicular; 

Fifteen less altered core 

Nevertheless, these rocks have chemical character is t ics  of the 

THERMAL WATERS 

Thermal waters from the Onikobe geothennal area have been extensively 

investigated (Ozawa and Nagashha, 1975; Yamada, 1975; Nakamura et al., 1977; 

Ozawa et al., 1980; Seki et al., 1983). They belong t o  the Na-Cl or Na-Ca-C1 

type and may have evolved from contamination of HC03 and magmatic NaC1-rich 

solutions with meteoric water. However, our new 6 6 values together with 34 

Cl contents l i s t e d  i n  Table 1 suggest tha t  the thermal waters of the K-line and 

2-line have 6 S values as high as +19.90 which approach the 

seawater sulfates.  

m e r  two t o  three times the Cl content of Y-line thennal water. These data 

indicate that  a considerable amount o f , f o s s i l  seawater from Miocene basement 

volcanogenic sediments must have incorporated i n  fluids from 8ome deep wells of 

the Oaikobe geothennal area. 

34 34 S value of 

The C 1  contents of IC-line and 2-line thermal waters have 

Previous investigators (e.g., Ozawa et al., 1980) have described the 

variation of thermal waters i n  the Onikobe geothermal area with depth as 

fo l lws :  (A) Surface or near surface thermal waters have luw pH, high SO4 and 
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intermediate SO4 and C1 contents; and (C) deeper thermal waters (800-1300 m) 

have low pH, low SO4 and high C 1  coatents. 

variation as being caused by (1) the release of magmatic gas rich in  HC1 from 

depth, (2) i ts  mixing With meteoric water to form acid, high C 1  thermal water 

and (3) the transformatian of this  acid thermal water to  neutrality by 

interaction with the rock as it comes up. 

They explained such depth 

The concept of the wide distribution of acid thermal water or steam a t  

depths of Over 800 m in  the Onikobe geothermal area was born from the 

production of acid thermal water through some deep bore-holes t o  1100-1300 m 

depth. Electric Power Development Corporation (EPDC) once t r i e d  to  get enough 

neutral or alkaline thermal water or tatem fran these deep bore-holes which 

were later abandoned. They then began dril l ing relatively ehallow (200-500 m) 

bore-holes to  eupply neutral eteam to  their  power plant. 

steam obtained through ahallow holes were in i t ia l ly  of a neutral t o  weakly 

alkaline nature (pa = 5-7) and changed to acid or weakly acid (pH = 3-41 

several months or a year later. 

were modulated by precipitation and snow melt events. 

Thennal watera and 

Also, their  temperature and discharge rates 

Recently, in the 2-line bel t  (91211, EPDC succeeded in  finding respectable 

amounts of neutral to weakly alkaline eteam at  a depth of Over 1000 m. 

occurrence of acid thermal water a t  depths greater than 950 m is  not consistent 

vith our petrological study. Therefor?, the idea of the confined distribution 

of neutral pH thermal water or steam a t  relatively shallow depths (100-500 m) 

and the wide distribution of acid thermal water a t  greater depths within the 

Onikobe geothermal area was not eupported by our petrological data or by a new 

deep production hole (9128) (1255 m) drilled in  June t o  July of 1982, which 

produces a remarkable amount of alkaline (pX - 8.3 to  8.5) high-temperature 

steam and thermal water.. 

The 
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The widespread occurrence of calcite in most of the deep core samples is a 

good indicator of the widespread occurrence of neutral t o  alkaline thermal 

waters a t  depth in  the Onikobe geothermal area. For example, in bore-holes 

from which neutral or weakly alkaline thermal water is obtained, calcite 

commonly occurs as a hydrothermal mineral. 

and over 600 m in  -11, calcite was not found. 

abandoned or collapsed because of the predominance of acid thermal water a t  

depth. I f  these two bore-holes had been drilled more deeply, perhaps to 1500 

or 2000 m, however, neutral or allcaline thermal waters of over 25OoC may have 

been obtained. 

rocks and ditribution of calcite indicate the presence of acid thermal water 

locally a t  depths of about 370-470 HL and 870-920 m. High-temperature (24OOC) 

weakly alkaline thermal water was obtained fran a depth of 1000-1150 m, where 

A t  depths of Over 800 m in  -10 

These two deep wells have been 

In bore-hole 4127, the geothermal gradient, permeability of 

calcite is  counnon. . 

SECONDARY HINEBALOGY 

Secondary xdnkrals in core samples have been studied in detail  by Seki and 

Otnurmra (1968) and Seki et a1. (1969, 1983) for  eleven d r i l l  holes in the 

Katayama, Oaikobe area. 

petrographic, X-ray diffraction, rmd S E M  obsetvatitms. 

These studies consisted of hand-spechen, 

A total  of 419 analyses 

of secondary (and a few primary) minerals were carried aut tm the Q123, 124 and 

127 core samples by electron microprober Analytical and petrographic data and 

analytical accuracies are described in Beki ct al. (1983). 

teolfte minerals, prehnite, epidote and BOme other phases are described beiow 

in order to  correlate their  parageneses with the controls acting an the 

geothermal system. 

Only clay and 
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The minerals produced by hydrothermal alteration depend QLL mode of 

occurrence (vein fi l l ing,  amygdules, replacement), composition and texture of 

host rock and chemical composition of the fluids. Near the surface, 

particularly in fumarolic areas, where vigorous boiling OCCUTS and mixing With 

atmospheric oxygen is possible, the rock6 altered to a soft siliceous material 

containing clays, opaline s i l ica ,  alunite, sulfur and pyrite. A t  deeper 

levels, the mineral assemblages are different and zonal distribution of 

secondary minerals with depth occurs. 

form by (a) precipitation in vesictes and along fractures, (b) replacement of 

plagioclase and mafic phenocrysts, and (c) replacement of groundmass or 

volcanic glass. 

Clay Minerals 

Secondary mineral6 in bore-hole cores 

Clay minerals are the most connncm hydrothermal minerals h bore-hole cores 

of the Onikobe geothermal area and consist of a variety of species. Based on 

the X-ray diffraction characteristics, particularly the basal epacings tmder 

dry conditions and af ter  ethylene-glycol treatment, the Onikobe clay minerals 

are divided h t o  smectite, alkaline smectite, chlorite/emectite interstratified 

mineral, chlorite, illite/smectite interstratif ied mineral, and i l l i te.  

Smectite has dool values ranging from 14.3z t o  15.411 under dry condition 

and 16.6 - 18g af ter  ethylene glycol treatment (Fig. 3). 

coprmon in  the upper 200 m of most of the drill-hole cores and are occasionally 

found down t o  a depth of 300 m. 

Smectite minerals are 

4 

Alkaline Smectite, in  which most of the Ca and lfg cations in  emectites are 

replaced by alkaline metals such as Na end K, is characterized by doal (dry) 

values of 12.5-131 and an expansion to  17.0-17.6g af ter  ethylene glycol 

treatment (Fig. 3). A significant gap between smectite and alkaline smectite 
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exists, supporting the obeervatim that both chemical c o m p o s i t h  and 

structural relations are discontinudus between the two c l h y  minerals. Similar 

observations have been made in the Hiocene volcanogenic requence of the Seikan 

undersea tunnel in Japan (Seld et &, 1980). Like Ca-Mg emectite, this  clay 

generhlly occurs a t  depths shallower than about 200 m; it €8,  however, much 

less abundant than the former. 

Chlorite/Smectite Interstratif ied Mineral8 have dool (dry) values of 

about 14-151 which expanded to  14-168 by ethylene glycol treatment. The degree 

of expansion generally increases 4 t h  the increase of expandable components . 
The relative intensities of the 141 and 7 1  peaks can be used to  roughly 

estimate the relative proportion of expandable layers. With increasing 

chlorite content, the peak height ra t io  of 14117g decreareo continuously from 

about 1,s t o  about 0.4 and dool changes from 148 to  15.5%. In general, 

these ratios decrease with increasing depth of bore bolcr. 

