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INTRODUCTION.

Japan and Ta1wan provxde excellent examples of active geothermal systems in
1sland arc terrarns An- whlch geology and tectonzc features are well understood.
Development of geothermal power has been greatly emphas1zed in- these countrles '
because 1t is potent1a11y a2 major energy resource 1n act1ve volcanic areas._ ‘
Exploratlon of" geothermal energy in Japan and Taiwan’ began in the . early
slxtres. Intensxve geologxcal-geochem1cal-geophys1ca1 studies of thermal waters
and core samples in many Japanese geothermal systems have been completed. Many
power plants have been. 1nsta11ed. One purpose of this contract 1s to get more
into the. l1terature data and 1nformatzon concernlng the geothermal systems and
to. conduct Systematrc study of drill hole core samples in c1ass1ca1 1sland arc j
such as Japan. The knowledge deduced from the classical island arc can’ apply to
the explorat1on of geothermal ‘energy -in the northwestern Un1ted States where the
tectonic and petrolog1c settings are similar to those of" Japan. Wxth th1s idea
in mlnd, the DOE sponsored the present progect (1) to 1nvest1gate systemat1c
petrological study of drill hole core samples in selected. geothermal -areas- 1n
both Japan and Ta1wan, and. (2) -to comp11e avallable references for geothermal
research in. Tarwan (Appendxx ‘A) and in Hakune (Append1x B) ‘and -Onikobe, Japan. -

Our basrc premlse of th1s pro;ect is that the chang1ng composrt1on and -
temperature of geothermal fluids as- a function of t1me will be recorded by ‘the -
paragenesis, compos1t10ns and 1sotop1c propert1es of the assocxated mineral
assemblages, and that the: latter can be used to reconstruct the: evolut1on of a
geothermal system. Dur1ng the funding period of September 30th, 1982 to
November 15th, 1983 w1th a total budget of $96,717 we have conducted detailed
mi.neralogxcal—petrologrcal-geochem.cal xnvestl.gat:l.ons of dr:.ll hole core samples
from Onxkobe, Japan. The results are- described in deta11 as Memoir No. 3,
Hydroscxence & Geotechnology Lab, Saitama Un1vers1ty, publrshed in 1983, This
memorr is reproduced .as Section IV in this report and describes geological,
geochemlcal, petrolog1ca1 and hydrolog1cal characterzst1cs ‘of a classlc
geothermal system in Japan. Further 1nterpretatxons ‘of petrolog1ca1 and
geochemlcal data of dr111 hole core samples from the 0n1kobe system are 1ncluded
in an 1n-press manuscr1pt entitled "Comp031t1ons and - Parageneses of Secondary .
Mlnerals 1n the Onxkobe geothermal system, Japan" as Section v 1n th1s report.
Thrs paper was also presented at. the Internat10na1 Water-Rock Interact1on
Symposium at Misasa Japan. The extended abstract is reproduced here as Sect1on
Vie - '
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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). We
selected these two other systems to compare with that of the Onikobe éystem
because they are recognized as classic examples of a geothermal system in island
arc and because geological-geochemical-geophysical information is*-available to
us. However, because of limited time and budget, we are not able to study them
in as much detail as those in the Onikobe. A ﬁreliminary and short description
on the Tatun geothermal system is included in Section VII of thisbreport.

As described in detail for the Onikobe geothermal system, hydrous Ca-Al
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. In order to understand their-parageﬁesiS~and‘
composition, systematic studies of their stabilities were also cdmpleted under
the support of this contract. The results have been publishéd‘respectively in

the American Mineralogist for the laumontite-yugawarélite-wairakite relations as

Section II and in the Journal of Petrology for the prehnite-epidote equilibria

as Section III of this report.

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
completed in August, 1983 and man& other projects were initiated. We thank the
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.
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Experimental invesﬁgation of yugawaralite-wairakite equilibrium

. YisHAN ZENG' AND J. G. Liou

Déparrmem of Geology
: Stanford University
Stanford, California 94305

Abstract

Yugawaralite (CaAlSi,0,4-4H-0) occurs most commonly in active geothermal areas and
‘is associated with other zeolites mcludmg laumontite and wairakite. The stability field of
yugawaralite was experimentally investigated using conventional hydrothermal apparatus
over a P-T range of 200-350° C and 0.25-2 kbar and run duration of 14 to 6] days. The
reversal experiments indicate that the P-T curve of the reaction yugawaralite = wairakite
+ 28i0, + 2H,0 passes through 225=5° C at 0.25 kbar, 223+5° C at 0.5 kbar, 238=5° C at
1 kbar and 245+ 5° C at 2 kbar Py,;y. The thermodynamic parameters of yugawaralite were
calculated: AS; = -2175.46=212.01 J/mol-K, AG®% = —8387.69:4.0]1 kl/mol, AH, =
~9036.19+4.01 kJ/mol. The equilibrium curve, yugawaralite = laumontite + 2Si0,, was
. estimated by employing the thermodynamic data and the calculated slope of 31.3 bars” C.
Present and previous experiments define an invariant point where yugawaralite, wairakite
and laumontit> are stable. The invariant point was located at 234° C and 550 bars in
experimental conditions where Py.o = Piowi- In geothermal systems where Py o is about
- 113 Pyouar. the occurrence of yugawaralite is restricted to depths not much greater than 0.5

km. This result is consistent with its limited occurrence in active geothermal areas.

. Introduction

Yugawaralite (CaAl,Sic0,¢4H.0) was first de-
scribed by Sakurai and Hayashi from vein fillings
near the Yugawara Hot Spring, Japan in 1952. This
calcium zeolite has since been reported to occur
often with other zeolites, including laumontite and
wairakite as euhedral crystals filling cavities and
veins in geothermal areas and as microcrystals in
low-grade metamorphosed volcanic rocks. Yuga-
waralite of the first case includes the type locality;

Heinabergsjokell, Iceland (see Barrer and Marshall,.

1965); Onikobe (Seki and Okumura, 1968) and Shi-
moda, Japan (Sameshima, 1969); Chena Hot
Springs areas, Alaska (Eberlein ez al., 1971); Osilo,
Sardinia, Italy (Pongiluppi. 1977); Bombay, India

(Wise, 1978) and Yellowstone National P ‘Rar- -

gar and Beeson, 1981; Bargar ef al., 2981). 1nese
occurrences suggest that yugaaranic is formed at
low pressures and temperatures and is related to
geothermal - activity. Yugawaralites from the

'Permanent address: Department of Geology. Beijing Univer-
sity, Beijing. China.
0003-004X/82/0910~0937$02.00

Tanzawa Mountains (Seki ef al., 1969a) are be-
lieved to be the product of low-grade metamor-
phism, with an extremely high geothermal gradient.

P-T stability relations of some calcium zeolites
including laumontite, wairakite, and stilbite in the
system CaAl:Si;0g-SiO~H,0 have been investi-
gated (Liou, 1970 and 1971a, b); however the stabil-
ity of yugawaralite and its relationship to those of
other calcium zeolites has not been experimentally
determined. Seki (1969) and Harada (1969) have
suggested that the stability field of yugawaralite is
intermediate between the stabilities of laumontite
and wairakite with regard to temperature.

The purposes of the present study are (1) to
experimentally determine the univariant equilibri-
um curve of the reaction yugawaralite = wairakite
+ 2810, + 2H,0; (2) to calculate the thermodynam-
ic parameters of yugawaralite; (3) to outline the P~T
stability relationships among yugawaralite, waira-
kite and laumontite, and (4) to correlate the experi-

~mental results with paragenesis of Ca-zeolites in

geothermal systems. Chemographic relations of lau-
montite, yugawaralite, wairakite, quartz and some
other calcium zeolites are plotted in the system
CaAl,Si,05-Si0>~H.0 in Figure 1.

937
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mr}hi!e quortz
CoAl,svi,O. molar proportions ?i'Og

Fig. 1. Chemographic relations of some calcium zeolites and
related minerals in the ternary system CaAl,Si,0¢-SiO~H,0.

Experimental methods

Conventional cold seal hydrothermal apparatus was used in
the present study; details of the experimenta! procedure are
described by Liou (1971a). The starting materials include waira-
kite from Onikobe, yugawaralite from Yugawara, and laumontite
from the Tanzawa Mountains, Japan. The compositions, optical
and X-ray propertics, and abbreviations of thesc zeolites are
listed in Table 1. To ensure their purity, all of these minerals and
quartz 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/
Qz2 = 1/2) as products in subequa! weight proportions and
excess H,0. Other charges had mixtures of laumontite and
yugawaralite + wairakite + quartz in the weight ratio 1:2 with
the ratios among yugawaralite, wairakite and quartz the same as
above.

The charges were run from 30 to 61 days at temperatures
ranging from 200° C to 350° C, and pressures from 250 bars to
2000 bars. The recorded temperatures are thought to be accurate
to =5° C and the pressures indicated by the gauges to be =30
bars. All 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 starting materials in the
experiments avoided nucleation problems and enhanced the
growth of seeded 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
diffraction peaks (which were measured by area-ratio) of reac-
tants and products before and after the experiment. When the
mixture of yugawaralite + wairakite + quartz was used in the
experiments, three intensity ratios, Yie/Wron, Yiany/
Wras, 8nd Yuoo2yWrasz, were used. For the mixtures of
laumontite + yugawaralite + wairakite + quartz, the intensities
of enly four peaks, Lmqyio, 8nd Lmyogz), Yuun and Wreay ), were

2Abbreviations: Wr—wairakite; Qz——quartz; Yu—yugawara-
lite; Lm—Ilaumontite.

measured because the other X-ray diffraction 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 Pyie~T
conditions were made and the results showed consistent reaction
direction. Each isobaric equilibrium temperature for the reaction
Yu = Wr + Qz + H;0 was determined by at least 4 runs within a
50° 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, 4° 26/min
scanning speed, 30 in./hr chart speed, intensity amplifier 1 x 10?
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 (SEM/EDAX) 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 tota! of 35 runs
using the mixture of yugawaralite + wairakite +
quartz as starting material are listed in Table 2 and
shown in Figure 2. The growth of wairakite at the
expense of yugawaralite was readily detected for
those experiments at temperatures greater than
250° C because 20-50% conversion occurred. How-
ever, the phase equilibration at temperatures lower
than 250° C, especially P-T conditions close to

Table 1. Chemical compositions, optical and X-ray properties of
natural wairakite, laumontite and yugawaralite used as starting
materials

Mairakite (Wr)*  Laumontite (La)**  Yugavaralite (Yu)sww

810, 54.91 50.99 9.29
1403 0.01 0.02 tr.
Al30y 22.7% 7n.87 17.43
¥e303 0.64 0.09 0.05
o te0 0.4 0.1l 0.25
) 0.01 0.02 wone
g0 0.23 tr. 0.11
ca0 © 11,69 12.00 9.90
¥az0 0.60 0.38 0.26
1,0 0.31 0.10 tr.
%;0° 8.3 14,02 1.8
0" 0.19 0.29 0.10
Total 100.01 9.8 100,26
[ 1,49820.002 1.50620.002 1.493
8 1.512+0.002 1.499
Y 1.502+0.002 1.51630.002 1.50
[ 1.0 14.73770.004 6.73
% 13.66 13.006%0.002 13.95
€ 13.36 7.550+0,003 10.03
8 90°20° 111.9720.02 11130*

*After Liou (1970)
*spfeer Liou (19710)
oskifeer Beki and Okumurs (1966)




equilibrium, is extremely difficult to detect because

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

months duration. In the present study many experi-
ments under closely similar temperature conditions
were made and examination of dissolution and

growth of wairakite by using SEM was found to be

very useful for determining reaction direction. In
the reaction products from runs within the wairakite
field (Fig. 2), especially at pressures higher than 1000
bars, freshly grown, well formed wairakite crystals
with trapezohedron-cubic faces were found. In the
products Tun within the yugawaralite field, poorly
crystallized yugawaralite and subrounded wairakite

ZENG AND LIOU: YUGA WARAUTE—WAIRAKITE EQUILIBRI UM ' 939
Table 2. Experimental results for the reaction: yugawarahte (Yu)
= wairakite (Wr) + 2§i0, + 2H,0 2000 @ ®|O™WO 0 © © o
Run  Temperature Duration Direction of
No. oc days reaction 1500}—
yugawaralite] . . .
%0 = 500 bars : § wairakite + 25i0, +2H,0
L 210 61 Yu <« Wr .
39 220 30 Yu<+ Wr © 1000 [ 1] o o o
7 - 222 60 Yu <+ Wr <
50 230 60 Yu <+ Wr a
66 235 60 Yu > Wr
7 - 244 60 Yu ~ Wr
32 255 28 Yu + Wr 5001 o®eOoO O © o
33 275 28 Yu + Wr
20 294 21 Yu + Wr
13 325 21 Yu + Wr
Pg,0 = 1000 bars 0 l | | |
2 I5C . 200 250 300 350
” 217 28 Yu + Wr o '
% 222 60 Yo + Wr TEMPERATURE, °C
51 224 61 Yu + Wr Fig. 2 Pauic—T curve of the reaction yugawaralite = wairakite
73 228 60 Yu + Wr -+ 28i0; + 2H,0, experimentally determined by using the
36 23 30 Yu « Wr mixture of yugawaralite + wairakite + quartz (run data listed in
61 235 60 Yu $ Wr Table 1)
45 241 31 Yu 3 Wr *
62 246 60 Yu + Wr
15 250 10 Yo + Wo occurred. No new phases were detected by either X-
23 256 28 Yu 3t ray diffraction or SEM observation.
- . .
1 200 2 gl A combination of the criteria of intensity ratios of
21 325 14 Yu + ¥r X-ray peaks and SEM observations was used to
Pgy0 = 2000 bars locate the equilibrium curve of the reaction as
52 221 59 Yu + Wr
22 236 32 Yu + VWr : v
&2 238 32 Yu +¥r 2~ ° 1 o
63 240 60 Yu + Wr ]
65 250 . 58 © Yu +Wr !
64 260 60 Yu + Wr 'l
19 264 0 Yu -+ Wr 15 »
37 e 30 Yu +¥r Loumonfite
38 287 . 31 Yu +Wr a s'
14 301 28 Yu <+ Wr % ]
16 333 . 28 Yu > Wr - Y
7 38 .3 Yu +¥Wr i o ° -
~ - o= ‘8, Wairakite
{ .

] l
250 300
TEMPERATURE, *C

'V| Yugawaralite
0%

. Fig. 3. Payia-T stability diagram for yugawaralite, laumontite,

and wairakite in the presence of excess quartz and fluid. Open
circles (laumontite), solid circles (yugawaralite) and solid

‘squares (wairakite) show the strongest tendency of: growth

among the three zeolites in the four-mineral mixture
experiments. The equilibrium P-T curve of the reaction

- yugawaralite = wairakite + 28i0, + 2H,0 is from the present

experimental determination. The equilibrium dehydration curve
of laumontite is from Liou (1971a); the P-T curve of the reaction.
yugawaralite = laumontite + 2SiO, is calculated.
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passing through 233x5° C at 500 bars, 238+5° C at
1000 bars and 245+5° 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
C3Aleleg—SlOz—H20 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
SiO; and H,0, they define an invariant point. The
intersection of the two experimentally determined
univariant curves for reactions Yu = Wr + 2Si0, +
2H,0 and Lm = Wr + 2H,0 locate the invariant
point at about 234° C and 550 bars. Radiating from
the invariant point is another reaction, Yu = Lm +
28i0,. The phase relationships shown in Figure 3
are also consistent with those proposed by Harada
(1969). o

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 + H,O at high temperature
and by the reaction Yu = Lm + Qz at high
pressure.

Discussion

Calculation of thermodynamic data 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)

Run Temp, Py Duration %ug_l_l_n;m Tendency of
No. ©°C bare days Yu - wr/la  Yo/Wr mineral
crystallization
8 230 2000 k) . - * la >Yu >¥r
83 261 2000 3 . - - La >Wr >Yu
86 242 1000 3 - - - la >W >Yu
8 225 150 30 . - . la >Yu >Wr
8 213 500 30 . - + la >Yu >Wr
87 228 250 k] - s . Yu >W¥r >Lla
91 2335 250 30 - + 4 Wr >Yu > la

~ equilibrium curve for Yu =

ZENG AND LIOU: YUGAWARALITE-WAIRAKITE EQUILIBRIUM

mined reversed P-T brackets using the method of
Fisher and Zen (1971) and Zen (1972). All data used
in the calculations are listed in Table 4.

For the reaction, Yu = Wr + Qz + H,0, the P-T
brackets are: (1) 233+5° C, 500 bars; (2) 238+5° C,
1000 bars; (3) 245+5° 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°nosr) = —2175.46=12.01 J/mol-K,
AGus1, = —8387.69+4.01 kl/mol;
AHof(zgg'” = ~9036.19+4.01 kJ/mol.

Estimation of the P-T curve of the reaction
yugawaralite = laumontite + 28i0,

Using the data listed in Table 4, the slope of the
Lm + 2Si0, was
estimated according to the Clapeyron equation. The
calculated slope is 31.3 bars/ 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 + 2H,0 and .
Yu = Wr + 2Qz + 2H,0, the P-T line for the solid—
solid reaction Yu = Lm + 2Qz 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 expenmental condmons of Puo
= P, total. . )
It should be pointed out that the equilibrium Yu -
= Lm + 2Qz is a solid-solid reaction, hence its P-T
locations are independent of fluid composition and
of Py,0/Pioral. In contrast, the two experimentally
determined dehydration reactions shown in Figure -
3 are very sensitive to variation in Py 0/Piora ratio.
The Pguia/Piorat Tatio 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 Puo = 0.3 Pioral
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
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“Table 4. Thermodytlamic paramcters of some Ca-zeolites and quartz

Mineral Laumontite Wairakite ‘Quartz Yugwanlitev
Formula calzsuol 2 *4H0 cuizsi,,ou *2H0 8102 CaAl281i60) 64120
. a6° o . =6685,22 -6185.45 -856.65 -8387.69
(kI/mol) '
a® K =7237.11 -6612.01 -911.08 © =9036.19
(kI/mol) - .
dgxg -1851.05 -1430.69 -182.58 -2175.46
(J/mol'K) :
veo 20,7638 18.6951 2,2697 26,6033
(J/baremol) - :
_Source llelgelon et al. . Helgeson et sl. !l.elgeaon et al. present study

(1978)"

(1978)" (1978)

~ #*Calculated from 8GO, and AHO,

+ Qz with decreasing PonlP,ml ratio. At the PH,O
= 0.3 Pioa1, the invariant point is estimated to be

about 172° C and 230 bars P Apparently, in
geothermal systems. where the fluid phase contains -

abundant other components in addition to H,0, and
where Pgyia/Piota Tatios may be approximately 0.3,

yugawaralite stability would be considerably re-
stricted to smaller P—T ﬁelds and to lower tempera-
tures. -

- ',Geologlcal applications ‘
The experimental results, which have located the

stability field of yugawaralite at low temperatures

and pressures, are consistent with its occurrences
.in geothermal fields and low-grade metamorphic
terrains. ‘ Seki and Okumura (1968) described
yugawaralite from the Onikobe geothermal area at
depths between those corresponding to the laumon-

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 al., 1981)

indicate that yugawaralite in drill hole Y-2 is re-
stricted to a narrow zone of 149-152.2 m at tem-

peratures of about 200° C whereas in drill hole Y-3,

it is formed in a zone of about 73 m in depth and

170° C. These direct temperature measurements in
both Yellowstone and Onikobe geothermal systems
are plotted in Figure 4 and are compatxble with the
present data.

As shown in Figure 4, the paragenetic depth
sequence of Ca-zeolites in a geothermal system is
highly dependent on imposed thermal gradient,
'PH:OIP.O,,, ratio and other factors including solution
compositions (e.g., Giggenbach, 1981). In a geo-
thermal system with relatively high geothermal gra-
dient and high Py o/Piowa ratio, yugawaralite may
be stable and the depth sequence could be morde- -
nite—laumontite—yugawaralite—wairakite. On the

" other hand, in the regions with lower geothermal

gradient and lower Py,0/Piora ratio, yugawaralite is
not stable and zonauon of Ca—zeohte could be mor-

0.0
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20 ! ,
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]
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'% [Xe] o8 " *‘Wairakite
o !
. ' -
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0 01"3—“ LY’ [] 1 I 1
100 150 . 200 250 300 400
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Fig. 4. Pg,io~T diagram showing the stability relations among
yugawaralite (Y), laumontite, and wairakite in the presence of
excess quartz and fluid at Py,o/Prom = 1.0 and 0.3. The
recorded temperatures and depths for yugawaralite occurrences
in Onikobe (Scki et al., 1969) and in Y-2 hole of Yellowstone
(Bargar and Beeson, l981) geothermal systems are also plotted
for comparison. .
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deﬂite—»laumontite—»walraklte Because many: geo—
logic, solution and hydrologic conditions may con-
trol both Py o/P,m, ratio and geothermal gradlent

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 Sekiet al., (1969b) - o

The yugawarallte in Alaska occurs about 14 miles
from Chena Hot Springs and was suggested to have
been deposited under conditions of low fluid pres-
sure of 150350 bars and temperature ranges of 200°
to 300° C (Eberlein ez 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 er al., 1969a) merits comment. The
geothermal gradient for the hydrothermal formation
of stilbite, laumontite and wairakite has been sug-
gested to be high (Seki et 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 (>1 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
potentlally be used as a geobarometer
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Prehnite — Epidote Equilibria and their Petrologic
Applications o
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ABSTRACT

The stability relations of prehnite and epidote were experimentally determined for the bulk
composition of Ca,Al,FeSi,0,,(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, (II) mixtures of synthetic epidote and natural prehnite + hematite in subequal proportion;
and (I1I) reground run products. Over a range of [, epidote was readily synthesized from
starting material (I) at 500-550 °C, 5-8 kb Py,,,, run duration of 7 to 45 days, and prehnite grew at
the expense of its high-T epidote assemblage at temperatures below 350 °C, 2-8 kb, run duration of 20
to 50 days. Grandite garnet was in some cases detected, especially in the synthetic run products at
lower fo, values and at higher temperature in longer experiments.

Microprobe analyses indicate that the Fe3*/(Fe** + Al) ratios of synthetic epidotes and prehnites
vary as a function of /o, and temperature. Both epidote and prehnite are most iron-rich at 325 °C and 2
kb, 353 °C and 5 kb and 373 °C and 8 kb and fo, of the HM bufTer; 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 °C, 2 kb,
353-375 °C, 5 kband 373-395 °C, 8 kb Py,4 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/Al 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),-
8i,0,,(OH) for epidote and Ca,(ALFe)(AlSi;)O,,(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
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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 Al between prehnite and

epidote and the effect of temperature and oxygen fugacnty 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. -

EXPER[MENTAL METHOD

Synthesns and stability relations of prehnite and epidote were studled 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 + 1

per cent at all pressures, and temperature within + 5 °C for runs at 2 kb and + 10 °C for the
5-8 kb experiments.’

Three kinds of starting matenals were used for the expenments (I) a mixture of natural
prehnite and hematite in the stoichiometric proportions of Ca,Al,FeSi 0,,(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; (II) mixtures of synthetic
epidote and natural prehnite + hematite in subequal proportions; and (III) reground run
products. Mixture I was used to synthesize epidote in runs of 7 to 45 days duration whereas
mixtures 11 ‘and II1 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 comparlson of X-ray intensities of the high- and low-temperature

assemblages.

An ARL electron mlcroprobe 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 threc elements

simultaneously at a single spot. X-ray counts for Fe, Si, Al were recorded first, followed by -

Fe, Ca, Alin order to check for consistent Fe and Al 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 °C) 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 aI ’

(1972).
The abbreviations for the solid phases and oxygen buffer assemblages described in this

11
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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,0,~Al,0,~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 Fe?+/(Fe’t + Al) ratio of 0-0 to 0-25 and grandite

TAaBLE 1
Abbreviations and compositions of phases and oxygen byffer assemblages

Ep = Epidote, Ca,Al;  Fe Si;0,,(0H), where x <1.05
Zo = Zoisite, Ca,Al,Si;0,,(OH)

Pr = Prehnite, Ca,Al,_,Fe,AlSi,0,,(OH),, where x <0-§
Gd = Grandite, Ca,(Fe, Al),Si,0,, ’

Gr = Grossular, Ca,Al,Si,0,,

And = Andradite, Ca,Fe,Si,0,,
Gt = Garnet, Ca,(Al,Fe),Si,0,,
An = Anorthite, CaAl,Si,0,
Mt = Magnetite, FeFe,0,

Ht = Hematite, Fe,0,

Qz =Quartz, Si0,

HM = Hematite-Magnetite Buffer, Fe,0,~Fe,0,

NNO = Nickel-Nicke! Oxide Buffer, Ni~NiO

QMF = Quartz + Magnetite + Fayalite Buffer, §i0,—Fe,0, + Fe,SiO,
IM = Iron-Magnetite Buffer, Fe-Fe,O,

IW = Iron-Wustite Buffer, Fe-FeO
MW = Magnetite-Wustite Buffer, Fe,0~FeQ

F = Fluid
Fe,0,
+ Quartz, Fluid
Almandine
Ca,Fe, Si,0,,(0H)
Hercynite ' \.Co,Fe,Si,O,Q(OH)z
Androdite
PS33) Marens:
LA
3/
Q‘ \
| '«/ v
A1,05¢ ‘ Cal

Fi1G. 1. Compositions of epidote, prehnite, garnet and other phases in the system CaO-Fe,0,-Al,0,-5i0,-H,0

with excess quartz and fluid as mole proportions. Thick solid lines represent solid solution of epidote, prehnite and

garnet. Ca,Fe,5i,0,,(OH) and Ca,Fe;Si;0,,(OH), are ideal Feend members of epidote and prehnite,
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 °C using various
oxygen buffers, 5 to 8 kb Py, 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 fo, 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 Py, 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,_,Fe $i,0,,(OH) where x is less than 1-05. For several run
products, 5-7 analyses were completed for each charge; the range of Fe,0; 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 analyses of epidotes formed at various fo~T—Pg,., conditions

Runno. 15 Run no. 41 Runno. 47 Runno.42 Runno.38 Runno.49

(HM, (HM, (NNO, (NNO, (QMF, (QMF,
513 °C, 499 °C, 352°C, 502 °C, 376 °C, 414 °C,
8 kb, ‘ 2 kb, 8 kb, 2 kb, 2 kb, 5 kb,
358 hrs) 789 krs) 258 hrs) 789 hrs) 725 hrs) 482 hrs)
Sio, 36.36 36-80 36-65 37.03 37-84 37.00
CaO 23.41 23.07 . 23-51 © 2278 23.71 24-10
Al,0, 21-96 20-17 T 24.38 23.84 . 2497 24.22
Fe,0,* 16-95 17-63 13-83 14.36 13.07 12.81
Subtotal 98-68 97-67 98-37 98-01 98.59 98-13
Number of cations based on 25 oxygens :
Si 5.83 5-99 -8 5-96 591 5:92
Al 4-15 3.85 4.59 , 4.48 4.60 4.57
Fet? 2.05 2:16 166 - 1-72 1.54 1.47
Ca 4.02 4.02 4.02 3.89 397 4.13
Ps 33 ©. 35 27 3 25 25
Rangeof - R , :
Fe,0, 17-23-15-56 ~ 18.01-16-97  14.96-11.76 . : 14.25-11.07

® Total Fe as Fe,0,.
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shown. The Fe**/(Fe** + Al) ratio of the epidote decreases as Jo, 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)g,-26(111), using CuK,
radiation. The range of the unit cell dimensions is a (+ 0-009) = 8.921-8-842 A; b(+0-004)
= 5:667-5-618 A; c(+0-012) = 10-199-10-110 A; B(+0-052°) = 115-770°-115-296°
and cell volume (+0-65) = 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

Prehnite

Prehnite was crystallized from its high-temperature equivalents at 300 °C using various
oxygen buffers, 2 to 8 kb Py,4, 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 Ca,Al, _,Fe, (AlSi;)0,,(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 diffraction peaks (020;,-111,) for some
synthetic and natural epidotes

Run  Byffer P, Temp. Duration a4 b A | B(® V,A? 41CuK (°)
no. (bars) (°C) (hours) +0-009 +0-004 +0-012. +0-052 +0-65 +0-012

15 HM 8000 513 358 8907 5.642 10-189 115-490. 462-19 . 3-240
59-6 HM 8000 386 954 8.917  5-652 10-180 115-330 463.73  3.244
39 HM 5000 388 1152 8.910  5.646 10-199  115-365 463.63  3-170
17 HM 5000 349 670 8.900 5.648  10-180 115.360 463.75  3-175
41 HM 2000 499 789 8-891 5.667 10-178 115.320 463-57  3-167
47 NNO 8000 552 258 8-897  5-659 10-168 115:311 462.76  3-171

55 NNO 5000 428 501 8.908  5.648 10-179  115.353 462-80  3-167
52 NNO 5000 499 1005 8-921 5-637  10-179  115-388 462-44  3.227

42 NNO 2000 502 789 8.903  5-639  10-168 115.328 461-40  3-339
48 NNO 2000 422 524 8-901 5-645 10-187  115-459 462-12  3-260
54 NNO 2000 . 389 735 8914  5.658 10177 115-333  463-92 3.272
46 QMF 8000 552 258 8900 5-618 10-189 115.296 460-39  3.185

59-5 QMF 8000 412 889 8.891  5-658  10-165 115.353 462-10  3-192
49 QMF 5000 414 482 8-894  5.648  10-167 115-415 461-30 - 3-208
58 QMF 5000 402 998 8-894  5.638  10-173  115-406 460-73  3-162
38 QMF 2000 376 715 8.894 5.630 10-169 115-362 460-10  3-185

43 QMF 2000 503 789 8.889  5.627 10-162  115-311 . 459-49  3.333

53 QMF 2000 389 735 8.889  5-644 10-157 115-459. 460-10 = 3.222
59 QMF 2000 363 981 8.911 5.646  10-168 115-465 46187  3-122

51 IM 5000 499 1005 8-842  5-663 10-110  115-534 456-78  3-093
59-2 IM 5000 550 616 8.884 ~ 5-639  10-140 115-770  457-47  3:212
Natural epidote! . 8904  5.649  10-173  115-403 462-10 = 3.204
Natura! epidote? ) 8907  5.660 10-180 115-400 463-60  3-146 -
Natural epidote? : 8-899  5-639 10-166  115-383  460-90 - 3-269

! from San Isido, Baja California, with composition Ca, oFeg3Al,.osFep 58130 1,(0H) (Myer, 1965).
2 from Westfield, Massachusetts, with composition Ca,.q)Fedd;Al,.94F¢;.0s8iy0,2(0H) (Liou, 1973).
3 from Gaspe, Quebec with composition Ca, .o,Feg1Nag.osAly.0sF€0.5:M80.0:51;,0,{(OH) (Myer, 1966).
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Coombs et al. (1977). Microprobe analyses of four synthetic and one natural prehnites are
listed in Table 4. which gives the range of Fe,0, and the most representative composition for
each charge together with its experimental conditions. As with epidote, the Fet/(Fe®* + Al)

ratio in the octahedral site for the synthetic prehnite varies as a function of oxygen fugacity.

TABLE 4
Electron microprobe analyses of prehnites formed at various f,~-T-Pg,, conditions and
C natural prehnite '
Runno.21 Runno.59-7 Runno.52 Runno.59-5 Runno.43 Runno.38 Natural*
(HM, (NNO, (NNO, (OMF, (OMF, (QMF, prehnite
300 °C, 401 °C, 499 °C, . 412°C, . 503 °C, 376 °C,
2 kb, 8 kb, S kb, 8 kb, 2 kb, 2kb, ~ (starting
986 hrs) 676 hrs) 1005 hrs) 889 krs) 789 hrs) 725 hrs) material)
§i0, . 43-20 43.00 42.94 43.45 42.05 43.85 42.50 ‘
CaO 25.78 - 26-39 25.91 26-39 2712 25.99 27-13
Al O, 20-36 20-35 25.02 20-90 23-87 21.01 24.29
Fe,0, . 4.91 4.53 0-92 39 1-23 3.70 . 0-88.
(total Fe) ‘ _ '
Subtotal 94.45 94.27 94.79 94.66 94.27 94.55 94.80
Number of cations based on 11 oxygens
Si . 3.05 3.04 2.97 3.05 2-95 3.07 2:96
AlY 0-95 0-96 1.03 0-95 1-05 0-93 1-04
A 0-75 074 1-01 0-78 0-94 0-81 0.95
Fe®? 026 0-24 0.05 0-21 0-06 -0:20 0-05
~Ca 1.95 2:00 1.92 1.99 2-04 1.95 2-02
Fet3/AIM! & Fet? 0-26 0-24 0.05 0-21 0.06 0-20 0-05
Fe't/(Al + Fe’t) 0-13 0-12 - 0.02 0-11 - 0-03 0-10 0-02
Range ong,O, - 3-08-5-91 3-69-4-85  0-75-1:17 2:-69-4.51  0-90-1-51
® Natura! prehnite from Prospect, New South Wales.
TABLE S
Unit cell dimensions of prehnites formed at various fo—~T-Pp,, conditions and natural
' : o prehnites '
Run  Byffer  Ppug Temp. Duration  aA bAd . cd VA
no. (bars) . (°C) (hours) ~ 10-003 1003 1003 +0-3
$9-6 HM 8000 386 954 4.637 5.477 18.403 467-39
21-} HM . 5000 m 689 4.652 $-488 18-447 470.96
41 HM 2000 499 189 4.648 8485  18.411 469.39 -
21 HM 2000 300 986 4.655 5.492  18-498 492.91 -
47 NNO 8000 552 258 4.639 5-457  18.439 466-75
34 NNO 5000 350 785 4.645 5471 18.396 46749
54 NNO 2000 389 735 4.622 5.824  18-362 468-80
55-1 NNO 2000 369 836 4.642 5.481 18-454 469-52
46 - QMF 8000 552 - 258 4.634 5489  18.429 468-63
$9-5 QMF - 8000 412 889 4-630 5.452  18-428 465.17
58 QMF 5000 402 998 . 4.645 5-488  18.432 469-87
59 QMF = 2000 363 981 4.643 5.492 18.473 471.05
38 QMF 2000 316 715 4.644 5.490 = 18.452 470-44 -
*Natural Prehnite 4.642 5473  18.421 470-00

® Natural prehnite from Prospect. New South Wales (same as Table 4).
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Because regrinding the prehmtes in run products for reversal experlments markedly reduced

the grain size, the prehmtcs in reversal experiments are not coarse enough for mlcroprobe '

analyses. Therefore, the few prehmte analyses listed in the table are not sufficient to detect the
relationship between temperature and the Fe3*/(Fe*+ + AlY! 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 thc‘ synthetic prehnites was found;
they are a(+0:003) = 4.655-4:622 A, b(+0.03) = 5:524-5.452 A, ¢(+0.03) =

18-498-18-362 A and cell volume (+0-3) = 472-91—465-17 A%, The cell edges or volumes

correlate systematically with the experimental conditions: as for epidotes, they increase with
increasing oxygen fugacity-and with decreasing temperature. The increase in unit cell size for

the synthetic prehmte is- attnbuted 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 f, 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 synthetic and natural magnetites are listed in Table 6. The
range of a axes is 8-402-8-397 A at f defined by the HM buffer, 8-402-8-378 A at the
NNO buffer, 8:397-8-384 A at the QMF buffer and 8:390-8-381 A at the IM buffer. As
suggested by the data, the cell parameters of synthetic magnetite decrease shghtly and

TABLE6
Unit cell di_mensions of synthetic and natural magnetites

Runno. Byffer  P,, Temp. Duration a4 v, 4
. (bars) (o] (hours) . 0002 +0-5

59—6 “HM 8000 386 954 8.397 592.07
4] - HM 2000 499 789 8.402 593.05
47 . = NNO 8000 552 258 8.378  588.02
52 NNO 5000 499 1005 8.393 591.30
34 NNO 5000 350 785 8-402 593.05
42 - 'NNO . 2000 502 789 8-398 592.22
48 NNO, 2000 422 524 8:399 592.46
" 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 399 115 8.394  591.43
43 QMF 2000 503 789 8.390 590-59
53 -QMF 2000 389 735 8-393 - 591.30
. 59 QMF - 2000 - 363 981 8-397 592-03
51 M 5000 499 1005 8.391 590-59
59-2 M 5000 550 616 8-380 588-59
- Naturaf magnetite - ' 7 8.379  588.27
Synthetic magnetite o 8-396 591.86

i Natura! magnetite: From Lovers Pnt, Minevilk, New York, (Newhouse
& Glass, 1936).
Synthetic magnetite: Natlonal Bureau of Standard, Monograph 25,
Section §, 31 (1967).
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systematrcally with decreasmg Jo, or with i mcreasmg temperature along the buffer curves at

constant Pg,,. From the data of Turnock & Eugster (1958), such a variation is mamly
attributed to the substrtutron ‘of Al for Fe3+ at the hrgher temperature and more reducmg
environments. - ; »

Garnet

in some run products of synthesis and reversal experiments. The measurement of gamet cell

dimensions was not attempted because its X-ray reflections aré weak and overlap with those .

of major phases such as eprdote, prehmte and magnetxte Mrcrbprobe 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 Jo,, the grossular component in
synthetic grandite garnet increases, as reflected by the systematically decreasing value of the
cell edge and refractive index (Np). His results support the suggestion that the Fe’*/ (Fe’+
Al) ratio of grandrte varies as a functron of fo, and temperature

-~ "EXPERIMENTAL RESULTS* -~

Run data

The synthesis run data indicate that the high-temperature assemblages consisted of eprdote, '
garnet, hematite and magnetite with small amounts of prehnite at the f,, defined by the HM -
buffer. However, in lower Jo, experiments, phases- such as eprdote, 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 °C, and at various f, values. .
Fifteen reversal runs were first performed in a narrow temperature range of 300425 °C

with various /o, buffers and 2 kb Py, in order to determine the equilibrium temperature and -

the continuous nature of the equilibrium relation between prehnite and epidote. Twenty-seven
reversal runs at Pp,; = 5-and 8 KB were later.completed to determine the effect of Pg,q-0n

the isobaric fo ~T relations. The reversal experiments at 2 kb Py,,4 required durations of 30to " - -

50 days, whereas at 5-8 kb Py, the reaction was readily reversed in 20to 35 days Epidote

and. magnetrte 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 f, ~higher -
temperature runs. Both garnet and prehnite, together with eprdote and magnetrte, occur only .

in the P-T field of a transition zone shown in Figs. 2-4, -

The experimental results on the. prehnite—epidote stabtlrty are plotted on conventronal
isobaric log fo~T dragrams of Figs. 2 and 3. The maximum stability limit of epidote (Liou,
1973) is shown for companson Both Liou’s and the present expenments have rdentrcal bulk :

starting compositions.
As shown in Figs. 2-3, eprdote has a wrde stabrlrty field over the temperature range of

300-550 °C, 2-8 kb Py, and at various fo, values. The present results have delineated two - .
reactions; for simplicity, we use the phrase garnet-in reaction to define the minimum stability -

for the garnet-bearing assemblages and the prehnite-out 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 composrtrons of these phases vary with the P,,,M—T fQ condrtrons B

and they are therefore designated wrth solid solution (s.s.) as a subscnpt

®*The expenmental run tables are available from the semor author.

Garnet was detected by X-ray diffraction as a minor phase (less than 5 per cent in volume)
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FiG. 2. Log fo-T diagram for the garnet-in and prehnite-out reactions at 2000 bars P,,,. High and low

temperature assemblages are shown. Circles are for reversal experiments and squares are for synthesis runs. Solid

circles: assemblage epidote, , + garnet,, is stable. Open circles: assemblage prehnite,, + epidote, , is stable.

Half circles: assemblage epidote, , + prehnite, , + garnet, , is stable. Solid squares: successful growth of high- -T

assemblage. Open squares: unsuccessful synthesis runs. The previously determined curve for the maximum

stability of epxdote from Liou (1973) is also shown for comparison. The oxygen buffer curves of Huebner (1971)
are corrected for pressure.

Garnet-in reaction

The garnet-in reaction is defined by a discontinuous reaction: prehnite, , + iron oxide + O,
= 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 +
5°C, 2kb, 353 + 10°C, 5 kb, 373 + 10 °C, 8 kb, the NNO buffer curve at 356 + § °C, 2
kb, 385 + 10 °C, 5 kb, 405 + 10 °C, 8 kb and the QMF buffer curve at 369 + 5 °C, 2 kb,
395 + 10°C, 5 kb and 412 + 10°C, 8 kb P,y The equilibrium temperature for the

‘garnet-in reaction at fo, defined by the HM buffer is about 4045 °C lower than those of the
NNO and QMF buffcrs »

‘As discussed in the previous sections, with successwely increasing temperature and
decreasing fo,, both epidote and prehnite become progressively more aluminum-rich and
coexisting garnet moves toward the grossular end-member; concomitantly, the Fe+2Al,0,
component of magnetite increases. At temperatures ranging from 325 °C to 405 °C, 2 kb
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(C) buffers. The previously determined curves for the maximum stability of epidote from Liou (1973) and from
Naney (1977) are shown for comparison (symbols are same as Fig. 2).
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Pp,q and fo, defined by the HM buffer, the coexisting epidote and prehnite have their
maximum Fe3t contents at the conditions defined by the garnet-in reaction, with the epidote
containing higher Fe*? 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 log fo-T
and Py, 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 equilibrium 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 II, 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 III, 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 + § °C, 2 kb,
375 + 10 °C, 5 kb, and 395 + 10 °C, 8 kb, the NNO buffer curve at 377 + 5 °C, 2 kb, 407
+ 10 °C, 5 kb, and 430 + 10 °C, 8 kb and the QMF buffer curve at 388 + 5 °C, 2 kb, 416 +
10 °C, 5 kb and 435 + 10 °C, 8 kb Py, Apparently, at fo, values defined by the HM buffer,
the upper stability limit of prehnite is about 35 and 45 °C 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 fo, and temperature, and the
prehnite, , + magnetite + epidote, , assemblage is stable at low fo, and temperature. In a
narrow fo-T region, prehnite, , + garnet, , are stable along with epidote and iron oxide for
the bulk composition.