Most chloritelmectite interstratif ied minerals from the Onikobe bore-hole 

cores show a distinct 311 peak for (OOl ) ,  14.6% for (002) and 7,2% for (0041, 

indicating that $hey are regularly interstratif ied dnerala. Fig. 3 ehows that 

a m a l l  gap exists between mect i te  and the chloritelmectite interstratif ied 

minerals , whereas a continuous series occurs between the chloritrlrmectite 

inter  8 t r a  t i f ied minerals and chl or 5 te . 
The chlorite/smectite interstratif ied minerals are the most coprmon 

phyllosilicates in drill-hole corei a t  depths greater than about 150 m, They 

occur as distinct, thin, platy and generally curved pale green crystals and as 

aggregates of curved plates in the form of rosettes. Eleven smectite/chlorite 

interstratif  Zed minerals and 17 chlorites were analyzed. The interstratif ied 

phases are much more variable in compositian than chlorite and contain mainly 
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Si02 (28-33 W t X ) ,  A1203 (9-19 W t X ) ,  FeO as total  Fe (8-29 W t X )  and MgO 

(10-23 W t X ) ,  minor amounts of HnO (0.06-2.0 W t X )  and CaO (0.1 t o  2.2 W t X )  and 

negligible mounts of 5 0  and Na20. 

Since chlorite can accommodate only a very limited amaunt of Ca in i t s  

stru~ture,  the presence of more than a few tenths of a percent of this  element 

indicates the presence of interlayered smectite. 

shallower samples contain higher Ca concentrations, and hence, a higher 

proportion of interlayered smectite which is consistent with the X-ray 

It was observed that 

diffraction results. 

The chemical variations among the major components Si02-A1203 - (E'& 
+ MgO) for their compositions are shown in Pig. &(A) together wLth the 

compositional plots of smectite, chlorite/emectite interstratif ied mineral and 

chlorite. 

significant chemical variations; some of them have compositions very close t o  

Apparently , the chlor ite/smecti te inters t r a  t if ied phases show 

that of chlorite. Nevertheless, they contain higher S€02, lower (FeO + MgO) 

and higher CaO than chlorite. 

mineral and chlorite are extremely low in 50 content and are significantly 

different from i l l i t e  and illite/smectite mixed layer si l icates described below. 

Chlorite of non-expandable doal spacing is  extremely rare in  the Onikobe 

Both the mectite/chlorite Lnteretratified 

* 
d r i l l  hole cores. Most of the chlorit&'clays, as shown in Fig. 3, are weakly 

expanded by ethylene glycol treatment. Our data clearly indicate that the 

chlorite/smectite interstratif ied mineral changes to  chloritic clay, and the 

percentage of chlorite layers i n  the chlorite/smectite inters t r a t i f  fed minerals 

inc reas es with increa sing dep tho 

Selected chlorite minerals were analyzed (Fig. 4(b)) . Canpared to  chlorite/ 

mectite interstratif ied minerals described above, the chlorites have a much 

more restricted range of chemical compositions. The chlorites contain much 

lower CaO and SiO, than the chlorite/emectite phases. 

appear to  have lower S i  contents. 

The deeper samples 
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I l l i te lSmect i te  In t e r s t r a t i f i ed  Hinerals and I l l i t e  occur i n  some deep bore 

hole cores. They a re  re la t ively rare compared t o  smectite-chlorite series 

minerals. These i l l i t i c  clay minerals, judging from the i r  X-ray diffract ion 

patterns and l imi t ed  microprobe compositions, belong t o  the illite- 

i l l i t e l smect i te  i n t e r s t r a t i f i ed  d n e r a l  series. 

th i s  series;  with increasing depth, the difference i n  (001) spacings between 

the i r  dry condition and afterLethylene glycol treatment becomes smaller. This 

Continuous variations occur i n  

relationship indicates that  the smectite -component decreases and i l l i t e  becomes 

the major K-bearing phase for  deep bore-hole core kamples. 

Some i l l i t i c  clay minerals were analyzed; the resu l t s  are graphically 

i l l u s t r a t ed  i n  Pig. 4(8) together with compositions of eaponite, sericite and 

i l l i te.  Upon examination of the reconnaissance data, several faete are 

deduced: (1) i l l i t i c  clay d r i e r a h  vary substantially %n t he i r  major elements, 

(2) the SiO, content ranges from 31 t o  49 w t X  and increases With increasing 

K20; (3) those f l l i t e / smect i te  i n t e r s t r a t i f i ed  minerale are low in Si02 and 

K20 and high in CaO, (FeO 0 Ifgo), and H,O whereas i l l i te  minerals are high 

i n  SiO,, A1203 and 3 0  and low i n  (FeO + NO) and azo, (4) most 

analyzed compositions e h m  i n  Fig. 4(B) l ie  between that  of smectite and 

i l l i t e  with possible paired substi tution of (FeO + NO) - A1203 + 

(K20 + Na20). 

the i l l i t e / smect i te  i n t e r s t r a t i f i ed  minerals can be correlated with depth, and 

Such coupled substi tution and increasing i l l i t e  component i n  

hence temperature of formation. 

increase with depth. Similar observations have been made by Ewer  et 81. 

(1976) from burial  metamorphic sequences and from other geothermal areas. 

The proportion of i l l i t e  appears t o  generally 

Occurrence of i l l i t i c  clay appears t o  be correlated with host rock 

composition ,as shown in Table 2 which lists the type and 5 0  &tent of 

original rocks and the occurrence of i l l i t i c  clay minerals i n  geothermal areas 
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of Iceland, Onikobe, Hakone, Hatlrukawa, Otake, Wairakei and Steamboat Springs. 

Examination of these data makes it apparent that a close correlation cxistr  

between the occurrence of i l l i t i c  clays and the type and 5 0  content8 of 

original rocks. Although the addition of some SO from geotheru~al waters may 

be significant f a r  the formation of i l l i t i c  clays, fithO1OgiCar 

characteristics, especially the 5 0  content of original rockr, may determine 

the abundance of i l l i t i c  clay minerals in rocks of a geothermal system. 

Zeolite Minerals 

Zeolite minerals are well developed the core samples from the Onikobe 

geothennar area. Same Ca-zeolites are exceptionally abundant; such common 

zeolites include mordenite, laumantite, yugawaralite and wairalrite. Their 

zonal depth distribution has been delineated; With increasing depth (hence 

temperature), the zeolite varies from mordenite -91aumaatite4yugawara1ite~wairdkite. 

In addi t ion  t o  thO8e comncm teoli tes,  clfnoptilolite, dachiarditc, chabatite, 

thameonite and natrol i te  were also identified. 

occur sporadically in  sane samples. These zeolites are not described. 

They are  very d n o r  Ln quantity and 

dordenite (Ela2rI(2BCa)A12Sil~02407~O) is  a common t eo l i t e  at shallow 

depths f r m  the d r i l l  core samples. It characteristically occurs at depths of less 

than 200 m and is mast commonly found between depths of &aut 50 t o  IS0 m, 

depending un the geothennal gradient. 

O p t i c a l  distinction between them is difficult. Hordehite occurs as radial fan-like 

or spherulitic aggregates of fine pr imat ic  crystals in veins OY vesicles. 

Unfortunately, no mordenite was found in core samples from d r i l l  holes 8123, 124 

and 127. Therefore, no microprobe analysis of mordenite was obtained. 

It i r  associated with cl inopt i lol i te  and 

Laummtite (CaAl2Si4Ol2. 430)  i r  typically found a t  depth8 greater 

than SO m and shallower than 200-400 m (Seki g &le, 1983). It occurs as either a 

vein or anygdule mineral 01 replacing plagioclase phenocryrts and glassy 
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groundmass; it often takes the form of a sub-parallel l a th  aggregate. The analyzed 

laummtites are quite pure i n  campositian, containing only very minor Pe20,, 

Na20 and 5 0 .  ChedDical compositiancP of laurnontitee separated by heavy liquid 

and analyzed by wet chemical method have been reported (Seki ft &., 1969). 

probe data contain considerably higher Si02 and lower CaO than the wet chemical 

The 

data. 

Yugawaralite (CaAl2Si6O1~4X2O) occurs as a blocky wein mineral in 

only one or two samples per hole, varying in depth fran the ohallwest occurrence 

i n  P-8' a t  156.25 m to  the deepest occurrence in -8 at 701.Sm (Selci ~f a. , 
1983). Four microprobe analyses indicate that they are very close t o  the Ca 

cnd-member composftfon, containing unly very minor amounts of Fe203, Ra20 and 

R20. 

Wairalcite ((Ca,Na2)Al2Si4OI2* 250)  is the most abundant t e o l i t t  mineral 

in the Onikobe drill-hole cores. It occurs in moat well8 beginning at depths of 100-150 m 

and extending to  the bottom of the holes except fn Go-11, i n  which wairatrite is present 

between 203 and 701 m depth, but i s  absent fran 791 t o  1300 m (Seki ct &lo, 1983). 