The Pg,T relations for the gamet-m 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 Pp T slopes of about 1 kb/9 °C. The steep slope of the
univariant lines suggests that the reactions are not sensitive to variation in Pg,,, 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,0O 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 °C at
2kb, 22 °C at 5 kb and 25 °C at 8 kb Pp 4. .

PREHNITE-EPIDOTE EQUILIBRIA

The garnet-in ‘and prehnite-out reactions should be considered in the system CaO-
FeO-Fe,0,-A1,0,-Si0,~H,0. Fig. 5 shows the phase relations of prehnite, epidote, garnet
and hematite as a functxon of temperature in the pseudo-ternary system CaO-Fe,0,-Al,0,
with excess quartz and fluid at 2 kb Py, and fo, defined by the HM buffer; X gives the
starting composition for the present experiments. Four isobaric—isothermal sections are
drawn for increasing temperature to show the compositional relations among garnet,
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FiG. 5. Phase relations of prehnite, epidote, garnet and hematite as a function of temperature in the system

Ca0-Fe,0,~A1,0,-8i0,-H,0 with excess quartz, and fluid at 2000 bars Py, and fo, of the HM buffer. Positions

of tie lines are qualitative. X is the starting composition for the present study and arrows indicate the shift 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,0,~Al,0, at temperatures below
325 °C are shown in Fig. 5A. 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 + grandite are stable at’

this P-T-f,, condition. Fe-epidote cannof coexist with andradite garnet. At 325 °C, a
discontinuous reaction, prehnite,, + HM = epidote,, + grandite,, + quartz + H,0,
occurs. This reaction is equivalent to the garnet-in reaction of the present study.

At temperatures between 325 °C and 350 °C, 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 Al,0,~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 °C are similar to those at 325°
to 350 °C 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 assemblage 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 °C, 2 kb Py, and the fo, 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 Al,0, content as shown by arrows. At the temperature range of 405° to
550 °C, another continuous reaction of epidote,, + HM = garnet,, + quartz + fluid
occurs.

The phase relationships shown in Fig. 5 led to the following conclusions: (1) within the
temperature range of 325-550 °C, 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 °C 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 variations and assemblages of minerals shown i in Frg S 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 -X

projection of phase relations along the Ca,Al,Sr,O,o(OH),-Fe,O, join at 2 kb Py, and fo, of
the HM buffer. Solid lines are deduced from present and previous experimental data and
dashed lines are inferred relations. At temperatures below 325 °C, 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 °C. At this temperature, Al-prehnite breaks down to clinozoisite + grossular .

+ quartz + H,0 (Liou, 1971). The discontinuous reaction occurs at 325 °C and the
continuous one at about 343 °C 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+? between these phases is such
that prehnite is more aluminous than coexisting epidote .and garnet, and garnet is the most

iron-rich phase (Bird ef al., in press). It should also be pointed out that the composition of N o

Al-epidote is much more sensitive to temperature change than that of Fe-eprdote whereas the
opposite relation holds for prehnite.
Phase relations at higher temperatures in - the pseudo-bmary systern appear to -be

complicated and cannot be constructed with certainty. An interpretative relation is drawnin - -
Fig. 6; it was deduced from (a) the calculated reaction for the breakdown of clinozoisite (Ps - - :-
=0) to anorthite + grossular + fluid at about 590 °C, 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 °C at 2 kb dependingon - .
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the relations among prehnite, epidote, garnet and hematite at 2000 bars Ppqand fo, of the HM buffer. The system -

is pseudo-binary only in the Py, ~T regions where garnet solid solutions form.

the /o,; and (d) a transition loop with garnet as the higher-temperature phase as suggested by
Al-Fe* partitioning between epidote and garnet (Kitamura, 1975).- .~ : .

Construction of the T-Xg,. relations and discussion of both continuous and discontinuous
reactions can be best illustrated by using Thompson’s approach (1976); the results are shown
in Fig. 7. For the system discussed in this paper and the Jo, above the HM buffer, five
continuous reactions (Ga), (Qz), (Hm), (Pr) and (Ep) and one discontinuous reaction are

schematically shown-in the P-T diagram of Fig. 7. At constant P = P, (=2 kb), T-X;.

relations of prehnite, epidote and garnet shown in the figure illustrate the following features:

- (1) Both continuous and discontinuous reactions are easily recognized in this diagram. For
the starting ‘composition of the present system, the continuous reaction is prehnite,, =
garnet, , + epidote, , .+ quartz + fluid. With increasing temperature, these 3 Ca-Al silicates
increase their Al content. At the Al-end member, prehnite breaks down to grossular + zoisite
+ quartz + H,0 at 405 °C and 2 kb Py, (Liou, 1971). On the other hand, the discontinuous
reaction is defined by prehnite,, + hematite = epidote,, + garnet,, + quartz + H,0.
Epidotée has maximum Fe** content at the discontinuous reaction. ' :

(2) In the presence of epidote, prehnite -reaches its maximum Fe’* content at the
temperature defined by the discontinuous reaction. However, at lower temperatures, prehnite
composition is highly dependent on the mineral ‘assemblage. If prehnite coexists with' garnet
(or presumably another ‘Ca-Al phase) and hematite, it may have higher Xp.. than the
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line) reactions relating prehnite, epidote, garnet, iron oxide, quartz_and. fluid in system CaO-Fe,0~
AlL,0,~8i0,-H,0-0 following the procedure of Alan Thompson (1976). Mineral compositions and assemblages

shown in Fig. 5A, B, C and D are¢ indicated. X is the starting compositiori for the present study. Temperatures ¢ - e

shown on the diagram are from the present data and Liou (1971). =~ =+ - ..
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prehnite coexisting with epidote—hematite—quartz. The temperature—compositional rela-
tionship is qualitatively shown in Fig. 7. More systematic compxlanons of compositions for
these Ca—Al silicates are necessary.

(3) Phase relations for the pseudo-ternary system CaO-Al,0,-Fe,0, as a function of
temperature shown in Fig. 5 are schematically designated as A, B, C, and D in Fig. 7. The
T-X;,.» relationship of Fig. 7 provides a quantitative estimate of the Fe*2-Al distribution
coefficient among coexisting Ca-Al 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 the fo, values defined by the HM buffer.
At lower fo, conditions, magnetite is stable i in most geologxc conditions, and phase equilibria
and mineral compositions are significantly different. Fig. 8 is a tetrahedron showing the phase
relations of prehnite, epidote, gamet, and iron oxides as a function of f; in the system
CaO-FeO-Fe,0,~A1,0,-8i0,~H,0 in the presence of excess quartz and ﬂmd at a given
Pp,4. Compositional shifts for magnetite, epidote, prehnite and grandite with decreasing fo,
are shown by arrows. Hence mineral assemblage at various fo, values could be similar while

mineral compositions could be different. For instance, at the fq defined by the HM buffer,

assemblages hematite + magnetite (b) together with either epidote (¢) + prehnite (d) or
epidote (c) + andradite (¢) or prehnite (d) + andradite (¢) are possibly stable in certain P-T
ranges. At the lower fo, conditions defined by the NNO and QFM buffers, the assemblage
magnetite (b’) + epidote (c’) + prehnite (d') + grandite (¢’) is stable. Therefore, at fo,
conditions lower than those of the HM buffer, the phase relations shown in Fig. 6 should be
modified.

Magnetite
' > FeO
“(‘ vd
+ EAndradite
Epidote ; e
(ps3s) RN 7F

A'203 0, 4 ‘A,e’o‘. cao
CL Y7
o, e %
o

F1G. 8. Tetrahedral projection showing phase relations of prehnite, epidote, garnet, hematite and magnetite as a

function of f,,, in the system CaO-FeO—Fe,0,-AlL,0, with excess $iO, and H,0 at a particular but unspecified

Pyyyg- Tetrahedrons abed, abde and bede are for the systems controlled by the HM buffer. Tetrahedron b'c’d’e’ is
for the NNO, QMF and IM buffer systems.
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DISCUSSION AND 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
Pg,q 2nd 300-400 °C; the Xg,.» 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 A1 content. Partial assemblages (epidote + prehnite, prehnité + garnet, epidote +
garnet) are rather common; the reported occurrences, their Xg.» 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.

Compositiohal variatibns of, préhnite and epidote o
The extent of solid solution in prehnite defined by the two end-members Ca,-

ALSi,0,,(OH), and Ca,Fe*?AlSi,0,,(OH), 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 X 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 Zolotukhin et al. (1965), respectively.
However, Matsueda (1975) suggested that a compositional gap occurs between 8 and 13 per
cent and that the maximum substitution of Fe*? for Al may be up to 10 wt per cent Fe,0,
(Xge» = 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 condi(ions and distribution coefficients of co-
existing Ca—Al silicates from some low-grade metamorphic rocks

Mineral assemblages Xk XEB . X% Suggested P~-T x,AIF e x4 Fe** References
. : - conditions 2pr-Ep ?Ga-Ep
Pr+Gt+Ch+C . +Qz 0-24 0-99 2-3kb, 300-400 °C Coombs er al., 1977
Pr+ Gt+ Act+ Ch+ Q2 0-23  0-67- 2-3 kb, 300400 °C . - 02 Coombs et al., 1977
Pr+Ep+Gt+Pm+Act+Qz 0-05  0-33 0-53 2-3 kb, 300400 °C . Coombs et al., 1977
Ep + Gt + Ch + Opaque . 0-32°  0-64 1kb,400°C 03 Kitamura, 1975
Ep+Gt+Cpx+C, . 0-24  0-53 1kb,470°C . 03 Perchuk & Aranovich, 1979
Pr+Ep+Qz 0-19 - 0-26 Prehnite~pump. facies - 1.5 Houghton, 1982
Pr+ Ep+Pm+ Ch+ Ab 0-11 . 027 Prehnite—pump. facies 3.0 | Zen, 1974
Ep+Pr+Qz ) .0-18  0-24 0-4kb,320-C - 3.9 Bird et al., in press
Ep+Pr+Qz 018 0.24 0:5kb, 334 °C ~ 2.9 Bird et al., in press
Pr+Ep+Ch+ K, +Cpx 0-03 023 > 0-5kb 250350 °C 9:6 Cavarreta et al., 1980
Pr + Ep + Act 003 023 Greenschist facies 10-8 Evarts & Schiffman, 1983
Pr+Ep+Mt+Qz 010 028 . 2kb, 376 °C . 30 The present study
K A}-Fe¥ : Partition coeff bet h Al-Fe**
> Pr-Ep ion coefficient ween pre mte and epldote Ky ‘Gr-Ep Pmmon coe(ﬁclem betwecn gamet and epidote.

Py , Pm = pumpellyite K, = K-feldsp

Ch = chlorite, C, = calcite, Act = actinolite, Cpx = cli
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Fi6. 9. Histograms showing compositional variations of analyzed prehnite and epidote in low-grade metamorphic

rocks together with the proposed compositional gap for prehnite by Matsueda (1975) and for epidote by Strens

(1965). A. Data for prehnite are from Surdam (1969), Zen (1974), Coombs et al. (1970), Houghton (1982) and

Evarts & Schiffman (1983). B. Epidotes for the pumpellyite-actinolite and greenschist facies rocks are from

Brown (1967), Toriumi (1972), Coombs ef al. (1976), and Nakajima er al. (1977). C. Epidotes for the

prehnite~pumpellyite facies rocks are from Kuniyoshi & Liou (1976), Kawachi (1975), Keith er al. (1968),
Mehegan et al. (1982), Houghton (1982), Smith et al. (1982) and Evarts & Schiffinan (1983).

prehnite—pumpellyite facies rocks (Surdam, 1969; Coombs et al., 1977; Mchegan et al,
1982; Evarts & Schiffman, 1983; Bird et al., in press) are plotted in Fig. 9A. The results
indicate that no compositiona! discontinuity in the range of 8 to 13 mole per cent exists and
that prehnite may contain up to Xg. = 0-30.

The existence of & miscibility gap between Ps 12 and 22 within the epxdote 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 prehnite~pumpellyite,
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 pumpellyite—-actinolite
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 Al and Fe*} aqueous
chloride solutions (aq). Their experiments demonstrate complete solid solution between
andradite and grossular.

It is concluded that Fe+3/(Fe*? + Al) ratios in prehnite, epidote, garnet and magnetite vary
as functions of temperature, P, and f5. With decreasing temperature and more oxidizing
conditions, prehnite, epidote, garnet and magnetite are enriched in Fe*’. The Pg,—T—/,
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 & function of temperature. Field observations are in good agreement
with our results, and prehnite is always lower in X than coexisting epidote. Seven examples
are shown in Table 7. Prehnite (Xg.s = 0-11) coexists with epidote of Xg.s = 0:27 in a
prehnite—pumpellyite facies metabasite, Johnstown (Zen, 1974). In the Larderello-Travale
geothermal field, Italy, prehnite of Xg.» = 0-03 was found to be stable with epidote of Xgesr =
0-23 (Cavarreta et al., 1980). In the Del Puerto ophiolite of Southern California, coexisting
prehnite (X, = 0-08) and epidote (Xp: = 0-25) are described (Evarts & Schiffman,
1983). These data together with the present results were used to cealculate partition
coefficients for these minerals. The results are listed in Table 7. As shown in the table, the K,
increases with increasing temperature. Similarly, the Fe-Al 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.
5-1.

It should be pointed out that prehnite with Xg.s = 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,0,
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
pumpellyite.

Sliding equilibria involving phases thh 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-T conditions 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*3/(Fet® + Al) ratios. At constant
temperature, Fet’ 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-Al 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—Al 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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ABSTRACT

Continuous exploration and development for geothermsl power in active
volcanic areas such as Japanese Islands htvié‘provided excellent opportunity to

investigate water-rock interactions in geothermal systems. Our basic premise

'is that the changing composition and temperature of geothermal fluids as a

function of time is recorded by the parageneses, eonpoiitiona aud’iiocdpic
ptopertiés of the associated mineral uumblngei, and that the latter can be
used to reconstruct the evolution of a geothermal system. 'Hence, detailed
niuenlog'icnl-petrologicll-geochenical investigation of ‘drill hole core samples
is necessary to fully understand the complex effects of rock-vater interactions
in geothermal systems. l

The Onikobe geothermal area is selected for detailed otudy as part of the
U.S.=~Japan cooperative project in 1978-1983 because in Oni.kobe vhich hu been
recognized as a classic example of s geothermal system in Japtn, many pilot,
exploratory and producing wells ranging from 200 to 1300 meters in Jépth ‘have -
been drilled and geclogical-gecchemical-~geophysical information and near‘iyv‘
complete drill hole core samples are availsble. Hineulogicﬂ and petioiogical
exsninations of two drill holes with depth to 350 m (Mos. 123 end 124) and one
down to 1155 m (Ho. 127) were completed; parageneses and eo-poaiti&m of
secondary minerals were identified snd analyzed. Few selected samples were '
investigated by SEM end.isotopic mass spectrometer. These newly collected
chemistries together with available water chemistries and '
petrological-mineralogical data of qther drill hole cores from the Onikobe
geotheﬁal area were used to outline the effects of gedtheﬁhl nﬁeii and other
controls on the alterations of the enclosing rocks.

The Onikobe ulden is cn the esstern cd;e of the Green Tuff bnin in uorth

eentul lonshu and has an oval-shaped depteuion about 10 l- in diueter. 'rhe

Mioceoe Green tuffs together with younger caldera deposits unconformably




overlie the basement complex of Paleozoic pelitic lchist§ and Cretaceous
granodiorite. The calders formations are Plio-?leis?ocene age and consist of
both marine and npn-marine volcanogenic tuffs and lavas of andesitic to dacitic
vcomposition; Aft;r the deposition of the caldera sediments and lavas, a
daéitic.lnvn dome of:O.SS’n.y. BP was intruded into the southern part of the
Onikobe basin, stociatéd with the intrusion were the normal faulting and
Ayydgbthermgl alterations. The magmatic activity rclated'to the dome formation
ia‘beiieved to be the najor heat source for the present-day geothermal activity
‘ and‘asﬁbeiated hydrothermai manifestations in the Onikobe area.
iecause of intense hydrothermal ;lterations, no fault has been positively

identified on the surface by geomorphological and geological data. However,
occurréqce of subsurface faults has been inferred from seismological and
electric survey; these subsurface faults may have controlled the three Onikobe
gebthérmalvbeltl which have been delineated from deep drilling of over fifty
producti9n ¢nd pilot bore-holes.

' Thgtmal vaters from the Onikobe geothgrmal area have been ;naly;ed; they
belopg tghthe'ﬂa-gl or Na-Ca~Cl type. They may have evolved from contamipation
of dissociated HCO, cnd iagnatic NaCl-richrlolutiqn.uith meteoric water.
Hawgvét, our’neé Ss¥ igotopic and geochemical data suggest that a
‘considerablejanount'of fossil seawater from Miocene Green fuff in the basement
of the Onikobe Quaternary volcano must have supplied some deep wells. Acidic
thermal qategs gi:h high §Oa/and low Cl contents apparently are confined to
lh*llqw depths. This conclusion was lupyorfed by'éhe widespread occurrence of
,éalgi;e in deep drill-hole gamples and by drilling of a new prgduction hole at
1255 m with a remarkable amount of alkaline (pH = 8.3~8.5) high-T thermal
k waters.

In lpite of :he pervasive hy#rothermal alteration, four rock types vere
identified smong those drill hole céte samples: ;ndesitic tuff and lava, and
n'dacitic tuff and lava. Tne wndesitic rocks contain mainly augite + hypersthene

"~ # hornblende =+ w.jsr mafic minerals and the dacitic rock: are characterized by

2
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the presence of hornblende and quartz phenocrysts, plagioclase of lower An
content and higher contents of glassy matrix or groundmass. Both pyroclastic
and lava rocks are highly vesicular and abundant secondary minerals oceur in
vesicles. Fifteen less altered core samples were analyzed by a wet chemical
method; the results indicate that the compositions of the altered rocks vary
significantly from their unaltered equivalents. Significant leaching of
Sioz, g0, Na,0 + K,0, addition of H,0 and § and oxidation of FeO must

have occurred during the hydrothermal alteration and such chemical alteration
varies from specimen to specimen., Nevertheless, these rocks may beleng to
Kuno's hypersthene series and may have chemical characteristics of the
calc-alkaline series.

The minerals produced by the hydrothermal alteration depend on geologic

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

Near the surface, particularly in fumarolic areas, wvhere vigorous boiling
occurs and mixing with atmospheric oxygen is possible, the rocks altered to
soft siliceous material containing clays, opaline silica, alunite, sulfur and
pyrite. At deeper levels, the mineral assemblages are different and zonal
distribution of secondary minerals with depth was determined. Secondary
minerals in the bore-hole cores occur as (a) precipitation in vesicles and
along fractures, (b) replacement of plagioclase and mafic phenocrysts, and (c)
replacement of groundmass or volcanic glass.

Clay minerals are the most common phase in the bore-hole cores and consist
of smectite, alkaline smectite, chlorite/smectite interstratified minerals,
chlorite and illite. They show systematic variations with depth and
temperature, correlatable with Ca-zeolites and other minerals. Their
characteristic X-ray basal spacings under dry condition and after glycol
treatments and morphological features by SEM were described. The
chlorite/smectite interstratified phases are variable in composition and
contain mainly $i0, (28-33 wt), minor amounts of MnO (0.06-2.0 wt2) and Ca0

(0.1 to 2.2 wtX), and megligibdle amounts of K,0 and K2,0. The Ca content
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of the interstratified phase decresses with increasing depth, in accordance
with the lower proportion of‘inéetlayerqd smectite oblef;e& in the X-ray
diffraction results. The chlorites are restricted to deep-hole cores and have
a guch more restricted range of chemical compositions with much lower Ca0O and
, than the cﬁioti:elcmectite phase.

I1litic clay minerals are relatively rare compared to chlorite/smectite
phnse; due to low xzo contents of original rocks. The illitic clay minerals,
judging from their X-ray diffraction patterns and limited microprobe
compositions, belong to chebinite and illite/smectite interstratified
minerals, Continuous variations occur in this series; with increasing depth,
the smectite component decreases and illite becomes the major K-bearing phase
for deep drill hole core samples.

Zeolite uiner;ll are well developed in the core samples and some are
exceptionally abundanﬁ. Such common zeolites/include mordenite, laumontite,
yugawaralite and wvairakite and their depth distributions were determined.
Minér zeolites identified in the core samples include clinoptilolite,
dachiardite, chabazite, thomsonite and natrolite. Laumontite is typically
found at depths greater than 50 = audilh1llower than 400 & and yugawaralite at

the lower end of the inumoniitc gone, The analyzed 1¢ngntite_and yugawaralite

have nearly stoichiometric composition with very minor amounts of Fe,0,,

0 and xzo; Wairakite is the most aﬁdhaan: zeolite mineral aﬁd oceurs in
most wells at depths greater ﬁhan 100 m. Many wairakites were an#lyzed and
have considerable ranges of compositions with less than 0.2 wtl ?e203 as
total Fe and 0.1 wtl lzo. "Main variations are defined‘byiz end-members
"wairagiief and "analeime". All analyzed wairakites range f;ou "’100 to
Wr76 and no analéin?Frich compositién was found. Thefe nppéirl to be no
correlation between ceupclition of vairakite and depth of its occurrence, nor
any pattern between composition and mode of occurrence. k

Other Ca-Al silicates include minor prehnite and epidote. The snalyzed

prehnites span a considernble‘rlnge'of Fe’sl(re’SO Al) ratio} the most




iron-rich prehnites contain 6-8 vt 10'203 and appear to be stable with

epidote + wairakite ¢ quartz ¢ chloritic clay. The veined prehnites are much

" lower in Fe content and are stable with wairakite ¢ caleite ¢ quartz. The

analyzed efidotu range in pistacite content from 19 to 37 and most analyses
are around Ps 29 to 33. The compositional range of epidote is very compatible
with those from other geothermal area (e.g., Cerro Prieto)., The analyses of
epidote and prehnite suggest that no immiscibility gap exists for these phases.

Silica minerals are ubiquitous and include both cristobalite and quartz.
Cristobalite is restricted to shallow depths whereas secondary quartz is
present in every core samples. Kaolinite is one of th? most common phases at
the surface of fumarolic areas. However, in drill hele core ‘unples,_both
kaolinite and pyrophyllite are very minor. Calcite is another common phase
wvhich occurs as one of the last phases in paragenetic sequence. All analyzed
carbonate grains are calcite in composition with only a few percent Fe, Mg and
Mn. Other secondary minerals include albite, ubiquitous pyrite and halite.’
The JMS value of pyrite suggested that fossil seawater within Miocene
sediments way have contributed sufficient sulfur for pyrite crystallization at
depth.

The gonal distribution of clay and :golite minerals can be simplified as
follows: With increasing depth, the following patterns are: alkaline smectite
or smectite —p chlorite/smectite interstratified minerdl — chlo:;ite for
cley minerals and mordenite —b laumontite -—s yugawaralite --o wairakite

for zeolites. We consistently found the general associations that slkaline

smectite and smectite occur with mordenite, chlorite/smectite interstratified

phase with laumontite, and chlorite with wairakite. Such zmlypattems are
correlatable vith other geothermal areas in Japan, Iceland, New Zealand and the
U.S.

Chemographic relations of common Ca-Al hydroailicates‘ (Ca-zeolites, epidote
and prehnite) together with quartz, carbonate and chlorite/smectite were

delineated in a simplified system Ca0-Fe,0,-A1,0,~(Fe0 + HsO)-Sioz '
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- nzo@-coz. - Compositions of prehnite and epidote are plotted in a

.-ternary diagran uOfAlzos-?ézﬁs and tie lines for the coexisting phases

in the 2~-phase assemblages (wairskite + epidote and wairakite + prehnite) and

-~ the -3-phase assemblages (epidote + prehnite ¢ wairakite and wairakite ¢

prehnite ¢ calcite) are drawn. The deduced phase relationships at T of

100-170°¢C and depth of 200~350 m yield five 3-phase sssenmblages which have

~been recorded in other geothermal areas and in low-grade metabasalts. Three

.‘conclusions are wade from such chemographic relations: (1) Both prehnite and

epidote are restricted to Fe-rich composition at low temperatures and become

. Al=rich with increasing temperature, (2) the Al-end member of both prehnite and

ke

epidote. are not-stable under the physico-chemical conditions of the Onikobe

;v geothermal system, and (3) the Fe-Al partioning between epidote and prehnite

suggests that the epidote always contains higher Fe than the coexisting

:-prehnite, - Such conclusions are consistent with those data deduced from

: ‘hydrothermal experiments, thermodynamic celculations and natural observations.

Zonal distributions of minerals and phase relationships observed in the

- .~Onikobe geothermal area are controlled by a complex interplay of many factors.

Relevant experimentally determined stabilities of Ca-zeolites, clay minerals,

epidote and prehnite were used to illustrate the paragenetic depth

- (temperature) sequence. The effects of other variables including (a) solution

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

2 Ce) anzolP““l, (£) solid solutions in secondary winerals, (g) 062

content and (h) kinetics are briefly disgussed. Because of these effects, the

-~ . apparent. cbserved temperature ranges over which minerals are found in the

Onikobe area are geneially broader than those expected from the experimental

- studies.. .

In order to explain the origin of acid-chlorite solution in the Onikobe

geothermal area, a possible fault-hydrologic model vas propqsed. The origin of

. this scid fluid could be explained either by a deep-seated magmatic HCl source

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

6
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oear-surface darived acid-gulfate water. the h:ur mld bu du. to i T

lmply-dippinz recharge faults or to corrosion of chc nn eulng.. m acid

mlhu cxphutiou is lnored because of the rehtin volunic i.ucti.vlty of
thc cru end the general hydrologic pctternl obumd fa the Onikobc nglon.
; . .In ou-nry, the diltribuion of ucondary phuu vi:h dcpl:b in tho Onikobc
iootheru! area h prinrily controlhd by dungu in u-pcntuu. o ‘
hpth-dcpcndcnt zmtiou yatum are ohurnd fot the uollul, chy liuuh
and ycvgggl ‘other Qecopdaq p@uu. The gonp:ehc_nnive and eoopeu_tiye‘_q:udy_ of
the d'ril_‘.lgogg: samples fron the Onikobe geotheml_nr‘ea_ﬁ'avc"ndduju\o&‘
qﬁltiﬁi dbi.ch are ucuuryx for our'bé::er'mderaundink of the ﬁoiutibn of
gcothcml systea. The ohiluitin and diffcrencn £n nineral pduzennin
cnd inteuctlve -odel for n:er-rock interactions in thit aad other gcothcml
lyttm ‘hould be conpared and gre the subjects of our eontinuoun :
invu:izuton. , ' " |
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INTRODUCTION
Japa:;n&{'rli;m ffdvide excellent exup'le:‘ of active géotﬁér;iljiy;ien
in geologic terrains vhich are well underatood. Developsent of geothermal
* power has’ been greatly emphasized in these countries because it is potentially
“a uJbrenergy résource in active volesnic aress. Exploration for geothermal
energy in Japan ‘and Taiwan began in the early sixties, and many ixﬁlbia'tory
' ‘holés have been drilled up to 2000 m in depth. .Drill hole cores have ‘been
uupled. thérmal waters have been a“nalyz'e‘d chenically and isotopically, and
many other geological data (e.g., temperature gradient, flow rate, = '
‘ permeability) ‘and geophysical data have been collected. ‘A 25 MW geothermal
B pdwer' 'pi.nc was successfully installed at Onikobe in 1975, n
" This project on rock-water interaction in geothermal systems was fnitiated
under a U.S.« Japan Project. 8ince April 1, 1978, the NSF and JSPS have
spousored a joint U.S.-Japan project.on coordinated studies of rock=-vater
interactions in geothermal systems utilizing experimental and field
approaches. At Stanford, we have studied the interaction of cnde_si:ic-buutic
rocks with seavater and meteoric waters from 200°C to 400°C in order to
determine the kinetic and equilibrium modes of intersction of rocks with
solutions chemically, isotopically and -iuetllogiuliy. In Japan and Taiwan,
the properties of drill hole core samples and the field aspects of rock-water
interactions in the Onikobe, Hakone and Tatun geothermal aress were
investigated, The field studies include petrological-mineralogical~geochemical
examinations of drill-hole core samples and their correlation with the chemical
and isotopic properties of thermal waters. The collective specific aims were,
end are: (1) to determine the mineralogical, chemical and isotopic

characteristics of the hydrothermally altered rocks in these geothermal areas,

(2) to deduce the sequence of chemical, mineralogical and geological events
that have sffected the mineral assemblages of the altered rocks, and (3) to

determine the kinetics and equilibrium reacticns attending the alteration. The
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conclusions and problems posed by the field data are to be correlated with end
interpreted by the experimental data, to better our understanding of the .
genetic processes in geothermal systems.

Our common goal is to study rock-water interactions of Jspanese geothermal
systems in the hope that some general statements will be possidle that apply to
processes in this classic island arc. We hope\ that generalizations applicable
to islend arcs elsevhere will eventuate. There are many geothermal fields in
Japan and some of them have slready installed geothermal power plants.
However, the project has focused only on a restricted t_mnber of areas, in view
of time and personnel limitations. We have taken the Onikobe and Hakone areas
in Japan and the Tatun in Taiwvan as on-going subjects. These geothermal aress
vere selected for detailed investigation because they are recognized as classic
examples and because geological-geochemical-geophysical information and a
nearly complete set of drill hole cote' samples are available. All three of
these geothermal areas are in volcanic areas and are largely andegitic, but
they differ from one another in the varieties of andesitic and other rocks
present, and they differ somevhat in water types; hence, secondary mineral
assemblages gnd mineral parageneses are somevhat different. The similarities
and differences among the three geothermal areas could yield some principles
relating to water-rock interactions in geothermal systems which might not be
apparent from the investigation of a single system.

This repoft describes the results of our detailed investigations of
drill-hole core and thermal water samples from the Onikobe ;eotheﬁl ares.

Similar reports will be prepared for the Hakone and Tatun geothermal systems.

THE ONIKOBE CEOTEERMAL AREA

LOCATION AND BACKGROUND

The Onikobe geothermal ares is located in the northwestern corner of Miyagi

Prefecture, northern Honshu and lies within the Kurikoma - Quasi National Psrk
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(Figure 1), :

When the energy crisis became spparent in the early sixties; the Electric
Power Developing Co., Inc. carried out exploratory surveys of many geothermal

areas in Japan. It vni concluded that of all the areas investigated, the Onikobe

- basin showed ‘the greatest potential for geothermal power generation. In the

pgriod from 1962 to 1972, basic exploratory surveys were conducted gnd many pilot
holes were drilled in order to collect samples, to measure subsurface
temperatures and coupositions of thermal waters and to investigate subsurface

structures. As a result of.the surveys, the company concluded that the-

t-'igﬁre 1. Location of the Onikobe area, Japan.

geothermal stesnm vas sufficiently abundant and of high enough temperature to
generate electricity. Hence, the company started constructing a power plant in
April of 1973 and it wvas completed in the spring of 1975. This 25 MW facilicy
has been one of the proto-type geothermal pawtr plants in Japan.

Moreover, the Onikobe geothermal steam is mostly produced from as shallow as
300 mweters in depth and this area is characterized by the surface manifestations

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

10




the geothermal stesm is re-injected into the deep portion of the basin. The
installation of the geothermal power plant has preserved the natural beauty of
the national park, and therefore the Onikobe geothermal system has been highly
publicized,
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PROCEDURES OF THE PROJECT AND METEODS OF INVESTIGATION

Many pilot, exploratory and producing wells ranging from 200 to 1300 meters
in depth have been drilled in the Onikobe geothermal area since 1963 by the
Electric Development Company Ltd. The sites of drill holes studied are plotted
in Figure 2; their columnar stratigraphic sections and temperature distributions
are shown in Figures 3, &, 5 and 6 (these features will be described in detail in
later sectious). More information en these drill holes is listed in Table 1.

Some preliminary daﬁn for drill hole GO~2, GO-5, GO-7 and GO-8 have been

published (Seki, Onuki et al., 1969). Many other core samples were examined and ‘

11
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these include core materials from P-5, P-7, P-8, P-10, GO-7, CO-8 and GO-11.
These previously accumulated data together with our new observations on recently
collected samples frow neéiﬁoié # 123, #1264 and #127 will be described in this
report. The general procedure of the project and method of investigation are
described below.

Plan of the Project

Selection of the Onikobe and Hakone geothermal areas for the cooperative
research targets was made in 1977, -iﬁce their basic geology and
hydrologic-geochemical information of their thermsl waters are available and both
Seki and Oki have been working on these geothermal areas for a number of years.
The Tatun geothermal system wzs added to our project for comparison with the
Japanese systems because of its potential eccnomic importance., The group (in
part or as a vhole) met several times during the 1976-78 period to discuss and
definz the basic role of each investigator. A set of interesting scientific
questions was drawn up, and glternative ilrge: areas in Japan and Taiwan were

proposed.

0 ‘ 7 7 [

Figure 2. Distridution of bore holes in the Onikobe geothermal srea,
Japan. Open circlest Bore-hales described in this reporet. BSlack dots
vithin Open circlet Production wells (a.g., #123 and £127).

12
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Table 1. Depth from lend surface and date of drilling
completion of bore-holes plotted in Figure 2.

Number Depth (m) ‘Date
60-7 $00.0 1966, Rov.
Co-8 1000.0 1969, June
Go-10 '1352.0 1970, Oct.
60-11 _ 1300.0 1972, Feb.
| 23] 5.5 1971, Jan.
-7 250.0 1971, Apr.
-8 250.0 1973, July
?-10 203.0 1973, Aug. -
101 233.0 1970, Oct.
102 301.0 1971, Sept.
103 228.0 1971, Sept.
104 366.0 1971, Dec.
105 © 375.0 1972, July
107 .362.0 1972, Sept.
108 244.0 1974, Febd.
109 243.0 ) 1873, Jan.
112 320.0 1973, June
117 170.0 1975, May
120 383.0 1976, Apr.
- 123 351.0 1977, Feb.
124 351.0 1978, apr.
127 1155.0 1980, July

Field Study and Sample Collection

The group uet“in Japan during the summer of 1978 and visited many geotbermal
areas there. At the Onikobe calders, the power plant was visited and rock types,
geologic structures and flowing springs were examined. Tio drill hoie cores with
depths down to 350 = (Nos. 123 and 124) and one down to 1300 m (CO-11) were
selected for detailed petrologic-geothermal studies (see Figure 2 for location).
Their stratigraphic relations and temperature gradients have been constructed by
Seki. Core samples were collected at every 10 to 20 m and were separated into
three portions: one to Seki and Oki for petrographic and clay mineral
identification, one to Sakai for isotopic study, and one to Stanford for
petrographic, microprobe and SEM investigatiqns.

In september 1980, Ray Guillemette visited the Onikobe geothefmal areas and
collected core samples from s newly drilled Wo.127 (see Figure 2 for location).
This hole was drilled under the recommendation of Seki and Oki based on our

petrological-geochemical data, and this has been the best producing well in the

13
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Figure 3. Geologic cross oectiontdong A-ﬁ, A=C, and C-D of Figure 2 for the
, . ,Onikobe geothermal area, Japan. A: Volcanic rocks of andesitic
' compositions. D: Volcanic rocks of dacitic compositions.
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area.
Petrographic Study

During September 1978 to July 1980;1ue ltﬁdie¢>the thin sections of
drill=hole core samples., Minerals identified inciudg Ca-ziolites {mordenite,
stilbite, epistilbite, heulandite, yugawaralite, laquntite and wairakite),
analcime, prehnite, epidote, albite, K-feldspar, gypsum, anhydrite, alunite,
carbonate, kaolinite, illite, smectite-chlorite clay minerals, pyrite, magnetite,
hematite and others. Their paragenetic sequence and depth zonal distributien
vere delineated.

Ternperature(*C)
e 200

é
E _ Q\ \m
T\

Figure 4. Ceothermal gradients for bdore-holes, P-S, P-7, P-8, P-10, # 123, and
# 124, in the Onikobe geothermal area, Japan.

X-ray Diffraction and SEM Study

By using X-ray diffraction together with Differential Thermal Analyses (DTA),
we have identified & types of smectite-chlorite clays in these geothermal areas.
Systematic study of these clay minerals by Scanning Electron Microscopy (SEM) was
undertaken at Stanford in order to determine (1) morphology and crystallinity of
the & types of clay minerals; (2) textural relationships and paragenesis among
' tﬁé clayvniuﬁrals and oth;r ;ilicatés and (3) compositions of these fine-iriined
clay minerals. These dats are significant for our interpretation of rock-water
interactions in geothermal systems, as these clay minerals are ubiquitous and

sbundant in most drill-hole core samples.

15
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‘ Figure S.. Geothermal radients for bore-holes 00-7, GO-B, 60-10 and Go-11, in the
. Onikobe geor.heml area," Japm.
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Figure 6.

Depth from surface (m)

Termperature (°C)
200

50

300

K2

8

8

800

1000

Geothernmal judicnts for bore hole #127, the Onikobe geothermal ares,

Japar.

A3 51 hours after the stop of ‘coolin.g water supply.
B: 99 bours after the stop of cooling water supply.
€: 596 hours after the stop of cooling water supply.
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v hicrqprobe Analyses

Microprobe analyses of silicates, clay and carbonate winerals were done at
Stanford. It is well known that most Ca-zeolites have extensive compositional
variations. For example, vniquite
(Cahl,$i,0,, + 27,00 and mnalcime (NapAL,Si,0;, + 28,0) form a
nearly complete solid solution (e.g., Seki and Oki, 1959), y?t only the
.end-member itabilitiesrhjvi.begn deternmined (tidu, 1970, 1971.). Therefore,
depending on the Ca~Na substitution, wairakite n;nerala uay foru at temperatures
much lower than tho:e expetxmentally determxned. Both cp;dote and prehnite from
geothermal argas may contain substantial amounts of !errzc iron; u_previous
expefimental st;dy by Liou (1973)vtnd studies on‘nntural paiigenesis by Seki
(1972) and Liou (1979) suggest that Fe-rich épidote may form:lt very low
temperatures iq & very oxidized environment. vThetefore, compositiéns of those
Ca-Al silicates are important in deciphering tge physigo-cheﬁical conditions of

their formation.

Polished thin sections were preparedvforrnott drill hole core smaples and
each section was carefully examined. Individual minersl grains selected for
probe nnaly:i; were sketched and photograzhed before being coated with carbon in
preparation for microprobe asalysis. Microprobe snalyses of carbonate and clay
minerals require highly polished carbon-ccated surfaces. fsiigh: imperfections
caused by cleivage, fracture snd impurities can significantly affect the
analytical results. Moreover, carbonate, clay and zeolite minerals are readily
damaged by high electron-beam currents of the small beam diameters used during
the microprobe analysis (é;i.; Macqueen and Ghent, 1970; Bicklé and Powell, 1977;
Hatsumoté, 1978:’Liou, 1979). There fore, special precautions were necessary to
ensufe tﬁat the‘Qata:ﬁzre relisble. ) o
Isotope Studxes :

Concurrent with the n;netalogtcal-yetrological and composxtxonal
investxgatxons, stable sulfur xuo:ope studies were made on selective thermal

vater samples and pyrites in drill core specimens by Sakai in his laboratory.

18




The data was utilized to establish the source and nsture of the hydrothermal

fluids.

In conclusion, this report intends to address the following questions which

are pecessary for our better understanding of the evolution of a geothermal

system. This, in turn, will aid in future exploration and assessment of

geothermal potential for other areas.

1.

2.

3.
4.
s.

6.

7.

The paragenetic leq;ence of foruation of secondary minerals in the
Onikobe geothermal area and metamorphic reactions related to their
formation.

The physico~chemical conditions of their genesis deduced from phase
equilibris and their comparison with recorded temperatures, depth, pH
and snalyzed solution compositions.

The spatial patterus of hydrothermal sglterations and their relation to
the flow of hydrothermal solutions.

The source of the hydrothermasl fluids responsible for the alteration.
The effective water-rock ratio in the geothermal systen.

The attainment of chemicsl and isotopic equilibrium in the coexisting
minerals,

The change of isotopic and fluid compositions and temperature of
geothermal fluids as a function of time as recorded in the changes of

mineral assemblages in these geothermal areas.

PREVIOUS STUDIES

Solid Materials

The hydrothermal alteration of volcanogenic rocks at the surface of fumarolie

areas within the Onikobe caldera basin has been briefly described (e.g.,

Nakamura, 1959a,b3 Rakasura et al., 19613 Hitosugi, 1969; Yamads, 1975; Yamada

et al., 1978).

Three intensely altered areas around many thermal springs have
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been located: (1) Arayu-Katayama ares; (2) Ogama-Megama ares; and (3)
Miyazava-Fukisge ares (e.g., see Figure 7). The aresl distribution of secondary
minerals including cristobalite, opaline silica, sulfur, limonite, Pe-sulfide,
kaolinite, halloysite, slunite and smectite has been delineated by Yamada et al.
(1978). Minor zeolites such as mordenite and heulandite have been identified in
some of these surface altered volcanic rocks. However, whether these zeolites
are the products of the recent hydrothermal glteration or the earlier burial
metamorphism is not certain,

The Arayu-Katayama ares occupies about 6 knz and the original rocks are
mainly andesitic-dacitic laves end their pyroclastic deposits. Hydrothermally
altered rocks are colorless and consist of an inner silicified zone and an outer
" srgillized gzone around some thermal springs. Some of the gonal distributions are
obscure. The silicified rocks contain tt-cristcbalite, quartz and tridymite as
sain secondary phases vhereas the argillized rocks contszin kaolinite, smectite
and alunite in addition to the silica phases. Siliceous sinter, sulfur end
limonite are actively precipitating from scme thermal springs and sulfur crystals

are sublimating from fumaroles. Both sulfur anrd asilica veins are abundant.