Wairakite most connuonly occurs as c11 vein mineral, often f i l l i ng  the core of veins lined 

with either anhedral or euhedral quartz, as amygdule fi l l inge,  replacing plagioclase, and 

replacing fine-grained matrix. In a l l  of these occurrencei , they exhibit characterirt ic 

very low birefringence and often sham crore-hatched twinning. 

Wairakites of various occurrences were mralyzcd; conafderable compositional variation 

was found. Host of the analyzed wairakites contain le86 than 0.2 w t  X Pe203 8s to ta l  

Fe and 0.1 w t  X 5 0 .  Some analyses (e.$.* 6123-158.9 m) have mer 0.5 wt X PezOs and 

concomitantly lower Si02 and A1203 contents. Such relations muggest that uome Pe+3 

eubrtitutian for  A1 i n  tetahedral ter may be rignificant for these wairakites. Wairakit 

and analcime have been ahown t o  form a rolid rolutiaa aeries with a posrrible inmiscibility 
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gap a t  intermediate coinpositions (Seki and ai, 1969). 

exhibit a variable A1 t o  S i  ratio. 

A 1  t o  S i  ratios relative to  a wairakite-ideal analcime series. 

Furthermore, such solid solutions 

Wairakite analyses are plotted i n  Fig. 5 and show low 

A l l  analyzed wairakites range from Wrloo t o  and contain no more than 5% Nat' 

component. No analcime-rich compositions were found in any analyzed samples. 

there is no correlatim between composition of wairakite and depth of sample, nor any 

pattern between campositiaa and mode of occurrence. 

vein minerals from hole p1127. 

the wairakite component than the rims. 

walls inward, th i s  trend suggests an increase of temperature With time during the 

depositicn of the wairakite. 

In general, 

The only observed trend was within 

Central parts of four veins showed a higher proportLon of 

Assuming that the growth occurred from the vein 

Other Minerals 
\ 

Prehnite sporadically occurs a8 fine-grained aggregates a f te r  plagioclase, discrete 

patches fn mtrk and vesicles, or as veins of variable thickness. 

few patches of prehnite aggregates were fuund. 

homogeneous crystal aggregates, colorless to  pale green in  color, and showing second-orde! 

yellow birefringence. Sample 4124-209.9 m contains m o r e  than 5 volume X of coarse-grained 

prehnite in the matrix; the prehnites are colarlers t o  pale green and have uniform habit; 

some show bow- t ie structure . 

In most samples, only 

Anhedtal platy prehnite appears as 

Prehni te-wairaki te-calc f te-albi te-chlor i t e/ smec tit e 

inters  t ra t i f ied mineral-quartz-pyrite (2 epidote) is  the most common mineral assemblage in 

prehnite-bearing spechens. The prehnite-laumontite assemblage 5s also found in  some 

specimens from shallaw boreholes. 

Hicroprobe analyses of some prehnites were done. Some prehnites bave uniform 

compositian but others ohow a emall  range of Fe t AlV' substitution. 

prehnites (Fe203%6-8 w t  X )  occur in  the matrix and appear t o  be stable with epidote + 

wairakite + quartz + chlorit ic clay. 

The most iron-rich 

*I 

The veined prehnites, on the other hand, are much 
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lower in  Fe content (Fe203 less than 3 w t  X )  and are stable With wairakite 2 
carbonates + quartz. nce in the Fe203 contents between matrix Such a diff  

prehnites cmd veined prehnites may be due to  a sl ight difference in f (and/or 
O2 

temperature). The matrix prehnites 6ay have crystallized under f conditions 

buffered by highly oxidized rocks whereas the veined prebnites formed at  lower 

f 

O2 

and higher C02 conditions at a la te r  stage. 

Epidote also occurs sporadically as tabular crystals or as spongy crystal  
O2 

aggregates replacing plagioclase and matrix or as fan-shaped coaree-grained 

aggregates with characteristic ycllolw to light yellow pleochroiem. A l l  epidote 

crystals possess wery high birefringence suggesting a high Fe+3 content. Host 

commonly observed associations are epidote-wairakite-chlorite/smectite mineral (or 

chlorite)-albi te-calc f te-quar t r-pyrite. The assemblage , epidot e-wairaki te- 

chlor ite/emec t i te d n e r a l  ( or chlori te)-albite-calf ite-prehnfte-qwrtz-pyrite 56 

also found in eome epecfmens. 

mineral-pyrite (2 prehnite) assemblage i o  observed in only four rpecimcne. 190 

epidote was found in mordentite-bearing core samples. 

The cpidote-larrmontite-calcite-chlorite/aectite 

Epidotes were analyzed by  MA method. These epidotes are a l l  stably associated 

With wairakite, calcite, albite,  chlorite/smectite mineral (or chlorite), quartz and 

pyrite. The analyzed epidotes r a g a  iu pietacite content from 19 t o  37; most 

analyeea are around Pe 29 t o  33. 

Fez03 content (replacing plagioclaec), the compositional range of epidote fram 

the OnUcobe geothermal area i s  very campattble with those from Cerro Prieto (Bird, 

et ale, in press). 

terraines and geothermal areas warics, depending an metamorphic grade and oxidation 

Except for the one With (M extremely high 

The Pe+3/(Fe+3 * A l )  r a t io  in  epidotes fram metamorphic 

s ta te  of the rock. With increasing metamorphic grade, epidote becomes more 

aludnoue, reflecting not anly the effect  of temperature and to ta l  pressure but also 

the concomitant decrease of the oxidation etate of the rock6 (for detai ls  ree Liou 

et a l e ,  1983). A systematic compositional variation of epidote with depth, and 
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hence with temperature i n  the investigated samples from Onikobe is  not apparent. 

it appears that epidote stably associated with wairakite + pyrite (e.g., Sample 6124 - 
307.5) is  higher in  compared t o  the epidote of the epidote + prehnite + wairakite 

assemblage. 

However, 

Calcite is a common vein mineral in  the Onikobe cores. It is  found a t  depths of mly  a 
1 

few tens of meters to a maximum depth of 1100 m i n  4127. 

carbonate grains are calcite, containing only a few percent of Pe, Hg, and Mu. 

Compositionally, a l l  analyzed 

Calcite occura as a vein and amygdule f i l l ing  and replacing fine-grained matrix and 

plagioclase and pyroxene phenocrysts, especially along cleavage cracks i n  the l a t t e r  two. 

When it occur6 as a vein mineral, it is  one of the l a s t  pbases to  have formed. The absence 

of this  mineral within certain cones may be important in establishing certain hydrologic 

parameters in  the Onikobe geothermal field (far discussion, ree Geld et  al., 1983). 

7 Albite  replaces primary plagioclase and begins to  occur when volcanic rocks were 

altered a t  temperatures of 120-180°C. 

a t  temperatures higher than 23Oo-24O0C, mome plagioclase phenocrysts have entirely been 

replaced by a lb i te  - + wairakite and i l l i t i c  or chlorit ic clay minerals. Same analyzed 

albites have An content less than S mol% and law Pe203 and HgO contents. 

A t  greater depth where volcanic rocks were altered 

Pyr i t e  is very commm Ln the Onikobe bore-hole cores. Some pyrites have replaced 

p r h q  magnetites; many euhedral pyrite aggregates also occur in veins, i n  matrix, and in 

the groundmaas of volcanic clasts. Only one rample Ql24-200.3 contains pyrite, magnetite 

and chalcopyrite; magnetite is  rare in the Unikobe geothermal core ramples. 
34 The 6 S values of same pyrite6 are shown in Table 3 and range from +2.05 t o  *3.59-at 

rhallov depths to  6.43 at a depth of 700 m. These values are almost identical t o  those of 

pyrites Ln altered basaltic rocks from rurface t o  depths of about 800 m in the Reykjsnes 

geothermal area of Iceland, where present-day seawater is actively percolating through the 

porous basaltic lavas at depth (Sakai et al., 1980). In Onikobe, the percolatiem of 
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! present-day seawater cannot be expected. 

volcanogenic marine sedhente may have contributed sufficient sulfur for pyrite 

crystallization. 

However, fossi l  seawater within Miocene basement 

DISCUSSION 

Progressive Changes of Minerals with Depth 

When one examines the dietribution of secondary minerals os a function of depth in  

d r i l l  holes of t h e  Onikobe geothermal area, two patterns ~ t e  apparent: j 

1. a general toning with respect t o  type of phyllosilicate present. 

2. a toning with respect t o  zeolite minerals. 

Within the chlorite/smectite group, the following pattern is seen With increasing 
I 

depth: mect i te  (+ alkaline emectitc) 3 chlorite/mnectite+chlorite. 1 
7 core, for example, alkaline mect i te  occurs f r m  1S.O t o  107.0 m depth, 

mect i te  fran 36.0 t o  175.0 m, and inters t ra t i f ied chlorite fran 201.1 m t o  the bottan of 

the hole a t  S00.0 m. Kaolinite is present between 107.0 and 175.0 m, and i l l i te  occurs 

from 17S.O m to  the bottan of the hale, roughly matching the interstratif ied chlorite range 

Pyrophyllite occur8 in some holes belaw depths of about 800 m. Host of the cores 
I I 
I 

1 display considerable overlap among the chlorite/mectite ranges. 

As discussed previously, the proportion of the smectite component in both the 

chlorite/emectite and i l l i te/smectite minerals decreases with depth. A similar pattern of 

increasing i l l i te  component as a function of depth was obrerved by Perry and Ewer (1970) 

in Gulf Coast sediments and has been attributed to  ctll increase in temperature With depth 

I 

~ 

I 

1 
and/or time-dependent kinetic effects (Eberl and Bower, 1976). 

The tonal distribution of the four zeolites (mordenite, laumontite, pugawaralite, and 

wairakite) was briefly CesLe+%bcJ 5n a pr=vious section. The following points can be made 

regarding their  distributionat 
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1. Moderate to  strong overlapping of zones is the rule rather than the exception i n  

most of these diagrams. 

2. Hot a l l  four zeolites occur i n  any me core. 

less compared to those of other zeolites. 

The occurrence of yugawaralite is  much 

3. The plotting of the zeolite variation along the geothermal gradient i s  a useful way 

of presenting this  data. 

present a t  a given depth to  the corresponding gradient temperature. 

However, care must be taken i n  relating the zeolite 

Fran the discussions presented in the previous rections, it is apparent that both clay 

and zeolite minerals change progressively i n  species with.depth, and hence temperature. 

Such changes are summarized b e l w  and can be correlated with other geothermal areas in 

Japan, Iceland, New Zealand and the U.S.A.t 

(1) Both mectbte and alkaline mect i te  occur in the shallow core samples. The most 

common zeolite associated with these clay minerals is mordenite; however, in general, 

zeolites are extremely rare i n  ahallow core samples. 

kaolinite-alunite fa Eane d r i l l  hale6 suggests lw pE thermal waters which inhibit the 

formatian of Ca-zeolites (see Pig. 7). 

chlorite/emectite mineral is extremely rare. 

This together With the ubiquity of 

In the mordenite-bearing smnples, the occurrence of 

(2) The chhrite/smectite inters t ra t i f ied mineral occurs a t  intermediate depths. It is 

most comnanly associated with laumontite and wairakite. 

chlorite/emectite inters t ra t i f ied mineral8 together With i l l i te/smectite inters t ra t i f ied 

minerals were found to  be atable with laumontite. 

Smectite, a lkal i  smectite and 

(3) The clay minerals occurring at  depth and stable with wairakite are both 

chlar i te lmect i te  inters t ra t i f ied minerals and chlorite. I l l i t i c  clays are also prerent. 
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Depth Zones of Ca-Zeolites 

Stabil i ty relations mung laumantite, yugawaralite and wafrakite-at 

259 

1.0 and 0.3 have been experimentally-detedned (see Pigs. 42 pH20'p to ta l  
and 43 of Geki et al., 1983). 

phase contains abundant components in addition t o  H20, und where Pfluid/Ptotal 

In the Onikibe geothermal rystem where the fluid 

ratios may be approximately 0.3, yugawaralite s tabi l i ty  €8 restricted to  depths 

shallower than SO0 m. The Onikobe yugawaralite occurs mer the temperature range of 

150-2OS0C, spanning almost the entire overlap area between laumantite and 

wairakite. 

between 0.3 and 1.0. 

pH20/Ptotal 
other geothermal areas (e.g., Zeng and Lieu, 1982). 

This range would correrpand t o  a PH O/Ptotal r a t io  intermediate 
2 

The narrow rtAbility range of pugewcaralfte at law 

values explains its relatiwe paucity i n  the Onikobe cores and in 

,The paragenetic depth sequence of Ca-zeolites in a geothermal ryetan i o  

highly dependent at the imposed thermal gradient, e the F O@eotal ratio,  H2 
and ai other factors, including rolut im compositionr (Cog., Giggenbach, 1981). In a 

system with e relatively high geothermal gradient and a high P 

ratio, yugawaralite may be rtable and the depth sequence could be 

motdenite~laumantitedyugewaralita-)wairakite. 

a lover geothermal gradient and a lower FE O/Ptot,,l rat io,  yugawaralite i s  not 

stable and the zonation of Ca-zeolites could be mordenite-blaumontite-,wairakite. 

Different depth zonation patterns of Ca-zeolites may occur even in a eingle 

geothermal system because both the 

gradient ere controlled by many gedOgiC, rolution and hydrologic conditions (Geld 

L et c . 9  a1 1983). 

Parageneses of Ca-A1 Silicates 

O/Ptotel Hz 

On the other hand, in regions With 

2 

ra t io  and the geothennal 

phic relatione of common Ca-A1 hydrosilicates (Ca-zeolites, epidote 

and prehnite) together with quartz, calctte and chlor€te/mectite were delineated f a  

a simplified sys tem CaO-Fe203-A12~3-(Pc0 + MgO)-Si02-H20-c02-S. (For 



35-1825 -20- 

260 detailed assumptions, procedure of projection and effect of f 

relatione see Seki et al., 1983). 

and calcite in same cores of drill-holes #123 and 8124 are listed in Table 4. 

Because these assemblages formed wet a small temperature interval of 110-170°C 

and depth of 166-350 m, they are plotted QL an isobaric-isothermal Ca-2Fe-2A1 

diagra.  of Figs. 6(A) and 6(8) respectively for d r i l l  holes # 123 and # 124. 

2-phase assemblages wairakite + epidote and wairakite + prehnite occur in a number 

on phase 
*2 

The associations of epidote, wairakite, prehnite 

The 

of samples whereas the 3-phase assemblages epidote + prehnite + wairakite and 

wairakite + prehnite + calcite have very restricted occurrence. T i e  lines for the 

coexisting phases are drawn according to  the analyzed campositions of epidote and 

prehnite. 

The deduced phase relatiamhips for assemblages of these two d r i l l  hole cores 

are eunmarized in  Fig. 6(C) a t  temperature of 1l0-l7OoC and depth of 200-35Om. 

Five 3-phse assemblages were delineated: 

pyrite + epidote + calcite, wagratrite + epidote + prehnite, epidote + prehuite + 

they are pyrite + epidote + wairakite, 

calcite, and wairakfte + prehnite + calcite. These assemblages have been recorded 

in other geothermal areas and i n  low-grade meta-basalts, (e.g., Cerro Prieto, Bi rd  

- et -** a1 in press; Karmutsen metabasalt, Haruyama and Liou, unpublished data). 

It should be pointed out that laumontite is  rather cammon a t  shallow depths in  

geothermal systems. 

samples. The laumontite-hematite-epidote assemblage has been found at Tatm and in 

other geothermal areas (emgo, Lan et al., $980). 

Onikobe d r i l l  holes 123 and 124, the assemblages laummtite + epidote + pyrite, 

laumontite + magnetite + epidote and laumontite + prehnite + calcite were not 

observed. These assemblages may occur a t  lower temperatures and higher f 

conditions. 

In fact, laumontite and wairakite occur together in many 

In the investigated samples from 

O2 
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Fran the phase relations shown in  Fig. 6, three conclusions are drawn8 (1) Both 

prehnite and epidote are restricted to Fe-rich composition a t  low temperatures and 

become Al-rich w i t h  increasing temperature. 

and epidote are not stable under the physico-chemical conditions defined by the 

assemblages in  d r i l l  holes # 123 and # 124. Al-prehnite was replaced by the 

wairakite + calci te  assemblage which is collppon in  the Onikobe geothermal system. 