Figure 7. Schemstic map shéuing the localities of fumarolic and hot-spring areas

in the Onikobe Caldera, Japan. KY: Katayama; AR: Arayu; ME: Megama;
KS: FKanisawaj MI': Mitakis FA: Fukiage; MZ: WMiyazawa; TR: Todoroki.
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2 and consiltl of altered massive

The Ogama-Megama ares covers sbout 0.5 km
siltstone with amorphous silica as the major secondary mineral. Surrounding the
silica deposit occurs an alunite-kaolinite-opal gzone. Arocund the
&iyazawa-!‘ukilge ‘area, ‘the original white tuffs have been silicified and
argillized and s small smount of silicecus sinter is presently precipitating from
thermal springs. -

" The hydrothermal-alteration of the deep bore~hole cores of the Cnikobe
geothermal area has been studied by Seki, Onuki et al. (1969). One hundred and
forty core samples from drill holes G0-2, 5, 7, and 8 have been examined by
éetrogrnphic microscope and by X-ray diffractometer. The zonal distribution of
zeolite end clay ﬁneral: from the surface t§ 701.5 m in depth has been
determined based on reconnaissance petrographic examination of deep bore hole
materials. With increasing depth and temﬁerature, a non-zeolite zone, mordenite
zone, laumontite zone and wairakite zone and a variation of clay ninerals from
smectite to chlorite kthrough chlorite/smectite intentfttified clay minerals
occur. Yugawaralite has also been found between the laumontite and wairakite
zones (Seki & Okumura, 1968). The core m:er_i.tls from bore hore GO-8 at depths
of 552.5 and 598.1 m contain wairakite, quartz and pyrite, according to Seki,
Onuki et al. (1969). However, the core materisls from GO-10 at depths of 1200 m
and 1243 m contain quartz, chlorite and mixed-layer clay minerals, together with
quartz and kaolinite respectively, but mo geolite. The detailed study of the
core samples has not yet been done and it will be carried ocut in the present
study., Nevertheless, the gonal varistion of alteration minerals with depth
roughly corresponds to the changes of chemical composition of thermal waters in
this area.

It is apparent from the sbove review that except for the reconnaissance study
of some drill hole éore: by Seki, Onuki et:al. (1969), detailed mineral
parageneses with respect to depth and their correlation vxth chemical

compositions of the geothermzl fluids have aot been investigated.
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Thernal Waters .

Chemical compositions of fumarolic gases and of hot-spring and
high~temperature g’e‘otheml vaters from the .Onikobe ¢§othem1 ares have been.

collected and examined by & number of investigators (e.g.,.Tani «t al., 1968).

. Their results will be compared with our data in a latér. section., The fumarolic .

gases (at .= 100% s according :o‘l‘laklaﬁxri et al, 1959) consist of 99.8 vol &
H,0 and 0.2 X gas whereas H,0 (about 32-59 I) and €0, (35560 %) are:

dominant gas components. The high-temperature waters, iccording to reéent
studies by Ozaws and Ragashima (1975), Nakamura et al. (1977) and Ozawa et al.,
(1980),4 have been thought to be primarily originated from acid HC1l ~ rich fluid
formed by volcsnic emsnation and these acidic waters become neutral or alkaline

by iateraction with volcanic rocks during their ascent to the surface.

GEOLOGY AND GEOLOGIC SETTING OF TEE ONIKOBE CALDERA

. The Japanese {sland arc has (xperienc'ed' reputéd volecanism, both terrestrial
and ;ﬁb:nriue. Intensive volcaniém that has continued since the early Miocene is
believed to be intimately connected with the generation of fumaroles and
hot"upr’ing:, development of high geo:ﬁeml gradients, évolution of the Green
Tuff tectonic belt, and intensive alteration of rocks st the surface and at depth
in numerous ‘existing geoéheml ‘areas, including Onikobe and the surrounding
regibn.

The zonal distribution of Quaternary volearie 'ro;k: ‘has been ‘revealed by the

classic studies of Kuno (1966, 1968b), Katsui et al. (1974); Ishihara (1974), and

- Miyashiro (1974). They are (lucceufvgly from the Pazific ocean side of J'apan ;

. toward the west) (a) an cuter voleanic zome with tholeiite and calc-slkaline

rocks containing relatively low xio and mzb, (b5 an inner zone of tholeiitic -

and _calc-alka!ihé rocks with higher xzo and ﬂazd ;contentt,"(e) and &~ _

vesternmost zone charscterized by tholeiitic, calc-alkaline and alkali rocks. -
The Hipcene Creen Tuff basin of Japan extends from Hokkaido ﬁtough Bonshu to

pass under the sea just east of Mt. ?uji and Izu-Bonin Island and to morthern
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Figure 8. Geologic map and cross section of the Ouikobe Caldera, Japan (modified
after Yamads et al., 1978). FEA: Katsyama fumarolic area; OK: Okuno~in
fumarolic area; AR: Arayu fumarolic ares; ME: Megama fumarolic area;
MI: Mitaki Spaj K: Kanisawva Spa; T: Todoroki Spa; F: Fukiage Spa; M:
Miyazava Spas.
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Kyushu. The buiﬁ has been the site of steady volcanism since the Miocene, and
the accompanying thermal and hydrothétﬁaiteffeet; are réqég@sd in diverse altered
and metamorphosed tockl: fhe basin coﬁéﬁim pinly thick »volcmigllutic marine
rocks, mostly coarse breccias, and tuff ejected from underses volcanoes.
Intrusive activity during :edin?ntifion euplacéé dikéi‘lndifiug!; iane rhyolite
masses reached the sea floo;, with widespread alterstion and’ hiueéliuticn. On
burial, the lﬁite of na;e;ials vas metamorphosed and hydrothermally altered to
propylite usenbhget.- Quaternary volcanism has injected h;aitr, vhich is being
dissipated in part by circulating water systems. In places iﬁ the dasin the

rocks have been lubjecéed to multiple alteration processes.

Table 2. The lichostratigraphic Units of the Oaikobe Celders, -Japan

Geologic Unit : Thickness ;A;c k
P (in meters) (iu Yesrs before
. :the present)

Onikobe Formation w0 23,380 + 8%0*
- P 24,970 ¥ 1210*

‘h‘kchh'ntl pac!t; Dome Uukm | | 0.3 -i;““qi i
hvnku?n;m:oiiation 100 » )
e
Kiyc;ng Yormation ’°°  . 1.8 iillié:;n“
Akszava Formatien $00 1.8 l‘liluon“

e e e s et e st s S

Kitagava Dacite 7 7 100 ' . 2.2-2.4 Alli.l:lién"

Welded Tuff Formstion
.
Creen Tuff Formation Y 7800 .00 o |- Early-late
: IR - . Miocene .+ ...,
A B . . R . - N
Cranodiorite and Schist Unkaown Palacozoic

*elé d-tiu;'*linim track dating (both from Yanada et al., 1978)
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Stratigraphy
The Onikobe caldera, the site of a geothermal power station, is on the east

c&ge of the Creen Tuff basin fn gorth central Honshu. Physiographically, the
caldera is characterized by an oval-shaped depression about 10 kn in mean
dismeter, The stratigraphy, structure, and géologie history of this caldera
basin have been described by Katayana and Umezawa (1958), Kuno (1952, 1953),
Ratsui (1955), Nakamura (1959, a, b), Matsuno and Nishimura (1965), Hitosugi and
Yoneya (1972), Yamada (1972 a, b, 1973, 1975), and Yamada et al. (1978). The
distribution ozf. the lithologic units is shown in Figure 8 and their stratigraphic
relations are schematically presented in Table 2. Bx‘ieé_desctiptiono of these
units are as follow:

A. Paleoroic Pelitic Schists and Cretaceous Granodiorite:

Pelitic schist and grinodiori:\te clonlt‘ituvtel the basement complex of the
Onikobe caldera and they unconformably underlie the Miocene Green tuffe and
younger formaticns. The schistose pelitic rocks crop out oniy along the
exposures of National Highway 108 and at the -:mth of Sugimri Creek. The
schists consist of muscovite + albite + quartz + chlorite; some of them contain
graphite. The pelitic rocks were locally intruded by the biotite-horhblende
granodiorite of probable late Cretacecus age. The gunodiot"ite is extensively
exposed in the western and southern borders of the Onikobe caldera and also
sporadically outcrops within uplifted blocks of the Green Tuff formation in the
caldera basin. - Dikes of rhyolite, dacite, and andesite are intruded into the
granodiorite masses and these dikes are probably related to Miocene volcanic
sctivity. The granodiorite was found at the bottom of a deep (1300 m) bore hole
(G0-11) drilled by the Japan Electric Development Corporation (Ritosugi, 1970).

B. Miocene Volcanogenic Formation (Green Tuffs):

The Miocene volcanogenic sediments in this area unconformably cover the above
noted buenent'rockt. The Miocene formation consists of hva; cgglcuerate, tuff
breccis and tuff of andesitic and dacitic compositions, ‘nin:'erccla'ted wvith thin

bedded sandstone and shale. The volcanogenic sediments have suffered intense
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/burini and hydrothermal alteration and the rocks have been replaced by“a .

propylitic assemblage of sodic pugioclue, chlorite "cliy, illi.te, quartz,
calcxte and leucoxene with or wzthout ep;dote.

The creen Tuff fomnon is ndely distributed in the areas lurroundmg the
Onikobe caldera basin and it also occurs as an uplifted block within the basin.
This fact indicates that the Green Tuff formation @lt form, at least partly, the
buemeﬁt above vhich Plio-Plgistdcene‘voblcani‘c rocks vex;e nccmlat;d. Hitosugi
and Yoneya (1972) concluded that the depth in_tervnl‘ between 760 m an& 1300 = of
bore hole  GO-11 Arilled at the o_nik;be geoth;ml srea is compbaggl of the
Miocene CGreen Tuff formation. BRowever, careﬁl exanigtatiqn of many drill hole
core samples from thi( and other bore holes in the present :tpdy can not

conclusively confirm the occurrgnée of the Green Tuffs at the depths noted

above., This iq because slmost all cores from ;hria and other bore holes have

suffered severe alteration due to the present geothermal activity and it is

difficult to clearly differentiate the Miocene Grees tuff from the

Plic-Pleiltocepe volecanic rocks.

C. Pliocene~Pleistocene volcanic and sedimentary rocks:

The Pliocene-Pleistocene rocks were deposited subaerially or in lacustrine

envrionments. Geologically they can be divided into six formations, as follows:

- (1) Kitagawa dacitic welded tuff formation: This welded tuff formation of

about 100 m thickness mcénfombly{werliu the Green Tuff formation and is

exposed only outside of the Onikobe caldera basin. The petrological and chemical

. chxgact&ristics of this welded tuff, the preduct of nuee ardente type volcanie

activity, are quite similar to those of a pumice flow and welded tuff formation
videly disttibuted in the —lurrounding area of the ‘rovada volcano celdera vhich is

Iocated to the north of the Onikobe ares. (utcui. 1955). !'usion track ages of

, thu velded :uff fomtxon are 2.2, 2.3 and 2 IA ‘my BP (Ynmda et al., 1978).

(2) Akazﬂu ?cna:ion: ‘!'hic is the lomut pot:zon of the non-nar;ne basin

depoutl of the Om.kobe ealderl and hn a thickneu of sbout 500 . Ptobably,

the circular caldeu, the diameter of which is about 10 km, vas fomed before the
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deposition of this Akazawa formation.

This formation is chiefly composed of conglomerate, andesitic and dacitic tuff
breccia, and lava flow intercalated with thin beds of siltstone. Pebbles which
are considered to have been derived from the above-noted Kitagawa dacitic welded
tuff formation were found at the basal part of the Akazawa formation. The
fission track age of the andesitic agglomerate of this formation is 1.8 wy BP
(Yamada et sl,, 1978).

(3) Miyazswa Formation: This non-marine volcanogenic formation is composed

of hornblende dacitic lava flowv, tuff breccia and pumice flow breccia with some
thin siltstone and conglomerate beds. ' The thickness of this formation is
estimated to be about 300 ®. The fission track age of dacitic lava of this
formation is 1.5 wy BP (Yamada et al., 1978).

(4) Kawvakurszaswa Formation: This non-marine formation of 100 m thickness
unconformably covers the Miyazawa formation. Rocks composing this formation are
andesitic lava, tuff breccia and tuff with some insertions of mud-flow deposits.
During the deposition of the Kawakurazawa formation a 3 by 4 km basement block
was uplifted in the northwestern part of this Onikobe caldera basin,

(5) Takghinats dacite dome: This lsva dome forms the oval shaped mountain
of Takshinats-yama at the eastern part of the Onikobe caldera basin. Matsuno and
Nishimura (1965) and Yamads (1972s, 1972b, 1973, 1975) have considered the lava
dome to have been formed after the deposition of the Onikobe formation which is
described below. However, absolute age determinations by the fission track
method indicate that the Takahinsta dacite lava dome was erupted about 0.35 wmy BP
(Yazmada et al., 1978), making it much older than the c!® dated Onikobe
formation, The Takshinata dacite must be unconformably covered by the Onikobe
formation as has been moted by Tani er al, (1968).

The Arayu fumarolic srea is located within this dacite dome. Other active
geothermal areas such as Katayama, Okuno~in and Megama are distributed near the
veatern boundary of the Takshinata dacite dome (for localities, see FPigure 7 and

8). The magmatic activity related to the formation of this dome is believed to
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b:e the major héat source for the preaént day geothermal activity and associated
hydrothermal sanifestations in the Onikobe caldera basin area. Ceomorphological
evidence clearly indicate that many fumarclic explosive craters ia the
Katayams-Arayu srea occur at the western and north veste.m flanks of dome-ghaped
Takehinata volcanoc (Nakamura, 1959b; Matsuno and Nishimura, 1965). It must be
noted that Ozaki and Kanno (1977) have shown the areal distributions of
lw-nliltivity stream flows and high heat discharge on the western side of the
Takshinata dacite dome. They showed the north and southwestward stream flows of
meteoric groundwater which was heated and contaminated by the volcanic activity
related to the Takahinata dacite dome.

(6) Onikobe formation: This non-marine formation of about 100 m thick is

composed of conglomerate and siltstone, Ko volcanic strata such as lava flow and
agglomerate are intercalated, but clastic materials derived from surrounding
‘Miocene and Pliocene-Pleistocene volcenic rocks are common. The sccumulation of

14

this formation occurred about 24000 years ago based on the ¢ method (Yamada

et al., 1978).

Development of the Onikobe Basin

The geologic development of the Onikobe basin has been considered to be a
Krakatau type caldera (Kumo, 1953), a volcano-tectonic depression (Katayama and
Umezawa, 19583 Matsuno and Nishimura, 1965) or a resurgent cauldron (Yamada,
1972a). Such differences of opinion appear to be due to the abrupt facies
changes and the structural complexity of the lacustrine and volcanogenic deposits
(basin deposits) and the lack of concrete correlation data among various
lithologic units within the basin and those strats elsevhere. These problems are
due partly to the heavy vegetation covering the entire area and partly to the
intense hydrothermal alteration of many litholegic units., Revertheless, the
model proposed by Yamada (1972b) is quified and descrided below.

The Onikobe basin may have foﬁed after the deposition of the Kitagawa welded
tuff vhicl\/’ occurs both in and outside the basin. The basin deposits,

unconformably overlaying the welded tuff, are divided into the Akazawa, Miyazawa,
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Kawakurazava snd Onikobe formations in sscending order. Prior to the deposition
of the Onikobe mon-marine deposits, the Takahinata dacite dome was intruded in
the southern part of the basin. A uﬁarly rhomb-shaped block (the Zanno-Mori
block) 3 x & ko in dimension, vhich consists of the Green Tuff and granodiorite,
is exposed in the northwestern part of the caldera. The block is primarily
bounded by normal fsults and the basin Hiyaznu deposits are steeply dipping away
from the block. Such relations uiggent the block was uplifted after ‘the
deposition of the Miyazawa formation. The geological constraints described -
above suggest that the sequence for the formation of the Onikobe basin can be
sumnarized as follows: .

(1) Pre-caldera deposition of the Kitagawa dacitic welded tuff, which

- unconformably overlies the Green Tuff and grandiorite(2.3 =-2.4 M.Y.B.P)
.(2) Regional block faulting and formation of & caldera by collapse or

subgidence.

(3) Deposition of the non-marine Akazawa (1.8 M.Y.) and Miyazaws formations
within the caldera basin.

(4) Uplift of the Zanno-Mori basement block and deposition of the.
Kavakurazawa formatiom.

(5) Extrusion of the Takghinata dacite lava (0.35 m.y.) and intense
hydrothermal alteration.

(6) Deposition of the non-marine Onikobe formation about 23000~25000 years ago.

Geolosic Structure and Fracture Systems

Because of difficulties in traversing the area, the dense vegetation cover,
and the intense hydrothermal slteration, the detailed geologic structures of the
Onikobe basin have not been worked out. Based on aerial photography, ground
surveys and subsurface drilling, some regional structures have been suggested
(e.g., Matsuno and Nishimura, 1965; Yamada, 1972a,b). .

The Onikobe basin is characterized by a circular depression bounded by a
series of ring faults and by a structural dome whose axis is NW-SE inside the

basin. Many high-angle normal faults have been suggested to have formed during
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the development of the Onikobe basin., Some of these faults were active again
later and the Zanno-Mori block of basement rocks was uplifted in the northwestern
part of the caldera. Aroun&rtﬂe Zagno~qui;b1ock uher; t‘e strata dip steeply,
many minor faults are oblerved.r o

In general, within the Onikobe blsin,'ninor faults, claqtic dikes and joints
are vell developed and they sporadically occur in the uncomformably overlying
younger basin deposits. Minor faults of qor:hveqt-lquthenlt’direction ere cut by
those of northeast—southwest ditectiqn, Many conjugate systems of fractures and
clastic dikes in the southeastern ar;a of the Onikobe basin have been studied in

detail by Yamada (1972s,b); in this region the exposure is better qnd the rocks are

less altered. The results of his study .indicate that the scutheastern part of

the calders has undergone lateral extension.. Some fractures and clastic dikes

. are concentrated along 4 narrow shear zone extending probably to the foundation

of the caldera. The hydtothetuil system of the Onikobe caldera is controlled
mainly by such fracture systems.

In the Katayama geothermal area of Onikobe; in which geotherujl activity is
most widely observed and many bore-holés for geothetrmal power plant have been
drilled, no fault could clearly be identified by geomorphological or air-photo
geological data. Iﬁé occurrence of subsurface faults has been inferred from
seismological and electric survey data by Hitosugi (1976). " Matsuno, and
Nishimura (1965) and Rakano (1981) have recently suggested a series of NW-SE
trending major faults occuring at depth.r’Theie faults may provide channels for
high~temperature geothermal water to flow ih this area. Rowever, these faults
have not been confirmed by geologic surveys and deep drilling. Our studies of
many deep drill hole core samples ‘from the Katayama area revealed no lithological
or structural features such as slickensides, fault striations or brecciations to
substantiate the occurrence of such large faults at depth.

" Within the Katayama ares, three strong geothermal belts were delineated from

drilling of over fifty production ‘and pilot bore holes. These belts may be

‘¢losely related to those subsurface faults inferred from the geophysical data
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mentioned cbove.. These belts are shown in Figure 2 and are respectively called
K—liae:.iv!-lineicnd z-liu by the Japanese Electric Developuen; Company. The
production wells #101, 102, 103 and 112 are on the E-line, # 108, '109.“ and 117
ate on the Y-live and # 104, 105 and 127 are on the Z-line. - Future ggoduécion
wells will be drilled along these three lines vhid'{ lpplrehti; Swe eqougtf

fracture spaces for large flows of high-tempehture thermal vaters ut_fdept,h.

- CHEMICAL CHARACTEEISTICS OF THERMAL WATERS AND STEAMS

Ch.enicai Compositions of Thermal Waters and Stejns

Cmnpoutim of tbeml vater from the the Onikobe geocheml area are “listed
in 'ubl.e} and are plotted in the Cl- coz - 80, disgram of hgure 9 and the
Ba~Ca-Mg diagram of Figure 10. IE is apparent from these plqts that the thermsal
vater obtaifxéd through most bm-holea belongs to the Na-Cl or Na-Ca-Cl :yée. ’
Thermal vater fm bore~holes co-z. G0-3 and GO-5, however, is. of other types
duuctetued by higher contents of noo3 and/or 80,.

Cbeniul conposit:l.ona of steam associated with theml vater from -one
bote-holen in this geotheml area sgre listed in Table 4. Mol: of the steam
eonsilu of less than 2 wtX gas except the one from CO-3. The gases are composed
mainly of 0, (56-73 wtl) and H,S (20-40 wtX) with minor amounts of !!2,

N, and CH‘. The wtZ of €0, in total ges forming the stean from bore-hblet
GO-3 and GM are higher than those gases from other bore holes through which the
Ra~Cl type theml vater is obtained. .

The :ehgimh;pl between the Cl content and the contents of other components
such as Ha, K, Ca, Mg, 50, end HCO, in the thermal vater cbtained through
deep 'bote'-holel in the bnikobe geothermal area nre shown in l'igut:e 11. Ha, K, Ca
and ug geneuny increue vith an hcreue in 01. SO,., hovever, seens ;to
' decreue or to’ teuin constant 'ith the incteue in Cl1 content. ‘The ncos
contents ’cf some thermal water with very low Cl content are extremely high. It

should be mentioned that meteoric water (rain water) contains no Na, K, Ca, Mg,
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Table 3.

Chemical compoeitiones of thermal weters from deep bore holee in the Onikobe geothermal ares, Jepen.

(Continued)
13 131 15 7 1 — 19 10 g i 23 k1] 735 — 15
(smol) Co-8 co-8 co-8 Co-10 ©0-10 ©CO-10 (CO-10 CO-1} . 00-11 co-11  #101 Moy no
(700 =) (1000 w) (1300 =) (233 =) (228 @)
&* 2.87 7.42 2.5 1372 12.89 14,07  18.88 0.7 n.m 5.0 " 0.04
net 30,36 52.9% 10,33 - 76,21 77,86 95,70 104.3% 135.71 149,20 184,87  80.A7 0.17 18,30
Cat? 4,32 3.24 10,20 15,33 10,18 17,02 21,01 36,43 N.79 22,70 10,30 0,00 9.61
N ;: 4,61 0.64 2,12 4,08 5.64 .18 5.60 11,11 1761 22,73 3.43 0.00 3.13
e .
Al“ - .
subtetal 42,16 66.24 91,61 109.34 106,57 ' 131.97 149,88 203,97 270.34 236,39 96,40 0.21 - 90.%
meq subtotsl 51.09 .12 64.53 128,76 122,38 134.17  176.48 231,30 269,73 302,88  112.3% 0.21 103,76
:l‘ 44,82 36,70 77,92 136,38 149,10 163,88 186,88  269.9% 304,07 326.88  107.18 . 0.09 © 98,49
- _ : . ,
| )
sod 0.7 2.5 0.73 0.48 . 0.7 0.3 0.66 2,09 1.30 1.87 0.83 0.08 o.n
ne0y 0.90 . 0,30 - 0.00 . o : ’ i -
8 co}~ . ) - : : .
swbtotal 46,43 99,24 78,93 136,86 149,67 164,20 187.% 272.0% 305,37 328,7) 108,09 0.17 - 93,20
meq subtotel A7.18 61,78 79.68 137,36  150.23 164,53 188.19 274.13 306.67 330,60 103.69 0.23 9.9
"800 0.01 -
#9830,
C0y . .
ns . ' . N . L . . .. B
e 88,60 1255 130,56 246,37 296,26 2962  JIT.A AT6.0: 323,73 383.1  204,4 0,33 196.2)
ma/x 10.60 740 0,97 533 606  .6.80  5.33  6.35 6e6 1.3 a0 -
ng/Ca 1.07 0.12 0.27 0.2? 0.33 0,30 0.7 0.3 0,35 0.96 0.52 - 0.33
€1/304- 61.48 mn 10, . 260, 307.00 283.00 129,00 234,00 174.00 ' 126.00 109 1938
Yo, T WY — ~— T L —
. ] 89 8.0 2.0 o 330 -2 3.8 . 26 2.9 2.5 4,00 ° A6 - AR0
Tonic Strength.  0.0388 0,073 ~  0,0898 0.1529  0.1527 1 0,1813 0,20% O 0,3389 0.3360 0.127% 0.0003 0,113
B " T I Oieva & Oseve L JEBC Oreva & UOsava & Oseva & JEDC . Osewa &
Reference - Report Yenada, Ozeve ¢t Yemida, Report . Nagssh. Wagesh. Report WNagesh, Nagach, - Negesh, Report Nagesh.
. = 1970 1973 .al., 1980 1973 1970 1973 1973 . 1969 1973 1973 1973 1971 1973

s
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v Table 3. Chemics] compositions of thermal vaters from deep bore holes
N in the Onikobe geothermal ares, Japan. .

(Continued)
27 7 29 30 3 32 3 3%
€105 Vi #123 #4127  E-line Y~line Z-line Z-line
(373 =) (320 m) (351 =) (1000 m) (a) ) {c) ()
& c 5.73 0.00  5.65  6.83  3.15 . 13.17 11.8
Na* 122.67 39.60 0.01  Al.48 56,63 33,58  70.3% - 83.99
cad* $8.06 7.22 0.06 1.28 8.75 3.68 18.79 20,02
ngs* 36.21 1.12 0.00 .01 1.81 0.01 249 326
Fe?* 0.78 0.01 1.02 0.01 348 4,26
A : ) 0.00 . 0.00
subtotal  216.% $4.435 0.07  &48.43  75.04 - 40.43 108.23 123.35
meq subtotal 311,20 63.37 0.13 - 49.73  86.60  A4.11  132.95 150.87
% 253.29 59.92 0.56  48.87  85.30  36.44  144.59 149.89
B Tt 0.01
s08 ~ 0.38 1.32 0.14 - 0.0% 0.93 3.3 0.45 0.18
®”Coz" , 0.10 0.08 0.48
CO)Z- . . :
eubtotal © 253.67 61.3% 0.70 49.00 €6.23  40.27 145.04 150.07
seq subtocal 254,04 62.66 0.84 49.05 87.16  43.62 145.49 150.2%
BSioy . .60 42 9.3
- HyB0,
- C0a
S
TOTAL 470.61 115.79 0.77  9§7.43 168.9 $0.71  253.27 282.85
Ma/K 6.91 7.34 8.29 10.67 $.3%  7.09
¥g/Ca 0.62 . 0.16 0.01 0.21 0.001 - 0.133 ° 0.16
C1/S04 © 675.45. .  45.39 . 4,00 977, 9.9 10.87  321. - 852,
- Tewp. (°C) . 920 890 980 920
< pB 3.2 4.5 2.61 4.75 4.1 8.2 3.3% 3.3
lonic Stresgth 0.3773 0.0736 0.0007 0.0507 0.099  ©0.051 0.164% 0.178
Reference . . Ozava & This This This This This  ‘This
Nagash. Paper Paper Paper Paper Paper Paper -
1978 :

(a) Mixed thermal vater of K-line (#101, 102, 103)

(b) Mixed thermal water of Y-line (#108, 109, 117)

"{e): Mixed thermal water of Z-line (#104, 105, 107, 120, 127)
“{8) Mixed tharmal water of Z-lime.

S0, Hco, and Cl; therefbre, it should be plotted near the origins of the

diagrams . in Figure ll.
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HQ O
CO:

S0«

Figure 9. Cl =ZC0,(HCO; + COz) = §0; disgram of thermal waters from bore
holes of the Onikcbe geothermal area (thermal waters condensed
from steam are pot included).

Mg

Figure 10. NRa-Ca-Mg diagram of thermal waters from bore holes of the Onikcbe
geothermal area, (thermal waters condensed from steam for power plant are
not included).
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Table S lists chemical compositions of thermal water emitted at hot springs
surrounding the Onikobe geothermal area. This thermal wvater i:_ also of the Na-Cl type,'
;xcept for the Na-Cl-ﬁCbs type of Kanizawa hot spring and the Na-Ca-C1-S0, type of
Megama fumarolic ares. Figure 12 shows the relationships between the Cl content and the

contents of other components in this hot spring thermal water; their relationships are

‘very similar to those of deep bore-hole thermal water of the Onikobe geothermal area

shown in Figure 11l. However, the hot spring water has a very restricted chemical
composition. ‘
&drolonr

On the basis of detailed hydrological examination of rai'.n lnd_ snow precipitation,
strem‘flw and discharge rate of geothermal water, Ozaki and Kanno (1977) and Ozaki

(1981) have determined that thermal water in the Onikobe geothermal area and its

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

depth from the surface (Figures 13 and 14). The flow directions of meteoric groundwater
are shown as arrows in Figure 13; the RW-SE trend observed is similar to that of the
present drainages of the Katayama ares. Chemical compositions of rain water and river
vater collected at the surface of the Oﬁikobe geothermal area andmits surrounding areas
are shown in ‘ublé 6.

Deep thermal wvater and surficial hot spring water of the Onikobe geothermzl area mav
have evolved in the following way:

(1) Precipitation permeated into the ground.

- (2) The HCO, contenf of the groundwater may have been somevwhat increased by{ the
decomposition of surficial organic material and by the dissociation of ofganic matter
within the siltstone of the Akazawa formation.

(3)* NaCl-rich hot solution from depth, probadly from Hioceﬁé voiemogeuic marine
sediments forming the basement of Oﬁikobé calderi, was mixed with groundwater (1) and

- (2) to form Na~Cl type and Na-Cl-HCO, type thermal water, respectively.

(4)  Some of the HCOy-rich thermal water may have been formed by the mixing of
CO,-rich volcanic gas with the groundwater (1)or(2). '

(5) so

0,-rich thermal water was formed by the mixing of so, (or H,S)-rich

3
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Table 4. Chemical compositions of steam forming fluids in deep -
wells of Onikobe geothermal ares, lean (0zawa and
Nagashima, 1975).

Well Ha0 Cas Composition of gas Composition of R
number* X 4 HyS €03 R | H2 N2 CR,
Go-3 96.0 4.0 20 3 71 69 18 - 13
Go-4 99.6 0.4 24 68 8] 81 1 8
Go-7 99.4 0.6 30 60 10| 85 14 1
Go-8 99.0 1.0 29 66 51 20 76 4
Go-10 99.7 0.3 40 56 41 13 77 n.d.
6o-11 98,99 2-1 k¥ 57 6| ndd. n.d. n.d.
101 99.0 1.0 30 62 8| 84 14 2
103 99.6 0.4 29 63 8} 81 16 3
105 99.6 0.4 33 60 7] 65 51 4

*Chemical composxtxous of thermal waters associated vzth these
are shown in Table 3.

volcanic gas or solution from depth with groundwater (1) or (2). soa-rich deep
thermal water occﬁrs only in a relatively éonfined narrow area near the Tnknhinafn
dacite mass, which is believed to be a major heat source for the Onikobe geothermal
area. The narrow ares may indicate the presence of fissures or faults through vhich

so, (or azs)-rich gas or solution can easily rise.

Hz and As Contents of Thermal Water

Thermal water collected from deep bore-holes of the Onikobe geothermal area are
chemically characterized by high Hg contents (Koga and Noda, 1975). 'Hg and As contents
of volcanic rocks strongly altered by fumarolic activity at the land surface of this
geothermal area are alsc high (Tables 7 and 8). A close genetic relationship between Hg
deposits and geothermal activity has been reported by white (1965). Koga and Noda
(1975) postulated that the high Hg contents of the thermal vater“ind of the surficially
altered rocks in the Onikobe gecthermal area may indicate s high potential for
geothermal resources in this area. They have proposed that a detailed Hg content
investigation of the thermal water, fumarolic gases and exposed volcanic rocks would be

one of the most useful geochemical methods for the explorgtion of the Onikobe geothermal
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“ . Table3, Chemicel compositions of thermal watere in hot spring srese
.’ surrounding the Onikobe geethermel aves, Jepen. -
| H PR L b B L 8, ik J 8 A J 10 11 R : | &
Pukiege Mlm Yumots, - GS=3 c3-3 . L . P . .
o - Pukisge Bore Nole Bore Nole, lanhm Ranioavs - lh.n- lhgm - Miteri - Migerewe : Niyesews | Yedoroki
L Pukioge® mlm“ - ) o G

e . . 0.6 f 0.8 0.50 0.9 0.61 0.8 - 0.3 2.0 3,60 1.67 0.8 0,43 - 038 . -
Loma® 12,98 1 13480 150 19,63 - 9,086 9.03 19,89 - 26,25 - 17,39 . 9.9 11.60 . 9.8 -
Ce * T 0.9 0.40 0.31 0.6 = 0,69 . 038 AL2 1,13 . 2,97 2,78 - 0.4 . 0.83 0,38 .

M 0.00 0,07 0,00 0,06 © 0,07 0,06 0.00 0.88 2.1 ° 0,00 0.05 .. 0,006 - 0,06
h. . o : . - 0,00 : 0.0t 0.0t 0.0l : ) 0.04 o0 . 0,01 .
At : : ' 7 023 o .82 0.14 0.13 . 0.3 . 0.09 0.38 o 0.0
subtotal “13.%4 12.79 1Ay - 17,26 21,23 - t0.98 13.47 20.27 .08 | 22,10 11,32 ; 12,9 11,02 .
meq subtotal 16,04 13.7) 13.00 - 18,20 22.28 1.0 . 17,98 22.9? 40,23 235,03 - 12,54 13.78 i1
B - o 10,97 ‘11,20 12,19 13.48 15.68 - 3,22 s.18 18,53 29.73 2.4 1008 10.M0 10.10
Be” s 0401 ¢ 0,00 .01 a0 0.0t 0.02 0.03 0.02 0.0 .01 '
l‘." ’ : . 0,00 - 000 - 0,00 - 0.00 6.%50 0,00 )
‘_80." 0.83 - © 0.8 ' 0.93 0.81 1.10 3.12 3.48 AN . 0.32 0,69 0.7 . 0.8)
D MCOy " 1,00 0.3 ‘1.19 © 0,50 7 0,20 8,38 8.40 . 2.40 0.98 1.00 © 1,20
cof = 020 0.95 001 040 : 060 : S :
- swbtetel 13,03 . 12.83 14,35 13,20 17.79 16.70 12.67 22.01 36,26 25.00. 12,03 12.7% 11.93
meq swbtotel 14,09 14,20 13,32 1641 19.49 19.82 21,13 27,03 aLmn 25.31 12,7 = 13.0% 12,57
N 210, N 2.58 2,737 3950 4.0 1.67 2.9 4,26 ' 3.20 ° 2,09 2.3 A.50
LY 0,33 . . 0.38 0.0 0.38 1.98 . 1.13 0.%
C0y - : ) 843 4.39 ' 0.68 0,20 -0.20 0,21 |
N8 0.0} " 0,08 3 . : ) 0.00 . 0.0% , 0.00 -
TOTAL 27.11 - 28.20 "% 36,34 43,49 3.7 8,41 LY 25 T S s2.10 25.73 20.6?7 27,74
LT, SR 1 S 30,80 26,18 30.02 . 29.0) 17.14 28.49 7.68 7.13 10,33 20.9% 23.717 17.14
. mgfCa 0.00 0,17 0.00 0,40 -~ 0,10 ~ 0.6 = 0,00 0.7% 0.73 0.00 0.12 0.00 0,16
c/so, - 12.83% 14.29 12,87 16,64 146,44 1,67 1.66 [ 8 1] A.5? 70.43 15.08 13.50 - 13.9%
“Yewp. 100) L jAd 100 39.25  100° [ A L b1 % LN | L L 1A by o IW' .03 AN LA
) [ B4 8.4 “8.0 8,40 B3 6.2 6.4 2.4 2.4 6.8 7.4 7.2 7.4
Tenic Streagth 0.0136 0.0163 0.0166 - 0,019 0.0238 0.0197 0,027 00,0322 0,032 00,0283 0.0149 0.0150 0,013
Refer ek Nakewwra Thie Nekesura HNekewura WNekewsra Nekemura WNakemuwra Nekesura Mok *Nak Nak Wk
195% 1939 Papot :;6 :I. o: ,::. 195% 195% 195% 1959 1959 1939 193% 193%

* " ona hour after deilling
o 24 hours sfter drilling

1L




Table 6. Chemical compositions of rain uﬁt cnd

tiver water in the Onikobde potheml
area and outroundin; srea..
1 —T 5
Rain vater, | Rain water, | River
o rukiage .| Katayama water - .
R s | oo S
Ba* T 2,33 0.18° Co
Caz" 0.07 0,16 0.04
; "&’ . ' O-M : . 0003 0.02: -
re,* | 0.01
art ' o 0.12
subtotal . 2.603 0.38 0.19
uq subtotal 2.70 0.57" Q.§9 -
DN A Y R I % TS T
. Br” '
I"‘, L
8o, - - 0.03 0.24 0.11
g%o,' 0.30 0.36
subtotal 2.16 © 0.38 1.3
| meq qubtoul 2.48 0.62 1,63
H 810, | 0.0, 0.38
Som. | e
oMK 16.56 19.39 o
Mg/Ca 0.57 0.18 0.43
CUSQ 21.84 0.61 7.73
Temp. (9C) 125 -
. phR. 6.49 3.7 } 6.60
I'onic Strength 0.0026 0.001 o .0015
Reference " This This lak'ui’;u
. : Paper Paper 1959
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Table 7.° H; con:entt (ppm) in ‘steam condensa:es and in altered rocks exposed
‘gt the surfaces of Onikobe, Hatuukava, and:Otake geothermal areas,
Japan (toga and Noda. 1975).

; ng conteats (ppm) As countents (ppm)
r,"Steam Condensates’ Altered rocks o
Onikobe 0.153 = 0.411 16.0 = 22.5 17.9 - 69.4
: o ‘ (AV. 1905) v(Av. 350‘)
Matsukawa 0.04§ - 0.061 0.9 - 1.7 6.1 - 26,7
: (Av. 1.2) (Av. 13.4)
Otake : 000032 - 000285 . 19!9 - 5709 102 - 22.4
) (AVo’ 3709) (Avt 10.4)
Table 8. Bg and As contents (ppm) in eltered rocks

exposed at the surface of the Onikobe,
Matsukawa and Otake geothermal areta,
Japan (Koga and Noda, 1975).

Hg As
5 Onikobe 16.0-22.5 17.9-69.4
A © (Av. 19.5) (Av. 35.4)
Matsukawa 0.9- 1.7 . 6.1-26.7.
' (v. 1.2 (Av. 13.4
Otake . . . 19.9-57.9 1.2-22.4 - .
- (av. 37.9) (Av. 10.4)

o
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Figure 11. Na=Cl, K-Cl, Ca-Cl, Mg-Cl, 50;~Cl and ﬁm;-a dh;nui of thermal
waters from bore holes in the Onikobe geothermal area, Japan.
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Figure 12. WNa-Cl1, K~Cl, Ca-Cl, Mg~Cl, S0;4-<Cl gnd HCO3=Cl diagrams of thermal
vaters in hot spring areas surrounding the Onikobe geothermal ares, Japan.

area.

& Isotope of Thermal Water

‘ 'rheJ“s values of thermal .waters discharged from drill~holes of the Onikobe
géoﬁxeifnﬁl ares u;e“lrhoun in Table 9. The Y-line, K~line and Z-line waters are mixtures
of thermal waters discharged from some wells distributed in the Y-line srea, K-line ares
and Z-line area (ue‘l"igure} k2), respectively.

The 5345 values of waters of #102, £111, #124 and Y-line (#108, #112, #117) are
about +3.90 vhich is close to the average value of thermal vxter; originated mostly from
meteoric vﬁter. .' However, thermal waters of the K-line and Z-line have extremely high
5345 values of +19.90 which is near the S"s value of seawater sulfates. The Cl
contents of K~line and Z-!i’né thex?nal vaters are over two or three times of the Cl
content of Y-ling_ therinl water., ‘ “l'he iiotope lt;d geochemical Aduav “suggest that a
considerable amount of féuil se;\;ater from Miocene volcanogenic sediments in the

basement of Onikobe Quaternary volcanc must have supplied into some deep wells of the

Onikobe geothermal area.
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Figure 13. Specific resistivity distribution of stream flows in the Onikobe
geothermal area and its surroundings, Japan (Ozaki and Kanno, 1977).

Obliquely hatched srea: over 20,0008 -cm

Horizontally hatched area: 10,000-20,000R-cnm

Dotted arez: less than 10,0002 -ca

AR, KY, MT, ME, FA, MZ: eee Figure 7. v

Arrous indicate probisble meteoric groundwater flow heated at the
western side of Takahinata dacite dome.

Pigure 14. Specific heat discharge distribution calculated from temperatures and
discharges of stream flow in the Onikobe geothermal ares and its
surrounding, Japan (Ozaki and Kanno, 1977)

Hatched grea: over 140 kcal/sec/l
Uchatched area: less than 140 keal/sec/l km?
AR, KY, MR, ME, A, MZ: see Figure 7.
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Teble §. &7°S values of thermal waters
from desp walls of the Oniksdbe
geothermal arez.