(2) The Al-end member of both prehnite 

(3) The Fe-A1 partitioning between epidote and prehnite ouggerts that the epidote 

always contains higher Fe than the coexisting prehnite. 

The conclusions described abom: are consistent with those data derived from 

hydrothermal experiments (e.g. , Lieu et al. , 1983) , from thermodynamic calculations 

(e+, Bird i Helgeson, 19781, and fran natural parageneoes in  hydrothermal 

metamorphic eequence (e+, Evarta & Schiffman, 19831, and in  other geothermal areas 

<e.g., Cerro Prieto, Bird et al., An press). However, there are some differences. 

A t  the conditions of the Onikobc gootherrnal epstem, (1) garnet is not rtable, 

calcite iS ubiquitous, hematite vat3 not found, magnetite is not common and pyrite is  

abundant, (2) the 3-phase assemblage Ep + P r  + Em (or Ef t )  recorded in experimental 

study and in  other geothermal areal (e.g., the Saltan Sea) was not found in  the 

available core samples, (3) compoa%tians of coexisting epidote and prehnite i n  the 

3-phase assemblage Ep + Pr, + W r  arc, lower in Pe+3 contents than those in Ep + Pr + 

Cc, and (4) both epidote and p r e b i t e  have much more restricted campositions than 

those in high-T conditions. 

Stabil i t ies of Ca-zeolites-clay mineral-calcite-anhydrite 

The Onikobe thermal water8 deacribed in the previous sections contain 

significant amounts of CUpr SO4, IJaCl and other dilrsolved constituents. nigh 

concentrations of these three components have resulted in the c r y ~ t a l l i t a t i m  of 

carbaaate und gypsum (or anhydrite) at the expense of Ca-AI oilicates end in 

lowering the formation temperature of some index dnera l r .  
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The role of o02 i n  1-grade metamorphism has been recently reviewed (eag., 

Zen & Thompson, 1974; Seki & Liou, 1981). Previous experimental and theoretical 

s tudies  indicate that the breakdown of Ca-bearing s i l icates  and their  asremblages 

into calcite-bearing assemblages w i l l  occur as a resu l t  of increasing the mole 

fractiun of C02 in  the fluid phase to  over 0.1 a t  temperatures below 40OoC. For 

examplev a t  PtotafPfluid -2 trb, laumontfte can only be sta%le at temperaturea 

belaw 3SOoC a t  extremely low COY concentrations in the fluid (% * 0.0075 
2 - 0.02) (Ivanov and Gurevich, 1975). These theoretical and experLenta1 studies 

also indicate that the equilibrium temperatures a t  which carbonatebearing 

assemblages and carbonate-free assemblages coexist ehif t  significantly by emall  

changes in  

low-grade metamorphism has generally been assumed to be very l W a  

. The mole fraction of C02 in the fluid pha8e attending 
2 

In the fossi l  

geothermal area in  Reydarfjordur, Iceland, mineral parageneses suggest that early 

deposition of a clay and calcite assemblage occurred at higher xo0 and was 

succeeded by the la te r  crystallization of teolites, prehnite and epidote at  reduced 
2 

conditions (e.g. , Kristmttnnsdottir, 1982; Uehegan et ala , 1982). 
b 2  
Similarly, the less common occurrence of wairakite, prehnite and epidote in the 

Ohaki-Broadlands geothermal area, New Zealand compared t o  the Wairakei area bas been 

attributed to  a high concentration of Coy in t h e m 1  waters (Browne and E l l i s ,  

1970). 

As demonstrated by Seld et ala (19831, the most characteristic Ca-silicates in 

low-grade metamorphism and geothenual systems are stable a t  % values of leas 

than 0.1. The o02 content of the fluid phase controls not only the equilibrium 
2 

temperature for successive mineralogical zones but aleo the appearance of the 

calcite + clay aeaemblage at the expense of Ca-A1 silicates. Horewer, the COP 

concentration strongly affects the pS value of a hydrothennal solutim. Zeolite and 

262 

. 
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other Ca-A1 s i l ica te  assemblages are believed to  develop mainly in alkaline 

environments . 
100-2OO0C, laumontite i s  stable only i n  the fluids of high pH and law P 

Similar.relations for laumontite at lSO°C and SO0 bars, and for wairakite a t  

25OoC and SO0 bars were calculated using thermodynamic data of Helgeson et al. 

(1978). The results are shown in  Fig. 7 t o  i l lus t ra te  the effects of pH, Ca+2 

concentratian and P It is also 

apparent fran these diagram that the characteri8tic assemblage formed under acidic 

and higher CO conditions is  a clay + carbonate assemblage. 

accepted idea that the Ca-A1 si l icates  are rtable a t  a low activity of Cop, hence 

in  sl ightly alkaline solutian, is confirmed by the observations of the Onikobe 

mineral parageneses and by the phase relationships shown i n  Fig. 7. 

Recent calculation by Crossey et 01. (in press) indicate that a t  T = 

. 

on the s tabi l i ty  of Ca-zeoliter in general. 

The generally 2 

, 

Oki - -  et 81. (1974) used a log LCa22 - pR diagram to i l lus t ra te  the s tab i l i ty  

relatians of calcite-laummtite-anhydrite a t  lSO°C in terms of pll, act ivi t ies  of 

Ca2+, and SO4, par t ia l  pressure of o02, and activity ra t io  of @l(OH)J 

/[R4SiOd . 
stabi l i ty  fields overlap considerably. 

P 

Depending on these variables, the lamontite, calci te  and anhydrite 

The Onikobe thermal waters possess a higher 

lower activity of SO4, lower activity ra t io  of [A1(OH)3/[E4SiOd , a,' c 
and lower pi& campared t o  those.of the Yugawara geotbennal system. Therefore, 

laummtite (and other Ca-A1 s i l icates)  and calcite are more copppon, whereas gypsum 

(or anhydrite) is rare in the Onikobe core samples. 

emphasized that these interdependent variables and temperatures change with time and 

depth eves in a single well. 

s i l icates ,  carbonates and sulfates between different geothermal systems must be done 

with caution. 

Rowever, it should be 
? 

Therefore, correlation of the occurrences of Ca-A1 

Relations of Pyrite. Hametite. Anhvdrite a nd Gal- 

263 

Isothermal-isobaric log fo ofg relations among common Fe-oxides and 

+2 2 2  
sulfides were calculated a t  2OO0C, 500 bars and concentrations of Ca , IC', 
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end total C and S representative of the Onikobe thetmal waters. 

are from Helgesar zt &le (1978) and the calculations were based on the computer code 

of SUPCRT of Helgeson =t %lo (1978) and EQ 316 of Wolery (1979). 

shown in Pig. 8. 

calcite and anhydrite are shown. 

eulfur species in aqueous solutions, and (b) pH effects on the stabilities of S 

epecies, calcite, anhydrite, K-feldspar end muscovite. 

diagram that, at the specified physical-chemical conditions of the Onikobe System, 

(1) calcite is stable only in the the presence of thermal waters with pH greater 

than 7.4, (2) assemblages of magnetite + pyrrhotite, magnetite + pyrite and 

magnetite + hematite are not stable with anhydrite, (3) kaolinite is stable only in 

Thermodynamic data 

The results are 

Stability fields of pyrite, pyrrhotite, magnetite, hematite, 

Superimposed on the relations are (a) stability of 

It is apparent from this 

the 6Oluti~xt with pH less than 4.3 and cannot coexist with calcite. 

As diocussed in the previous sections, the Oaikobe drill cores from depths 

greater than 200 m are characterized by (1) abundant pyrite, rare magnetite and 

absence of hematite and (2) ubiquitous occurrence of calcite, rare anhydrite uad 

absence of kaolinite. 

Onikobe geothermal system had fo -f 

field; sane asse~t~blages fall along the magnetite-pyrite buffer curve, and ( 8 )  the pH 

of geothermal water fur the coexistence of calcite and anhydrite at 2OO0C depth 

m y  be around 7-8. 

laumcmtite shown in Figs. 7 and 8 and with the suggestions made by Seki et al. 

(1983) that the neutral to slightly alkalide thermal waters must be predominant at 

depth in the Onikobe geothermal system. 

alkaline (pH 

production hole (6128). 