Vall &'s
f102 . 43.90
ml +3.92
flaa +3.89
K-line
(f101.102,103, 419.90
111)
T Line
(#108,112,117) +5.02
Z-1line }
(#104,105,106, 416,52
120)

Acid Thermal Water
Ozawa and Hagashima (1975), Yamada (1975), Rakamura et al. (1977) and Ozawa,
Fagashima and Iwasaki (1980) have rgpctted that the ch;aical characteristics bf the
thermal water in the Onikobe geothermal area generally change with depth as follows:
A. surface or pesr surface thermal water: low pH, high 80‘ and low Cl content;
B. intermediate depth vltqi 7(100-50<0 m): neutral pH, intermediate SO‘ snd
intermediate Cl contents; and
7 C. deeper thermal water (800-1300 m): low pH, low SO‘. and high Cl conteants.
Ozava and Nagashima (1975) and Ozawa, Nagashimsa and Iwasaki (1980) inferred (1) the
release of magmatic gas rich it; HCl from depth, (2) its mixing with metoric water to
fomkacid, high C1 thermal vater and (3) the transfornation of this acid thermal vatex:

to & neutral one by interaction with the rock as it comes up.

The concept of the wide distribution of acid thermal water or steam at depths of
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over 800 m in the Onikobe geothermal area was born from the production of acid thermal
water through some bore-holes such as G-10, G-11 and G-13 drilled to 1100-1300 ﬁ depth.
JEDC once tried to get enough neutral or alkaline thermal vater or steam from these deep
bore-holes but later abandoned these deep wells and changed the project plan. They then
began drilling rélativeiy shallow (200-500 m) bore-holes such as #101, 102, 103 and 126
to supply neutral steam to their power plant. Thermal water and sieam obtained through
these shallow holes were of neutral or weakly slkaline nature (pH = 5-7) at the
beginning. Several months or a year later, however, they changed to acid or weakly acid
(pH = 3-4), Also, the temperature of this thermal water and steam and the amount
discharged gradually or rapidly decreased and is apparently sffected by precipitation of
rain or melted snow.

Recently, JEDC again drilled to over 1000 m in the Z-line belt (#127) and succeeded
in finding respectable amounts of neutral or weakly alkaline steam at a Jepth of over
1000 m in this geothermal area. All available data (drilling, petrographic and water
chemistry) of bore hole #127 clearly indicate that within an over 1155m deep bore hole
there must be at least two horizons in which acid thermal water is developed and
hydrothermally formed calcite has been dissolved away to fém highlv porous rocks. We
cannot expect the occurrence of acid thermal water at depths greater than 950m.
Therefore, the idea of the the confined distribution of neutral pH thermal water or
steam at velatively shallow depths (100-500 m) and the wide distribution of acid thermal
vater at greater depths within the Onikobe geothermal ares was not supported by the data
obtained from this #127 drilling.

The genesis and distribution of acid thermal water or steam at depth is one of the
most important problems in the exploration for geothermal rescurces. As far as we know,
the occurrence of acid thermal water is generally confined to s shallower zone above the
predominant neutrsl or alkaline solution zome. Even when sacid thermal water is found at
depﬂ_u of several hundred meters below the surface, the occurrence of the acid thermal
water is generally rather local. Examples of the occurrence of acid thermal water at

depth in some Japanese geothermal areas will be given as follows:
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{1) 1In the Matsukawa geothermzl area, Sumi and Maeda (1973) identified the presence
of the following three types of thermal waters in relation to depth:
’.cidA type (pH - 2,7-5.4): from s near surface shallow zone of about 30-150 m depth;

ucid-neutfll type (pH = 3.8-6.3); from "upper reservoir"™, developing from about 160

to 550 m in depthy and

weakly acid to alkaline type (pH = 4.0-8.6): from lower reservoir at about 550 to
1400 @ in depth.- '

(2) Two types of thermal water, acid ana neutral-alkaline, occur in the Onuma
‘geothermal area, Japan (Ito et al,, 1977).  The difference between these two types of
vater is chiefly due to a difference in 50, content. Chemical compositions of acid
thermal water are almost the same as those of neutral-alkaline NaCl type thermal water
plus CO, and S0« Figure 15 indicates the distribution of acid type and
neutral-alkaline type thermal water in the Onuma geothermal ares as confirmed by deep
bore~holes. ' Detailed petrographic data clearly indicate that, at the depths at which
] ‘acid thermal water predominates, no carbonate minerals ‘form in the hydrothermally

altered rocks (Yora et al., ;9733 Ito et al., 1977a. The scid thermal water must have
been formed only loclily by the mixing of 1123- and/or coz-rich volcanic gas migrated
up through a feult (Aksgews fault) at the southern part of this geothermal area with
widely distributed alkaline .or neutral deep thermal water (Ito et al., 1977a). ‘

(3) In the Kirishima geothermal area of Japan, thermal water from depths of over 20
® is neutral or weakly alkaline and becomes strongly acid or acid only near the land
surface as the result of pene:ﬁted oxygen-bearing meteoric water (Yoshida, 1974). As
far as observed in @ drilled core sample in this geothermal area, calcite is a very
common alteration mineral ‘in cores f:_-o_ﬁ below 13 m depth but .disappears by interaction
vith circulating acid thermal wvater in bore-hole cores from less éhan 13 m depth.

(4) In bdore-hole AT-1 drilled in the Takinoue geothermal ares of Japan from which
150°C alkaline thermal .va'ter is produced, calcite is a very common alteration mineral

| formed in rocks at depths of over 30 m (Rimbars and Sumi, 1975). - Fo calcite was

detected in the shallower zone vhere acid thermal water predominates.
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(5) 1In the Satsunan geothermal area of Japan, thermal water from the surface is
acid (Kimbara and Okubo 1978). At greater depths, neutral Na-Ca-Cl type thermal water
poor in SO‘ was obtained.

(6) Koga et al. (1981) have reported a rapid lowering of the pH of thermsl water

coming from a depth of 1343 m through a brorc in the Hatchobaru geothermal area, Japan.

The thérmal water cbtained when the drilling of this hole was finished was neutral or
veakly alkaline FeCl type water of pH = 7.5-7.7 and NaCl - 2300 ppm. Within 10 days,
the pH of these thermal waters dropped down to almost 4.0. Simultaneously, the 01/30‘
lnd Ca/Mg ratios in tiaése themil waters decreased and the H,S0, content increased.
Petrographic evi&eﬁce clearly indicates the prénence of low pH thermal water at depths
of 35-85 m and 700’-850 m and the wide predominaﬁce of neutral orb alkaline thermal water
in the deeper part of the ht;le (Fujino et al., 1981). On the basis of detailed
examination of technical proceuur and geochemical and petrographical evidence, Koga et
al. (1981) concluded that the bteakﬁm (corrosion) of casing pipe at a depth of 684-~960
u led to the mizing of acid thermal water which is formed in a telntiv.ely shallow part
with neutral~alkaline thermal water which came up from depths of over 960 m. This
mixing must havevbeen the major process vhich caused the gapid drop in the pH of the
thermal water as @ function of time. "

The widespread occurrence of calcite in most of the core samples collected by deep
drilling is a good indicator of the widespread occurrence of neutral to alkaline thermal
wvaters at depth in the Onikobe geothermal area. For example, in bore-holes P-5, P-7,
P-8, p-10, GO-~7, 60-8_, 123, 124 and 127 from which neutral or weskly alkaline thermal
water is obtained, cslcite can be widely observed as s hydrothermally formed mineral.
At depths of over 800 m in GO-10 and over 600 m in GO-11, calcite was not found. These
two ‘deep wells have been abandoned or collapsed because of thg predominance of scid
thermal water at depth. If these two bore-holes had been drilled more deeply, perhaps
to 1500 or 2000 m, however, meutral or alkaline thermal waters of over 250°% may have
been obtained.

In bore-hole #127, the geothermal gradient, permeability of rocks and ditributiod of

calcite indicate the presence of gcid thermal water at depths of about 370-470 m and
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870-920 m. 1In this bore-hole encugh high-;éapentﬁn (2&69::?,-&.&1} nlkaiine thermal
vater was obuined_fton l depth of '1000,-1150 =, vhere éﬁl;ite hl one of the common v
hydrothernal algeu:icn ninevn‘h. | , B o _' o

In June to July of 1982, a new deep pfoduéticn hole (#128) (1255 =) ‘(‘for) locality

see Figure 2) was successfully drilled. This nev hole ptdduces'a tmrkabie amount of

alkaline (pH: 8.3~8.5) high temperature steam and thermal water {steanm 40 tonlbour,

thermal water 140 ton/hour, maximum temperature 260°C). )

H1000m
B ? T
N y .1

= -500m§
NA N4 " ‘ &
g

£

0 500m

Figure 15. lo;‘;l;-cou:h cross section in Onuma geothernsl sres, Japan (Ito et al.,
1977). : ‘ '
A: Acid thermal water zones = .
H-A: Heutral-alksaline thermal water zones.

LITEOLOGY AND DESCRIPTION OF SELECTED CORE SAMPLES

'l'he rocks are an f.nportan: canpcrmen:_,of t‘heAg’eothe’x'_ml systen and a‘ ﬂeuiled'._
knowledge of the original ‘li:hologieg_andi the uc;ondu-y' lssemblages_ are necessary to
determine the chemical interaction between rock and thermal wvaters. l’etrqgr{nphic-hnd
X-ray diffraction studies of the th’ill hbie cores have fdentified pcﬁy_aecoﬁ_dary
phases. These phases and the rock type of each core nnpl_e are iiit'ed in Tables 10
to 20 for drill holes P-5, P-7, P-8, P-10, ¢077.' Go-8, GO*IO; Go-11, 123, ;1524’ and
127 regpectively. _Three points .lhould be mentioned for theser tablgs: (1) Seﬁongary
minerals ave listed according to the sequence of vl‘ilica, clay, zeolite, feldspar,
carbonate, sulfate .‘ prehnite, epidote and opaque minerals; (2) Their modal sbundances

wvere not determined and the table sinply shows .(tvhat"c given mineral ‘is present in &
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Table 10. Rock typeé and secondary minerals of hore-hole cores of #P-5, the Onikobe geothermal area,

Japan.,

Depth from | Rock crloz x} Smeclite-chiorite m Zeolites N m'oyp!mlnm ad | e €0 p} Pyr ?’g:'u
Surfoce {m}] Type Py |A1R-Sm] Sm {Int-Ch Md} Cp [Lm|Yu|Wr [Other| - Hm ]
22,15 x| o]ol x o [} ol o ols,

29.3 s lole ° o} ) ‘of of @ 0
N H R H A mal | mle
;:.’r :r ﬂor ' —d -5 . Dach () 'ic; g
. ] [ . i)
53.0 A o] = o 0 Dech o] o 1T]e
:z.o :_;L g g 0 :::_2 ol o 00 :
‘:::: ::‘ : o ° | Dach ol o m!le
149.0 AT ° °l » o ol o ° o
179.6 AT 0 0 0 o 0 n_lz_u
Abbreviations

AT: Andesitic tuff or tuff breccia; A: Andesitic lava; DT: Dacitic tuff or *..ff breccia; -D: Dacitic
lava; Cr: Cristobalite; Qsz: Quarte; Ka:  Kaolinite (K); Py: Pyrophyllite (P), Alk-sm: Alkaline
smectite; Sm: Smectite, Int-ch: Chlorite/smectite interstratified mineral-chlorite, I11: 1Illite,

Md: Mordenite; Cp: Clinoptilolite; Lm: Laumontite; Yu: Yugawaralite; Wr: Wairakite, Dach: :
Dachiardite; Chab: Chabazite; Thom: Thomsonite; Nat: Natrolite; Ab: Sodic plagioclase, Carb: Calcite,
Gyp: Gypsum; Anh: Anhydrite, Alu: Alunite; Ad:  Adularia, Pr: Prehnite, Ep: Epidote, Mt: Magnetite,
Hm:  Hematite; Py: . Pyrite; S: Sulfur; NaCl: Halite; Chalcopy: Chalcopyrite; Act: Actinolite, Pump:
Pumpellyite, Bi: Biotite, ?7: WNot positively identified.
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“Table 11. Rock types and secondary minerals of bore-hole cores of #P-7, the Onikobe geothermal area,
Japan (Symboles are same as in Table 10), B

Depth trom | Roek |. |. [Ka, [Smectite-chlorite Zeolites el M Ooth

~ Crlo2 - ; m Ab Anh}Ate{ Ad | Pr et

Surface (m}] Type /Py Alk-sml $m |Int-Ch Md| Cp [Lm| Yu |Wr |Other| O _ : € )um Pyt min.

2.0 AT ojo | 4 [ ] ojo [ ] 0|8
- 28,0 . - 3 o]o K ] ] Dach 6] o n 0 (s

3.0 ] oo | 3 ] ] ] Kn) 0

3%.0 > 4 0 K ] ()4 ol 0 i(w) 0 jnaCl
] 0 .3 0 0 (M) 0
50.0 bt ) K [}] 0 [}] (") 0
7.7 ;4 0 [ (n)/n} ©
70.13 |12 4 0oijo | 4 (] (] o1 o0 (M)/n| ©
77.2% ] [} [ 3 0 0joj o (q)/n] O
90.0 - DT 0 |3 0 0 0
100.0 ot ol K ‘ 0 Uach ) U
115.0 111 o] | o ° of 0 [0 | o
130.8 AT 0 | 4 (] 0 6jpo0fj 0 . (W) o
142, AT ] . 0 Dech ol n ]
130,0 D ) 0 ofvecn| 0] 0] 0 olon | o
170.0 ] [} [+] 1] of o 0 ]
200.0 A 0 ] 0 ] ]
210.0 AT 0 0 ] 0 (] o|(m) [ ]
230.0 AT ] ] ] o] o] o o) ]

€8




IS

Table 12. Rock types and secondary minerals of bore-hole cores of #P-8, the Onikobe geothermal area,
Japan (Symboles are same as in Table 10).

Smectita-chlorite Zeoliles
Depth from | Rock g, g, |9 I {0 A [caticrp{Aen|ate Ad | | Ep[H5- oy Oer
Surface (m}| Type Py |Ak-Sm| Sm {Int-Ch Md| Cp |Lm| Yu |Wr | Other Hm min,
0.0 at |o]o 0 ° _ 0 0 ™ | o [mar
50.3 A olo ) ) Dach olo ™ | o [ma1
72.3 A oo} x 0 ° Pach ol o m|o
83,0 AT 0 0 0 0 0 0|
95.0 A ° ) ) ) 0 0 [NaCl
100.0 A 0 0 0 Dach wn|
104,13 At 0 o 0 Dach o o
1.2 AT ol x 0 0 0 Thom ol o ) )| nec2
116,05 [#A o« () () oo ™M |0
124,5 A 0] x (] ] Dach (] M |(0)
131.8 ar 0 0 0 0 oo ™ |o
140235 | A olo 0 0 fhed 9 "
146,58 AT oo K 0 )] Dach [ B K] M) 0
150.0 A 'Y [ 0 Dech 0 ol n |
136,25 ot |o]o o |o]o ) Dach ol o o |
168,33 AT 0 o o ) 0_|Dech ol o ol o | o |wect
180.0 A 0 1] Dach [ O] O] O ol m 0
200.0 1 [ ] [ Dach] O] 01 O o M [ )
139 AT 0 0 ) ) ofojo ol n lm
230.0 A 0 oo 0 0 olofo ol n,lo
300.0 A 0 0 0 ol oyl o lace
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Table 13. Rock types and secondary minerals of bore-hole cores of #P-10, the Onikobe geothermal area,
Japan (Symboles are same as in Table 10).

Smectite-chlorite Zeolites ML, - Other
Depth trom | Rock | |, |KS, m 2 leor oro|aen] At ad | P | E0[¥2 |pye o
Surface (m})| Type Py {AIx-Sm| Sm [In-Ch| | Md| Cp {Lm] Yo |Wr | Other Hm .
25.0 13 ol «x ° o o ls
50.0 ot 0 ° 0 [cn» ol of o °
i Dach
0.9 pY ° 0 Dach of o 0
1.3 HAIE 0 0 Dech ol o o ]e
93.6 AT 0 [+] 0 Chad 6] O] 0] OF 0
100.0 A ° ° Dach o] o]l o o
110.0 A ° ° o Dach ° tn|oe
123.0 At 0 0 ° Bach o] o mio
132.0 AT 0 0 9] 0 0 o[ o Y [0 [ Wacl |
133.33 AT ° ° ° ° Thom o “(m|e |mcr
135.0 A [} 0 ] Dach (] ] Mo |mneC)
123,28 A 0 0 0 ‘D-eh. ol o " naCt
o Thom 0 “
144,25 A (] 0 0 Deach ol O ®1l0
148.73 AT ° 0 0 ‘o] o 0 o |mecr
. 149.0 A o 0 o ach, ° n Yo) | mact
. Thon
132,33 AT () o Dach oj o 0| u_[0) |met
160.0 D 0 0 [:] Dach 0] 0 4] N jo0
161,03 At ] ] ] .| Dach /] 0 j()]0 |neC)
166.4 A 0 0 o ol o 0 o |wscl
171.73 AT 0 0 [) 0 Dach 0 n o)
193.0% AT (3 () () () Dech (] ™y [0
194.2 AT 0 0 0l 0 |Dach ol o ) |o
203.0 A 0 0 0 0 o] o] o o]mlo

~
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Table 14. Rock types and secondary minerals of bore-hole cores of #60-7, the Onikohe geothemal area,
‘ Japan (Symboles are same as in Table 10).

£s

1 from | Rock Ka Smectne-chlome Zeoliles l

Depth from | Bock Ter jor 2 T m 0 oo Gro{anh|te{ A | or | Ep [N [pye] Oter

Surfoce (m)| Type Py [AIk-Sm}| Sm [Int-Ch| ~ | Md| Cp [Lm|Ye|Wr |Other Hm| | min
13.0 Ar 0 o [ ° 0o k,nect
16.0 AT o 0 u o :
20.$ AT 0 o o ols Mo

AT 0 0 ] 0 M)/njo -

26.5 oT | 0] O o 0 00 CA TARN)
6.0 bT 0 ° olo mjo
107.0 4] o]l ) [ ] oo ] Mio
108.4 T 0 0 0 0o]o : oo
187.0 X o] x 0 0 [ (] [ MO
175.0 A o] K 0 [} ] 0ojo "o lneCt
201,.1 oA ] (] ] [ ] clolo (M) ] 0 [NeCE
201, lS A ] [+] O |PschjO|O]O [M)/n] 0 |naCl
243,0 A 0 ) 0 o0 (ORI |
241.0 A ° 0 o oo )| 0 [mect
263.0 24 [ ] oj]o o gj10)0|{ ()| o
276.0 29 ] 0 0 0] . )] o
299.3 A o 0o ) 610 O
300.0 A o 0 ] ofo 0 ()| 0 [wect
300.8 A 0 0 ] olo]o (M) ] 0 |necCl
N3.0 pT (] 0 _ o]o 0 [m)/n]| 0 [wect
351.8 DT 0 0lo 0 ool o W[ 0
352.0 AT 0 ] (1) ojojo Mo
338.3 AT ° '3 o oo ] o

L 364.0 A (] 0. (] olo o [w)/n] o
377.5 A ° [ [] oo ulo
J81.0 A ] ] o 0] (] LN
398.6 A Q oo ) ofolo o
404,0 A 0 ol - 0 0 0 (] o
423.4 A 0 0 0 oo 0] (0] 0
441,0 A ] 0 4] o|lo}jeo ol (w|o
430.0 A o o 0 "
430.6 A 0 0 0 olo o]l (m|oe
482,3 A 0 0 (] (] o0 o (W[ 0
498.0 A 0 o o ° o] ® LI
$00.0 A ° ofo o [ o] o
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Table 15. Rock types and secondary minerals of hore-hole cores of #C0-8, the Onikobe geothermal area,
Japan (Symboles are same as in Tabie 10).

-Wh trom | Rock e x} Smectite ~chlorite m Zeolites "
Surfoce (m)| Type | Py |A-Sm| Sm [In.Ch Md| Cp [Lm| Yo | Wr |Other} -

8.0 b |0
30.0 :
”.’
32,0
00,
128.3
147.0
18,1
148.0
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. 433.8
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core sample from a certain depth; and (3) The secondary minerals occur in veins, in
vesicles, in nltrix, or as & replacement after feldspar, mafic minerals, or voleanic
glass and such modes of occurrence are not dxfferentzated in these tables. Their

' varzltxon vz:h depth, charlcterxltxc chenxltry, and occurrences will be discussed.
later. 1In this section, general features of the altered rock types will be described
first, followed by pettpgraphic dencriﬁtiona of selected rock samples.

Four tock”types ﬁerg identified: andesitic tuff - tuff breccia (AT), andesitic
lava (A), dacitic tuff ;_;uff breccia (ﬁr),‘and &a:itic lava (v). Although pervasive
hydrothermal alteration has iignifignhtly wmodified both primary Eexturet and minerals
for most of the core sambles; many fe;turei are well preserved and they were used for
distinction among these rock types. Chemical analyses of some less altered rock
cores vere completed and the teiéltl vill be described latér; In general, andesitic
lava conéaihs less SiO2 than'thé };éikic rocks. Therefore, the andesitic
rocks contdin ﬁainly augite :_hypersthené :_hérnbiende as major mafic minerals;
quartz phenocrysts were not identified. On the other hand, the dacitic rocks are
characterized §y the presence of hornblende and quartz phenocrysts, plagioclase of ‘
lower An cbntent, and highervcantentt of volcluic gl;ssy mﬁt:ix or groundmass. The
primary features of the 4 rock types are br;efly described below. |

Andetxt;c tuff nnd tuff breccil (AT)

Tuffaceous tocks are most common in the drzll hole core samples. lecause they
have suffered sevete alteratxon due to the present geothemal activity, it is
difficult to clearly assign the volcanic rocks into the various Plio-Pleistocene
formatiﬁns described invthe previous sections. Theiandesitic tuffs consist of
abuandant angular andesitic fragments of various sizes and shapes in a matrix of
fine-grained volcanic glass, quartz, and co-genetic minerals. Andesitic fragments
even within a single tuff sample may vary liknificautly in textures and in primary
winerals, which are similar to those of :h? andesitic lavas (A) described below.
Because of the relative accessibility to geothermal waters, the tuffaceous rocks tend

to be ﬁucﬁ more altered then their lava codnterpatti; Veining and fracturing are
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.

very common, Both nafzc end pla;iocleee phenocry:tl have been elcered n:‘leest ;5
. part, Sl;ghtly eltered ende:;ttc tuff contains both eugzte end hypersthene as
phenocrysts and groundmass minerals end :oned plegzocleee phenocryets of An 85 to
‘35. levxne nxcrophenocrystc may heve occurred 1n some nafxc endesx:xc fragments,
but they were not identifzed. Glass eherdc are xrreguler in forn, they tcgether uath
other fine-grazined tuffacecus matrix material are extena;vely repleced by secondary

phages including zeolite, chloritic clay mxneral and celcxte.

Andestttc lava (A)

Except for the Tekehxnate dacite dome, both endesx:xc and dacitic lavas are rere
in the Onikobe geothermal ares. Those that occur may cover & wide range of
chemical compcsitioq,end texcurel ver:etxons. The endex;ttc rockl are cherecterxzed
by the common occurrecce of augite phenocrycts and hyperethene‘es nxcrophenocryets or
in the groundmass. Although olivine was not found, it may have occurred in some
basaltic andesites and been entirely altered. Plegxoclece is the noet «common mineral
both as & phenocryst end as a groundma:s constituent. Plegioclase eluays forms zoned
crystals end its core composxcxon may be as calcxc as An 85-90. Angxte most ofcen
occurs as phenocrysts and shows slxght pele greenxsh brown to pele green

pleochroism. Hornblende occurs in some andesitic core eamples but is a relatively
wminor constituent compared to augite. Other primary phases include
magnetite-ilmenite, zircon, and apatite.

‘Dacitic tuff and tuff breccia (DT)

Primary textures and slteration features of the dacitic tuffs from the Onikobe
geothermal area are similar to those of the andesitic tuffs nentionedkebove.
However, the dacitic rocks contain corroded quartz phenocrysts together with zcned
plagioclase and mafic minerals. Angice lnthyperschene'nay occur iq‘the less,eilicic
dacite, but the most sbundant mafic minerals are green to greenish brown hornblendes
which appear as phenocrysts and groundmass as well as cryctellfregmencc i“,thf.
matrix. quhiboles are evhedral to subhedral in form and are commonly replaced_by

chloritic clay together with fine-grained sphene, Oxidized hommblende was not
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identified. Plagioclase phenocrysts also show distinct zoning, but the n,ono

< composition is less anorthitic than those in the andesitic rocks.
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Table 17.

Rock types ‘and secondary minerals of bore-hole cores of #Go-11, the Onlkobe geothermal area,

Japan (Symboles are same as in Table 10).

Depth from
Surfoce (m)

Rock
Type

Cr

01

Xa
%
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Zeoliles

Alk-Sm| Sm

10f-Ch

m

Md

Co

Lm

Yu

Wr

Other

bl Gvp

Aan Al

Ad

Pr

Ep

M/I

Hm |-

Pyr

Other
min,

30.0
© 100.0
- 103.0
130.0
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250.0

X X-J

oo ©

(]

()
(M)
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o] 00 |09

OOL - X-J °t°

o1y

(n)
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0
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(0)
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phenocrysts, and glassy groundmass which is extensively replaced by secondary
minerals. The silicic dacite contains biotite flakes as the only mafic phase in the
groundmass; those biotites are pseudomorphed by chloritic clay ¢ prehnite.
Bypersthene was not found and minor augite phenocrysts are common in most dacitic

coTre samples.,
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Table 19. Rock types and secondary minerals of bore-hole cores of #124,
the Onikobe geothermal area, Japan (Symboles are same as in
Tab;e 10).

Depth from | Rock Ko, |Smectte-chiorte ] | 2 eelites Ab Yeort o At ol ag | o | t
Surtace e Trpe | °'r/w aikeSo] Sn [iweca | fuie] co || vo fwe |omer |°’°g°'° i
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The pétrograpbie features of 30 selected core samples from variocus drill holes in
the Onikobe géchernal area are described below. The first 15 samples are less
altered and were selected for analysis for major elements using a wet chemical method
and the results are listed together with modal compositions (both ptimarj and
oécondiii) fn Table 21. .

No. 1, gigetctheng-augite auﬁe:ite (p-8, 118.05 m): This apde:itié rock from
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drill hole P-8 is porphyritic in texture and consists of augite, hypersthene and

tite and volcanic

d clinopyroxene, magne

ine-graine

plagioclase as phenocrysts and £
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glass as jrm_mdmu phases. The hypersthene ‘phenoc‘ry:u have nearly been replaced
and pseudomorphed by £ingf;:ained sggregates of brownilh smectite, However, most
augite phenocryl‘n' remain fresh and. some are replnc.ed by brown smectite, leucoxene
and calcite along e:ry:ul margins and cleavages. No hydrothermal alteration of
plagioclase phenocrysts was found. The groundmass has ul}e?n strongly altered into an
assemblage of étllrcite. leucoxene, duu"tt, hmﬁontite. smectite, pyrite, kaolinite and
gypsum. Thin veins 0.3 mn wide‘;vi:h brown smectite, quaftz and minor laumontite
occur. | |

The sttong lite?n‘:iion of the rock is reflected in its major chemistry with very
high A1,0,, "‘z°3' Fa,0 and uzo. | |

No. 2, Hypersthene-augite andesite (P-lol 144,25 n): This porphyritic andesite

from drill hole P-10 is similar to the toqk described above. It consists of the same
_phenocrysts vhich have been .cubjectediml tinilnr‘alteration. However, some
hypersthene phenocrycti are préutved and sugites a‘reronly altered along cleavage
traces md :ryntal urgin:. 'l‘he groundmass has been totally replaced by tﬁe
assesblage qurtz, humntite, brown to brownish green smectite, calcite, dachiardite
and leucoxene, No pyrite was found. Imgular amygdules 0.7 to 1.2 mm in diameter
are filled with brownish green smectite at the margin ang! quartz at the center. Thin
veins 0.3-0.54m wider consist of quartz, dachiardite, laumontite and brownish green
smectite.

The rock has a very similar major chemistry to that of No. 1; they are both low

in §i0, and high ig 51293, Fe,0, an§ B,0. -

Ho. 3, Hornblende dacite tuff (C0-7, 108.4 m): This tuff consists of abundant

fragments of hornblende, plagioclne and corroded quartz phenocrysts and fine-grained

plagioclase, mgnetite and volcanic glus in both groundnass and tuffaceous matrix.

'Homblendes are nearly completely replaced by pale brown to brwnich green alkaline -

smectite -and some strongly zoned plagioclase phenocrysts are replaced by lsumontite,

" -caleite and alkaline smectite. Both groundmass and matrix materizls have been

totn‘liy altered to laumontite, quartz, smectite, calcite, hematite, gypsum, pyrite

and leucoxene.
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.This tuff is chemically characterized by higher sioz, !’e203 and nzo and

lover A1,0,, Mg0, Ca0 and H,0 compared to the andesites described above.

¥o. &, Augite andesite (CO-7, 147.0m): Augite phenocrysts in thilvpm'.;phyritic
andesite are nearly completly replaced by brown saectite ¢ calcite; ;u'.nor lgucoxené
vhereas plngioclue phenocrysts are still very fresh. The groundmu, vhich was “
ongxnally composed of fine-grained augite, phgioclue, ugneute and volcanic
glass, is strongly altered to calcite, qucrtz. wmordenite, laumontite, pynte and pale
greenish brown smectite. Veins 0.7-1.0 em thick consist mainly of quartz, calcite
and wairakite vhereas pther veins about 0.4 mm thick consist of only anhydrite +
quartz. The temporal and spatial relationship between the wairakite- and
anhydrite-benring veins is m apparent. It should also be noted that lu.iniontite f
occurs in the rock and wairakite is restricted to only the veins of thu rock. Some
of the pripary magnetite and secondary pyrite erystals have been oxidized lnd
replaced by hematite along their crystal margins.

This andesite contains low Sioz and Mg0O and very high Fezoa, Ca0 md‘cdz.

No. 5, Augite andesite (CO-7, 201.1 m): This porphyritic andesite consists of

sugite and plagioclase pbenocrylts and nugite, plagioclue, ngneute and volcnnxc
glass as groundmass phases. Most of the augite phenocrysts have been al:ered to pale
brownish green chlorite/smectite, and leucoxene, Phenocrysts of plagioclase,
however, are rather fresh except for parfinl replacement by ellciﬁe and u'inkite'v
along crystal margins or cleavage planes. The- grounduli has been strongly ‘
silicified and caompletely t;eplaced by laumontite, wairakite, calcite, quartz, pyrite,
chlorite/smectite, leucoxene and gypsum, Amygdules are chiefly composed of quartez,
calecite and wairakite. '%Qua:tz, quartz-calcite- and quartz-wairakite veins are
common. This rock is higher in 'rioz, FeO, and Mg0 and lower in l’ez!)3 and Mgo
than those described above.

No. 6, Bornblende dacite tuff (G0-7, 351.8 m): This tuffaceous rock contains
abundmr fraguenu of primary phenocrylu, but most of them have been strongly
altered. For insunce, most hornblende phenocryst fragnentn have been replaced and

pseudomorphed by pale greenish brown chlorite clay, calcite and leucoxene.

63




Table 11. lult chemical -and -ednl minenl eompo:ition- of mnnnuuve -ltered volcanic mkn came - fm deep
- bove. ‘hotes at the. Onﬂtobe geotheml avea, Japen. - -

P S T Y ’__, NPT ST R R S 13 Te . 1s
Siéi A3 ARG 586 4D ,."as;u 60,48 . S6.13 05399 5.5k - 489% M3 63.65 5377 5136 - s3.02
me, . 108 Le7 0.8 L6L LTI 112 082 083 106 0.8 0.5 . 0.3 oiss. 1.06 - 0.%
I PRI ¢ £ 'n.‘g'q C1e22 1698 1606 1335 1571 6.0 1593 1892 12.68  13.78 1601 - 1593 . 15,63
pegBy YRS 538   1.17,’ 8.8 a2 “aa ,A.-oaf: PRTIE W SR WURMI R T R SR ot U se s
CUred 2 W13 L2399 562 L@ 46 A2) 683 LIl 2,37 L2 3.01 . A9 | 2.8
' mo i 0 0.1 e 0.0 0.06 - o.u‘ o.oa‘l 0.00 0.7 021 03 0O 0L 004 0.1 013
Mo A6 AN 162 s 595 213 330 3. a5 38 299 235 336 35 338
(G0 . 8307 851 Caas o 7.08 593 .67 793 838 954  7.60  3.01 10 s .08
M0 38 241 L6 290 L83 0.82- 188 213 182 222 LB 194 205 192 Lo
"o e 0.50  0.51° 0.5  0.81  0.25 - 0.81 © 0.80. 0.8  0.26 0.8 1.8  1.28° 0.0 - 097
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Y Comede w028 030 035 0.2 n.;A.!. Caede Ml mede  made Bl mede o mede omd.
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lteenﬁln phase . :
Menatite 2 LI | 2 . ) : 2

Pyrite 3 ’ 3 s 9 7 s 1 ) ? s 6 s

Leucoxene B 1 1 1 2 2 1 1 1 1 1 : 1

Quertss 10 12 n 12 M 26 13 17 15 16 26 18 s 10

Mordenite= : ' ‘

Clinoptilolite 2 18

Leuwontite 6 6 18 10 s 1 1

Yogavaralite A ‘ 1

Wairakite 6 14 13 4 6 3 3 1 6

Kaolinite 6 3 ‘ 2 . 2

Smectite~ . ‘ _ .

chlorita 14 20 2 1 20 » % 20 - 20 12 16 3% 20 6 n

I1lite : ? & 1 '

Cypeun “ 4 4 6 2 2 3 2

Alunice T 3 1

Dechierdite 3 1

Thompsonite ) 1

Epidote 2 6 S . ) 7 6 ’ s

Pretnite - A1 3 s

neCl 1 2 ‘ .

Albite : s 4 * & 10 12 .8 10

Calcite 2 6 4 10 4 2 2 3 3 -3 1 2 2 3

. Vein Mineral @z Dach~ . | ) Wee Va- oy S ; L
AR la=Qzx . . Cale. Cale Oz , S ' © Cale

1 2 8 Q3 2 S A A A : SRR . Y

I3 Mypersthene-sugite andesite, Poﬁ. 118.05 =, (‘l'hh}pmr‘). 2t Hypersthene-sugite andesite, P10, 154.25%. (ﬁnh peper), 3: fornblende

‘dscite tuff, CO-7, 108.4 m. (Seki et al., 19®), 4: Augite andésite, CO-7, 147.0 m. (Seki et al., P®) 3: Augite sndesite, CO~7, 201.1

m. (Reki ot al., D®), 61 Nornblende dacite tuff, CO=7, 351.8 m. (Seki et al., 9®), 7: ' Augite dacite voff, #126, 19 .5 . (This
paper), B: Augite endesite tuff, #124, 162.4 m. (This paper), 9: Augite andesite, #124, 178.0 n. (This paper), 10t Augite andesite
tuff, #124, 201.8 m. ("hie peper), 111 ' Augite andesive tuff, #124, 211.1, m. (This paper), 12. Mornblende dacite twff, #124, 222.8 w. |
(This paper), 13: Avgite andesite, #124, 29 9 m. (Thie paper), 143 Augite andesite, #128, D1.5 m. (This paper), 152 Avgite andesite,

#1246, 334.7 w. (This paper) - '
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Plagioclase phenoct;st fragments are also ﬁnrtly replaced by vairskite, sodic
pi:gioqlaie, illite, quartz and calcite along their cleavage planes. Corroded large
f:agﬁent;:of'quartz phenocrysts are abundant. The tuffaceous matrix and groundmass
have been strongly silicified and replaced by quartz and wairakite with subordinate
amounts of calcite, chloritic clay, epidote, leucoxene, gypsum and pyrite. Some
pyrite”érfstalc have been oxidized to fofn a hematite rim. Many amygdules and veins
are fiiled wvith quartz, sodic plagiocln:g and wairakite. An alunite vein of 0.1-0.3
un‘thick is also found. - This rock contains very high §i0, and lov A1,0,, Mgo0,

Ca0, miok and K,0.

‘NWo. 7, Augite dacite tuff (#124, 159.5 m): Most of the primary phases of this

rock are well preserved.  Some augite phenocryst fragments have been partislly
reflaced by & pale green-pale brownish green chlorite/smectite with minor amounts of
epidote, calcite and leucoxene. Neither relics nor pseudomorphs after hornblende
phenbctykts have ern_identified. Most plagioclage fragments remain fresh, while
some ‘have been partly replaced by pfehnite, epidote, quartz, calcite and sodic
plagioclase. Quirtz fragments are irregular in shape and no overgrowth or
recfyst;llizaticn wvas found.

Ihe‘gr;undua;s, fine-grained tuffacéous matrix and tiny lithic fragﬁents are
ccnppséd of snall;erystals of augite, plagioclase, magnetite, quartz and volcanic
giass; fhey have been strougly altered to the assemblage of laumontite, epidote,
quart;,\calcité;’chloriteltmectige, prehnite and sodic plagioclase.

Some 'amygdules 0.3-1.3 mm in diameter are filled wigh quartz-laumontite,
qui:ﬁz-iu&ﬁantite-chlori:e/smectite and quartz-laumontite-prehnite- .

_’éﬁléritél:ﬁectitéiassemblages. Judged from textural relations, prehnite, laumontite
and éﬁiaote seem to be stably associsted in this rock.

No. -8, Augite andesite tuff (#124, 162.4 m): Augite phenocryst fragments have

.been extensively replaced by pale green chlorite/smectite and calcite with minor
amounts of leucoxene ‘and epidotc. _However, plagioclase and lithic fragments
geﬁéraliy remain frest +~4 have been only partly replaced by sodic plagioclase and

prehnite 2lony cleavags planes.
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The groundmass snd tuffaceous matrix have been strengly sltered to the
assemblage of quartz, pale green chlorite/smectite, calcite, sodic plagioclase,
epidote, leucoxene, wairakite and pyrite with minor amounts of prehnite.
Amygdules are round in shape and filled with chlorite/smectite, wairakite and
quartz. . |

’ Alﬁhough X-ray diffraction patterns of the light fraction separated from rock
powder by suspension indicate the presence of small amounts of thomsonite and
dachiardite, their occurrence could not be confirmed by microscope.

‘No. 9, Augite sndesite (#124, 178.0 m):' The rock is porphyritic in texture

with augite, plagioclase and magnetite as the main phenocryst minersls. It is a
typical fresh augite andesite. Only ‘1“-” groundmass has been weakly veplaced
by quartz, brownish green smectite, leucoxene and kaolinite, and augites by bdrowm
smectite along crystal margins or cleavage planes.

Bo. 10, Augite sndesite tuff (#124, 201.8 m): Augite fragments have been

slmost entirely replaced by pale green chlorite/smectite, leucoxene, epidote and
calcite. Plagioclase fragments have slsoc suffered alteration to sodic
plagioclase, epidote, calecite, prehnite, quartz and ninkite; An unaltered
plagioclase grain shows a distinct calcic core of An 88 and a sodic rim of An 32
(Table 22). The groundmass, tuffaceous matrix and fine-grained lithic fragments
were strongly altered into an assemblage of quartz, calcite, wairakite,
chlorite/smectite, prehnite, cpidgte, pyrite and sodic plagioclase.

Small vesicles 0.4 mm in diameter are filled with quartz, laumontite and pale
brownish green chlorite/smectite. Bulk rock X-ray diffraction enalysis indicates
that NaCl is en alteration mimersl in this specimen.

Vein minerals are chiefly calcite, quartz, wairakite, prehnite and
chlorite/smectite; no laumontite was found. However, some of these veins clearly
cut the tuffaceous matrix which has been replaced by & laumontite-bearing

assenblage.

Ho. 11, Augite andesite tuff (#124, 211.1 m): Augite, plagioclase and

coarse-grained lithic fragments have been almost completely replaced by pale
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green chlorite/smectite, wairakite, prehnite, quartz, and sodic plagioclase with
subordinate amounts of calcite, epidote, pyrite, gypsum and liucoxene. Similar
assenblages have also feplaced the ;}(s?y groandmass of volcanic fragments and
’fine-grlined tuffaceous matrix. Higtoscopic cbservation indicates the follewing
mineral associstions are stable in this specimen: (1) chlorite/smectite +
. prehnite + wairakite ¢ quartz: and (2) ch;oriteltmecti:e + gsodic plagioclase +
prehnite + quartz.

Epidotes in this specimen are generally brownish pistacite-rich fine~-grained
_erystals with irregular form. The epidotes may not be stably associated with
prehnite and wairakite but are relics from the replacement by prehﬁite and
wairakite.

X-ray diffraction analysie of the light fraction separated from rock powder
by a suspension method indicates the presence of yugawaralite in this specimen.
Microscopic observation, however, could not positively confirm its occurrence.

No. 12, Hornblende dacite tuff (£#124, 222.8 n): Fragments of mafic

phenocrysts, probably ofbhornblende,rhave been completely replaced by pale green
chlorite/smectite and leucoxene. Plagioclase fragments are altered to the
assemblage of quaftz, wairakite, sodic plaziccla:e.'clicite and illitic clay.
Relict plagioclase was analyzed and has An 3% composition (Tabl; 22). Tuffaceous
matrix has been wholly ieplaced by fhe assembiage‘of quartz, illitic clay,
chloritic ciay, sodic plagicciasg, vﬁirakite, gypsum, end caleite with minor
amounts of epidoté and pyrite. Idiomorphic epidote crystals are stably
associated vitﬁ quartz, sodic plagioclase, wvairakite, illite and chlorite.
Irregularly shaped cav{tiet nrqgfilléd vith quartz-wairakite,
quartz-uairakite-chlotite/smectite, vairakite-cilcite and

epidote~quartz~-chlorite/smectite.