Such mineralogical characteristics euggest that (A) the 

condition Within the pyrite stability 
2 s2 

These conclusions are consistent with the rtabilfty of 

It 41180 concurs with the production of 

8.3 to 8.5) thermal watera at a depth of 123s m in a new deep 

264 
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CONCLUS XOElS 

The distribution of secondary dne ra l s  d t h  depth in  the Katayama area, Onikobe 

is primarily controlled by changea in temperature. 

bportant'either locally or with regard to certain dnerale ,  include 

*H20@total 
kinetic constraints. 

zeolites, interlayered clay, and several other minerals. 

itemized bel ow: 

1. 

Other factors, which are 

the 

ratio, solution and bulk rock chemistry, rock permeability, and 

Depth-dependent conation patterns are obeerved for the calcium 

Hain conclusions are 

Depth zonations of secondary dne ra l s  are particularly clear: 

(a) Smec t i te  (2 alkaline mec t€te)+chlori te/emec ti  te 3 chlorite; and 

(b) Hordenite glaumantite+yugawaralite +,wnirakite, 

2. 

. 

Campositional variations with depth are apparent also for smectite/chlorite and 

illite/smectite but not for wairakiteeolid rolutian. Both chlor€te and i l l i te  

components of the interetrarified clays increase with depth. Hence Ca-content 

decreases in  emectite/chlorite and K-content increases in i l l i t e /mect i te  With 

increasing temperature. 

Other Ca-A1 sil icates include prehnite and epidote: 3. 

(a) They are restricted t o  re-rich campositfan at  lartemperature and became 

Al-rich with increasing depth; 

(b) Their Al-end members arc not etable a t  the conditians of the Onikobe 

geothermal system; 

(c) Epidote contains higher Pe than the coexieting prehnite and their relations 

are defined by continuous reaction. 

4, Wbiquitoue Occurrence of pyrite and rare magnetite and absence of hematite 

conditione within the pyrite - fo2 euggest the Oaikobe system bad fs 
2 

stabi l i ty  field; ~ a n e  are close to the pyrite-nragnetite buffer curve. 
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5. Occurrence of abundant calcite and Ca-zeolites indicates thermal waters a t  depth 266 

are neutral to slightly alkaline and 

silicates. 

5 S values of thermal waters and pyrite suggest contamination of fossil  

seawaters within Miocene sediments with meteoric and magmatic waters in  the 

Oxiikobe geothermal system. 

is  low enough to  stabilize Ca-A1 
“co2 
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Table 1. 6"s values and C 1  contents of thermal 
waters from deep wells of the Onikobe 
geothermal area. 

, 

Well 

#lo2 +3 . 90 
0111 +3.92 59. 92 

0124 +3.89 

IC-line 
( d  101 , 102,103 
111) I 

+19.90 85 . 30 

P-line 
(#loss 112,117) +5.02 36.44 

2-line 
(# 104 , 105 , 106 
120) 

+16.52 145-150 

.. . 
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Table 2. Types and K 0 of or ig ina l  rocks and occurrence of i l l i t i c  

clay minera f s from Iceland, Onikobe , Hakone, Hatsukaua, 
Otake, Wairakei and Steamboat Springs geothnnal areas. 

Geotherpal arei 

Iceland (1) 

Odkobe (2) 

Hakone (3) 

Hatsukava ( 4 )  

Otake (3) 

Wairakei (6) 

Steamboat (7) 
Springs 

Type of 
Origfnal rocks 

Basa l t ic  

Andesitic 

Andesit it 

Daeitic 

Andesit ic 

Rhyol i t ic  

Trachytic - 
granodior i te  

5 0  in or ig ina l  
rocks (ut.%) 

Range . Average 

0.08 '0 

0.26 0.18 

0.15 - 0.67 
1.88 

0.36 0 0.64 
0.70 

0.79 - 1.00 
1.20 

0.45 - 
2.41 

1.68 

2.0 - 3.6 2. 7 

2.2 3.2 2. 7 

Occurrence of 
i l l i t i c  c lays  

no o r  extremely 
rare 

not common 

not common 

conmm 

common 

very common 

very common 

. .  . 

(1) Kristmannsddttir  (1975 ) 
(2) Seki et  al. (19691, Katbui (1955), This paper 
(3) Kuno (1950) 
( 4 )  Sum1 (1968), Sumi and Haeda (1973) 
(5) Hayashi (19731, Hayashi and Yamasaki (1975) 
(6) S t e i n e r  (1977) 
(7) Sigvaldson and White (1962), Schoen and White (1965, 1967) 
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Bore-hole cores 

1123 178.8; m 

I 333.3 m 

#124 183.3 m 

a 331.4 m 

Table 3 6''s values of pyrites 
from bore-hole cores in Onikobe 
geothermal area. 

P s  

+3 . 59 

+3.00 

t3.38 

t2.05 

a 

I I I 

Table 4 ,  Equilibrium mineral asremblages for  core samples from D r i l l  Hol& 6123 
and 124 of the  Onikobe geothermal Arca.* 
clay + quartz - + pyr i t e  2 a lb i te ) .  

( A H  assemblages + ch lo r i t i c  

depth 4123 depth 4124 

238.6m 
303.5 
323.8* 

348 . Sm 344 6m 

* Wr+Cc assemblages are not listed the formed much la ter .  

Abbreviation: Ep = epidote; Wr vai rak i te ;  P r  - prehdte; Cc c a l c i t e  

** Ihe numbers in ( refer to Fc" 4 /(Fe $3 + A l l  x 100 
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Figure 1. Leatian and geologic map of the Onikobe Caldera, Japan (modified 

after Yamada et a l . ,  1978). KA: Katayaw fumarolic area; OK: 

Okuno-in fumarolic area; AR: Arayu fumarolic area; ME: Megama 

fumarolic area; HI: Hitaki Spa; K: Kanisawa Spa; T: Todoroki Spa; 

F: Fukiage Spa; El: Miyazawa Spa. 
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Figure 21 Distribution o f  bore boles in the Onikobe geothermal area, 

Japan 
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Figure 3. dool(dry)-dool (ethylene glycol) diagram of alkaline smectite , 
Fectite, chlorite and chlorite/smectite interstratified mineral 

series in the Onikobe geothermal area, Japan. 



Figure 4. Si02 - A1203-(Fe0 + MgO) and (%O + Na20)-A1203-(Pe0 + MgO) 

diagrams showing compositions of analyzed chlorita/smectite and 

illitic clay minerals from drill hole cores OP tho Onikobe 

geothermal area (open circlets) . Compositions of mnectite(S) from 

Sudo and Shimoda (1969) , chlorite/smectite(CS) interstratified 
minerals from Kimbara (1975a), chlorite(C) from Shirocu et ai, 

(1975), sapcmite(SA) from YoBhimura -- et ale .(1975), illite/saponite 

interstratified mineral(1S) from Sata et al. (19751, sericite(SE) 

from Higashi and Shirocu (1975) and illite(1) frm Shhoda and 

Nishiyama (1973) are shown by solid circles. 
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Fig&e 5. Compositional variations of gnalyzed wairakites from the Onikobe 

geothermal area, Japan plotted in Wa-Ab'-FJat' diagram of Seki and 

Oki (1969). 
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Figure 6. Ca-ZAl-2Fe+3 plots showing compositions of analyzed epidotes and 

prehnites and mineral assemblages from drill holes #123(A) and 

#124(B). . I terpretative relationships for 3-phase and 2-phase 

assemblages are shown ha (C). 



Q- 
I I I 
'I I 0 I* 7- 9- 

I I I4 

3 1 IN 110W 

. 

I I I SJW 00s '3 00s 

( Q) 

0 

z 

'I 

9 

8 
Hd 

01 

ZL 

71 



283 

-4 

-6 

-8 

-10 
cy 

L!? -12 

-16 

-18 

-20 

-22. 

-24. 

-54 

log fo2 

Figure 8. Log fo -fs 

magnetite and hematite. 

(b) stability fields for calcite, anhydrite, muscovite, and various 

stability diagram for pyrite, pyrrhotite, 
2 .2 

Superimposed are (a) the pH isopleths and 

species for S in aqueous solution. 



284 

FOURTH INTERNATIONAL SYMPOSIUM 

ON 

WATER-ROCK INTERACTION 

August 29 - September 3, 1383 

Misasa, JAPAN 

INTERNATIONAL 

Institute for Thermal Spring Research 
Okayama University 

International Association of Geochemistry 
and Cosmochemistry 



2 85 

CONPOSITIONS AND PARAGENESIS OF SOME HYDROUS CA-A1 SILICATES 
IN THE ONIKOBE GEOTHERMAL SYSTEM, JAPAN. 

J.G. Llou 6 Ray Guillemette, Dept. of Geology 
Stanford University, Stanford CA 94305, USA 

P. Seki, Hydroscience and Geotectonic Lab 
Saitama Univerrrity, Urawa, Japan , 

Hydrothermal a1teratio.n of deep-holk cores of the Onikobe geothermal area was 
selected for detailed study in order to understand rock-water interaction io classic 
island-arc geothermal systems. More than 100 core samples from two drill holes with 
depths to 35Om and one down to 1155m were examined; paragenesis and compositions of 
secondary minerals were identified and analyzed. These newly collected chemistrien 
together with available water compositions and petrological-mineralogical data of 
other drill hole cores from the Onikobe geothermal area were used to outline the 
effects of geothermal waters and other controls io the alteration of the enclosing 
rocks. Details are described in Seki et al., (in press). 

The Onikobe caldera is on the eastero edge of the Green Tuff basin in north 
central Honshu and has an oval-shaped depression about 10 Km in diameter. The calderg 
formations are Plio-Pleistocene In age and consist of both marine and oon-marine vol- 
canogenic tuffs and lavas of andesitic to dacitic composition. 
of the caldera sediments and lavaas, a dacitic lava dome of 0.35 m.y. age was intruded 
into the southern part of the Onikobe basin. 
normal faulting and hydrothermal alteration. 
dome formation is believed to be the major heat source for the present-day geothermal 
activity and associated hydrothermal manifestations in the Onitrobe area. 

Thermal waters from the Onikobe geothermal area have been analyzed; they belong 
to the Na-C1 or Na-Ca-C1 type. They may have evolved from meteoric waters which have 
been contaminated with magmatic NaC1-rich solution and fossil seawater from Miocene 
Green Tuff. Acidic thermal waters with high SO,, and low C1 contents apparently are 
confined to shallow depths; this was supported by the widespread occurrence of cal- 
cite in deep drill-hole samples and by drilling of a new production hole at 1255m 
which produced a remarkable amount of alkaline (pH 
waters . 

After the depositfon 

Associated with the intrusion were the 
The magmatic activity related to the 

8.3 to 8.5) high-T thermal 

The zonal distributions of clay and zeolite minerals were identified and are 
With increasing depth, the zonal patterns are simpli- schematically shown in Fig. 1. 

fied as follows: alkaline smectite or smectite * chlorite/smectite interstratified 
mineral+chlorite for clay minerals and mardenite+laumontite+yugavaraliteirakite 
for zeolites. We consistently found the general associations that alkaline smectite 
and smectite occur with mordenite, chlorite/smectite interstratified phase with 
laumontite, and chlorite with wairakite. 
dachiardite, chabazite, thomsonite and natrolite. Prehnite, epidote and phyllosili- 
cates such as illite, illite/smectite, kaolinite aod pyrophyllite also occur. 

Minor zeolites include clinoptilolite, 

Zeolite minerals are well developed and some are exceptionally abundant. LaumoO- 
tite is typically found at depths greater than SOm and shallower than 40M and yuga- 
waralite at the lower end of the laumontite zone. The analyzed laumontite and yuga- 
waralite have nearly stoichiometric compositions with very minor amounts of Fe203, 
Na2O and K2O. Wairakite is the most abundant zeolite mineral and occurs in most well* 
at depths greater than 1OOm. Many wairakites were analyzed and the results were 
plotted on a wairakite', natrolite' and albite' triangular diagram (Fig. 2). 
wairakites have considerable ranges of compositions with less than 0.2 w t X  Fez03 as 
total Fe and 0.1 w t X  K2O. Main variations are defined by 2 end-members "wairakite" 
and "analcime" with A1/Si ratios lower than the Wr-Am ideal series. All analyzed 
wairakites range from WJXOO to Wr76 and contain no more than 5Z Nat' component; no 
analcime-rich composition was found. 

The 

There appears to be no*correlation between 
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, ~ i g .  1 Distribution of secondary minerals frmmitur. ( c)  
io0 200 4 as a function of depth and estimated 

temperatures from Fig .  39 in the 
Onikobe geothermal area, Japan. - 

- 
- - 
- ewq 
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- +- -e Mordenlfe - - - - VUQr 
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- Prchnlts Fig. 2 Compositional variations of 
analyzed wairakites from the 

plotted in Wr-Ab'-Nat' diagram of 
Seki and Oki (1969). 

Onikobe geothermal area, Japan - 
i 

16 60 160 460 1300 
DWth (In) 

composition of wairakite and depth of its occurrence, uor any pattern between 
Composition and mode of occurrence (i.e., vein, amygdule). 

Other Ca-A1 silicates include minor prehnite and epidote In association vith 
albite-chlorite/smectite-quartz-pyrite. Prehnlte-walrakite-calclte (2 epidote) I s  
the most common mineral association in prehnite-bearing samples. The prehnlte- 

- 2 9 1  - 
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laumontite-epidote-calcite association is a l s o  found i n  some specimens from relative,  
l y  shallower (lower Femperature) pa r t s  of bore-holes. 
assemblages+fnd a ~ a l y z e d  FeIU ra t ios .  
'range of Fe 
6-8 w t X  Ft203 and .appear t o  be s tab le  with epidote + wairaki te  + quartz + ch lo r i t i c  
clay. The veined p rehn i t eqa re  much lower i n  Fe content and are s t a b l e  with waira- 
k i t e  ,+calcite + quartz. No'epidote vas found i n  mordenite-bearing samples and the 
epidote from laumontitr-bearing samples is too fine-grained t o  be analyzed. 
analyzed epidotes  range from Ps  19 t o  37 and most analyses a r e  around Ps 29 t o  33. 
The compositional range of epidote is very compatible with those from other  geother- 
mal a reas  (e.g., Cerro Prieto) .  The analyses of epidote and'prchnite suggest tha t  
immiscibil i ty gap e x i s t s ' f o r  these phases. 

Table 1 lists t h e  e q u i l i b r i a  
The analyzed prehnites span a considerable 

/(Fe '+All ra t ios ;  the most iron-rich prehnites i n  the  matrix contain 

The 

Table 1. Equilibrium mineral assemblage f o r  core samples from D r i l l  Hole 1123 
.and 124 of the Onikobe geothermal area (All  assemblages + c h l o r i t i c  
c lay  + quartz  + pyr i te  + albite)*.  

Depth (m) 4123 Depth (m) 1124 

238.6 Ep(32**) + W r  165.8 Wr + Pr(l4-17) 
303.5 Pr(19) + W r  201.8 . W r  + Pr(3-8) + C c  
323.8 Ep(23) + W r  209.9 W r  + Pr(17-22) + Ep(7) 
344.6 Ep(22-29) + Wr 222.8 W r  + Ep(26-29) 
348.5 Ep(19) + Pr(8) + Wr 307.5 W r  + Ep(37) 

334.7 W r  + Pr(l2)  

349.4 Wr + Pr(3-4) + Cc 
* W r  + Cc assemblages a re  not l i s t ed ;  the  

Abbreviations: Ep=epidote; Wrlwairakite; .Pr - prehnite;  Cc - calcite. 

formed much la te r .  ** The numbers I n  ( ) r e fe r  t o  Fe+3/(Fe+ z Al) x 100. 