101

Wo. 13, Augite andesite (#124, 259.9 m): The original mafic phenocrysts may have

contained both sugite and hypersthene but they have been completely replaced by pale

green chlorite/smectite, leucoxene and calcite. Plagioclnie phenccrysts are also

altered to & wairakite-sodic plagioclase assemblage paiticularly along crystal margins
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Table 22.

Chemical analyses of primary plagioclases in drill hole

core samples from the Onikobe geothermal area.

Sample No. 124 - 165.6m 124 - 201.8m ‘124 - 222.8m 124 ~ 259.9m 124 - 288,.6m 124 - 334.7m
Core Rim Core Rim
810, 51.50 - 48.59 46,41 - 60.00 58,98 61.16 ~ 58.90 50.90 - 48.80 49.93
Al,04 30.15 - 32,03 34,62 - 26,40 26.91 26,32 - 26.51 29.71 - 31.4)3 31.25
Fey03* 0.97 - 0.88 0.7 - 0.18 1.25 - 0.8) 0.98
MgO .
Ca0 13.45 - 14.75 17.86 - 6,70 8.03 6,23 - 8,29 13.94 - 15.46 15.20
K70 0.18 - 0.09 0.08 - 0.13 0.15 0.85 - 0.60 0.12 - 0.13 0.10
Na20 3.69 - 3.32 1,37 = 7.24 6.99 7.65 - 6.60 3.52 - 2.71 2.90
Total 99,94 - 99,66 | 101.06 - 100.65 101,08 102.22 - 100.90 | 99.45 - 99.35 100,35
An 67 171 88 32 39 k)| 41 69 76 74
SEEE—— AS—
——

Sample No. I 127 - 154.6m 127 - 298.5m 127 -~ 409.7 123 - 309.5m 123 - 344 ,.6m
sio, 52.96 - 46.36 54,07 - 46,83 51.76 - 43,94 52.26 - 54,12 | 5$3.40 ~ 45,37
‘Al1704 29.51 - 33.40 27.7 - 32.66 29.20 - 133,66 28.53 - 28.10 | 27.00 - 31,60
Feq03* 0.40 - 0.77 0.69 - 0.71 0.69 - 0,58 0.89 - 0.80 0.46 - 0.80
Hgo 0.01 - 0003 0006 - OCM 0.0‘0 - 0.0‘0 0107 - 0.47 0.00 - o.lo
Ca0 12,70 - 17.75 11.11 - 16.41 11.85 - 18,49 12.83 - 14.31 | 11.70 - 17,17
K20 0.09 - 0.05 0.83 - 0.06 0.23 - 0.03 0.62 - 0,08 0.10 - 0.06
Nap0 4,18 - 1.39 4,54 -~ 2,13 4,50 - 0.83 3.60 - 3.21 477 - 1,56

" Total 99.85 - 99,75 99.04 - 98,84 | 98,27 - 9?.57 98.78 -~ 101.09 | 97.43 - 96,66
An 63 a7 55 81 58 92 67 72 58 85
*Total Fe as Feg0y
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Table 23.

Chemical lnalyaea of elinopyraxenes in drill hole core oamplea
from the Onikobe geothermal area.

33,m

Sample No. | 124 ="165.6m | 126 ~ 254.4m | 124 = 307.5m | 124 - 126 - 369.4m | 123 - 303.5m
$109 53.00. 52,30 = 51.7 | 51.81 - s1.43 | 51.56 - 52.14 | 50.90 - 50.70 50.90.
Aly03 2.78 1,60 - 2,14 | 199 - 2,22 | 2,36 - 2.05 | 3.06 - 3.73 2.91
FeO* 9.3 1992 - 12.05 | 10.90 - 12,17 | 11.40 = 12.14 | 10.63 - 11.2 11,93
Mgo 15,25 14,71 - 16,32 | 14,94 - 16,62 | 18.39 - 14.46 | 14.80 - 14.15 15.07
Ce0 19.96 20.54 - 19.10 | 19.44 - 18.60 | 19.83 - 19.36 | 19.50 - 19,55 19,30
Nag0 0.32 0.3 - 0.29 | 0.22 - 0.26| 0.19 - 0.23 | 0.25 - 0.25 0.26
Total 101.20 99.41 =99.69 | 99.35 - 99,30 |100.24 - 100.71 | 99.12 - 99.67 100.37
En 52.8 62,0 -41.2 | %2.7 -42.0 | 41.1 - 411 42.6 - 41.0 42.3
Fs 14.8 159 -19.6 | 17.5 -19.6 | 18.2 - 19.4 17.1 - 18.3 18.8
Wo 42.4 421 -®.4 | PO 40.7 - .5 40.3 = 40,7 18.9

- 38.4

#Total Fe as FeO
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and clé&age plnﬁea; some. pldgioclue fﬁenocryus have An 3141 conpol‘itioh d’iﬁle
22)..the ;toundmu hu been Iholly reylaced by q\urtz, vutakite, cpidote, aodxc o
phgzoelue, and illitic elny, wzth ninor munu of gypsum, pyrite, leucoxene and
nlcite. Id:.mrphie epulote crylnh thh light yellownh green-tedduh iuterfeten
color must. be high in piaucite mlecules. : V

Veins are ehxefly eowpoud of quartz and ‘wairakite vith oubordiﬂate muntl of

B calecite.

l!o. llo, Augi:e (ndente (#1.24l 291 S )t This is a ulctively mlured taduite
with abundant relictl of aug:.te nnd plagioclne yhenoctyln.' Bone ubuldt ‘

puudopmrphs eonpoaed of brownuh ;reen ot brown gmectite und leueoxene ate found
after hypersthene or hqrnblende, phggocgyutu Apg_ite phenocr?qes,hgve ,q:;ff_etegl parti:l
alteration i_.uto‘b:tm.mish green imectite aleng their erystal -agrgin_. or éia;vage'
phnes. ‘ o , :

The grounduu hn been en:iuly repuced by mrdenite-quattz-nec:i:e with -winor
gypsum and kao‘linitef : lound uygdulu are chiefly composed of ﬁotdcniu-quttz-'
smectite, Wo pyrite vas found. _Magnetite crystals are oxidized isto hengcite v;lon‘g‘
theit crystal urgins. ‘ » " ) v

o. p, Augite andeute (#1254, 33& 7 n): !mt of the mgite phenocrytt- have been

replaced by pale gr,ee:; chlorite/smectite and leucoxene with ainor aleige: gultergd
cug‘ittphéﬁoctﬁts Iuvi s co@oaitim of Ea, Fs gV, with sbout 2.4 vt! N
Aizo hnd 0 3-0.5 vtl Ixoz (Table 23). _ ‘l‘he hydto:heml ulr.entiou of .
plngwchu phenocrytu is weak; only a migor teplaceuut by u;ﬂkiu, qurtz ind
lpdic.plqgioclqse along their cleavage planes has occurred. “Some - of the mltergd
plngidéhié p!;edocrynts are u calcic as An 74 (Table 22). The ;:"-oixnd‘ﬁn'hn liclén'
:oully teplaced by the assemblage wairakite, oodie phg:.oclue. pyriu, enlc;te.
chlcritelmctite, phncine epidote and ninor gypcum and leucoxéne. ‘

Veins 1.7‘-1.9'-1 thickness are cmpoged of quartz, nirtkite! ealeite and
ptehni:e. . | | o | |

lIo. 16, Dacite tuff (#124, 288.6m): This pyroclastic mck,e@nzii’n’s}_npundcnt

chloritic -pl_e_udmrphq after augite and hypersthene () (or ﬁoni»_lepdg).fhedegrysts.
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In some of thele paeudomorphc, relict augites were found. Plagioclase phenocrysts of
An 69-76 (Table 22) are only pattly ‘replaced by niukxte ‘along cleavnges and
fracturea. me tuffaceoul u:nx hn been vholly replaced by wairakite, palc greeu
chlorztxc ‘chy, pynte and a small amount of fine-grained crystals of Fe-rich
'ep;dote. Awygdules and veins are ch:.efly conpoud ‘of vairakite and qnnrtz.

No. 17, Andesite tuff (#127, 154.6&:): Zoned plagioclase {an 63-87)(Table 22) and

lugxtephenocrysts in this tuffaceous rock have been partly altered ‘to ‘laumontite *
calcite and calcite + chlorite + leucoxene respectively. The tuffacecus matrix is
é:t?éeéh.é,ivie‘iy.‘r‘ep‘lace'd;by’:t'lie assemblage calcite, ctistdbali'te', quartz, cley mineral,
humon:ité ark!’pyrii:e. Ihe‘éccqrrence of cristobalite is most characteristic and this
is ‘the only samplé which contains cristobalite in drill hole #127°,

' No. 18, Andesite tuff (£127,155.4m): Phenocrysts of mafic minerals, probably -

augite and hyéér;tﬁené, have completely altered into qgngé'tét ‘of pale green clay
mineral and leucoxene.  Plagioclase phenocrysts have only suffered partisl replacement
" along cracks by lasmontite, clay mineral, calcite and leucoxene. Pyrite has formed
clémg‘ ﬁigizét'iti tﬁ;ul margins. Vesicles aud'irreg‘uhrly shaped veins 0.3~0.6 m
thick are chiefly composed of quartz, calcite, and wairakite with minor ‘amounts of
clay minetal.

' No. 4119-,' Andesite tuff (#127, 297.5m)¢ " Both plagioclase ‘and mafic pyroxene:

! ﬁi:en;:crysc; have been Vcoﬁ'letely'nplacei by prehnite + sodic plagioclase + wairakite,
and pale green chloritic clay + leucoxene assemblages respectively. The tuffgceous
nattix and lenticular glass ‘shardl'l‘re also vholly altered to aggregates of prehaite,
sodz.c phgxoclue. wairakite, chloritic clay, anhydnte, pyru:e and winor amounts of
culcxte.

vlié. 20, Andesite tuff (£127, 409.7m): Particl replacement of plagioclase

phé;xoééyits' by‘ caleite, vai“‘éaki:e,' illite and sodic plagioclase has occurred along’
cleavages and cracks. This rock contains the .nodt calcic plagioclase (An 92)(Tadle
22) among the’ analyzed samples. Pyroxene phénocrysts have been'cempletely replaced by
a calcite-pale green chloritic clay-leucoxene assemblage. The finé-gnined glassy

matrix has suffered strong silicification and has been altered into the assemblage of
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quartz, cslcite, wairakite, sodic plsgioclase, pyrite and clay minerals
(ch-lorite/nectite interstratified minéral and illitic wineral). X-ray diffraction

analysis indicstes the presence of gypsum.

No. 21,22, Andesite tuff (#127, 577.2m and 578.1m)s These two tuffaceous rocks

are very similar and contain sbundant wairakite in veins and as replacenentg after
plagioclase and glassy matrix. Irregular veins of vlir;kite + sodic plagioclase
within plagioclase phenocrysts are vell_dev}eloped. Mafic phenocryttl, probably augite
and hypersthene; have been completely replaced by green to pale green ghloritic clay
and mpinor amounts of leucoxene. Veins chiefly composed of wairakite with av rim of
chloritic clay cut through the tuffaceous matrix which has been almost complecely
replaced by wairakite, sodic plagioclase, chloritic clay; and pyrite with minor
vcllvcite. The X-ray powder pattern and microscopic observation indicate the presence

of adularia as a hydrothermal mineral in this sinple.

No. 23, 24,25, Dacite tuff (#127, 702.9w, 703.1m and 703.9m)s These three dacitic

tuff core samples are very"'sinilar. They contain phenocrysts of corroded quartz,
plagioclase, pyroxene and/or hornblende. Plagioclase phenocrysts have suffered
partial replacement by calcite, sodic plagioclase, wairakite, and some illitic clay
slong cleavages and cracks. Mafic phenocrysts have been completely decomposed into a
green chloritic elay-calcite-'leucoxene assemblage. The tuffaceous matrix has been
replaced by chloritic clay, calcite, sodic plagioclase, illitic clay, quartz, ;nd
pyrite with Fe-rich ;pidote. Veins and fractures are nof common except in sample
703.1n in which quartz-wairakite and calcite are well developed in some vesicles and
veins.

Fo. 26, 27, Dacite tuff (#127, 1010.6m and 1011.3m): These two core samples have

identical petrographic features. Phenocrysts of a mafic mineral (probably pyroxene or
hornblende) and plagioclase have been completely replaced by chloritic clay ¢ calcite
+ epidote + leucoxene and sodic plagioclase + calcite + illitic clay, respectively.
The tuffaceous matrix including glass shards has also suffered total replacement by
chloritic and illitic clay, calcite, sodic plagioclase and pyrite. Calcite and

quartz-calcite veins are common and wo wairakite was found in these samples.
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No. 28, 29, Dacite tuff (?127,,1103.6m and 1104.0m): - These two samples are

Vliﬂillr except for the aS:ende of wairakite in the latter. Plagioclase shenocrysts
have been completely replaced by sodic pihgioclase, vairakite and illitic clay. The
nific)ninerali, ﬁrobably hypersthene or hornblende, have also suffered totsl
hydroihefmal llteiltion to & chloritic clay, calcite and leucoxene assemblage. The
hydréthernni alteration, includihg silicification, of the tuffaceous matrix into the
.ax;emﬁlage of qul;iz,‘sodic plagioclase, illitic and chloritic clay, epidote, pyrite

and leucoxene is distinct.

No. ?O,VJILADacite ﬁuff (#127, 1loa§ and 1105.5m): Plagioclase phenocrfsts in
these two samples havg been partly alteved into a sodic plagioci#ée + wairakite ¢
_calcite ;tseqblage‘vith a uinorramount of illitic clay along cracks or cleavages.
Mafie phenocry:fs, probably augite and hypersthene, are pseudomorphed by pale green
chloritic clay + calcite + leucoxene. The tuffaceous matrix has been whclly replaced
bybquartz; calcite, wairskite, illitic clay, chloritic clay, sodic plagioclase,
Fe~tich'epidoté ind‘pyrite. Many vesicles of irregular shape in the original tuff are
“filled with the wairakite-quartz-calcite assemblage with a thin chloritic elay
‘coating.’bsimple\ 1105.5m contains much less wairakite and much more illitic clay than

" sample 1104.4m.

‘CHEMICAL COMPOSITIONS OF SOME REPRESENTATIVE CORE SAMPLES

Chemical éompositionb of 15 selected core samples are listed in Table 21 together
wvith their modal mineral compositions. As described in the previous sections, all
' these rocks have been é#tensively altered due to their interactions with geothermal
watets.: Secondaiy‘phasek”constitute more than half of the modal compositions; some of
them contain even up to 93-96% secondary phases. Of course, in Table 21, all quartz
contents are listed i: secondafy phase and in fact, some of them could be primary.

Therefore, chemical cempositiohs of the analyzed rocks cannot be considered reliably

7 representative of the original rocks. 'The extensive chemical modifications during

hydrothermal alteration are shown by (1) extremely high Hzo,‘Fe203 and § contents,
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(2) high rezoalreo ratio, (3) low total Na,0 + K,0 content, (4) variadle Sioz,

MgO and total Fe as FeO* and (5) no correlation between ‘l'i.()2 and PeO*/MgO ratio.
Such chemical variations are shown in the (xzo + luzo)-SiOz plot of Figure 16,

in the Sioz-reo*mgo plot of Figure 17 and the (quO + xzo)-reo*-ngo plot of
Figure 18. To plot the cgmpo:itions of these rocks onto these diagrams, &ll oxides
wvere normaligzed fo H 0-free values.

4According to Kuno (1950; 1959), all mon-slkalic volcanic rocks of Japan can be
differentiated into a hypersthene or pigeonite series. His hypersthene series is made
up of rocks whose groundmass pyroxenes are both monoclinic and orthorhombic, or only
orthorhombic, whereas his pigeonitic series is made up of rocks whose groundmass
pyroxenes are only monoclinic (augite, ferroaugite ;nd pigeonite). As an additional
criterion, he used the occurrence of hornblende and biovtite phenocrysts as being
characteristic of his hypersthene series. Kuno (1959, 1968b) later regarded his
hypersthene and pigeonitic series as representative of volecanic rocks of the
calc-alkaline (CA) and tholeiitic (TH) series respectively. However, as pointed out
by Miyashiro (1974) and others, such mineralogical and chemical correlations may not
be always true. Miyashiro (1974) proposed the sioz-t-‘eo*lugo plot to differentiate
CA and TH series as shown im Figure 17.

As described in the‘ previous sectious, all the andesitic and dacitic rocks from
the Onikobe geothermal area contain hypersthen? together with augite and hornblende as
the most common mafic minerals, although they have been extensively replaced by
chloritic clay. Wo pigécnite was found. ‘l'herefore,_ these rocks may belong to Kuno's
hypersthene leric; and they may have chemical characteristics of the calc-alkaline
series. According to Miyashiro (1974), the calc-alkali volcanic rocks (andesite and
dacite) at a given FeO*/Mg0 ratio are higher ‘in Sioz, n.zo + xzo, and lower in
FeO* contents than tholeiitic rocks. The ripz content of the CA series decreases
with an increase in the FeO*/Mg0 ratio. The compositions of the altered rocks from
the Onikobe geothermal area vary significantly from their unaltered counterparts. As
shown in Figures 16-18, significant leaching of Sioz, Mgo, l!azo + lzo, and

oxidation of FeO must have occurred in some rocks during the hydrothermal alteration.
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Figure 16. (Naj0 + X30) - §i0; plot for selected drill hole core samples from
the Onikobe geothermal area. Compositional fields for tholeiite basalt,
high alumina basalt and slkali basalt sre from Kuno (1966). Numbers refer
to those samples in Table 21. Circles are andesitic rocks and squares are

dacitic rocks.

"Such chemical alteration varies from specimen to specimen. For instance, specimen Wo.

12 (£#124-222.8n) may have gained & significant amount of $i0, during alteration. 1In

contrast, a possible loss of stoz in No. 5 and in Nos. 1, 2, and 10 mav have

occurred. Similarly, samples No. 3 and &4 contain too little MgO (hence too high

FeO* /Mg0) for any possible island arc volcanic rocks (see Miyashiro, 1974) and these
two samples are not plotted in Figures 16-18. Apparently, significant leaching of MgO

may have occurred during the hydrothermal alteration of these samples.

DISTRIBUTION OF SECONDARY MINERALS WITH DEPTH

. Distributions of secondary minerals with depth for drill holes #P-5, P-7, P-8,
p-10, Go-7, GO-8, GO-10, GO-11, 123, 124, 127 are listed in Tables 10 to 20, Two
points should be mentioned about these tables: (1) the modal sbundances of the

secondary minerals were not determined and the tables simply show that given minerals
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Figure 17. S§iO; ~ FeO*/MgO plot for selected drill hole core samples from the
Onikobe geothermal area. This disgram of Miyashiro (1974) was used to
differentiate cale-alkali rocks from tholeiitic rocks. Numbers and
symbols are the same as those of Figure 16.

are present in the core sample at certain depths; (2) the modes of occurrence of the
secondary minerals in the pyroclastics and flows could be grouped into the following
four types:

(a) Precipitation in vesicles (e.g., amygdaloidal mineral) and along fractures
(e.g., vein mineral); |

(b) Replacement of plagioclase phenocrysts and groundmass mostly along fractures

and cleavages;

(c) Replacement of ferromagnesian minerals including hornblende, augite,
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Figure 18. Compositions of selected drill hole core ssmples plotted onto the
classical AFM diagram. Compositional field of oceanic tholeiites is from
Shido et al. (1971). Closed circles are sndesitic rocks and squares are
dacitic rocks.

hypersthene and éouiﬁly olivine; au;!

@ Reyhcement. of bvcylclnic gﬁu. ‘
Sugh' differences in modes of occurrence were not differentiated in these tables.
Therefore, & zonal distribution of secondary minerals in some drill holes is not -
';ppirent, Characteristic features for their distribution are brieﬂy'de:crii:e'd for

. each bore~hole as follows:

P-5 (Table 10): Thirteen core samples were studied from this 179.6m deep
pildc—holé. ' These samples are iainly andesitic tuff with two thin andesitic flows at
36.0m and 52.5m. Most samples are highly altered; quartz, smectite, carbenate,

gypsum, and pyrite usually occur. Cristobalite was found only in samples from the
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upper 36 meters along with minor secondary ﬁuartz. Kaolinite, illite and anhydrite

lpofndicallj oceur in nnplés at shallow depth.‘

‘Native sulfur and KaCl vere identified in @ simple from 22.3m in depth.

Three zeolite minerals occur in the drill hole core samples: wmordenite at depthis

sbove 45.9m, laumontite at depths 'b.el'o'v 72.5n and dachiardite which wmostly
occurs as & vein minersl at depﬁu between 36.0m and 72.5m. Poorly crystallized
epidote”vu fégnd in two déep samples. Smectite was videly formed above 148.0 m

and chlorite/smectite interstratified minerals occur at greater depths.

P-7 (Table 11): Nineteen core. samples were .exauined from this 250.0 m deep
bore-h&le, 'rhe rock types viry'frou sndesitic to dacitic tuffs and 'fl'ow‘s, with
tl;e floys being volumetricilly less iﬂéBrtin:.' Smectite or a'lkaline smectite is
present to a .depth of 130.8 m, ;vith chlcriteluectite intetctx.'at‘ified mineral
thén océurring to the bottén. Illicic §layl ‘occur at depthi greitet than 218.0
m. The zeolites exhibit a crude depth distribution, with mordenite and
clinoptilolite occurring from 26.0 to 50.0 =, laumontite at 115.0 and 130.8 m,
and wairakite from 115.0 to 170.0 m. Dachiardite is found between 26.0 and
150.0m, mostly as a vein-f;;miug phase. Epidote occurs in every sample from
150.0 to 250.0 =m. Criltobalite; alunite, and native sulfur sre found in the
upper fcé teas of meters. Carbonate, mauﬁ and pyrite are formed in most of the
studied bore-hole cores. Sodic plagioclase, vhich was found in only two samples

of dacitic nature, may not be a geothermal alteration product but of ignecus

' origin. Adularia &s an alteration mineral was found only in samples from 218.0 m.

g_;_G {Table 12): Twenty-one core samples were examined from this 300.0 m deep
bore-hole. 'rhe. rock is predominantly and?si:e and gndesitic tuff with two thin
dacite Vand dacitic tuff layers. The phyllosilicates are approximately
dep:h-zoned;‘luolinite and smectite ‘or‘alkvaline smectite occur in the upper 150
heter:, and i;lilite‘ and chlorite/smectite interstratified mineral occur in the

lower part of the hole. Seven different zeolites sre found in this hole: wmajor
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wordenite, lsumontite, ninik‘i'i'e and dachiardite and ninor fqgav‘uliﬁe,
chabazite and thomsonite. The mordenite, llﬁmntite, yugavaralite and wairakite
show a succession with increasing depth, wh‘ile dachiltdite is present through
most of the core. As far as obs‘eived’in ;hin ieétiéms, &-a'chiardité, thomsonite
and chabazite occur only as vein nineuls . Epidote occurs in most samples from
below 95.0 m depth. Secondary nlb:.te is found in all fwe samples from below
180.0 m. Actmoh.te' occurs in the 300.0 m uuple vhieh eontains the (ltenuon

assemblage of lctmolite .. cpxdote + glbite + chlorite + quartz . pvnte.

P-10 (Table 13): Twenty-three core umples-iére studied from this 203.0 n
deép ‘drill-hole. "'l'he‘ rocﬁ is preéouinantly fandgsi.té and aix&e;itic tuff with '
subordinate dacite and dﬁcitic tuff. Smectite is ghe dominant phyliosilic'nte
mineral tﬁtoughout the core; no chlorite/tmect.i‘te‘ interstratified mineral
oécpr_s. Kaolinite and nui&e _cglfut are found at 25.0 w, -and illité occurs at
132.0 and 133.35 m. Mordenite was found in éorg nimpiea fron deeper than 161.05
u and occurs as civity fillings a:;d as an interstitial ﬁhue‘in l;nmontite- or
wairakite-bearing'nltete& rocks. Most of the dachiardxte, chabuxte and ‘ |
thomsonite gre found in vexns. A rough depth zonation from nordemte-
clinoptilolite to vaxukite through lmmontite and yugawarahte can be seen.
Epidote occurs cousistently at depthc grelter than 12S.~0i. Carbonate, pyrite
and gypsum are very common in the core specmens. No albitic plngioélue was
found, even m wurakxte-beanug tock. v S . V _ |

gO_-i ('.l‘able llo): ﬂu.rty-txve core umplu vere exanined from this’ 500 0e
deep drill hole. The rock is predamuntly (ndesite and mdeuuc tnff \n.th
niﬁor da'citic’cuff. A~disunct~¢1kahne mctite-mctite :hrough
chlorttelmectxte mteﬂtrntxf:.ed nmenl to chlonte toning vxth depth is
notxceahle. Suecnte, chlontelmcnte interatrltified m.neral ‘and chloutic
clay are oblerved at 15. 0-175 0 n, 2000 m and 263.0-623 bu respectively, »
although the rock at 450.6 o conui.nl chloritelmctite interstntifxed n:.neral .

wvairskite. An equally vell-developed notdenite :hrough lnunontite to vuraki:e '
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'-“zo’ning with dgpih is also ob_uivé,d. ' Mordenite, _humontite and wairakite occur at

depths at 15.0-147.0 n, 36‘.0-11'7_5.0 u and 201.1-500.0 w respectively., Only one
sample has dachiardite as a vein mineral. Albite occurs in many samples below
dep;in qf_ 201:.1 v and epidotelis found starting at a depth of 263.0 m. Prehnite

occurs ,¢£.377 +5 and 398.6 w. qubbnlte, pyrite and gypsum are widely found.

. GO~8 (tgbié' v_lS):-l' Fifty-one ﬁpaples wvere studied from this 998.3 m deep

_dril'l-hole.b The tb'ck_ consists of subequal amounts of andesite, andesitic tuff,
(dacite,.ax'\d' dac'itiq ‘tuff. Smectite and alkaline smectite ocecur to a depth of
 199.2 'n,‘_ and Ehloritél@éii@e interstratified mineral is found frea 147.0 to

998.3 m. ‘Chloritic clay is found at depths greater than 250.0 m. A progression

of wmordenite through hum:iu to ﬁir&iu with depth is observed; wordenite,
laumontite and wairakite are found at 25.0-50.5 n, 50.5 m-350.5 m and 126.5-998.3
m tespectively. - Albite, illite lnd epidote occur in most umples belov 147.0 A
and prehna.te il obterved in- fmr umples between 701.5 end 869.2 m dep:h.
Actinolite. u:ociu_ez? 'v_tth al,bxge, epidote, prehnite, quartz, wairakite and
¢hlorite was identified at 86§.Z ®. Pyrite cccurs in all studied simplis and

e.haicopyéivte was'foﬁn’d in the deepest sample at 998.3 m. Cristobalite occurs in

"only two ump'le-s in the lha'llovtie's”t' part. The occurrence of carbonate in -
'.bore-holéic‘:é'ru collected at ~d§_'pth£ greater than 650 m is rather ‘ure and
.pyrophyllite occurs in most samples below about 850 m. This fact must indicate

- thé.'p‘téteﬁce of -neuéial-aiktliné 'tﬁgml vater and acid thermal water at

ré,iﬁti#gl, ,ch'a'llc'n'er <au6"'¢l-eepe':~.,_lew‘r_els of this well reapectiveiy’. -

' co—xo (Table 16): fhirt‘f-tvd samples were exaniried from this 1330.0 @ deep

v-bore-hole. Approxi.lutely uxty petcent of the nnplu are andelite \n.th the
-‘rmming forty percen: being dncite and dacitic tuff. Snectx.te is preseul: in

1four unples cbove 302.0 n, chlontelmectite inteutntified -ineral oceurs fm

155.0 to 1330.0 a, and illite is present in most unples from 655.0 to 1330.0 .

Most of the chlonte/mectite interuutiﬁed clays in rocks deeper than 330.0 m
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are chloritic. Pyrophyllite occcurs in most samples below 800.0 m, and biocite is

‘present at 1330.0 m. Laumontite, yugawaralite, and vairakite display the typical

zeolite zonation pattern with depth observed in many of the other cores. Albite
and epidote occur sporadically et depths greater than 204.0 m, and actinolite is
present in two samples at 700.0 and 1330.0 m. The 1330.0 m sample is chiefly
composed of quartz, pyrophyllite, chlorite, illite, actinolite, biotite, and
albite vwith minor ‘amounts of wairakite and gypsum. Pyrite is found in most of
the studied rocks. It must be noted that mo carbonate was found in rocks deeper
than 800.0 m where pyrophyllite is widely formed. Acid thermal water must slso
predominate at depths greater than 800 m. ‘

GO-11 (Table 17): Thirty-one samples from this 1300.0 m deep bore-hole were
studied. ‘The rock is dominantly dacitic tuff with minor dacite, andesite, and
andesitic tﬁff. Smectite and alkaline smectite occur from 50.0 to 203.0 m,
chlorite/smectite interstratified mineral occurs from 250.0 m to the bottom of
the well, and illite commonly occurs intermittently st depths greater than 203.0

w. Most of the chlorite/smectite interstratified minersls in rocks deeper than

 350.0 m are chloritic.  Therefore, smectite, chlorite/smectite interstratified

wmineral and chloritic clay form a zonal distribution with the following order:
50.0-203.0 m smectite, 250.0f300.0 m chlorite/smectite interstratified mineral
and 305,0-902.0 m chloritic clay, although the clay minerals formed at depths of
1205.0 m and 1300 m are chlorite/smectite interstratified mpinerals. Kaolinite is
present sporadically from ithe top of the hole to 701.0 m, and pyrophyllite occurs
in seven of eight samples between 900.0 and 1205.0 m. The only two zeolites

observed in this well are laumontite and wairakite, the former occurring to a

-depth o0f 305.0 w, and the latter betweet_x 203.0 and 701.0 m. One very unusual

feature about this well is that wairakite is not observed anyvhere over the
deepest 500.0 @ interval where no carbonate was found and pyrophyllite is
common. An analogous pattern is 6bserved vith epidote, where this mineral is

nearly ubiquitous from 300.0 to 800.0 m, but is present. in only two of nine

_samples below this depth., Prehnite occurs at 500.0 m. Actinolite has been
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tentatively identified at 800.0 and 1004.0 =, as has pumpellyite at 1103.0 and
1300.0 m. 1In this drill hole, the presence of acid thermal water is also

expected at the depths from 600 m to the bottom.

123 (Table 18): Fifty-two samples from this 353.0 m deep well were studied.
The rock is primarily endesitic and dacitic tuff with minor endesite layers. The
shallowest core samples available for this well begin at & depth of 158.9 =,
Smectite occuts in only three samples, at 175.9, 184.7, and 187.6 = and
chlorite/smectite interstratified mineral is commonly present in other samples
throughout this well. Only three lpeéinenl among forty~two specimens from depths
betveen 158.9 m and 333.3 ® have chloritic clay. Probably, the boundary between
chletitelmecti;e interstratified mineral zone and chlorite zone is located at
about 340 = and rocks at greater depths than 340 m are characterized by the
occurrence of chlorite., Illite has been identified in most of the studied
samples. Seven teolites occur in the core: wairakite, laumontite, yugawaralite,
dachiardite, natrolite, chabazite, and thomsonite. Of these, only wairskite is
ubiquitous throughout the core. Dachiardite is present as a vein mineral in
eight samples between 238.6 and 328.6 m. The other reolites each occur in only a
fev samples. Epidote and albite are present in most of the samples throughout
the drill hole. Prehnite occurs in only three samples. Adularia is pregent in

six samples between 169.8 and 279.8 wu.

124 (Table 19): PFifty-six samples were studied from 158.3 to 349.4 m depths
in well # 124, The rock is composed of subequal andesite and andesitic and
dacitic tuffs with only one thin dacite flow. Kaolinite and smectite are
intermittently present between 165.6 and 200.3-m and occur in the sole
mordenite~bearing sample at 291.5 m. Chlorite/smectite interstratified mineral -
is present in wmost samples throughout the bore holes only three specimens at

214.5, 219.6 and 227.4 m depths have chloritic clay. Illite has been tentatively

identified in some of the samples st depths below 193,4 m. Laumontite and

dachisrdite occur sporadically between 158.3 and 264.05 m, and wvairskite is found
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in many core samples from depths of 162.4 to 349.4 m (bottom). Trace amounts of
yugavaralite are present in cq}y one sample from 211.1 m and chabazite and
thomsonite are found in some gpecimens filling network cracks. Cirbonate:,
pyrite, albite and epidote are generally present throughout the core. Prehnite
is limited to the 158.3 to 211.1 m interval and to the 334.7 to 344.6 m

interval, Adularia occurs in six samples between 193.0 and 270.4 m.

127 (Table 20): Twenty-four samples have been examined from this 1105.5 w
deep well. The upper half of the hole is primarily composed ofvtnduitic tuff
vhile the lower half is composed of dacitic tuff. Smectite is only present st
32.4 w. Chlori:e/méctite interstratified m’.n?rll occurs in samples collected at
depths between 154.6 m and 298.5 m. Chlorites gre found between 296.1 m and
lle.S m. Chlorite and chlorite/smectite interstratified mineral are associated
in three specimens at 296.1, 297.5 and 298.5 m. 1Illite occur’l.in most samples at
depths greater than 409.7 m. Clinoptileclite occurs at 32.4 m, laumontite at
155.4 and 296.1 m, and vairakite in most samples at depths greater than 155.4 m.
Albite is preseat in-most samples from 298.5 to 1105.5 m. Epidote occurs at
depths greater than 702.9 m and prehnite only af 297.5 m. Gypsum is limited to
the upper 411.5 m. Pyrite and carbonate are observed in almost all studied
specimens. Calcite commonly occurs in this bore-hole even‘nt depths greater than
1000z, except in specimens of 409.7-411.5m and 902.7m. The daily drilling
records for this bore-hole indicate that distinct leakages of cooling w;ter
occurred at depths of 390-470m and ‘870-910m. Figure 6 slso shows that the
measured bottom-te’mperatuus vere &traordinarily low at 51 hours and 99 hours
affer the liop of the cooling vater supply. | Righ porosity rocks occurred at

these two depths due to the decomposition of calcite by acid thermal waters.

SEM AND EDAX STUDY OF CORE SAMFLES FROM DRILL ROLE #127

‘Twenty-three 5 to 10 wm chips of core smaples from 154.6 to 1105.5m dépth in
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the #127 drill hole were examined using scanning electron microscopy and
semi-quantitative ‘evx‘:ergy‘-&ilpe;live analysis. This study of ct-tre #127 wvas
clrried‘"'bu:: for the fdllbwiug 'rguqns:

(l) to better @éetltnn& ﬁhe paragenetic sequence of minerals;

(2) to detgﬁniue if a ifs:emat_ic difference in phyllosilicate .noryhology or
'patagenetic sequence oc.cuyrr‘erdv a; a function of depth; _

(3) to quaiititivelty determine the compositions of the finé-gkuined ;

_ phyllosiliqﬁte;'nﬂd v ‘ |

(4) to see if this vcyp‘e of study would re:ﬁlt in tﬁe discovery of secondary
phases too small to be observed using optical microscopy.

Figure 19 includes many scanning electron micrographs of chips from the #127
core Aiamples. The areas ‘nhoﬁn.i_nfthe photos are typrical‘texturezll‘_'of, vhere
cavities were present, freeirowing‘ secondary phasec;with distinct morphologies.
Tentative identificiiim of minerals in these phétos ‘'vere based on morphologies,
leni-qunﬁititive énefgyfaitperlive X-ray analysis on :he'.sr:‘x, and previous thin v

;‘nection end X-ray aiffrtction ideﬁ:ificltions. Eich of thev'runplels vas first
conpletély scanned &t low pﬁwer (106-200!), then reprecenti:i've areas were
observed at medium pm(ér (500-1000X), and finally specific areas were examined at
| high power (2000-5000X). Approximately one hour vas spent examining each chip on
the SEM.

The following are short individual sample descriptions keyed to the Figure 19
vnic\toguphu:

Ms Two haSitl of phyllesilicates are tentatively identified in the two
photoni:c;ogrgphs; large (10536 micron wide by 2-3 micron thick) plates of 2
;rell-cryltilliiéd phyllosilicate, and a very fine (less than 1 micron) enmeshed

web of a nec‘_tvite-appeu;ing material mixed with f:.ne acicular crystals occurring
as clumps mongthe large plates. :l_'he fine-grained acicular crystals are a
.Ca-ll-s'i :]:hdsé j:u?e;d‘onAthre '!m data. They appear to be mordenite based on
iéfpholoé and ﬁuiita‘iive composition. Mordenite was. not ‘found in thin section

- by petrographic microscope. The two phyllosilicates both contain Ca, Fe, Si and
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Al,

154.92: The phyllosilicates observed in this photomicrograph are generally.
uniformly coarser than in the previous sample. They also contain Ca, Fe, Si and
Al. Minor acicular mordenite crystels were found. Coarse pyrite is abundant,.

155.4m: Three photomicrographs are shown in Figure 19 for this sample. :The
phyllosilicate occurs as quite uniformly-shaped 2 to 10 micron plates clustered
in the form of rosette-shaped aggregates. Cypsum can be seen in several areas on.
the grain.

296.1m: The minerals commonly observed in this sample afe laumontite
(pﬁuibly altering to leonhardite), wairakite, pyrite, and a phyllosilicate.

297.5m: In addition to quartz, phyllosilicate and pyrite, a K-Al-Si blocky,
free-growing crystal is observed in one cavity. Although & K-zeolite canmnot be
completely eliminated, the morphology would favor its being K-feldspar, most
likely adularie.

298.5m: In addition to the phases identified optically, several tapered .-
acicular crystals are observed in cavities. EDAX indicates the major elements to-
be Ca, Mg, Fe, and Si. No sbsolute identification was possible for this phase,
but low=-Al amphibole is & possibility bssed on the morphology and the EDAX

composition. Secondary amphibole was not identified by using X-ray and

microscope methods and it is mot common at shallow depths in geothermal drill
holes.

409.7m: Coarse, lattice-like phyllosilicate occurs as a costing on matrix and
apparently as a vein filler. Quartz and pyrite are ubiquitous.

411.5m: Cosrse, divergent aggregates of plates are overgrown by finer
phyllosilicates; pyrite is again abundant.

577.2m: Clusters of euhedral quartz crystals are very common in cavities.
The phyllosilicate has much the same cﬁpeaunce as in the previous sample. 'The
smzller quartz crystals intergrown with the phyllosilicate exhibit a distorted
habit, being distinctly flattened parallel to the ¢ axis.

$78.1m: Phyllosilicate very similar to the last sample is observed, Pyrite -
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is also abundant; quirtz is wuch less so.
102.9u: This sample is almost identical in appesrance to the previous ome.
703.1m: Conru,‘ evhedral calcite crystals are observed lining cavities;
twimning stristions sre shown on some of the crystal faces. 1In addition to
phyllosilicates, pyrite, calcite, and quartz, & blocky Ca-Al-Si crystal vas found
in one fracture. Fo positive ideatification could be made #nd it may be
chabazite or yugawaralite.

703.9m, 704.3m (no photos), 704.9m (no photos), 792.lm, and 902.7m: These

five samples are very similar in appearance, -Medium-grained phyllosilicate
curved aggregates are the only features seen on the surface of these chips.

1010.6m (no photos) and 1011.3m: Very fine-grained, poorly=shaped

pbyliosilieate-is the only secondary phase observed.

1103.6m: Subhedral calcite crystals are observed in cavities.
Phyllesilicates are coarser than those observed at 1011.3m.

llO&.bm: tnerzy-diuﬁersive sanalysis of some of the platy phyllosilicates ‘in
the first two photos (a,b) reveals major emounts of Al and Si but only minor
amounts of other elements, suggesting that some of the platy crystals may be
pyrophyllite. .The 'ver)Vv coarse rosettes in the next two photos (cyd) appear to
show ‘typicnl‘ngéh-u-si analyses as in previous samples, indicating that they
are interstratified 'ehlo:_ite.. Calcite gnd & blocky m-&l-sib'phue, wost likely
albite, are also observed.

1104.64m: Abundant eu‘hedt:i caleite cryitiis are visible along fractures. -
Distinct, wgll-nh#ped Fe-Mg-Al-Si phyllo;iliéntes are visible intergrown with the
caleites and :alsa, spparently, on the surface of the ulcite;. These
vell-crystallized phyllosilicates could be chlorite.

1105.5m: Abundant euhedral quartz crystals and phyllosilicates are visible.
EDAX indicates najor'Al sand §i, substantial K and Fe, minor Na and Mg, and no Ca

in the phyllosilicates, mgei:iuz that they might be phengitic illites.:

Concluding Remarks
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Detailed oxnimtion of phyllolilieatu in the core ltlplel of dn.u hole A
0127 has yielded nbi:uou- relults. Although a variety of phyuonilicacel o
including uecti:e, dkaliu lnec:ite, innntutified chlorite,
!-pbyuosilicatu and pyrophyllite vere detected, positivc iden:ifzuuen o! “
thue phue: is difficult. This is partly due to the similar -orphology of an
the phynolilica:el and yartly due to very poor ruolution of the EDAX
qulintin ml,yles. Therefore, further SEM study of core samples from other
drill holes was not continued. Sevenl very uncommon yhuec are luggected to
occur in the unples based on the worphology and the qulitatiu co-poution.
This mcludel fzne acicular nordenxte in #154.6 and #156.9. nduhria in #297 5,
ttemlitic.uphibole (1) in #298.5, and ehnbuite (?) or yugltunliee (1) in k
#031e - o

3

PROCEDURES POR ELECTRON MICROPROBE ANALYSES OF SECONDARY MIRERALS ’

!lectron -ieroprobe mly-es have been performed on polhhed thin sections from
the #124 well by J.G. Liou and £m the #123, #127, and #124 velll by Bay Guillemette.
The #127 core uqles were ctiticauy hand-chosen by Y. Seki and Ray Guillm:te at
6nikobe in Augﬁlt 1980. 'o.nly pﬁ'ti_ll cores were availible,‘ and samples were chosen both
at regular intervals in the svaflable core and where changes in lithology‘ot texture
were discernible with a hand lens. The .#113 and #1246 core uqﬁei verc‘cii-ihrly chosen
for study by Y. Seki at earlier dates. Petrograpbic reconnaissance ltndie;of polished
thin léctim ﬁu followed by detailed electron microprobe ‘cul'yun of secoﬁddfy phases
observed inbdbxoue thin sections. All of these analyses were designed to intermesh with
the deuzled petrographic and clay X-rsy diffraction l:udiu carried out by Y. Seki oo
anothey net of ﬂxin uctions cut frol samples collected ftou the same core intervals.
Electron -ictoprobe mlylu were carued out both to obtain conplcte quntintive ‘
mlyus of ;iven -ineuh md to eonf:.u unutive pctro;raphic ldentifiunona. 9
the llttet eue, both lni-quntiutivc nll-tim" counts nnd uthode-uy screen
ingin; techulquea were used. The samples for -icrop:obe study were prepared as

ltandard poli.thed thin sections at Stanford. After cmxutim, the areas chosen for
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'-:‘uay on each 1" by 1"' slide vere 'eircled vith permanent ink 'endv bhet'ogrephed at 20 to
’ 86! nagni!ieitioﬁ. ‘l'he photcs were then urked to indieete the tentative mineral

N iden:u;euom end the preferred ereu for analysis. In o .inority of the samples,

. Iund-drlvh eke:ches vere used inueed of photos as microprobe "upe . The preparation

of the pho:oe or du;rene wvas necessary in order to locate small greine for analysis
.quer;;_the;mcrqprobe ‘e_;enereny.pocr }ow-pover transmitted and low and high-power
."reflr.e'cted'light'op:iei. In sddition, t}re exact srea enelyzeﬂ could Ire- nrke‘d‘ directly
“om. :he photos to ellov the elec:rou been to be placed exeetly on the _same spot to
eonnnue the enelylis. After the. mlyees were canpleted and. emmed, eonpouitiml
pet:erne _ebeerved eo_qld be correlated with texture and pengenetic informatien by
n: reéeiinihing ‘the sections petrcgrephiceuy. Af:er fnitial exeniu:ion end prior to
hi:roprobe enelyait, each poliehed section vas coated with & 125 to 175" A thick
eonduettve urbon feln using a vacuum evaporator in order to prevent etetic eherge
buxld-up and been deflectian during analysis. B
'  An of the -ieroprobe anzlyses were carried out en a manual 3-chenne1 ARL model
mx-su uicroprobe at Semford. n unple current of approximately IOOM set on &
benitozte e:anderd with an eecelere:ing voluge of 15 ¥V was ueed for ell of the
‘ enaiyaes.. A bean’ diueter of 20-25 -ierom vas ueed whenever pouible. Vhen necessary
due. to ry nell ;rlin qiee or graie inhmgeneity, e been duneter as mn as 1 to. 2
' uic_rom vas eaed. ‘%hea this vas doge, care vas exetcie,ed_ to -eee;tlue the target ares
‘ n:notbeingdeuroyed. “The ravbeounte wvere also especially observed as a function of
tiue ‘t'ov"ueert'ain"'thet‘the diffulion of’velkeli metals evny. t'rin‘ihe epot eree.vu not
- occurring, resulting {n- feleely 1ow sodium and poteuiua nluee. When this vee observed
in enelyzing 0 urrw 'ein wineral, the nnple etege was eontinuelly wmoved during the
emlysie, uben ponible. in order to keep tbe small been on the nineral bei.ng enelyzed
but not e!veye at. tbe same epot. thus -inini:ing dmging heat . buildup. ;
‘l'he ARL: m-su ncroprobe vas upeble ot’ eiuuluneoutly mlyzing for 3
.elenente. ‘!hua. for & typieel 8 or 9 eleaent en.ﬂ.ylie, eech of. the epectmetera ‘had to
be unueuy driveu ta ; nev peak poeiticn an everege of three tinee. This could be done

in one of tvo veyu (l) the bean could be lefc oo one ares to be -analyzed and the
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Table 28A. Nicroprobe standards used for @ineral analyses.
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Hineral 1 o a e #n Mg Cs W K
Albite, P .
Plagioclase Ad A | ] Kaer Kaer Ab or
Pyroxens Cp 1 Raer  ©p cp Cp Ab
Pretnite c & ¢ [ o or
tpidote Cp Ab Cp Spess  Cp - Cp

Uairakite,

“Laumontite, . L
Yugavaralite Ab Ab Kaer Cp adb or
Phengitic Illites, T
Phyllosilicates Kaer Ab Kaer Spess  Kaer Eaer Ab . or
Carbonun ‘ Kanr Sbeu [~ ] A [ 4 7 ‘

4b = glbite; Or = Orthoclase; Kaer Knnuttu; Cp - cunopytoum; Speu - ﬂpuuruu

C = Calcite; R = Rutile.

Table 24B. Chemical compositions of microprobe Standards (wt.X)

Albite Orth. Kaer. pr. Spgu. q.leitc Rutile
810, . 68,14 . 64.65  39.60 . 47.60 - 36.41 .
110, .97 1.88 1.08 100.00
A1,0, 19.77 17.06  13.36 .38 20.59
¥e,0, 0.01 1.9 1.3 2.78
Teo 5.8 2.4 0.01
MmO 0.19  40.3 0.01
"go 9.58  13.20 . 0.01 -
[ 0.33 10.07  18.70  0.62  $6.03
a0 11.46 0.94 2.90 .08
£,0 0.22 1540 118 ’
o, 4397
ToTAL: 99.99  99.90  99.04 100,05  101.43 . 100.00  100.00
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lpe_étrneters drﬁento all peak positions be fore soving the sample to the next area; or
(Z) the three spectrometers could be left at one group of settings and all of the
samples cduld be ‘equentially brought i:;to in;lyzinz position before the spectrometers
were driven to new positions. At that time, the samples could again t;e sequentially
moved into analytical position (i.e., the same 20-25 micron aress previ&uly u.mlyud).
Option (2) was chosen in erder to minimize spectrometer reproducibility errors and
excessive drive time. The detailed phétographie piobe "maps" allowed the exact spots
amlﬁed to be locaféd as many times as ‘mecessary. Table 24 lists the microprobe
standards used for. the analyses. An efiortb v.as made to match n_atr’icec’ of unknowns and
standards as cloa;i} u\pouiMe in order to minimize matrix-correction errors. The ZAF
computer program MAGIC IVi by John Colby was used for the data reduction.

A total of 419 anilyieo of secondary (and & few primary) minerals were carried
out on the #123, 124, and 127 core sample thin sectins by J.G. Liou and Ray
Guillemette. Of these, 167 representative analyses were éhosen to be included in this
report. The modes .of occurrence of most of the minerals snalyzed are provided below the
sapple numbers. The characteristic compositional features for individual secondary
minersls gfe des_cfibed-in de?tiil in the aext chapier‘. For both primary plagioclase and

clinopyroxene, compositions were described in the previous sections.

DESCRIPTION OF SECONDARY MINERALS

Silica Minerals

Silica ainzi'ah are nbiquitouc in the altered samples from the Onikobe geothermal
area and include both eristobalite and qurtz. Cristobalite is restricted to shallow
depths and occurs u 'y ﬁnz-zruncd usuve rephcenent after glassy groundmass, as
fme-zruned precipiutes in veucles, and as thin siliceous layers as the latest phase
along fractures. Secondaty quartz is preunt in every specimen. It occurs as
fme—gruned aggregates intimately associated with other secondary ninerah in altered
feldspau aad glassy groundmass, as euhedrll coarse—-grained crystals along fractures and-

vesicles and as iwcrystallized mosaic aggregates after priaury quartz. Quartz is most
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comaonly associated with clays minerals, carbonates, geolites and pyrite in the altered

samples.

Kaolinite /pyrophyllite
Ksolinite is one of the most common secondary phases at the surface of fumarolic

areas within the Onikobe geothermal area. However, {n drill hole core samples, both
kaolinite and pyrophyllite are very minor end kaolinite is restricted to shallow depth,
They can only be fdentitied in fine-grained separates by X-ray diffraction. Therefore,
their occurrence nn& depth distribution are difficult to determine. They occur as
fine-grained phases, intimately associated with other secondary minerals, in veins and
as replacements after plagioclase crystals and glass shards. The kaolimite is
restricted to shallow depths above 300 meters except for porous samples in CO-11 where
minor kaolinite was identified in samples at depths of sbout 500m end 700m.
Pyrophyllite occurs in some core samples at depths greater than 800 meters in
GO-8 and CO-11; an inverse correlation between pyrophyllite and wairakite may exist.
Pyrophyllite is present in those drill hole core samples where wairakite is either
absent or forms as a later phase, App.areutly, the formation of both kaolinite and
pyrophyllite is favored in rocks where an acidic aqueous solution flows. In such an

acidic environment, Ca-zeolites such as lsumontite end wairakite are not stable.

Cley Minerals

Clay minersls are the most common hydrothermsl minerals in bore-hole cores of the
Onikobe geothermal srea and consist of a variety of species. Based on the X-ray
diffraction characteristics, particularly the basal spacings under dry conditions and
after ethylene-glycol treatment, t& clay minerals in the drill hole core samples from
the Onikobe geothermal area are divided into smectite, alkaline saectite,
chlorite/smectite interstratified mineral, chlorite and illite. Tables 25-35 list the
dOOI values of these clay minerals under dry conditions and after ethylene glycol'

treatment., Below, we first descride the procedures employed for our identification of
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the ‘clay minersl species, then the general textural and compositional features of each

of the clay minerals, their distribution end depth varistions, and finally we correlate

our results with those of other investigations in many other geothermal aress.

Procedures for Identification of Clay Minerals

It has been ghown that the basal sgpacing 4001 of smectite end smectite/chlorite

 interstratified mineral varies easily by cation exchange as well as by changes in the

relative humidity under which these clays are kept. We determined the 4001 values of

clay minerals according to the following procedures:

1.

3.

- 4-

6.

7.

The sample was ground into fine-grained powder of less than 100 microns, immersed
in distilled water in a beaker, and thoroughly stirred in order to separate the
clay particles ftom other minerals.

The suspension was allowed to sit for 15-30 minutes and then poured into another

}beaker; the light suspension contained abundaat clay minerasls.

The clay-rich suspension vas left in 4 beaker for at least 2 days in order to
deposit sufficient amounts of the suspended clay minerals at the bottom of the
beakar.

An X-ray powder glide was prepared by smearing with & small amount of the
clay~rich slurry.

The slide was dri-ed and kept at room temperature for several days in an
atmosphere of low relative humidity (lesi than 50%). |

Muscovite powder was used as sn internal standard because the 440y value of
suscovite is well determined. |

The slide was run in the X-ray diffractometer first from 10? to 2.5° 28

"(CuKe) at a chart speed of 0.5%/cm/min. Then it was run from 40° to 2.5°

and 65° o 50° in order to determine other mimerals and the (060) reflection
of clay ninerila, respectively. ‘
The slide was placed into s sealed plastic box to vhich had been added 2 or 3

drops of ethylene glycol; it was then run again in the X-ray diffractometer from
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26 (Cu K

Figure 20. ZX-tay diffractograms of (A) lﬁectite, (B) alkaline smectite,
{C) chlorite/smectite interstratified mineral and (D) chloritic clay.
Solid lines: at dry conditions; broken lines: after ethylene glycol
trestaent. :
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;_15 to 2.5° zo (eum.

' 9. ;the ‘001 value was then determined in the case of nectite-chlorite aixed layer

and chlcrite, and their 4001 values wvere calculued fron their 2 ‘003

.vlnd ‘004 values.

Deuripéion of Each Clay Miperal Specht

Smectite (me 1 Clay):s The clay minerals \n.th ‘001 values r:ngin; fran 16 ) §
to lS.bA under dry condition and 16.6 - laA nf:er othyhne glycol :ultunt lte uned

lnecti.tel in t.hu paper and examples of their x~ny di!fuctognu ate ibm iﬂ !igure
ZD(A). The ten mctite" is a general term or gtoup name vhi.eh iacludu micul typu
of expnndable clay nineuh such as -onmorulonite, beideuite, uponiu lnd -othera
(Eberl, 19783 Bailey, 1930). According to Eberl (1978), :he muotiuouitc chould be

"diocuhednl" smectite in which most of the layer chargen are developed by hmrphous

‘-nblntution in the octshedral layer, wheress the main charge eo-ponent i.n beidellite is

tetrahedral. l!e tecommended using the general tem uectice vheu the diffemtiuion
betveen mtnotiuonite and beidellite {s not pouible.‘ llthough the une npcnite vas
origiul;y used as the equivalent of trioctahedral montmorillonite; many authors have
used upo;:'iu ai 4 general term to include both smectite and mmriliﬁ;té (e.g.,'
Kinbau, 1975‘,5; Sequet et al., 1975), | .

Smectite minerals are common in the upper 200 s of most of the C:iu-hole eoru and

are occuimuy found down to a depth of 300 m. Mo ehuieal eo-poaitim 'ete otui.ned

by Iicroptobe mlylis as a result of the inabilicy to locate htger hohted gnins
-uiuble for this type of analysis. No definitely-identified -pgct;tgs were fqmgl.in the

) m) core unpleg ex;g_iued by SEM.

Alkaline s-eétite (fype I' Clay)s Alkaline nec:itea. in uhids most o.‘. the Caand Mg

cntionl fn mctiul are replaced by alkaliue -eula such as N2 and K, are cluracurtzéd

by ¢ 001 - (d:y) vnlue- of xz S-l!A and an expansion to 17.0‘17.“ lfter chyleue glycol

trestment, .As shown in !igute 20(8), the nlhliue l‘ectitu are euily diftereuti(ted

£m the uectite described sbove.
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The 4001 {dry) versus dOOl '(zd) diagram of cley winerals from the Onikobg drill

" héle ‘core samples ‘are summarized in l‘igjure 21, .Apparently, e significant gap between

smectite and alkaline smectite exists, supporting the observation that both chemical
composition and structural relstions are discontinuous between the two clsy minerals.
Similar observations have been made in the Miocene volcanogenic sequence of the Seikan

undersea tunnel area in Japan (Seki, et al., 1980).

Like Ca-Mg smectite, this variety generally occurs &t depths shallower than sbout

200 m; it is, however, much less sbundant than the former, occurring in fewer samples per

“hole ‘and in’a total of only 4 of 11 drill-hole cores. No microprobe or SEM analyses

“‘could be carried out.

‘ Chlorite/Smectite Interstratified Minerals (Type II Clay): Ve nsmed the clay
minerals wvith dOOl (dry) values of about 16-15% and an expansion to 14-16% by ethylene

“glycol treatment as’chlorite/smectite interstratified minerals. These minerals consist

" of non-expandable h}eri of chlorite and expandable smectite layers. The degree of

expaniion‘by.ethylet'i’e glycol treatment generally incresses with the increase of
interstratified expandable components. The relative intensities of the 1.8 peiki and 1%
peak can be used to estimate the relative proportion of expandable layers in
chlorite/smectite interstratified minerals (Weaver, 1956; Yoshimura, 1971; Yoshimura et
al., 1977). With increasing chlorite content, the peak height ratio of 787142 in the

X-ray diffractograms decreases continuously from sbout 1.5 to about 0.4 ﬁnd dOOI

:‘changes from 14 to 15.58 (as a result of ethylene glycol treatment). Variation in the

"“‘relative intensities of the basal spacings at 14X and 1% of these minerals must be caused

primarily by viriation of cations in the octahedral layers and in the hydroxide sheet,
the latter being occupied by large cations and ﬁzo molecules. ' ’ o ‘

Most chlorite/smectite interltutified minerals ftou the bore-hole cores of the

“ ‘Onikobe geothermil ares show & distinct 314 diffraction peak, indicating that they are

“* regularly interstratified minerals. Pigure 20(C) illustrates the X-ray l‘diff‘uc‘“togum for

a chlorite/smectite interstratified mineral: the basal lpncings represented by the three -
distinct peaks are respectively 31A for (001), 14.64 for (002) and 7.2% for (004).

The dyy, (dry) = g5, (EG) relations for chlorite/smectite interstratified

104




138

" 7]
ONIKOBE A ONIXDBE B
&
< | *= < | o
- > e | @
‘ En - En i
[ ]
z . E
"% % -
€s d .
i g X
-~ - bt .. '
[ L ]
4 L + “%%
15 - 15 [
.co . .‘ S
e X
13 % 15
Cou itry) 0h) b k &tdryith) '
1"
" PO |
D L3 Wy
- c <. .Hl' .
c§ . o - *gas ". .:
"” I p—a- L L
ONIXKOBE Z . ﬁ
{ .27
[ ]
[ ]
Eu’ g" . 4
3 *e. §
4 o J”
's A _J
[
C.
e
" & tery) (4} o
] ® 5
: e fdry)th)
Figure 21. dgo1(dry)~dgg) (ethylene glycol) disgram of alkaline smectite (AS),

soectite (8) and chlorite—chlorite/smectite interstratified mineral series
(CS) in rocks of #123 (A), #124 (B) and #127(C) boles of the Onikobe -
geothermal area, Japan. (D) is & summary figure of all smectite-chlorite
minerals measured from bore-hole cores of the Onikobe geothermal area.
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winegals are plotted in Figure 21(A) for individual Onikobe d_rill cores #123, 126 and
127. From the available data shown in Figures 21(A) and (B), a small gap exists between
smectite and the chlorite/auccit_e interstratified minerals, vheress s continuous series
occurs between the chlorite/smectite interstratified minerals and chlorite.

Morphologically, the chlorite/smectite minerals observed by scanning electron
microscopy in samples from core $127 océut as distinct, thin, platy and generally curved
erystals. Coatings of these 2 to 10 micron crystals often display a locally
sub-parallel, corrugated gextixre. »Aggregueﬂs pf cu‘rved plates in the form of Tosettes
are sometimes seen, Optically, the chlorite/smectite is pale green in plane light and
displays low birefringeuée.

The chlorite/smectite interliratified'nineuh are the most common phyllosilicate
found in the Onikdbe geothermsl ares, occurring abundantly in drill-hole cores at depths
greater than about 150 m. Selected minerals were analyzed for their major chemistry by
electron microprobe. The :;esults are linfed in Tables 36 and 37 for 11 smectite/chlorite
interstratified minerals and 17 chlorites. The interstratified phases are much more
variable iﬁ cénpoaition than chlorite and contain mainly Si.()2 (28-33 we2), Al,04
(9-19 weZ), f‘eo* avs total Fe (8-29 WtZ) and Mg0 (10-23 WeX), minor amounts of MnO

(0.06-2.0 WtZ) and Ca0 (0.1 to 2.2 WtI) and negligible smounts of K,0 and Ka,0.

2
Since the chlorite group minerals can accommodate only a very limited amount of Ca in
their structure, the presence of more than a few tenths of & percent of this element in

an snalysis indicates ﬁl‘-ie'__',occurrence of interlayered smectite., As a general rule, one

can observe from ‘l'a_ble\ 36 that shallower samples ccatain higher Ca concentrations, and,

_ _hence, a higher proportion of interlayered smectite. This trend is shown in Figure 22

for drill holes £123 and 127. 4 similtrrpatt'em based on the expandibility of the
inten:u:ified clhAl‘.oA’titelmeet'ite‘ u ob’served. ii\ the X-ray diffraction results.

The wodal variations among the major components .":i!)z---AliO3 - (FeO ¢ Mg0) for
these aualyu__: are shown inhl?igure 23 together with the cmpositional plots of smectite
by Sudo and Shimada ‘(i9‘69); .evhlorite"/me'ctiter interstratified mineral Sy Kimbars
(1975a,b) and chll.o'rite.'bj: Shirozu et al., ,(1;97‘5):. Appaiently’, the chlorite/smectite

interstratified phases show gignificant varistions in terms of these components; some of
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Table 25. The dgg) values of clay ninersis from cores of !-3. the Onikode
geothermel area, Japen.

Depth ~ Bmectits mlenu Tilice
(m) Dry £C 2C Dry
22.2(3) 14.3(4) 17.3(3)

29.3 14.8(2) 16.8(3)

36.0 14.6(7) 16.9(8)

43.9 14.2(3) 16.9(8)

5.0 14.8(3) 17.1(4)

62.0 14.4(0) 17.2(1)

€3.3(3) 14.5(0) 16.9(2)

72.% 14.1(3) 17.1(8)

148.0 14.4(3) 17.0(5) :

149.0 14.5(0) 15.4(0)

Tadble 26. The dggy values of clay minerals from cores of P-7, the Onikode
geothermal sraa, Japan.

Bepen. Sasctite ~Chl/Emect - Chlorice TITice

(m Dry [ {4 Dry [ {4 Dry
21.0 14.8(5) 17.301)

26.0 14.6(2) 17.2(5)

35.0 12.4(8) 17.2(5)

39.0 14.4(8) 17.1(4)

a0 | 14.6(0) 17.108)

5.0 1.4(8) 16.9(8)

$7.7

20.15 14.309) 16.9(8)

115.0 12.6(8) 17.2(5)

130.8 14.3(6) 16.6(0)

142.5 ‘ 14.6(4) 15.3(6)

150.0 1 14.300) 15.2(2)

170.0 14.5(2) 15.6(3)

100.0 14.5(0) 14.9(5)

218.0 14.3(6) 13.3(0) 10.2(3)
250.0 16.7(9) 13.3(2) 10.3(9)

them have compositions very close to that of chlorite. Kevertheless, they contain higher
8102, lower (FeO ¢ MgO) and lower CaO than chlorite. Both the smectite/chlorite
interstratified mineral and chlorite are extremely low in K,0 content and are-
significantly different from illite and illite/smectite mixed layer silicates described
later.

Chlorite Clay (Type 1II Clay): The dOOI spacing of van ideal chlorite is not
changed by ethylene glycol treatment (Nakamura, 1976). The occurrence of such
unexpandable chlorite is extremely rare in the drill ho.le core samples from the Onikobe

geothermal area. Most of the chlorite clays, as shown in Pigure 20(D), are weakly to
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Table 27. The dgo; values of clay ninerals from cores of P-8, the Oaitobc
geothernsl sres, Japan. )

Depth Saectite Ghl/Smect - Ihlor:tc Tllite
(-g Dry Dry bry
30.0 15.20 17.1(8)

30.5 12.6 17.2(3)

72.9 14.9 ) 17.101)

83.0 14.5(2) 17.2(3)

5.0 14.3(8) 17.0(8)

100.0 146.9(2) 16.7(8)

104.1(3) 14,.7(0) 16.9(8) :
111.2 14.7(2) 16.9(8) 10.1(¢)
118.0 14.4(35) 17.1(1) :
126.5 14.6(0) 16.7(5)

133.8 12.8(5) 16.9(2)

148.5(S) - 14.3(6) 15.1(7)

150.0 14.8(5) 16.9(3)

156.2(3) 34.3(4) 15.1(3) 10.4(0)
168.5(S) 14.3(6) 15.3(3)

200.0 14.3(6) 15.2(2)

213.9 14.0(6) 15.6(6)

250.0 16.3(€) 15.2(0) 10.3(9)

Table 28. 1h¢ dooy values of clay minerals from cores of ?-10, the Oniknhc
geothernsl ares, Japan.

Depth Smectite Chi/smect - Chlorite Tilite
(m) Dry £C Dry [{4 Dry
25.0 14.9(2) 17.4(1)

50.0 15.1(2) 16.7(S)

$0.5 13.0(0) 17.0(3)

S1.5 16.7(2) 17.1(1)

95.6 15.2(0) 16.7(2)

100.0 14.9(2) 16.9(3)

110.0 - 15.0(2) 16.9(2)

125.0 . 16.5(S) 16.9(2) )
132.0 15.0(0) 16.9(2) 10.6(2)
$33.3(5) 14.7(0) 16.7(8) © 10.5(7)
135.0 13.0(7) 7 36,72)

138.2(3) 14.8(2) 16.7(8)

164.2(3) 14.7¢0) - 16.7(9)

148.7(8) 14.8(3) 17.1(1)

149.0 15.1(2) 16.9(8)

152.5(8) 14.2(0) 16.9(2)

160.0 - 14.7¢0) 16,8(3)

161.0(3) 14.6(2) 16.9(2)

166.4 14.7(0) 16.2(8)

171.7(5) 14.4(8) 16.6(6)

183.0(3%) 14.6(7) 16.9(2)

194.2 14.6(2) 17.0(5)

203.0 14.6(0) 16.7(8)
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Table 29. The dgg) values of clay minerals from cores of Go-7, tlu Onikobe
geo:hennl ares, Japan. i

Depth Smectite 0\1/8.::: - Gllonte Illite

n) -y Dy - {1 Dry . .. g - Ory
1.0 © 12.6(A) 16.9¢3)

20.3 12.5(8) . 16.9(8)

23.0 12.8(0) . 16.9(8)

26.% ' 12.5(1) 16.9(35)

107.0 12.2(7) 17.0(5)

142.0(8) 16.6(3) 16.9(9) o

175.0 14.6(0) 16.6(6) - 10.6(0)
201.13(3) , 14.4(8)  15.200)

201.1(5) : . 16.403) 15.3(3) |

243.0 14.4(3) 14.6(2) 10.4(4)
207.0 15.2(2) 16.3(2) o
263.0 . 14.5(7) 16.6(2) 10.2(5)
276.0 16.3(6) 16.7(9)

9.3 . o 14.7(2) 16.9(7) 10.3(7)
300.8 _ 16.4(3) 15.2(2) '
352.0 14.3(8) - 14.2(5)

-3711.8 14.4(8) 14.7(0)

381.0 . . 14.2(8) 16.9(7) ,
398.0 - 16.4(0) - 6D 10.4(9)
4234 16.4(8) 16.9(7) :
430.6 ; 14.5(2) 15.3(3)

$00.0 : ’ . 10.3(0) -

moderately é;pandgd by ethylene glycol treatment, o
Tables 25 to 35 list the d001 values of clay minerals from cores of many .drill
holes in the Onikobe geothermal area. The data clearly indicaie_ that the

e 1(E.t:)-f.lmn(clry)ll 4001 (dry) ratio decreases with increasing temperature and

. depth in the Onikobe geothermal area. Apparently, the chlonte/mectite intentratifxed

mineral chanséi to chloritic clay, and the percentage of chlorite layers in’ the
chlorite/smectite i_nterctutified minerals increases with increasing depth. -

Some bore-hole core bl‘a4uples contain both chlorite/smectite interstratified mineral
and chl'or‘ivt’ic élays as shown in the x-;ay diffractogram of Figure 24. Whether these two
éiay uneuh are .ltlnﬁle'is ot certain. Optical observation to revesal their gemetie
telat:.onahxp is diffxcult. | | .

. Selected chlonte unenls were cnalyzed for theu uJOt element conpoutionl and the
results are luted in 'I‘ables 37 and 38 and graphicauy :hovn in Figures 23 and 25,

Conpared to those chlontelnectite inteutntxfxed minerals described abm, the

‘ chlorxtes have a mch more testneted nnge of chemcal conpoutions. The chlorites

. : . -
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Tatle J0. The ‘00[ nlun ‘of clay mimarals from cores of €0-8, the Onikobe

goothcml cru. Japan.

Depth - $mectite ~Chl/Gmect = Gllotiu - Tilite
(=) Dry | (] Dry
25.0 12.8(0) 17.3(0

50.5 12.8(2) 17.5(9)

100.5 16.6(7) 17.6(3)

100.5 13.0(0) 17.6(3)

126.5 12.6(2) 17.6(6)

167.0 14.9(7). . 11.0(8) 16,97 15.6(3)

7.1, T o 15.0(0) 15.2(7)

148.0 16.7(2) 15.7(7)

199.2 15.0¢0) 17.3(8)

202.0 o T 15.0(2) 15.7(1)
%70 16.7(9) 15.(7)

250.0 14.7(9) 16.7(7)

250.0 14.7(9) 15.2(2)

297.0 14.7(2) 15.3(0)

350.9 14.3(7) 1%6.6(7)

351.0 14.7(2) 1%.2(2) 10.6(3)
402.5 ~14.6(2) 15.2(7)

455.0 14.6(0) 16.6(?) 10.1(1) -
$00.5 14.6(4) 14.8(9)

$01.0 - - W.2(2) 14.%(7)

552.5 14.7(0) 16 (7) 10.3(0)
$97.9 14.6(2) 14.6(2)

$99.0 14.6(0) 14.5(7)

650.5 o 16.5(8) 14.5(3) - 10.2(0)
€51.0 14.5(0) 18.5(7) ] 10.19)
7000 14.5(5) 16.7(0) 10.1€6) .
700.1 14.5(7) 14.5(N)

701.5% , B .91
150.0 16.5€2) 14.6(2) I
799.0 14.6(3) 1.5(5)

899.8 14.6(0) 16.8(2)° 11.5(2)

99.8 - Jh6(0) - -15.4(9) . .
950.0 14.7(2) 18.7(2) 20.1(2)
. 998.3 16.5(5) 16.5(0) 30.2(3)

143

contain much lower cao And s;oz than the ehloritelmecnte phnes.
Analyses of lu.netah comideted to be lholt entirely ehlorxte as & relult of lw Cl
contents are llso ylotted in ngute kL (lftet Hay, 1956). 'the amlyud lmples fm

drill holes #1213, 124, and 127 all plot in the pyenochloriu and din‘bm:ite £xeldl,

vfouotung mox:di:ed chlcrite nounchture; the deeper unples appear to geneully plo:

Eurther to the left l:hnn the lh&llmr onel as n result of lmr Si eontents. If ;
oxidized chlorite nonenchture is used. then the muyses f.u in the delesnte and .
chanoaite fields, Although ferticlfettouo tltiOl could not be obuined for tliele

ssxples, the occurrence luggestl thnt unoxidized ehlonr.es are more likely than oxidized
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Teble 31, ﬁlu ‘001 ul-u of euy duull ln- e-nl qt W-N. tlu Onlbu

geothermel area, Japan.

Bepth . — Sllect - Glorles | TG
o L.) s "’\‘.—4 Toe e !c’~ RN 3 "! . > u BRI ERE ’" [T
135.0 I EE . "o.(” .,o.(z,
235.0 Con SRR 18.%(7) 15.2(3)
”0.0 . “-'(’) BRI ‘loot,) , . o
302.0 16.9(7) 17.1(0)
330.0 16.6(2) 16.9(7) ¥
380.0 :  :14.9(2) - 18.3(7) 7
401.0 1 18.7(7) 13.2(2) =
433.0 B 18.7(7) 13.1€0) .-
$38.0 14.5(7) “.‘(0)
735.0 “ . 16.4(8) 14.5(2) 10.1(1)
. 833.0 i L lC-S(Z) “o,(,) " ¥
10500 . 10.0(6)
1100.0 : : 10.0(6)
13300 - l‘..(”‘ 14.5(0) IOcl(l)

_tm. 32, e cm ‘values of €lay niserals from cores of GO-11, the o.xm. ’

: gco;lm-l ares; Jcna.

Depth - .- a-:uu = Gi/smect - Chiorita Tiiice
$0.0 l‘o‘(’) . l‘t,(.) . i
103.0 12.9(3) C37.8(2) )
105.0 18.4(3) T 187.8(2)

150.0 - 12.4(0) - 37.3(8)

150.0 . 18,4(3) - 07.2(8)

{ o 12.8(0) 17.5(9)

200.0 18.7(2) - B31.8(9) L
203.0 -32.3(4) +41.2(8) 32.6¢4)
203.0 13.0(2) 17:2(3) )
250.0 PR P 15.0(2) 15.8(2) 11.1(8)
350.0 : 14.6(2) 14.6(2)

400.0 . 14.6(2) .6(2)

$03.0 14.6(7) .77 .
$50.0 .. : 10.9(1)
701.0 . 16.6(2) 14.6(2) 10.3(2)
791.0 e g 16.5(3) 36.6(2) 10.0(9)
{ 14.6(2) 14.6(7)

800.0 - 16.6(2) 15.%71) .
900.0- £ 14.4(8) 34.4(8) &
202.0 S _14.5€2) 34.4(3) 10.5(2)
1205.0 - = e g (% 1¢4) 15.(1) 1 10.2(9)
1300.0 14.5¢7) 15.7¢7)

1
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.u:huill ares, upn.

| wam.

Bepth e uoe:m»,_,,_ ; : mﬂ&nez Jlonu Tilite
(.'; . Dry - LR, | Dy ({3 - Dry -
158.9 - | i ”ls,blﬁf : 'u.m) 1
1502 - | Toi18,8(2) 0 - 15.680)
15%.9 34.8(7) 15.6(0)
162.9 10.6(2)  15.8(5)
163.1 u.sm' 1.1
esa | NS 18909 18.5(2)
169.8 - RN I 31.9(0 © ls.m)
195.9° 15.4(2) - 16.8(8) o -
178.8 DT 34.8(7) - 15.?(7)-~.,.
179.0 BT TR o 14.8(2) 16.2(6)
184.9 34.8C2) - - 36.9(8) - 2
‘.70‘ 34.6(2) . P 17.5(2). T e 2l
'193.8 Ut B T Y T¢ 3 BRI N ¢ ¢ U
198.4 : : T 34.6(2) - 15.4(9) 1 10.2(7)
© 202.9 3 u.nm . ts.m) o
206.6 M.G(ﬂ 15.3(0)
n0.d | , u.A(s) - 18.3(8) .
1.2 BH(S) - 8.8C8) |
2166 1»5.7('» o 1Y ] 20.249)
229.4 u.m)- B LRI i 10.2(7)
32.4 18.5(7) - 15.4(6) e
2386 IR, asut)
2436 - M.l(!) ,ls.“!)
253.0° u.tm : .;u.‘m- : :
260.9 24.9(5) 1 15.8(0)
262.6 “36.4(0) . '18.6(0) v
263.6 16.8(2) . - 34.6(0) &
261.1 ] 16.8(8) - xs.m) B
213.6 . JhB(8) - l!.!t!)
zn.l - - 1447(2) -185.2(2)
. 29%0.3) ‘ u.uz . 15.5(8)
- 30b.1 u.mr LI [t I
- 30348 > BeBC(T) . 15.8€8) L)
301.5 16.002) 15.6(6)
.‘,iu.z BRRE 175 [4) IREINS  75 14§ BV EIa
: 113.7 - Au.nm'- - 18.5(2)
319.9 U662 U 18.3(8)
,”o. __A “-“z) Tt )6.“2)
333.3 | ooaeagay s o 188y o} -
- 34046 - - MeALS) k() ‘
- 340.6 u.vm ) 15.6(8) | R
 Shbeb ToaheBC6) T 16.9(2) 1 20.3(2)
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geothermal ares, Japan.

Table 3b. The dgo3 valuis of clay siners

146

h' from cores of #124, tﬁc Onikobe

Deptn Sacctite Thl/imect - Chlorite Tilite
(=) - . Dry . e Dry
158.3 146.7(2) 15.6(8)
159.5 14.7(2) 15.2Q1)
162.4 . 14.6(7) 15.8(8)
-163.6 14.7(2) 17.3(8)

167.3 14.6(2) 16.6(0)
172.4 . 15.1(2) 17.1(8)

178.0 16.7(2) 17.1Q1)

179.3 16.8(2) 15.8(8)
186.3 14.7(2) 15.7(7)
192.0 14.7(2) 16.0(0)
193.4 14.7(?) 16.9(8)

200.3 15.0(7) 17.0(8) .

201.8 14.4(8) 15.8(0)
209.9 16.06 15.9(4)
211.1 14.7(7) 15.6(8)
214.0(3) 34.3(6) 34.3(6)
2143 146.7(2) 15.2(7) 10.2(8)
219.6 14.6(7) 14.9(7) 10.0(9)
222.8 146.6(7) 146.8(S) 10.2(3)
227.4 14.6(7) 15.6(0)
231.7 14.3(7) 15.3(6)
235.8 14.7(0) 15.2(7)
239.8 14.6(7) 15.0(2)
243.0 16.7(2) 15.3(0)
245.0 14.7(2) 15.4(9)
246 .4 14.7(2) 18.4(4)
269 .4 14.7(0) 15.7(1)
252.5 14.4(5) 15.3(3)
253.3 14.6(2) 15.3(6)
254 .4 14.6(7) 15.4(9)
259.4 14.7(0) 15.8(2)
264.0(3) 16.6(7) 15.1(5)
264.4 14.7(2) 15.3(3)
270.4 16.7(2) 15.2(2)
276.9 14.6(2) 13.3(3)
286.2 14.6(7) 15.6(0)
291.5 14.8(2) 17.1(4)

294.4 16.%7) 15.1(7)
300.5 14.7(7) 15.5(2)
307.5 14.6(7) 15.6(3)
310.4 16.7(2) 15.4(1)
318.4 14.7(2) 15.6(8)
318.5 . 14.7(2) 15.4(4)
320.4 14.5(7) 15.%(S)
323.7 14.7(2) 15.8(0)
324.8 16.7(7) 15.7(1)
329.7 14.7(2) 15.6(6)
334.7 14.4(5) 15.5(S)
44,6 14.7(2) 18.2(S)
346.3 14.5(2) 15.4(9)
349.4 14.7(2) 13.6(3)

113




o ————

147

Table 35. The dgo) valves of clay minerals from tores of 0127. the Onikobde,
geothermal ares, Jupn. . :

Depth - S - Smectite - - “Chl/Srect = Chiorite | 1llite
FOV I bry £C Dry | { Dry
32.4 15.0(2) 1.3(1)

154.6 - o 1 .8(2) 15.5(5)

155.4 ; : 14.5(5) 15.2(8)

296.1 S , 14.6(s) 15.6(6)

296.) - 14.5(0) 14.5(0)

297.5 14 .4(5) 15.6(8)

297,83 ©14.5(4) 34.5(6)

298.5 . 14.8(4) 15.5(5)

298.5 : 14,5(2) . 14.5(8) | )
409.7 C 14.5(2) 14.602) | 10.7(7)
411.8 14.4(8) 16.5(0) | 10.5(9)
577.2 14.4(8) 14.9(7) -
$78.1 + 14.6(4) 14,8(7) |

702.9 16.4(8)  14.5(7) 10.4(7)
703.1 . . 14.4(8) W52 | 19.5(0)
703.% 14.5(2) 34.5(2) 1 10.6(2)
704.3 ' g 14.5(0) 14.6(0) 120.2(1)
704.9 " 14.4(8) 14.5(5) 10.4(0)
792.1 . . 14.5(7) 18.7(2) g
902.7 ' . - 14.5(2) 34.5(2) 10.3(9)
1010.6 : 14.5(2) 14.5(5)  §  10.8(8)
1011.3 . . . 16.5(7) . 14.5(7) 11.0(2)
1103.6 . o o 14.5(7) 14.6(2) ] 10.1(8)
1104.0 : : 14.5(2) 16.6(2) | 10.1(3)
11044 . 14,5(2) 14.5(2) | 10.0(8)
1105.5 14.5¢7) 14.5(5) 10.1(6)

ones (wvhere, folldwit"xg‘ﬂay's com"ention, oxidized chlorites are those cbntlining moTe
than & wt.Z Fcz 3). Table 38 lutt the calculated chlorite fomuhs for the analyses
plotted in Figure 25_. Although these analyses can be :ucceuiully calwlnted as
smectite-free chlorites, it is mportant to note that very few of these chlorites exhibit
no expansion upon ethylene glycol trument' the me jority atxll lhow veak to moderate
expansion. This is characterxst;c of uhnt has been called cuellxng chlorxte by @
number of researchers., In addxtum to. lhowmg a lb-l6x reflection, the Onikobe
interstratified chlonfelmec:xte minerals alsc exhibit a dxstugct 3§x“‘nf1ectxon,
indicating that»tl‘gey'“are regularly rather than randomly interstntiﬁeﬂ. |
Iuite/sﬂectite. Interstratified Minersls end Sericite: Illitic clay minerals occur
in some deep bore hole cores of the Onxkobe geotheml areas. ’l"hey tu’fe reh:ivelly‘nre
compared to mect:.te-chlonte series chy m.neuh descnbed above. 'l'he illitic clay

minerals, judging from their X-ray diffraction patterns and limited microprobe

114




Table 36. Chemical cominsicinn ~f cilovite/semetite (nterstratifie! ninnrals in teill hola cove samwnles from the ‘Mikehe
gaothermsl area, Japan.

STt

Sample 12 - 8123 - 2126 - 165.6m " - 126 ~ 127 - ny

Mo, 238.6m b, 0m 29 Im M, Tm 156.6m $”.im

Simy 2.0 0,23 31.43 8.n n.nm 2.9 28.30 20,64 0,26 28.84 33.63
Ala0y 17.20 18,23 13,03 11,63 12.2% 2,70 11.76 11.06 16.06 17.%?7 18,33
FeO* 19.%0 13.82 2.0 26,05 27,86 22,34 1,60 22.78 17.0% u.n 8.92
HnO 0.88 0.66 ' .51 .07 1.8%
g0 16.83 22.%0 12,61 12.76 11.80 n.n»” 17.2) 10.77 16,61 0.1 LN Y}
Ca0 .27 n.16 1.20 1.01 1.78 .02 0,16 0.8 2,61 1.7 2.2
K90 0.07 0.04 o.m 0,08 0.1% n.0?7 0.02 0.05 0.03 n.0n .01
Haz0 0.05 .03 0.06 0.0 0.0% 0,02 0,08 0,0% 0.07 n.1e n. 1
Arhydrous 84,20 84,98 87.53 80,42 85,71 18.7% Mg B.74 80,22 82,36 83,33
Total

*total Pe as PeO.
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Tadle )7, Chewmical cb-vonition of chlorites in Arill hole core semples from the Onikobe geothermal avea, Jepan.