Chemographic r e l a t ions  of common Ca-U hydrosi l icates  (Ca-zeolites, epidote and 
prehnite) together  with quartz, carbonate and chlor i te /smect i te  were delineated i n  a 

4 .mpl i f i ed  system CaO-Fe203-A120~-(Fe~gO)-SiO~-H~O-CO~. Compositions of prehnlte 
and epidote  are p lo t ted  in a ternary diagram CaO-Al203-Fe20, (Fig. 3) and t i e  l inea  
f o r  t he  coexis t ing phases i n  the 2-phase assemblages (wairakite + epidote  and waira- 
k i t e  + prehni te)  and the  3-phaae assemblages (epidote + prehni te  + wairaklte and 
walraklie + prehni te  + calcite) a re  drawn. 
150-200 C and depth of 200-35Om yield f i v e  3-phase assemblages which have been 
recorded i n  other  geothermal areas  and in low-grade metabasalts. Three conclusions 
are made from such chemographic re la t ions:  
r e s t r i c t e d  t o  Fe-rich compositialns at  low temperatures and become Al-rich with , 

Increasing temperature, (2) the A 1  end member of both prehni te  and epidote  are not 
s t ab le  under t h e  physico-chemical conditions of the  Onikobe geothermal system, a d  
(3) the Fe-A1 pa r t i t i on ing  between epidote and prehni te  suggests t h a t  t he  epidote 
always conta ins  higher Fe than the  coexis t ing prehnite.  Such conclusions are con- 
s i s t e n t  with those da ta  deduced from hydrothermal experiments (Liou et al., 19831, 
thermodynamic ca lcu la t ions  (e.g. , Bird & Helgeson, 1978), and na tu ra l  observatioiis 
(Evarts 6 Schiffman, 19833 Bird e t  al . ,  in press).  

geothermal area are mainly controlled by changes i n  temperature and a r e  restricted 
t o  low XcoZ 
regard t o  c e r t a i n  minerals are t h e  following: 
rock chemistry, rock permeability, and k ine t ic  cons t ra in ts  '(e.g., Browne, 1978). 
Because of these  e f f ec t s ,  t h e  apparent observed temperature ranges over which min- 
erals are found i n  the  Onikobe area as shown i n  Fig. 1 'are general ly  broader than 
those expected from the  experimental s tudies .  

The deduced phase re la t ionships  at  T of 

(1) Both prehni te  and epidote  are 

Zonal d i s t r ibu t ions  of minerals and phase re la t ionships  observed in t he  Onikobe 

conditions.  Other fac tors  which are important e i t h e r  l oca l ly  o r  v i t h  
r a t i o ,  water and bulk the P H ~ ~ / P ~ ~  al 
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(A) 

Fig. 3 Ca-2Al-2Fe+' plotslshowing compositions of analyzed epidotes and prehnites 
and mineral assemblages from drill hole 1123(A) and 1124(6). 
tive relationships for 3-phase and 2-phase assemblages are shown i n  (C). 

Interpreta- 

This abstract is condensed from a long report which describes research 
accomplished during the tenure of a U.S.-Japan cooperative project, supported by 
NSF 82-04298, DOE-SC07-12145 and JSPS (Grant 4 R039). 
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Investigation of Orillhole Core Samples f k n  Tatun Geothermal Area, Taiwan 

C.Y. Lan, J.G. Liou", and Y. Seki** 

Mining Research and Service Organization; No. 1, Tun-Hwa South Road, Taiwan, ROC 
Department of Geology, Stanford University, Stanford, CA 94305, United States of America 

'*Department of Hydroscience' and Geotectonics,.Saitama University, Japan 

The Tatun geothermal area of northeastern Taiwan, about 
3 x 18 km2 in dimension, is covered by a thick sequence 
of Pleistocene andesitic lavas and pyroclastics. The andesites 
belong to the hypersthene series and range in composition 
from mafic augite-hypersthene andesite to silicic biotite- 
hornblende andesite. The volcanic rocks are unconformably 
underlain by Miocene sandstones, conglomerates, andshales. 
The sandstones are coarse-grained and very permeable 
(with porosity greater than 10 percent) and have been 
suggested to be deep geothermal reservoirs with temperatures 
greater than 2WoC and areal distribution greater than 
20 km2. Many hot springs and fumaroles occur, but those 
with the most impressive discharges of thermal fluids are 
concentrated within a NE-striking fault zone about 4 km 
wide and 18 km long. Spring waters with temperatures of 
4OoC - 12OoC are mostly the acid sulfate chloride type 
and have extremely low pH values from 1 to about 3 
(Chen, 1975). The acid nature is apparently restricted 
to surface zones where oxidation of volcanic gases such 
as H$ prevails. At depth, as discussed later, t he  pH of 
waters must be higher as evidenced by the ubiquitous 
occurrence of alate.  Secondary minerals resulting from 
near-surface water/rock interactions include various silica 
minerals (opal, aistobalite, tridymite, and quartz), alunite, 
kaolinite, allophane, montmorillonite, pyrite, sulfur, and 
others. The mineral assemblages are characteristic of high 
S2 and O2 fugaaties, high Si02 and total dissolved sulfur 
contents in the hydrothermal fluids Mans, 1973). 

The geothermal exploration of the  Tatun area began in 
1965 and, thus far, 62 gradient holes and 20 exploratory 
holes have been drilled. 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 h d  geology, 
whereas the exploratory holes up to 1510 m deep and 
8.5 inches in diameter are mainly for collecting information 
about variation in geology, mineralogy, temperature,flow 
rate, and cornposition of fluid with depth. Core samples 
have been colle-kted and temperature variations with depth 
have been recorded. Core samples from five drillholes were 
selected for detailed investigation in order to understand 
mineral parageneses of hydrothermal alteration and to 

compare them with those from Hakone and Onikobe, 
Japan (Seki, et  4, 1969; Oki and Hirano, 1974). The 
secondary minerals identified, together with recorded 
temperature gradients, are plotted versus depth in figure 1. 
Because temperatures fluctuated with time, temperatures 
shown in the figure represent the most recent measurement. 
A maximum temperature of 29OoC has been recorded 
atadepthof 1200rn. 

Three alteration zones were recognized based on the 
Occurrence of kaolinite, alunite, Ca-reolites, epidobs, 
and the types of cmectite-chlorite. Zone 1, restricted to 
near-surface depths of about 200 rn or less, is characterized 
by the presence of kaolinite, alunite, pyrite, and gypsum. 
The original textures of andesite are totally obscured, 
and primary minerals have been entirely replaced. Core 
samples were recovered with difficulty, and secondary 
minerals are very similar to those a t  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 iaumontite, analcime, and hematite, 
together with abundant smectite-chlorite, anhydrite, 
quartz, carbonate, and pyrite. Alunite, wairakite, Type Ill 
chlorite and secondary albite were not found. Primary 
textures and minerals of the andesitic rocks are well 
preserved. Plagioclase (An 42 to  68) w a s  mainly replaced 
bv carbonates and anhydrite and locally by laumontite, 
whereas both hornblende and pyroxenes were mainly 
replaced by smectite-chlorite, illite, carbonate, pyrite, 
and hematite. Zone 3, below about 600 m, is characterized 
by the appearance of epidote, wairakite, chlorite, albite 
in addition to anhydrite, illite, quartz, and gyrite. The 
hornblende-two pyroxene andesitic core samples within 
this zone (for example, E-205 and E-208) are extensively 
altered and veined by secondary minerals. The primary 
porphyritic texture is modified by aggregates of sausturite 
+ carbonate + anhydrite pseudomorphs after plagioclase 
and chlorite + pyrite + magnetite + sphene aft& mafic 
minerals. Plagioclases (An 44 to 66) were locally replaced 
by wairakite and epidote. Major vein minerals are carbonates, 
quartz, and anhydrite; wairakite and chlorite are also 
present. 
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TABLE 1 
XRD and DTA data on the four mineral associations, Tatun geothermal area 

Type Association CuKo2e(001) CulbZeEG(001~ Endorhennlc t, C 

I alk. mt. 7.0 5.0 70,150.650 

I ' smecti tc  6.0 5.0 70,150,650 

DTA 

ll chl  .-smc. 3.0.6 .O-6.2 3-0,5.6-5 e 9  70 150 ;550 
111  chlori  tc 6.0-6.1 6.0-6.1 sso 
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The smectite-chlorite minerals of the altered andesitic 
rocks from the Tatun geothermal area and those from 
Onikobe and Hakons, 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' (smecahe) clay minerals are found commonly 
with mordenite and clinoptilolite, Type I I smectite-&lorite 
with laumontite, and Type 111 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, i t  should 
be noted that calcite is ubiquitous a t  depths below about 
2001~1, and its common occurrence as a replacement of 
plagioclase and pyroxene and as fissure fillings indicates 
that thermal w a t e ~  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 
tbundance of calcite and anhydrite (and gypsum) suggest 
that the hydrothermal alteration in this area must have 
taken place a t  high activities of COP and SOp and temper- 
atures of 100 to 3 0 0 ~ ~ .  

This paper represents research accomplished during the 
tenure of the US.-Japan (NSF EAR 77-23172) and the 
US.-China (NSF EAR 77-23533) scientific cooperative 
projects. We thank our colleagues Y. Oki, F.W. Dickson, 
and W.E. Dibble for informative discussion and review. 
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