19 ¢

Semple " - #127 - 1010.6m 127 - "2 -
Mo. S, in
1011.3n 1103.6m | 1104 .40
810, 29.08 7.1 27.62 27.94 26.88 28.36 27.84 28,73 28.51 23.3% 29,46
Al0 16,49 18.70 18,33 18,97 18.04 17.74 18.23 18.06 18.37 17.86 19.36
Fe0 . 10.92 21.93 22,82 21.96 22.07 22.22 22.2t 12.27 22.3% 22.99 tr.72
M0 t.78 0.3 0.33 0.0 0.32 0.32 0.3 0.28 0.32 0.46 0.3
MgO 20.67 16.86 16.33 16.86 16.57 16,72 16,38 17.82 17.40 13,78 21.98
Cs0 1.38 o0.10 0.13 0.17 o.2l 2,27 0.1 0.1% .21 0.01 0.13
K20 0.01 - 0.06 0.06 0.04 0,06 0.0% 0,06 0.0) 0.0% 0.02 0.03
Wag0 - 0.6 0.07 . 0.08 0.07 0.10 0.10 0.1l 0.07 0.08 0.09 0.0% 1
Anhydrou: 81.67 85,79 83.71 86.31 sa. 21 83.78 85.53 87.42 87.31 80.16 88.96 4
Total
127 - 1104.40n
-
s{oy 29.60 29.37 29.93 29.%6 28,96 29.9%
Al20y 18,66 19.26 18.96 18.64 19,25 18.22
FeO* 18.8% 18.31 18,23 . 18,02 18.01 10.08
HMnO 0.37 0.3) 0.32 0.38 0.33 0.32
g0 21,04 20.97 21.6) 21.72 20.63 22.19
Ca0 0.1) 0.2% 0.12 0.08 0.1% 0.10
K20 0.03% 0.04 0.06 0.04 0.0l 0.0l
Nag0 . 0.0% 0.04 0.0% 0.0% 0.06 0.04
Anhydrous 88.74 88.58 89.32 88,29 87.02 88,90
Total .

#Tatal Fe ae Fe0

641




150

129
)
®
[ ]
W 200 00 . 400
Depth (m)
1.04
on 127
os] © Py
so.a -
. :
2 I
O b ave 8% sen 1000 TNeo0

- Depth (m)
Figure 22. Plot of Ce0 wtX in chlorite~smectite interstratified minerals from drill

hole samples in cores #123 and #127 as a function of depth. Cal was
calculated on the basis of water-free totals normalized to 88Z.

compositions, beleng to the illite-illite/smectite interstratified mineral series.

cdntinuou;-varintions occur in this series; with increasing depth, as shown in Table 39,
the.,:d.iffe/rence m (001) ;pac ings be:n;n dry cot;dition and nfter';thylcne glycol
treatment becomes mlfle:. mia ‘:e‘htiomhbii: indicates fhit the smectite component
decreases and illite becomes the major K-bearing phase for deep drilvl hoié core samples.
An example of an X-ray diffractogram of a typical illite/smectite interstratified
mineral separated from GO-11 (203.0m depth) is"lhovm in Figure 26(A); both pre- and
post-glycolation diffractograms are presented. - The diffractogram exhibits the effects of
tvo components——smectite and illite, The 27.3% peak is due -to the regular
interstratification of sericite and smectite. The .12.652 peak is due to both components,
which can best be shown in the diffractogram run after glycol treatment (13.711 for
smectite component and 9.llx for the illite component), Oo the other hand, as shown in
Figure 26(B), the end-member. illite (or sericite) exhibits a characteristic wvhite mice
pattern with 10.128 for (001) peak and 5.064 for (002); these reflections are not

affected by ethylene glycol treatment. ‘The (hkl) reflections in the range of 20°-35°

117




151

Si0,

AlLO, —— , — FeO+MgO

Figure 23. 8§i0y = Aly03 = (FeC + Mg0) disgram showing compositions of anslyzed
chlorite/smectite interstratified mincrals and chlorites from drill hole
cores of the Onikobe geothermal area. Fumbers refer to those analyses in

 Tables 36 and 37.  Sm: emectite (Sudo and Shimoda, 1969); CS:

chlorite/smectite interstratified minerals (Kiwbara, 1975a); Ch: chlorite
(Shirozu et al., 1975). -

Cuket 26 (Yoder and Eugster, 1955) indicate that fllite end illite/smectite

interstratified minerals balbng'to the 2)(2 and 2M3 (or ln)bpolytypel ,:enpectively. The

values of d%b spac'ing of 1.697A' - 1.5004 suggest that the K-bearing clay winerals are

dioctahedral phyllosilicates. » :

Some drill core samples contain ‘bot?: mctifewchlorite and iilitic ‘éhy minerals.
Both appear to b’e-:ﬁable. Somwe illite crystals are coarse enough. to ‘exhibit the optical
properties of phengitic mica. The phen;i_tic phyllosilicates are colorless and have high
birefrigence, vhereas the chlorite-gmectite minerals are 1light green in._color and have

‘neutral interference color. X-ray diffractograms of some samples with the 2 types of -

clay minerals are shown in 'Figu_refﬂ." 'The'9.'82x peak appearing .lfteg’et_hylene glycol
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Table 38. Calculsted formulae for chlorites fros the Onikobe geothermal
ares, Japan.
Samle ele m‘u‘u‘)ﬁcm“u“)._.o,)mnm
116300 4 | 6.09| 806 ] €90 [2.37 | 4.08] 11,63 5.0 | 897 I YR
L] s Joasfeas] s Jrm | sar] ansetess |a.e X"

w-nie  Jomfess]  sx || s et |ie o
TS TTICERE TXTY PRTY ITW O EE PR PR T (R P .
nente  losloe]| on fro|esefunlon [ )
10-000.6 & [o.02fe.oc]  sis Jasz | siee] 1iaetfs.ee |20 o
ir-t010.0e 8 e fo | sae laa | ce] nmtise |20 su
-t s {o03foes ] s Jaw | e el |am a1
rgende s [o.0sfooe | s {ae || ue®lses e W)
w-nose. Jewfeo! an Jos ]| nn’lse | .0
1w-toite & Joos foos | ean faon | 2] naeses |2 wn
w-aciae s [soseos | e jan | sasinethe ro] .5

© 5 Sotal dscludes (Mg ¢ A ¢ Fa) plwe €0 and B,

Table 39. ‘00.! :

-gnd ¢ o values of 111itic clsy minerals -
001, %001, ; ‘miners

dry’ 9Olyg
r’ o v . -
in bore-hole cores of (127, Onikobe geothermal arsa, Japan (‘).
Depth ¢ ¢ 4 - d
001‘" 001;c B 001‘” OOItc
411.5 10.57 10.0‘ 0.53 -
702.9» 10.57 9.92 °°55
703.1n 10.50 "‘5 0.65
703.9» 10.62~ - 9.35 0.77
704.9m 10.60 9.'5 0.3,
902.7n 10.3‘ 10.0‘ : O.Js
1103.6m 10.1‘ 10.13 0.05
1104.0m 10.13 . 10.10 0.0’
1103.% 10.!‘ 1.0.16 9.00
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nicols.

Some illitic chy lnneuln from the bore-hole cores of :he Onikobe geotheml area
were analyzed by the ¢lectron ueroprobe. ‘The relul;o are uuted in ‘hble AO and
graphically illuntnted in rxgure 28. Allo shown in the diuﬂm are conpontiom of
saponite (\'o:hmun et al., 1975), uricite (ni;uhi and Shirozu, 1975) and illite
(Shimoda end Nilhxyun. 1973). Upm‘eznzmtion of the nconuisuuee dats li-ted in the
table and shown in ‘the figure, uveul fucn are deéuced: (l) illicic: clay -menh vary
substantially in their major elenents, (2) the sio2 content unges fm a to 49 wtX
and increases with increuing xzo; (3) thooe illitelmctite interutltified nmeulc
are low in §i0, and !20 Cnd lngh in (Feo +, ligo), !20 and Ca0, whereas ilhte
minerals are high in 8i0 90 A1203 md xzo lnd lov in (!‘eo + Hgo) cnd uzo. A

Table 40, Chemiesl composition of illitic ehy minerals ia drill hole core samples from the Onikobe
geothermal ares, Jnnn

Saxzple €123 - ] 612 - ) o 9127 -

¥o. 238.6a . 22.8m ) ) . 703.1=

8ioy 31.46 33.11 | 38.82 ] 42.27 ° 49.41  A9.15. (T36.04  37.97 6.3 32.94
41303 18.76  20.55 | 22,8 | 25.20 31,51 30.33 23,13 22.72. 23.02 19.08 !
FeO* 14,03 12.19 9.17 0.32 0.24 . 0.23 8.33 6.60 8.31 6.56 .
Mn0 0.66 0.73 | o= —— ——— 0.18- - 0.29 0.12 | o.l1
¥4z0 13.23 13.33 ) 16,52 | 21,56 - 1.35 .21 ..s.n 8.85 = 5.55 4.3
Ca0 0.29 0.26 0.17 0.31  0.09 '0.07 - 0.50.  0i75 - 0.8 1.84
K20 1.34 1.69 2.51 -} 6.54 . 8.82 9.2 310 1.89: .  &.06 . 2.09
Ha0 0.09 0.12 0.04 0.19 0.28 0.20 1.40  2.20 0.64 2.3
Anhydrous 79.76 - B1,99 | 88.17 | 76.39 .91.9%4  9l.% - 78.61 = B1.33  00.47  €5.28
Total . L o .

#127 - 703.9» #127 - 1105.5a
§i0y 38.32  38.57 | 48.08  4A8.%%6
Al304 26.5%5  26.% | 28.33 - 27.9
FeO* 146.28 16.64 3.7% 3.90
‘a0 0.17 0.09 0.04 0.04 -
M0 s5.712 ~8.05 1.77 1.%
Cal 0.30 0.27 0.08 0.02
K20 4.31 3.98 10.36 10.57
Ma30 0.35 = 0.3 0.13 0.08
Anhydrous 89.91 8%5.71 $2.52 93.46
Total : :

*Total Fe as FeO.
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Figure 26.
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X-ray diffraction disgrams of (A) illite/smectite interstratified mimeral
(Go-11, 203.0m) and (B) illite (CO-8, 950.0m), Onikobe geothermal area,

Japan. Solid line: at dry conditica; broken ’line: after ethylene glycol
trestoent
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Figure 27.
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X~ray diffraction diagrams of (A) illite/smectite interstratified mineral
associated with chlorite (#3127, 703.%:), and (B) chlorite and sericite
(#123, 344.6m) from the Onikobe geothermal ares, " Japan. Solid
line: at éry condition; Broken lime: after cthylene glycol treatment.
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K,0+No,0

Figure 28. A1303~(FeO ¢ ¥g0) ~ (K0 ¢ Ray0) disgram showing compositions of
analyzed illitic clay minerals from drill hole cores of the Onikobe
geothermal srea. A: “Saponite’ (Trioctahedral smectite) (Yoshimura et
al., 1975): B: Y1lite/saponite interstratified mineral (Sato et al.,
1975); C: sericite (Higashi end Shirozu, 1975); D: Illite (Shimoda and
Nishiyama, 1973).

(4) the apalyzed compositions as shown in Figure 28 lie between those of smectite and
illite with possible paired substitution of (FeO ¢ l!gO):A1263 + (K,0 + Ra,0).

Such coupled substitution and increasing illite component in the illite/smectite
interstratified minerals can be correlated with depth, and hence temperature of
formation. l?igurg 29 is a plot of K concentration as a function of depth for illitie
clays from holes #123 and 127, The proportion of illite making up these minerals appears
to generally increase with depth. Similar observations have been made by Hower et al.

(1981) from burial metamorphic sequences and from other geothermal areas.
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Figure 29. Plot of Kzo wt T in illitic clay ninenh from some core samples of #123
and #127 as & function of depth.

A Rew X-raj Method to Estimate Smectite T in Illite/Smectite Interstratified Minerals

Determination of mctitc content in illite/smectite interstratified minerals by
X-ray d:iffraetion dats has been studied by Weaver (;956). Be pteiented a relationship
bet’weén percentage of the expandable layer fnd the basal spacing after ethylene glycol
treatment. Ris method hu been cmaniy used,  For inct-nﬁe, Suiner (l§7;l) estimated
the X of uectxte layer in illiuc clay -iuenlt in the Waiukei geothermal area and
lhcved 8 decreue of uectu.e layer % with increasing tenpeutnre conditions. He divided
illitic clay minerals in the Wairakei geothermal area into three groups: high 4001
(10.40-11.785 group, intermediaste 4001 (10.28-10.'405' group and 1&'4001
(9.93f10.281) group, respectively, with high, intermediate, and low content of smectite
layers in the interstratified minerals. Hower and Movatt (1966) showed that the ‘a'oo,‘
spacing of sericite/smectite interstratified minerals under dry conditions generally
increases with increasing smectite layer 2. 'They also showed that the sepauticﬁ of the

+€001) (9-10) and (002)(5-61) peaks in 26 (Culx) values for these winerals after ethylene
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Appronimate Smeciite (%)
30 £0

13.004
(6.79

12.001
(736°)
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Figure 30. A20004-00) V8- d0p) Telations of uticitelnecute interstutifud
minerals. Open circles: published dats from the Salton Sea geothermal
area and the Culf Coast (Bower et al., 1976); closed cucles: clay
minerals from the Onikobe geothermal area, Japan.

glycol treatment decreases with incruiing content of interstratified smectite layer.
Based on the X-ray method proposed by Eower and Mowart (1966), McDowell and Elders

(1980) found that the smectite layer X in the sericite/smectite interstratified mimerals

from the Salton Ses geothermal field of California decreases with increasing depth and

temperature. The relationships are listed below:

Depth Temperature 2 of Smectite Layer

412n 185-190°¢C _ 10-15 %

494m , 210°% 5 2

620w 250°¢ 0-5 2

7250 275% LI ¢ .
11350 v 325°¢ - 0 1
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- Table 41. Types ané K,0 of original vocka and occurrance of fllittc
clay ninerals from Iceland, Onikobe , Hakone, Matsukava,
. Otake, llurghl and Steamboat Springs geothrmsl srsas.

Geothermal ares | ‘-1‘,pr of O in original Occurzence of
: - original rocks :’oeh (vt.2) . ‘m“‘ clays
hn'e Average
" lceland (1) Basaltic 0.08 - #o or extramely
o 0.26 o.18 tare ‘
- Onikobe ). | - andestesc 0.15 - 0.67 mot common
: 1.88 .
Rekone (3) * Andesttte 0.56 - 0.64 mot common
7 : 0.7
Matsukava (4) Decitic 0.79 - 1.00 common
. _ L . 1.20 )
Otake (5) Andesttic oS - 1.68 common
L s e e : 2.41 S
Hatraket (6) ~ ‘Rhyolftge 1 2.0 - 3.6 2.7 very common
~ Steanbost (7) , .
Springs - : Trachytic - : ’ -
- ) .nnodiotlto 2.2 - 3.2 2.7 very common

1) Ijanuon et ll.. (1970), Kristsannsdfttir (1’730)

(2) - Seki et 81.,.€1969), Ratsui (1955), This paper

(3) Zuno (19) . .

(4) Sumi (1968), Sumi and Waeds (1973)

(S) Nayashi (1973), Mayashi and uunki (1975)
. (6) Gteiner (1977) .
- (1) S$igvaldson uud "hl.te (1961. 1962). Sehom and Uhitc (1965 1957)

Emr et al., (1976) studied Oligocene~Miocene core samples from & drill-hole (5776m) on
the 0.8, Oulf Coast and found that the smectite layer I in sericite/smectite
inteutntiﬁed -iueuls ‘decreases from sbout 85 to about 20Z with increue in depth und
tenpentute. ?igure 30 plot:ed their data from the Salton Sea geothermal area snd the
Gnlf Coast. . A similar disgran has been constructed by Boles and Franks (1979) to show
the nine'ulogiul change ’vhich occurred during the diagenesis of a 4650m thick Eocene
undstone fotnltion iu Texas. o | -

] Shitozu et al.. (1972) proposed a method to estimate the smount of smectite layer
interltratxfxed v:.th .encite by measurement of the pesk width of the 10-12% reflectiou
at half height and of the peak position of 10-128 reflecticn. Sato (1973) modified
Weaver's diagram and fqund that the basal :eflection of the uricite_lnectite

interstratified minerals _ﬁitﬁ gre'itelt' than 402 smectite layer separates fnto two peaks of
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8.5-)0X end 16-17A. Watemsbe (1980) confirmed the findiog by theoretical calculation;
the difference in 20 between the two peaks after ethylene glyééi trestwent increases with
incresse in the smectite layer. Watanadbe (1981) recently prqponéd' another (i‘gf-’” to
identify the type of sericite/smectite interstratified minerals from i-uy povder data;
the diagram indicates that the smectite layer T can be inferx;ed from the difference in 26
(Cuka) values of the two peaks between 9~10° and 16-17° after ethylene 'iljcdt"

tretﬁent. A sinilar method has been proposed by Spodon (1980).

The dom wvalues under dry conditions and after etbylene’ jljéol treatment are
useful to estimate the smectite I in the sericite/smectite inteu:ﬁtified minerals.
However, as has been showm by Steiner (1977), the %501 ©f iilitv‘ic' ell}d with less than
10-20% smectite layer does not expand but apparently shrinks after ethylene glycol
treatment (Table 39), Such shrinkage must be due to the interference of the 002 '
reflection of the glycolated smectite lajei (8.98) with the 001 reflection of sericite at
about 10A (Bigashi, 1980). | o ' ’

As diicuued sbove, several methods have been used to estimate the smectite X in
the sericite/smectite interstratified clays by means of the measurement of the 2@
difference between two peaks. However, it is difficult to lécaté'tﬁeue'tva peaks with
confidence, particuilarl'y in the samples where the illitic clays are aisociated with
other minerals such as smectite, chlorite/smectite interstratified minersls, discrete
illite and zeolites. |

The 4 and d,,, values of illitic clays progressively increase and decrease

001
respectively with the increase of the proportion of fnterstratified smectite layer
(Bigashi, 1980). The shift of the 108 peak fepn;enting dOOI‘to s lover 26 value
must be due to the interference of the (001) reflection of smectite (14-158) with the
(001) reflection of sericite (10.01). The shift of the 34 peak representmg 4066 to
a higher 28 value is due to the interference of the (005) reflection of smectite
(2.9-3.0%) with the (005) reflection of sericite (3.34).

As shown in Figure 30, the difference in 26 (CuRg) between dOO’o (arf) and ‘001 ‘
(dry) for the sericite/smectite interstratified minersls increases thh the increase of

smectite layer. When illitic clay minerals are separated from quartz and feldspar,
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relisble peak separation between 2,, and 26,,, car be obtzined. The dats for the
illitic clays from the drill hole core #127 in the Onikobe géotﬁernnl area are plotted
in Fi;ure'SO; the.ge;ult;:indicate that the smectite content in the interstratified

illitic clays is less than 10 percent.

Occurrence of Illitic Clay and Chemical Cohponition of Oripinal Rocks

It has been proposed that illite/smectite interstratified minerals and illite found
at depty i@ ggothern;l ;rgas wvere formed chiefly by K-metasomatisn (addition of K to
rocks from fhg fl#id‘phase)>(5teiner, 1968, 1977; Hewer, et al., 1976). Steiner (1968)
ptoposéd,the followingvsequenge of hydrothermal alteration of silicic glass to illitic
clay: :il@;ie voleanic glass =» Ca-smectite —) sericite/smectite interstratified
mineral f-?.serigitef’ HBe concluded th#t;the wost significant fsctor in forming illitie
clay uinerai; is a hiéﬁ'nx‘/nﬂ’ and a low nN#’/nK’ ratio in the geothermal
fluid. The iltetgtionrgf plagipclase to illitic clays is less common but was also
obgerved in thentigakei‘geothgtﬁal area (Steiner, 1977). The introducion of K from
thermal watér tq_fo?n illitic‘clayi seem to be a salient chemical feature of hydrothermal
alteration at Uhiiakei,‘ In the Steamboat Springs geothermsl area of Nevads,
illite/lmgﬁtige intgtitratified qinerai; gr!‘nll¢ common (Sigvaldason and White, 1962;
Schoen and Nhite; 1965, 1967). The illitic clays:appear to be stable phases in most of
the altered dri}l hole:rgcks in this geothermal field. Schoen and Uhite (1965) suggested
that the‘nK+lnH‘ ratio of the the;mal wvaters must be high at depth. Similarly, in
the Matfgkng,;nd Qtake_gebthermai areas of Japan, illiti; clay minerals are common
(Sum?, 1968; Spmivand Maeda, 1973; Hayashi, 1973; Hayashi et al., 19785 and have been
found in many more Porg-holg cores than in the Onikocbe qnd Hakone geothermal areas. On
the other hgnd,wih Icelandic geothermal areas, illiti; clay minerals ageyeitﬁer absent or
present . in only extremely $mall amounts in hydrothgrmaily altered rocks it shallow depth,
and novk-niqg or K-feldspar occurs at depth. (Téﬁa;:onband Kristnannsdéttir; 1972;
Arg&rssﬁ# et al, ;978); 'thg major changes in the lltgr@d basaltic rocﬁs‘lre hydration

and oxidation, and enrichmer. of €0, in nyfev'samples (Rristmannsdottir, 1975a).
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Table 4) lists the type and :zo content of original rocks and the occurrence of

‘illitic clay minerals in geothermal areas of Iceland, Onikobe, Hakone, Matsukawa, Otake,

Wairakei nn& Steamboat Springs. Examination of these dats makes it apparent that a close
correlation exists between the occurrence of illitic clays and the type and xzo

contents of origiu1 rocks. Although the addition of some Kzo)from geothermal waters
may be significant for the formation of illitic clays, lithological charscteristics,
especially the K,0 content of original rocks, wust be the important f.nctor- that
determine the sbundance of illitic eclay minerals in rocks of & geothermal system.

Zeolite Minersls '

Zeolite minerals are well déveloyed in the core sarples from the Onikobe geothermal
area., Some calcium zeolites are exceptionally abundant in some samples and they are
easily identified by petrographic microscope; such common geolites include mordenite,
laumontite, yugawaralite and wairakite. Their zonzl depth diatribut_ion in #G0~-2, GO-5,
G0-7 and GO-8 of this geothermal ares has been described by Seki, Onuki et al, (1969).
Similar plots for these snd other drill holes are shown in Figure 31. Apparently, with
increasing depth (hence temperature), the zeolite present varies from
mordenite = laumontite = yugawaralite —> wairakite. Detsils of such varistions will be
discussed later.

In addition to those common geolites, clinoptilolite, dachiardite, chabazite,
thomsonite and patrolite were sleoc identified. They are very minor im quantity and oceur
sporadically in some samples. These zeolites are not described below.

§ordenit¢ ((lﬂaz,tl,m)klzsimOuO 7K20)= Mordenite is the most common
zeolite at shallow depths from the drill core samples. It characteristically occurs at
depths of less than 200 meters and is wost commonly found between depths of about 50 to
150 wmeters, depending on the geothermal gradieant. It is commonly associated with
clinoptilolite; optical distinction between them is difficult. Mordenite occurs as
radisl fan-like or spherulitic aggregates of fine prismatic crystals in veins or vesicles.

Unfortunately, no mordenite was found in core samples from drill holes #123, 124 and
127. Therefore, mo microprobe analysis of mordenite was obtained. Mordenite usually

contains abundant Si.o2 (e.g. 65-67 wtX) and varies significantly in terms of Ca, Al and
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Figure 31. Distribution of  ceolites (mordenite, clinoptilolite, laumontite,
yugavaralite and wairakite) as a function of depth for drill holes P-5(a),
P-7(v), P-8(c), P-10(8), #123(e), #124(5), #127(g), Go-7(h), co~8(i),
€0~-10(3) and co-11(x). ’
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_Table 42. -Chemical snalyses of lavmontites and yugowaralite
" {n drill hole core samples from the Onikobe
.geothermal ares, Japan. -
. 1 i.te h; svarslite
. sample Wo, [ T¥0 = BOT.8e | W30 = 332.8a T T - 255.5u | 124 TR 1D ST
siog - | s3a3 53.38 $3.91 61.53 - 60.23 | 61.06 = 61.47
Al303 <2188 1.7 22.61 17,29 - 12.89 § 15.72 - 16.22
Feg03* - . 0403 0.05 0.06 - 0.06
" Cal: - 11.31 11.25 13.63 9.04 ~ 9,58 8.62 - 8.8
K0 - o 0.8 0.08 - 0.08 0.09 ~ 0.07 0.05 - 0.04
Nag0 1 O.ul), T 0.12 0.20 0.2% - 0.12 0.35 - 0.32
Anhydrous .
Total | "86.66 - 86.61 ll.l? $3.27 - 87.89 | 85.86 ~ 86.92

*Total Fe VI'S \.'33."3... ' i L

, Table 43, Chemical compositions of laumontite and wairakite

separated fros bore-hole cores of CO-7, Onikobe,
Japan (Seki, Onuki et al., 1969).

Launontite Wairakite
©0-7, 108.4n €0-7, 397.6n
510, 50.97 54.91
110, - 0.03 0.01
a1,0, 2130 22.75
Fe,0, 0.10° 0.64
Feo 011 0.44
o .02 0.01
. Mg0 tr. 0.23
a0 12.22. 11.69
© Ray0 "0.28 0.60
x,0 6.10 0.31
B0 1.1 8.23
B0 0.18 .19
Total 9.2 100.01
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K (e.g., Seki, 1973a).
Lsumontite (CMIzS;“ 12 61120): Laumontite is - typxellly found at

depths greater than 50 m and shallower than 200-400 m snd occurs in a1 eleven of the
bore-hole cores studied from Onikobe. It occurs as either s vein or amygdule nineul or
replacing plagioclase phenocrysts and glassy groundmass; j.t' often takes the form of a
sub-parallel lath aggregate. Because laumontite vas relatively \mcmon itv';‘ nuplei from
drill holes #123, 124, and 127, cnly a few microprobe augly;gs were obnined':»' tt}e '
results are listed in Table 42. The nﬁples unalyzeﬁ from h&le #1.247“;: quite pure in
composition, containing only very minor “203’ mzo and xzo. Qaenical | k
onpounont of laumontites aeparated by huvy 1iquid and analyzed by wet chmcnl method
have been reported and are shown in Table 43. The prode data contain consi.denb_ly higher
Sioz‘md lover Cal thanb the wet chemical data. A ‘ » ' -
Yugavaralite (c.sziGom-l.azo): Yugawaralite has been found in six

of the eleven suites of core samples. 1t is typiuily found in only one or two samples
per hole, varying in depth from the shallowest occurrence in P-8 at 156.25 m to the
deepest occurrence in GO-8 at 701.5m. It is most commonly found as a bloéky vein mineral
at the lower end of the laumontite zone and at the upper part of Vthe 'jwainkite zone,

Four microprobe analyses are listed in Table 42; the§ are very close to the Ca end-member
composition, conteining only very minor smounts of h2°3' ano and izo.

Mairakite ((Ce,Ra )uzs;“ 12 021120): Wairakite is the most abuuddu;

zeolite mineral in the Onikobe drill-hole core samples. It occurs in most wells beginning
at depths of 100-150 m and extending to the bottom of the hol_es.‘ The ome noticeiﬁle ,
exception to this statement is hole GO-11, where wvairakite is present between 203-, and 701 w
depth, but is lb:enbt from 791 to 1300 m. Wairakite wost commonly occurs as 8 veia nin?nl.
often filling the core of veins lined with either anhedral or euhedral quartz. It is also
found as amygdule fillings, replacing plagioclne; and replacing _ﬁn,e-gn,ingd matrix; Io
all of _these occurrences it exhibits typical very low birefringence and often‘ shows
cross-hatched twi.nning. |

Ha:.nkxtes of various occurrences from many core samples vere analyzed for their

uJor cowponenu (S:.O ’ A12°3’ Na,0, Ca0, !-‘e203 and !20)(‘rables 43, 44). - For
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Todle 84, Chemieel

yoes of velrskites (n-deill hota core conples fron the Onfkebe grothereel sres, Jepew.

Semle Mo, | 1702 1300 1M -Me 1M omem N P S Pt ) 120 - 2989 126 - 3790
vein vein slevg_ve ein veln sopl; ptoge veln
sty 3997 = 35,00 $5.00 = 3.8 INAL o 39.I6 AT - 36AY 3579 - NN 5000 < 3008 9398 - YTI 80,01 - 9578
n?, 11039 - .64 T1.00 - 13,80 71,08 - T2.58 | 13.62 - 7044 2038 - .2t 1 271,99 = 20N M - NP
Tegoy® .01 - .00 9.0 ~ 5.02 — 0.1~ 908 ) .18 - o1 010 = 0,93
Co0 148 = 100 9050 = 12,58 10,33 - 18,41 11.98 = 1983 1190 - 9.99 oSS« 170 - 1907« 9.3
%o 008 - 0.03 0.07 < 0.85 002 0.1 097 008 003~ 0.0 %08~ 0.0 _ 003 0.08
rag® NAS - L nEe 83 LIB. L. 8.6 LB TS 3M ) am e e 1w 20t
Totet 1D -90.90 .61 = 90,7 99.33 - 9091 90.13 - 9139 9i.8A - 90.8 90.01-MA1  BE - NIS -0
st 6,000 « 4,09 4671 - 3901 A.052 - 4,033 4.00) - 5,008 4013 . 4.009 4019 - 3973 4,013 = 1948
aM 107 - 1968 1926 « 2018 1953 « 1967 - L9¥T - 117 1997 - 1903 1968 = 2.00)
[ 0,001 0.091 - 9.001 : 0.0% - 9.90)
ce 0.9 <« 0,083 .19 - 0.990 « 5,810 9903 - 0.811 0.9 = 0,172
" ] eires 20 00y - 0.U70 - 0.204  0.000 = 0,204  0.109 - 0,80
* 9.003 - 0,000 0.007 = 0 0.002 = 0,010 €.007 = 0,600 0,803 = 9.00)
73 " 13 i ‘, " " hid k11 T3 “ w w “
- » 1" » IS w 0 y B 1o n ) s -
Sowple e, 170 = . 7m
veln cepl. ploge
" $9.70 < 39,07 .54 < 090
n;’», 26 < 12,60 7N - 1.1
Pegoy® ool - 0.3 0.3 0.3
ca0 0,20 = 1108 11,90 « t1.48
0 | oico - 006 0.08 - 0.8
W .| 2. 0nm em-. on
Anhydeowe ¥
Torat 0,33 5 90.40__€9.69 = 90.08
st AQ31 < 4,015 4,097 - 4. 008
" 1.636 = 1.9% 1973 - 1902
g 0,000 9.918 - 0.070
Ca . 0.770 - 0,913  9.937 - 09t
" 0.390 < 0,1 0.00% = 0,106
® 0.008 « 0,000 0,006 < 8,006
P
- n N H 1
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Toble &b . (Continsed)

Sample Ne. 127 = 1334w 27 . P75 127 =~ 40 .% 17 . g.g )77 - IN.3e
wein Tracks 1a -&m'r —wein Tracks in ) . .ia
pyrenens Alt. Pleg. Anorthits R
Magseryst
810, $3.96 = 56,38 3i.43 - 3497 3393 - .68  56.06 - 35.00  5h.15 - Sh.6) 5450 - 35.3 4.1 - 95.13
130y 8.1) - 2.9 2.1¢ - 30,65 . 2.9 - 31,50 21.45 - 21.73 12490 - 22.00
Pez03° 0.07 - 0.06 .06 - 85.00 8.13 - 8.0 8.8 - 0.02 0.07~ 0.0
Ced 12,30 - 11.83 12.00 = 10.92 1.0 = 1066 12.57 = 136 32.17 - 11.33
£20 .06 - 8.03 0.0 ~ 8.06 0.06 = 0.07 .05« 6.4  0.02 - 0.04
Rez0 0.3 = 0.90 0.3~ 1406 8.1 - 1.2 6.13 = 1.8 Gi3e 168 042 L34
Anhrydrous
“Tetal W3 -9040 $1.53 87 B142-07.83 SIS -0.40 0I2-8.0 0.4 -350.07 H.9 -0.05
st 39W = 4,008 6,118 - 4,147 4.0 = 4136 3983 - 4,087  4.0A6 - 4.086 4025 - 4082 4000 ~ 4,08
a 2.025 « 1.967  1.832 = 1.808 190 = 1.096 . 1934 = 1.887 2.000 = 1920
e} 0.004 = 0.00) $.005 - 0.002 €.007 "~ e=a  0.011
[ 6971 - 6932  0.863 - 6.671 €900 - 0.052 - €91
™ 0.0 - 0,128  8.227 - 0.23) 0217 « 6,262 - €.01 = 0.240 €.017 - 0.153
& 0.006 - §.005 $.007 - 0.008 €.006 = 9.007  0.005 - 6,010 6.002 - 0.00¢
13 11 3 R ] 5] "0 1) 11} » B
- s 12 n n [ . H n 3 18
Sample So. | 177 - 1103.0m E} = 1203.5= !‘.E = 158.9¢ 123 = 1630w BN
[Ty alt. lithae ] vein ern is Pleg. aEvity
fragesat : €itliag
s 35.32 - 3.08 8.9 3395 - 35.81  93.3) - 33.43 %% . SANY - 3291  $4.38 - 35.48
AL .82 - R4 8.8 2.4 - 2207 2.3 = 2.4 .00 2.4 - 23347 2.7 - 12,22
Feg0y* .04 = .06 e.16 0.5~ 0.08 1.20« 1.1 0.0 603« 0.06 6.00 - 0.01
[ 1.% - 1104 1.3 30.84 - 10.34  10.93 - 10.38 12.03 11.8 = 11.43 11.14 - 10.9
820 .87 - 8.6 (%] .05 - 6.83 .86 - 0.0 e.05 606« 6.08 ¢.07~ 0.08
| Bax0 e.% - 1.18 .9 L2~ 197 100 - L2 0.40 1,03« 0.93 1.5 172
Ashydrous . .
Total 98,33 - 91.00 93.23 52.03 - 83.32 82.1) - 1733 90.17 8.6 > P31 .75 - 90.00
st 4,047 - 4.00 4,023 6.066 = 6,016 4,043 = 4,841 4,00 4,051 = 3937 4.001 - 4081
Al 1.9%0 = 1920 1.988 1.096 = 1908 2.000 1951 - 3.050 1977 - 1918
(5 6.002 - 0.002 .00 8.068 = 0.071 8,002 6.002 « 0.003 - -
[ 0.920 - 0.858 .50 0.885 - 0.837 0947 .02 - 0992 681 - 0,833
Ra 0.108 - 0.166 0.137 8.160 - C.AW 8,057 8.047 = €.07 QAWM - 0243
N 0.007 ~ 0.015 0,008 6.006 = 0,00k  0.00% 8.006 ~ 8,008 0©.007 = &
[ 3 L2 ™) L 1] T B L 23 S ) [
- n 16 13 13 1 s " ’ 17 -]
Seaple Se. 123 - 303.% 123 - 3.0 23 = J44.6m . 23.348. %
ve! ovel altered amypéule amygéule eis Ce ..
poteh gote sis L _B fepl. matrix veie
80y 34,93 - 35.18 S3.19 - %4.26 .87 $3.86 34.36 - 54,33  33.54 ~ $3.80 93.07 - 93.31 [ %]
Al30y 2.17 - 21.90 2.85 - 21.9 n.n UAE 1204 - 2040 22.00 - .00 3.3 - 33,04 3.0
Fagoge 8.03 =~ 0.0  0.06 = 8.00 8.17 6.2 8.7 = 6.1 6,04 - 6.02 §.06 - .07 (X5
€0 11.3 ~ 10.34 13.42 - 30.86 1n.n 1071 13.01 = 11.17  12.43 = 1201 12.31 = 11.65 12.9
K20 .07 = 6.87 6.03 ~ 0.67 .05 .0 .06 - 8.07 6.0~ 0.05 0.05~ §.07 0.04
Bago 8.73 = 188 €. - 1.37 .5 1.88 094 - 136 026 - 0.57 0.1« 1.3 [ %
Ashydreus
otal 27 - .18 1.9 - @ .92 .96 908 - 8362 83.73 - 85,33 91.00 «~ 91.44 3097
[ 4.08 - 4.002 4.0 - 4.071 8,067 a.0m 4.017 - 6,026 4.009 - 4,017 4.003
' 1,93 - 191 1.948 - 1.908 1.3 1.883 1930 ~ 1952 2.00) - 1972 1993
Fe*3 6.802 - 8.001 0.002 - §.002 s.010 s.013 6.002 001 9,002 ~ §.006 0.007
C 6.900 - 0.806 1.007 - §.873 .947 0.867 0.952 - 0907 [ X1
[ $.105 = 0.270 0.033 - §.23 8.12¢ 0.2% 0.041 = 0.183 0.0
E €.807 ~ 0.007 -0.603 ~ §.007 8.005 <00 0,005 = §.007 0.003 = 6.006 8.004
& % B ¥ B [ Te L} (3] 2] (1] L2 3 1) 7
- o 2 3 2 12 % 13 8 7. s . ” 3

*Tstal Pe as Fe30)
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Figure 32. Compositional variations of snalyzed wairakites from the Onikobe

geothermal srea, Japan plotted in Wa-Ab'-Nat' disgram of Seki and Oki
.~ (1969). (A) all analyses from cores $#123, 124 gnd 127. Core-rim
compositions of vairakites from cores #123 (B), #124 (C) and #127 (D).
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each sample, at least 3 crystals and 15 spot anszlyses were obtained. Considersble ranges
of their compoeitions'vere.fouqd. Characteristically, wost analyzed wairakites contain
len‘then 0.2 wt 2 Fe, 0, as total Fe and 0.1 wt 4 K, 0. Some \eairekite anslyses

(e.g., 123~158.9 m) have over 0.5 vt % Fe,0, and concomitantly lcwerisioz and

5.12()3 contents., BSuch relations suggest that some !'e03 substitution for Al to 8i in
tetahedral sites may be significant for some wairskites, Wairskite and anslcime have been
shown to form & solid solution series with a pouible gap A: intermediate compositions
(Seki and Oki, 1969). Furthermore, such solid eolutione:exhibit a varisble Al te Si
ratio. 1In ordeér to iliuetrete the range of compositions found at Onikobe, compositions
obtained by electron microprobe analysis were plotted on ¢ wairskite

(c-‘8“165i32°96 .pﬂzo), natrolite’ (m”_zuuczsi”.ao%.nuzo),

albige' (NauAllei“o“'nﬁzo) triangular diagram as developed by Seki and

Oki (Figure 32). The two extreme analyses for each type of occurrence (vein, amygdule,
ete.) within each depth sample gre connected by a lime. All snalyzed wairskites frem
holes # 123, 124 and 127 range from “‘100 to Uen epd eontlie no more than 5% Nat'
component. Ko snalcime-rich compositions were found in any uﬂpiec enalyzed by

electron microprobe. 1In general, there appears to be mo correlation between

composition of wairakite and depth of nmpie, nor eny pattern ‘between composition and
~mode of occurrence (i.e., vein, amygdule, etc.). The only trend cbserved was within

vein minerals from hole #127. Analyzed cores of four veins showed a higher proportien

of the wairskite component than did the rims. Assuming that growth occurred from the
vein walls inward, this might suggest an increase of temperature with time during the
deposition of the vairskite. The low Al eo si ntioe seen in these analyses relative

to & wairakite~ideal analcime geries are consieteut with that eeen by Seki (1971) and
Steiner (1955). 7 |

Prehnite

Prehnite epoi‘adieelly occurs as fige-grained agpgregates after plagioclase, discrete

patches in matrix and vesicles, or as veins of varisble thickness. In most samples, only a
fev patches of prehnite aggregates vei'e found; thne, the occurrence of prehnite listed in

Tables 10-20 may not be representative. Some core samples may contain prehnite but thin
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Teble 43, Chemical analymes of pretnite in drill hole core semples from the Onikode geethermal arves, Jepen.

Sewple Mo, | 126 - 1656w | 126 - 200.0m {128 - 201.8 128 - 2099 [128 - 9387w | 228 - 3094w | 127 = 297.35a ] 123 - 309,90 | 129 - ;0.5
{ewygdule) - Coein) __1¢ 1e) | Crepl, moteix)|(repl. plsg.) (ewygduie) } _ (vein) _ Kvepl, metein) | _ (veln) . __

810y 43,38 - 43,87 | 46,43 < an.a8| a3.30 43,06 - 42,98| 43,62 WA029 - 4.4 | 43,54 - a3.20  a2.98 a0y

Al30y 21,06 - 20,08 | 23,31 - 23,18} 22.46 19.69 - 18.76] 21.40 23.49 - 23,9 | 23.26 - 21,04 19.00 21.80

Tey0y* 5.27 = 6.29 | L.08 - 1.20] .00 6.31 - 0.13| &7 1.26 = 1,00 | 0.03 - 229 7.15 2,96

a0 26,91 = 26.26 | 27,07 - 26. 24| 23,91 25.50 - 23,17 26.43 126,09 - 25,8 | 26,93 - 28,3 23,3 23.99

R0 0.07 = 0.07 0,07 - 0,08 0.04 0.02 - 0,03 0.06 -] 0.04 - 0.0 0.02. 0.0

N0 0,02 -~ 0,08 0.06 - 0.04 0,03 0,08 - 0.10 0,02 0,08 - 0, 0.10 . 0407
Totel 96.00 - 95.21 | 96,02 - 93.12] 4.0 %88 - 93.17] 98,23 ‘95,19 - 98,1 | 93.00.- 92,99 oe.22 3.5

s 3.016 - 3.031 | 3.008 - 3.088] 3.0% 3.062 - 3.043| 3,077 3.0%3 - 3.073| 3.087.- 3.017] 3.0% ‘3,078

alv 0.884 - 0,969 | 0.932 « 0.932{ 0.970 - 0,958 - 0.957] 0.97) 0,945 ~ 0.975] 0.933 - 0,92 0.961 0.97%

avt 0,742 < 0.681 ]0.932 - 0.9%1] 0.87% 0,602 - 0.608] 0,717 0,963.~ 0.988] 0.965 ~ 0.84 0.637 -0.847

re*) 0.276 - 0.330 | 0,039 = 0.062] 0.157 0.346 - 0,A3)] 0.29) 0.066 - 0,053] 0.002 ~ 0,121 0.384 0.1%8

Ca 1,960 ~ 1,962 11,989 < 1,9%1] 1.9% 1.930 - 1.909] 1.967 1.928 = 1,927 2.019 ~ 2,011 (.90 1.97¢

4 0.006 - 0.006 | 0,006 ~.0.005] 0.004 0.002 - 0,003] 0.003 ’ . N 0,003 ~ 0.00 0,002 0.003

Ne 0,003 -~ 0.003 | 0.008 <~ 0.003] 0.004 0.011 -~ 0.014]  0.00) 0.011 - 0, 0.014 . 0.010

h:; 0.138 - 0.167 |0.028 ~ 0.032] 0.078 0,178 ~ 0.217] 0,117 ° 0.033 - 0.028] 0.001 ~ o.aul 0.19% 0,080

Fa®leAl : . . . . . : : ’ i : -

#Total Te se Pez0y
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‘sectioning may have ain@éil the prehnite-’bnrinz portion. Uhenevér it occurs, prehnite is

easily identified by ni:rmcope. Anhcdnl pllty yrehnite uppun as honogeneouc crystal
aggregates, colorless to pale’ gnen in eolor. and showing oecond-order yellow
birefringence. Sanple 126-209 9 n cenuint more than S volume % coaru-gniued prehnite in
the matrix; the prehniten are colcrleu to pale green And have uniform lubi:; some show
bow-tie ttructure. ‘ . ,
Prehnite-vairaki‘t'ef-vc‘de'i;e“-lwo&ié pliﬁoéhu&hibritelfnectite in‘:eutratified
wineral-quartz-pyrite (+ epxdote) ic the most common nineral nlociuim in

prehnite-bunng tpecinens luch o ﬂza-xsz lo and #12&-209 9. The prehni:e-hunontite-

.epidote-calcite-sodic’ phgioclue-chloritelnectiu inteutnti!ied ninenl-quartz-pyrite

association is also found in some lpeci.aenl fron relntively nhnllower (lower temperature)

parts of bore-holes. 'l'hu relltienlhip is shown in $124 a8 iouovu

Prehnite Lausontite Wairakite Epidote
158.3 e o e
159.5 o + N e
165.6 . e T e '
192.0 * *
201.8 + + (trace) + +
209.9 + ' . *
211.1 + . .
334.7 K + *

Chemical compos;tmn: of pnhnites in bore—hole cores of the Onikobe geothermal area

are shown in Table 45. The ftequency distributim i: plotted agamst the Fe 3/(1-‘:

G Al vnriltwn in :he ocuhednl site in

Figure 34. For eaeh nnple. nore thm lo ‘mlyus were taken. Sm have uniform

""" VI

compositicn. Otheu thow a mll tange of Fe snbtntution and such a range is

luted in the table.' The analyzed prehnitu span a consideuble range ‘of Fe 3/(l-'e

Al) ratio; the nost iron-rich ptehnites (?e203 6-8 wt 2) o::cut in the matrix and

appear to be stable vith epidote . ninki:e . qunrcz + chloritie clcy. The veined
prehnites, on the other haud. are wuch lower {n Fe content (Pe203 leu than 3 wt I) and

are stable with wiﬂkite : clrbonate: R q\urtz. Such i difference in the l‘ezo3
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contents betveen matrix prehnites and veined prehnites may be due to & slight difference in
foz (’md/or tepperature). The matrix prehnites may have crystallized under fc’2
conditions buffered by highly oxidized rocks vhereas the veined prebnitu formed at lower
foz and higher coz conditions at a lutgr stage. The compositional range of prehnite

shown in Figure 33 is consistent vi'thi analyses of préhni;e from the Cerro Prieto geothermal
field (Bird et al., 1983).

3

Figure 34 shows the variation of Fe'> and Al in the octahedral sites of prehnite

sccording to the basic formula c:z(!-'e, ,Al"),(ﬂst,)on(on)z. The liné for unity

3 4 Ai for fhe matrix prehnites is

value of thg octshedral site is drawvn. The sum of_!-'e‘
greater than the unity value and the Ca cttim are less than the ideal value of 2. Such
relations suggest that a small wt of substitition of &42 for;(:a in the Fe-rich
prehnites may have occurred. I

Prehnite iz known to carry an appre‘cinble apount of Fe‘s in octahedral sites
occupied chiefly by aluminum (Papike & Zoltai, 1967; Surdam, 1969). i'he uxmum

3

substitution of Fe' may be uwp Vtc 10 weight perceni rezo3, the phase approaéhing the

composition Cazi'eﬂAlsisoxo(Oﬂ)z. The extent of solid solutions in prehn’ite

defined by the two end-members Ca,Al,Si,0,,(0H), and Cazl-'eAlzsisom(OH)z

has been extensively investigated. lh‘shimoto (1964) suggested that inost prehnites have
X, +3 less than 10% and some may extend to 203. Maximun Xy, +3 of 20 and 25% for
prehnite solid solution has been fe;pectively reported by Surdan (1969) lnd‘ Evarts and
Schiffman (1983). However, Matsueda (1975) suggested that s compositional gap occurs
between 8 and 132 at;d that the maximum substitution of Fe*a for Al may be up to 10
vt X Fe,0, (ll_.e+3 - 22%). His suggestion was not supported by a recént

compilation of available compositions of natursl prehnites from zeolite and
prehnite-pumpellyite facies rocks by Kim et 2l., (in press). Their compilation
indicates that no compositional ditcontim_xitjv exists in the range of 8 to 13 mole I,
and that 'prghnite,con:ains up to 251 xl_.’e'ﬂ. More data are needed to verify this
conclusion for zeolite facies prehnite.

Epidote

Epidote alsc occurs sporadically in Onikobe drill hole core samples as tadular
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Table 46, Chemieal mlyn;t of epidote in drill hole cﬁe ssuples
from the Onikobe geothermal srea, Japan,

124 - 222.8m

Sewple Mo, 126 -~ 307.% | 123 - 238.6m 123 - 323.%a 123 = Jh.6m 123 - 38.5w
(vein). (repl. pleg.) | (repl. matrix) | (repl. metrix) (awygdules) (repl. macrix)
$t0y - 37,08 - 37.92 | .00 7.3 38.03 38.0% - 38.18 | 38,79
Al20y T 21.68 - 22,74 | 19.97 21.06 24,10, 22.39 - 25.36 | 26.86
- Peg0y 13.96 -~ 12.40 | 18.57 15.49 11.46 16.54 -~ 10.8% 9.61
Mn0 0.20 - 0.19 0.20 - 0.20 . 0.87 0.54 - 0.5 n.62
- MmO 0.15 - 0.2t 0.07 0.16 0.12 0.06 - 0.0% 0.21
Ca0 23.89 ~ 23,18 | 21.93 . 23.07 22.8% 23.47 - 23,35 | 12.34
Anhydrous . .
Total . 96,98 -~ 98,61 | 97.76 97.30 9.03 98.80 - 98.54 | 98.63
st . 6,010 = 6,108 | 6,006 - 6.040 '6.069 6,038 - 3.996] .6.027 .
Al 4,042 = 4,914 | 3.019 4,017 . 4,333 4,156 ~ 84,6901 4,919
re*3 1.703 - 1,502 | 2.268 1.8868 1,376 1.713 - 1.2922]  1.12%
) 0.027 - 0,026 | 0.027 0,027 0,064 - 0.073 - 0,074] 0,092
"y 0.0% -~ 0.0%0 | 0.017 0,039 0.029 . 0.016 = 0,014] 0.049
Cs 4,149 =« 4,314 | 3.816 4,000 3,907 3.990 - 3,963 3.7%2
- pe*3 0.291 - 0,233 | 0.373 0.31? 0.233 9.290 - 0,215 | 0.186
o e 2T ‘ . :

*Total Fe as Fez0y
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Most commonly observed associations with idiomorphic epidote are
epidote-wairakite~chlorite/smectite interstratified mineral or chlorite-sodic
plagioclsse-cal:ite-qvx'artz-pyrite. The assemblage, epidote-wairakite~chlorite/smectite
interstratified wineral or chlorite-sodic yllgioclue-cglcitre-p:ehnite-quart:-pytitev is
slso found in some specimens, such as #124-162.4. The epidote-laumontite~calcite-
chlorite/smectite interstratified mineral-pyrite (+ prehnite) uunblagé is observed in
only four specimens, including #124-159.5. No epidote was found in mordentite=bearing
core samples. !:pidotei from many samples were analyzed by electron microprobe ('hbfg
46). These epidotes are all stably associated with wairaskite, calcite, sodic
plagioclase, chlorite/smectite interstratified mineral or chlorite, quartz and pyrite.

3-A1 in the octshedral site of these

Conpositiénal distributions and variation of Fe*
epidotes are respectively shown in Figures 33 and 34. The anslyzed epidotes nnge in
pistagite content from 19 to 37; most unslﬁes have compositions around Ps 25 to 33.
Except for the one with an extremely high !-'¢203 content replacing plagioclase ,
the compositional range of epidote from the Onikobe geotherwal area ‘is very compatible
wvith those from Cerro Prieto (Bird, et al., 1983). The l-'e’:,l(li'e’3 + Al) ratio in
epidotes from metamorphic terraines and geothermal areas varies, depending on
wmetamorphic grade and oxidation state of the rock. With incresasing metamorphic grade,
epidote becomes more aluminous, reflecting not only the effect of temperature and total
pressure but also the concomitant decrease of the oxidation state of the rocks (for
details see Kim et al., in press). A systematic compositional variation of epidote
with depth, and hence with temperature in the investigated samples from Onikobe is not
apparent. However, it appears that epidote stably associated with wairakite +
magnetite (e.g., Sample £124 - 307.5) is higher in Fe’svcompated to the epidote of
the epidote ¢ prehnite ¢ wairakite assemblage. Such compositioﬁal variations related
to the difference in mineral assemblage will be described in & later section.
Carbonates

Calcite is one of the most common vein minerals in the Onikobe cores. It is found
starting at depths of only & few tens of meters in many holes and coxbmtinruiing to a

maximum depth of 1100 w in #127. Compositionally, all carbonate grains anzlyzed by
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electron microprobe and SEM were calcite, containing only a few percent Fe, Mg, and Mn}
representative microprobe amlyiet': are listed in Table &47. Some of the analyses totsl
tok less than 1002 caIculnﬁed cirbonate as a result of difficulties in obtaining very
good polishes on the small, soft grains. This is s common problem encountered when
such small grains are undercut during the thin-section preparation process, resulting
in a rough surface and random scattering of emitted X-rays. The ratio of one element
to another within the halylis should not be severely affected.

The mineral occurs as a vein and emygdule filling and ﬁplléiﬂg fine-grained matrix
and plagiio;laie and pyroxene phenocrysts, especially along cleavage cracks in the
latter two. When it occurs as a vein mineral, it is usually observed to have been one
of the last to have formed, based on textural relationships. The absence of this
mineral within certain zénes in the middle of some of the cores and in the bottem
sections of others may be important in establishing certain hydrologic parameters in
the Onikobe geothermal field. This will be discussed further later.

Sodic plagioclase

Based on petrograpﬁic obgervations of cores in many wells of the Onikobe geothermal
area, we concluded that the replacement éf'primary plagioclase by sodic plagioclase
seems to begin to occur when volcanic rocks were altered at temperatures ‘of
120-180°C. At greater depth where volcanic rocks were altered at ‘temperatures higher
thap 230°-ZAO°C, 'fome plagioclase phenocrysts have entirely been replaced by sodic
pla’gioélhse together with or without zeolitic and illitic or chloritic clay minerals.
Chemical compositions of some sodic plagioclases are shown in Table 48. They are |

. and

basically albitic plagioclase with an An content of less than 5 and low Fe,0,

MgO contents.
Pyrite is one of the most common alteuti&n minerals in bore-hole cores from the
Onikobe geothermal area. Some pyrites are cbserved to have replaced primary magnetites

and many euvhedral pyrite aggregates also occur ir veins, in matrix, and in the

groundmass of volcanic clasts.. Suchrpyri‘tve's must have formed by using the iron

liberated from the delcomposition of iron-silicates or volcanic glnsf Pyrite-bearing
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Table 47,

Chemical analysea of carbonates in drill hole core semples
from the Onikobe geothermal area, Japan.

Sample No. | 127 ~ 154.6m 127 - 155.4m 127 - 409.7m 127 - 1010.6m | 127 - 1103.6m | 127 - 1104.0m
(vein) (vein) (vein) (vein) (elong. grain)
FeO* 0.16 - 0.02 0.00 - 0.00 0.06 0.17 - 0.32 0.30 0.42 - 0.51
MnO 1.15 - 0.30 0.11 - 0.51 0.37 0.5% - 0.61 0.89 1.08 - 1.21
MgO 0.09 - 0.01 0.01 - 0.04 0.05 - 0.13 - 0.10 . 0.12 0.27 - 0.3
Ca0 53.00 - 54.62 55.79 - 55.30 55.05 53.26 - 53.41 53.82 52.91 - 52.66
COz=free 54.40 - 54.95 55.91 - 55.85 55.53 S4.11 - S4.44 55.13 54.68 - 54,72
Total . .
Cale Carb.
Total 96.91 - 98.04 96.51 -~ 97.05 97.44 - 97.49
§;ﬁp[e No. | 127 - «4m

2 9.

(large grain, (alt. lithie (alt. plag. (amygdule)
. part of vein) fragment) pheno.)

l'eO’ 0013 - 0052 0030 0.22 0023 0.00
MnO 0.97 - 1.41 2.30 0.66 0.25 0.1
MgO 0.12 - 0.33 0.29 0.48 0.17 0.10
Cal 53.32 - 51.70 53.57 52.01 54.43 53.42
COg~free 54.54 - 53,96 56 .46 53.37 55.08 53.83
Total

Calc. Carb

Total 97.21 - 96,10 | 100.44 97.27 98.29 96.07

*Total Fe as Fe0
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Table 48. Chemical analyses of albitic plagioclase

in drill hole core samples

from the Onikobe geothermal area.
Sample Wo. 127 - 703.5z © 127 - 1104,0m | 127-1105.5m
§i0, 67.41 68.33 - 68.31 61.31
A1303 20.41 21.26 - 21.18 19.55
Fe203° 0.06 0.03- 0.0 | 0.
Mg0 0.00 0.00 - 0.00 0.00
Ca0 0.83 0.33 - 0.39 0.27
K20 0.21 0.25 - 0,08 0.30
Kaj0 11.11 11.09 - 11.38 11.64
Total 100.03 101.29 - 101.35 99.18
An content 4 2 2 2

*Total Fe cs'Fe203

Table 49. Comparison of so‘ and nﬁs contents of thermal water and fumarolic gas

from the Onikobe and Ra

one geothermal areas, Japan.

Onikobe Hakone

S0, content of °
thermal water 1727 51 ~ 369
(ppm) (Av. 136) (Av. 148)

H,S content of ax
tgermal water 10 - 466 0~ 44
(ppm) (Av. 205) (av. 13)
H,S content of v

0.02 - 0.37 0.01 - 0,12%%%

fumarolic pas
(Vol . z)

v, 0.22)

(Av.0.06)

~ %  Nakamura, 1959a ; Hitosugi, 1969; Seki et al.,

1969

%%  Awaya, Hirano and Kubodera, 1974 -
«x% Hirano, Oki and Awaya, 1973; Awaya, nirano,
Suzuki and Oki, 1976 - :
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Table 50. &%“S values of pyrites
from bore-hole cores of the Onikobe
geotheml area, Japan.

Bore-hole cores A &'*s

0123. 178.8 +3.59
. 33330 © 43.00
. . 183.3 m +3.38
f' 3314 m +2.05
na2 2317 ® +3.06
" 703.9 o  45.43

veins of the following mineral assemblages are common:

Lesumontite or wairakite-quartz-pyrite
laumontite or viirakite-calcite-quartz-pyritel+ clay minerals

Cslcite~quartz-pyrite

In the Hskone geothermal area, the cccurrence of pyrite in bore-hole cores is much
less common than at Onikobe, although there are no distinct differences in the
petrographic end chemical characteristics, including major chemistry of thermal water,
between these two ge;athemal areas. The occurrence of pyrite appears to be the most
distinctive feature distinguishing the Onikobe geothermal area from Bakone in regard to
the hydrothermally formed alteration minerals.

There is no difference in the S0, contents of thermal waters between Onikobe and

Hakone; however, as shown in Table 49, the uzs contents of the thermal waters and

fumarolic gases of the Onikobe geothermal area are much higher than those of the Hakone

geothermal area. The high P.zs concentrations in thermal waters and gases must have
played the mzjor role in producing the wide distribution of pyrite in volecanic rocks at

depth in the Onikobe geothermal area. Several reactions can be written for the
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crystallization of pyrite as follow:

Pe(rock) + 2H,5(fluid)—3 Fe5,(rock) + 45" (fluid)
Fe,0, (magnetite in rock) ¢ GH,5 —s 3FeS,+H,004E"

+
+ ,uzo 4+ 20

FeO(silicates and glass) ¢ 28,8 =FeS,

The 5“8 values of ';»yéiﬁe separated from gome core samples from the #123, 124
and 127 bore holes are shown in Table 50. They range from 42.05 to +3.59 at shallow
depths to +5.43 at & -dep.l:h of 700w, "l.'heu:valuu are almast identical to those of

pyrites in altered basaltic rocks from depths of 0 to sbout 800w in the leykjahu

183

geothermal area of Iceland (Sakai et al., 1980). In ti:‘e sctive geothermal area of the

Reyk janes Peninsula ﬁxeté_ present=day seavater is ncti;ely percohtiﬁg through the
porous basalti¢ lavas at depth, the 838 value of epigenetic pyrite generally
increases with increuiig_’depth, showing & 'gruﬁer involvement of | seawater sulfate in
the deeper part. It must be noted that the hydrothermally formed pyrite at a depth of
703.9m in the Onikobe £127 well has a much higher J"‘s value than the pyrite from
231.7n depth in the same well and pyrites from similar depths in other wells. 1In the
Onikobe geothermal ares, the percolation of present-day seawater cannot be expected.
Bowever, fossil setﬁa:u within Miocene volcanogenic marine sediments at the basement
of this geothermal area may have contributed sufficient julfut for pyrite
crystallization at depth {see Chepter 6).
Halite

The cmén occurrence of halite in bore-hole cores is one of the most
" characteristic features of hydrothemlli altered rocks in the Onikobe geo(theuvnalA
area.. This fact must be chiefly due to the high concentration of Na aﬁd Cl in the
thermal vaten.' For exmple;' ;he thermal water dil;hatged through the GO-7 hole o

contains 187-213 meq Wa and 302-372 meq Cl. These concentrations are over half of the

preseni-dly, seavater values. The Onikobe geother:al area is also characterized by the

formation ‘of halite as s scale deposit "in steam transport pipes, in in'jectioh well

casing pipes and on the gﬁrflce of turﬁin blades (Table 51). Halite has not been
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Table 51. Chemical conipdsttion of scales at the Onikobe
geothermal ares, Japan (Hitosugi 1969).

Black scale ] White scale

) (2) :
Ha 21.95 38.20
K 4.79 ’ 0.29
Ca 9.90 0.08
Mg tr : ' tr
Cl 55.22 . 60.43
Unsolved _ 4.32 0.51
96.31 _ 99.59:

reported in bore—hple eo:ru or as a scele depotis at iny ’o;h'er geothermal area in
Japan. The compositions of uile deposits in the Matsukawa, Maké and Omuma geothermal
areas have been reported and are listed in‘table 52. In tabie 52, the Na, K gnd C1
contents of thermal waters in these geothermal afeu are also shown. It is cle-ar that
the contents of chlorine and alkaline metal ions in the Onikobe thermal waters are much

higher than those of other Japanese geothermal areas shown in Table 52.

PROGRESSIVE CHANGES OF MINERALS WITH DEPTH

When one examines ‘the distribution of secondary minerals as a fﬁnction of depth in
drill holes of the Onikobe geothermal area, several patterns are apparent:
" 1. a general zoning with te:ﬁect to type of phyllosilicate present.
2. a zoning with respect to zeclite mimerals.
3. depth-dependent relationships for several other minerals.
The distribution ;f’ clay minerals as a function of depth is perhaps belt' _excnplii"ied in
Table 14 for drill hole i:@-7. ”with.in the c_hlbri’telmcti‘te EToup, :ﬁe following pattern is

seen with increasing depth: Alkaline 'sﬁec:ité,mec;ite-ochlorite/mectite

151




185

Table S2. Scale deposits and N, K and Cl contents of thermal
waters of Matsukawa, Odake and Onuma geothermal :
sreas, Japan, .- :

Matsuksva Odske -~ Onuma

Silfce  Sildea | Siltea’
Scale Fes © FesO, ) Aluminous

. . hydrqsiliute

FeSO,

Cas0,

BazSO‘ -

%50,

, .

(ppm) .
R | 14-360 670-1098 345-494
X Cagso | om0 46- 59
a ” 1- 26 1010-2317 | 382-447

- *data from Sumi and Maeds, 1973; Eayashi, 1973; Ito, 1978; Miyamori, 1968;
Fugii, 1969; Moji, 1969; Ito, 1978; Ito et al., 1977%.

interstratified ui,ﬂeul = chlorite.:: 7 ; :

Alkaline smectite occurs from 15.0 to 107.0 m depth, smectite froin 36.0 to 175.0 m, and
interstratified chlorite. from 201.1 o to the bottom of -the hole at 500.0.m.  Kaolinite is
present between 107.0 and 175.0 m, and illice occurs from-175.0 m to the bottom of the -
hole, roughly natching‘ the interstratified chlorite range.: In drill holes GO-8, GO-10, and
Go-11, pryrophyllite-occur: below deptbslof about 800 m. Most of the cores display: .
considerably more overlap among the chlorite/smectite yanges than .doe_s, €o-7... ..

As discussed previously, electron microprobe and t—ray diffraction data indi;ate :that,. ,
the prdportion of the smectite component in both the chlorite/smectite and illite/smectite
interstratified minerals decreases with depth. A ciailarfpattern of increasing illite

component as a function of depth was obuﬁed,l by Perry and Hower (1970) in Gulf Coast
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Figure 33. FNumber of mly:es for ptehnzte and epidote ylotted ngainsl: Pe*3/(Fe*3
+ Al) ratio.

scdiments. They attributed this pattern to an increu? in :empent\;re vitﬁ depth. Eberl
and Hower (1976) performed a series of experiments on glasses and Wyoming bentonite to
examine the effects of both temperature and time on thic trend. ﬂx;y concluded that the
trends observed in the Gulf Coast sediments could be explained either with a temperature-
dependent equ.ilibriun model or with & time and temperature-dépendéxii éinetic model. Some
of this same uncertainty also applies to this field rehtiohship. We favor, however, the
equ;hbrnm nodel for those conditions near the botton of the deeper dnu holes as a
result of the Ingher tenperatutes. ' -

Zeolite Minerals

" The gonal distribution of the four common calcium zeolites—mordeanite, laumontite,
yugawaralite, and wairakite is briefly described in a previous section. Figure 31(A)-
through (K) shows the depth distribution of these four Ca-zeolites plus clinoptilolite in
. drill holes GO-7, GO-8 and nine other drill holes discussed in this report. The geolites
are plotted on the geothermal gradient curves. The general pattern of Lo

mordenite -¥laumontite —p yugawaralite wvairakite with increasing depth is observed. 1In

addition to these & Ca-zeolites, clinoptilolité is also sometimes seen in this progressive
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Figure 36. Fe*3 - u“ plot for mlyzed prehmtes and epulo:u im the On:.kobe
geothernmal ares, Japan. !

zonation and. i.i Voccuts‘he';r the uﬁper part of the wordenite zone: ) the followiqg.points can

be made regarding these diagrnis: R

1. moderate to sttong overuppmg of zcnes is the .rule rather than. the exception in

most of these diagrans. L

2. not all five ggoh:es are ﬂsujany,_séen in Van>y ong‘co:e',“_‘apd'.yugnw.ixglite is nd:ably '

either absent or infrequent in all eleven of the cores.

3. the plotting of the zeolite variitién .‘allangy the geothermal gradient is a useful way
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Figure 35. Estimated average geothermal gradient for the Onikobe geothermal area,
Japan.

of introducing two important pieces of information. However, care must be taken in
relating the zeolite present st s given depth to the corresponding gradient
temperature,

The last point is true because each measured gradient -curve will be partially a
function of the flow regime developed in the well area as & result of drilling and
subsequent pumping and may not represent the long-term, more or less study-étate
femperature pattern. A better way to consider a possible‘ temperature dependence of zeolite
formation may be to construct s composite geothermal gradient for the approximately
0.25km2 Katayams area of Onikobe. This has been done in Figure 35; the deepest
two-thirds of the curve basically follows the maximm GO-~8 geotherm, while the upper third

is a composite constructed from the GO-8, GO-10, and GO-11 trends. This composite curve
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~Figure 36. Distridbution of secondary minerals as a function of depth and estimated
temperatures from Figure 35 in the Onikobe geothermal area, Japan.

downplays the effect of "kinks" in the curves vhich may be due to local well-induced flow
characteristics.

Figure 36, constructdd using depth-temperature relations from this composite curve,
shows the distribution of secondary winerals as a function of postulated present

temperature in the field.

Correlation Between Clay and Zeolite uingrall
From the diséussians presented in the previous sections, it is apparent that both clay
and geolite minerals change progreuivély in species with depth, and hence temperature, in
the Onikobe geothermal area. BSuch dungés ere sumnarized below:
(1) Both smectite and alkaline smectite occur in the core samples from shallow depths
(hence low tenperatures)_.' The most common geolite associated with these clay minerals is

pordenite (e.g., Tables 10 to 15); however, this zeolite is extremely rare in the core
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Figure 37. dgp)(dry)-dppj(ethylene glycol) diagrams of clay minerals sssociated

with (A) mordenite; (B) laumontite, and (C) wairakite from borc-hole cores
of theé Onikobe geothermal area, Jaspan.
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samples of drill holes #123, 124 and 127. The lack of Ca-geolites in shallow core samples
and the uﬁiquigoix‘lneu'of keolinite-alunite in some drin holes suggests low pH thermal
vaters vhich imhibit the formation of Caqeolitel. In the mfdenite-bnring samples, as
shown in Figure 37(A), the occurrence of chlorite/smectite interstratified clay mineral is
eittenely' Tare. - .

(2) The chl'orit_eln;ectite' interstratified r:lcy mineral occurs at- intermediate depths.
It s most commonly associsted with lsumontite and wairakite. The clay minerals identified
fn the lsumontite-bearing drill hole cores are shown in Figure 37(B). GEmectite, alkali
spectite and chloritellgectite interstratified minerals together with illite/smectite ‘
interstratified minerals were found to be stable with vlaumonti'te.

(3) The clay minerals shown in Figure 37(C), occurring at depth and stable with
vairskite, 'ufe both"ehloriFeluectitc intentn:ifieﬁ minersels and chlorite. K-clays are
_also present.’ _k
Comparison with Other Geothermal Areas
‘ finilir pangene':ii ;f élay ?nd geolite minerals has been reported in other geothermal
areas, including those in Japan (Hayashi et ai.', 1968, 1973; Rayashi and Yamasaki, 1975;
Yamasaki et al., 1968; Kimbara and Okubo, 1978), in Iceland (Rristmannsddttir, 1975s,
1975b, 1976, 1979; Ténasson and Kristmanmsddttir, 1972; Kristmannsdéttir and Témasson,
.19715, 19783 Ktiltimnadattit, 19823 Mehegan et al., 19823 Viereck et al., 1982; Exley,
1982), in Nev,‘l’eall'nd (Steiner, 1968, 1977) and in the United States (McDowell and Elders,
1980, Sheridan and minio, 1975.; Bargar and Beeson,. 1981).

Such systematic vnria',tions of clay ninerais from smectite to chlorite through.
cﬁlorite/mctite i,n:etst'ia:i_fiéé minerals with increasing depth in stratigraphic horizon
or with increasing metamorphic gnde have been studied in m;st detail in the Miocene
volcanogenic sediments of Japan. ‘T-i;e‘,syst,emtic,nlocia‘tions of clay and zeolite minerals
such as smectite and ;lkaline uoliﬁés (wordenite, clinoptilolite and anaicine),
chlorite/smectite inte:ctratified minersl and laumontite, and chlorite and wairakite are
common (Seki et al., 1969; Kimbara, 1970, 1973; Shi:.rb‘z'u‘,’ 197155. Kizbara and Sudo, 1973;
Rakamura, ;976; Yoshimura and !inba'n. 19743 'Yo‘shimurl et al., 1977). For instance, from

detailed examinations of the modes of occurrence and associated minerals of
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chlorite /emectite interstratified minerals in the Japanese Miocene volcanogenic formation,
!_onhimra and Kimbara (1974) reached the following conclusions: . (1) There must be a r-‘r'
stability f£ield for the interstratified minerals in between those of smectite and ’
non-expandable clay minerals such as chlorite and sericite; (2) the chlorite/smectite.

interstratified minerals occur in intimate associstion with laumontite; almost all of the

laumontite~bearing rocks in the Creen Tuff region contain chlorite/smectite interstratified
minerals. - The ocqurrence of the interstratified mineral-heulandite sssociation is
extremely rare; (3) the associations of chlorite/smectite interstratified minerals with
smectite and those of chlorite/smectite interstrstified minerals with chlorite have been
found, respectively, in the :;ocku transitional between the saectite zone nn@
chlorite/smectite interstratified mineral zone and the rocks between the chlorite/smectite
interstratified mineral zone and chlorite gone. Chemical reactions for the transitions
among smectite, chlorite/smectite interstratified mineral and chlorite have been: suggested
as follows:

(&) 2.65 (Si3 aAlg.g) (Mg).s relgluod).om(oa)zaazb —

Smectite ‘

(8ig,4A11.6) (Hg[,.ofez.?AI .3) 00 (OH);g4H0+2.18i09+4H0
mlorzte}nectite interstr. mineral -

(B) 0.65 (8ig 4A13,6) (Mgs, oFe2,9811.3) 0yp (OH)jg4Ry0) —=>
Chlorite/smectite interstr. mineral

(si3, 1Alg,9) (Mg gFej gAly o) O30 (OR)g+1.18i07+2H,0
4 ‘ Chlorite ‘

A progressive change of Mg smectite =5 chlorite/smectite interstratified wineral
~+ chlorite with increasing temperature has alsc been experimentally investigated
(Eberl, 1978; Eberl et al., 1978). Similarly, the change of smectite to sericite
through sericite/smectite interstratified mineral with increasing metamorphic
temperature has also been reported in some Neogene diagenetic sequences (Dunoyer de
Segonzac, 1970; Shirozu and Higashi, 19743 I!ignhi, 1980; Hoffman and Hower, 1979; '

Pevear et al., 1980) and synthesized in the laboratory (Eberl, 19783 Eberl et al.,

. 1978).

In the Icelandic geothermal areas, the occurrence of 'swelling chlorite' is

confined almost exclusively to a transitional zone between the high teaperltnré"'

159




193

cblorite~epidote z';ne i230-280°c)'aﬁd the iw temperature emectite-zeolite gone
(lover than 200°c) ('l‘&unon md Iriuunnnd&ttir. 1972; Kristunmd&ttir,
1975a). The 'mlliu chlorite" vu identifiod by the. i.ncteue of ‘001 value

fron u.o-u.el taﬂ 15.9-17.0! after ethylene ‘glycol treatment and the complete
diiappéaune’g of lbxpelk after hut .tréatn’ent at 600°¢ for 2 hours. At the
Wairakei ggotheuii “area, Steiner (1968, 1977) reported the éccutrence of
"lbng-ofaciﬁ; ugulnr ‘nixed hyer.muing ehlorite" in ¢ strongly sheared breccia
gone. The 14.58 pukof. this “m?l;ing chlorite™ expands to 15.54 after ethylene-
glycol treatment and ciéunpses to 1'3.4& after heat trestment st 600°C for 1

houf. The D‘IA pattem ‘and infrared spectrs of the chlorite/smectite
iﬁter-tratifi“ ainetah are qﬁité Q_hii‘h'r to those of the *miiiﬁg chlorite' in
iéel_qndic 3e9tbétini_; aress. tii.s‘tnim’uq’o:tit (1976) suggested that some of the
?‘mlliﬁg eﬁlqrite;af 'h.t¢e1mdic ggptﬁerul aveas coisld be themily unstable
smectite a_ndhr dé;i“lly unstable 'i;hiﬂitdlﬂﬁ:titg interstratified ninerals.
Apparently .difteréiit"definitions' cndiinenlogicnl charscteristics of the "swelling
chlqtite" have ‘bee‘n'.ptopoaed. Suﬁhen and MacEwan (1951) are among the first to
ou;gest that the i-’ox‘reflectiun qi ‘the' "n?lling chlorite™ shifts to 17.84 after
gljcol treatment and collapses to 13.8% after 500°C heat trestment. Brindley
t19615 'reporte'd thni, the "swelling chlorite” my‘be a kind of chlerite in which
hydroxide sheets occur as island=-like inp'erfect layering &etwéen silicate layers.
Shimoda (1970) ‘t_eported all expandable "swelling chlorite™ characterized by peak
_.‘him,bf’ia.d:b‘ 15,55 (ethylene glycol) and 14.8% to 16.28 (600°C heat
tiaémené)'ind inteutity ratio of 7‘/161 of 0.60. BHe later concluded that the
?"n?elling chlorite™ ny not belong io»tbe chloritelmétiie fnterstratified mineral
;hd tﬁe'pfesence of ':il'q;erfe& brucii:e 1ayers between silicate sheets of smectite
has i‘ésﬁltéd ina chlofite-iike itruéture of mlling behavior. 1In. ;hort, the
defxni:ion, identif:.cl:ion method, ehenieal characteristics and ctyltal structure
of the lvelliag chlori.te have not yet been euublilhed. lhny problems remain

muolved and chould be “studied in the future. -
Zetg (1967) luggeugd _t!_ut the i,ntentutif:k.edrnine‘u‘l, should be treated as a
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thermodynamically stable phase and the disappearance of the aingn_l in disgenesis
might be one of the sensitive indicators of metamorphic grade, ,“’-‘,"’ (!968) nrggd,
and proposed & mev facies, namely, the interstratified cla : facies, qh;_rac,tg:i_zg@ §
by the widespread occurrence of interstratified clay. As has been noted previously
io this section, the variation of smectite—interstratified miverals—chlorite and
sericite is closely related to the variation of zeolites from mordenite, . »
clinoptilolite, stilbite, heulandite through laumontite to vairakite and other '
winerals such as sodic plagioclase, prehnite, epidote and pumpellyite. The
stability fields of chlorite/smectite end illite/smectite (sericite/smectite)
interstratified minerals which can be established by deu'iled petroguph_ic and
chemographic analyses must be one of the most inte:esti;ng problems fela;éﬁ to ‘

low-grade metamorphism.

CHEMOGRAPHIC RELATIONS  AND PHASE EQUILIBRIA

From detailed descriptions‘of secondary phases in the previous sections, it is
apparent that most drill hole core samples consist of 2 to 3 Ca-Al hydrous
silicates together with sbundent quartz, carbonate, chlorite-smectite and- pyrite
and minor albite, illitic clay, sphene, magnetite and sulfates. . Common Ca=Al -
hydrosilicates includes Ca-zeolites (laumontite, yugawaralite, wairakite), prehnite
and epidote. Ca-zeolites are most abundant and occur in more than 80 % of the .
investigated samples. Prehnite and epidote are minor. Pumpellyite was not
positively identified, trace actinolite occurs in some deeper core samples and -
garnet was not found.

Compositions of all these secondary phases can be defined by a system :
including, xzo, -mzo,‘ Ca0, Mg0O, FeO, uzos, A1203‘, ‘l'iO‘z, Sioz,n
nzo, S, (:02 and so‘ as components; there are too many to be graphically ‘shown - ., .
in their phase relations. The total number of components can‘be reduced to & with-
the following assumptions:

(1) The system has an excess of fluid and quartz phases and the fluid phase ‘is.-

composed mainly of H,0, €O,, S and 80,. Respectively §, 50, and CO, are ' <= -
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tied vith byritg; gypsun (and/er unhydrité)'and carbonate;

(2) A1l minor K,0, ¥a,0 and fioé are respectively fixed in minor fllitic
clay, albite and sphene}” ‘

(3) the only phise_"ﬂx'owin'g significant ¥eO and Mg0 ‘substitution is chloritic
clay mineral. Although, minor actinolite also shows such substitution but it will
not be included in the present discussion. . We combine FeO ¢ MgO as one component
because systematic variation of FeO/MgO in chloritic clay with depth is mot
apparent qn& because we have treated chlorite as an excess phase in our discussion.

With these u#ﬁptions, the system is 'Iinplified to be Ca0 - Pe2'03 -

LI‘ZO3 '-‘E(Febmgo).".cdnﬁdiiticn‘t of the common secondary phases are plotted in

the tetrih’e&rcﬁ of Figure 38, The ranges of solid solutions for epidote, prehnite,
grandite garnet, pimpeuy.ite and chloritic clays are shown. 1In order to
systematically illustrate the variation of mineral assembloges and compositional

3 plane was selected as

changes of epidote . and prehnite with depth, ther Ca-Al-Fe*
the projection plane and ‘-chIorivte of fixed composition as the projection point.
B This simplific#ticn 8 justified by a number of factors listed below: (1)
chloritic clay minerals are ubiquitous; (2) compositional variations of epidote,
prehnite;, garnet and even pumpellyite is defined mainly by Fe‘s - Al

cubititution: .(3) analyzed zeolites (laumontite and wairakite) contain very minor
Nazo and they are -plotted on ihe join between 2A1 and Ca; and (4) compositions of
Ca-zeolites and. other Ca-;Al hydrous silicates lie on or very close to the
p*réjec‘tian plane. Hence, the compositional change of chloritic clay minerals does
not significantly affect their dispositions onto the ternary diagram.

The resultant projection of hematite, ka;:linite, pyrophyliite, laumontite,
wairakite, epidote, pumpellyite, prehhitg, garnet, calcite and sulfates on the
diagranm ,2Fe*3-2A1—Ca are shown in Figure 39. Except for the Ca-Al ailicates .
vhich show significant extents of solid solution as solid lines, the other phases
shown in the disgram have fixed cmosi;ims; It should be mentioned that

pumpellyite contains consideravi. “zounts of (Fe+Mg)O and the position of its

projection is highlv d¢;:ndent on the composition of chloritic phase. If the

162




196

Fe,Mg
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2Al
- Ka, Py

V" caorbonote
Ca uitates
Figure 35. Compositions of common calciue zeclites, epidote, prehnite, grandite, snd

chlorite together with other common secondary phases (ksolinite,
pyrophyllite, carbonate, sulfate, pyrite, nngnetite and hematite) were

plotted in a tetrahedron Ca-(Fe,Mg)-2A1-2Fe*
illite, sphene, fluid).

disgram (+ albite, quartz,

composition ef Al=chlorite is used as a projection point, then pumpellyite is
overlapped with prehnite. This problem does not exist in the present discussion
because pumpellyite was mnot positively identified in any core samples from the
Onikobe géotheml system.

This projection applies only to the phase relations at the fo values vhere

2
hematite is stable. However, in most drill core samples from the Onikobe

geothermal ares, magnetite is a stable iron oxide. Therefore, we have to treat the

phase relations at fo lower than the hematite-magnetite buffer. Figure 40 is
2 v
& tetrehedron showing the phase relations of prehnite, epidote, garnet and iron

oxides &z & function of foz in the gystem c.o-teo-rezos-uzos-smz-azo in the
presence of excess quartr and fluid at a given Pt‘lui & Compositional shifts for

magnetite, epidote, prehnite and grandite with decreasing fo are shown by
2
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Figure 39, Ca =241 =2 Fetd disgram showing compositional varietions of common
Ca-Al silicates. Compositions of anzlyzed core samples (Table 21) from
the Onikobe geothermal area and basaltic field are thovn (+quartz, albite,
chlorite, sphene, f1lite, pyrite).

arrows. This diagram {llustrates the effect of fo on compositions of Ca~Al
: 2

silicates and the sihilarities in mineral assemblages at various fo values.
2

For instance, st the fo defined by the BM buffei, the essemblage hematite +

2

magnetite (b) together with epidote (c) ¢ prehnite '(d) or epidote (c) + andrgdiie

(e) or prehnite (d) + andradite (e) are possiblj steble in certain P-T ranges. At
lbweg foz conditions, the assemblage magnetite (b') + epidote (c') + prehnite

(d') + grandite (e') is stadle. Secnple'of the similarity in mineral assembiages

at various f°~ conditions, in the following discussion, magnetite and hematite .

2

are plotted in the Fe,0, corner of the Fe*3-241-Ca diagram.

Bulk chemical éaupo:itioﬁs of representative altered core samples listed in

Teble 21 and basalt field are also plotted in Figure 39. ‘The whole rock Al
contents were readjusted in accordance with the presence of exce:slulbite, and
chloritic and illitic clays. Compared to unaltered basaltic rocks, the drill hole

core samples from the Onikobe geothermal ares gre higher in Fe*3 and lower in Ca
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Table 53. Equilibrium mineral assemblage for core samples
from Drill Hole #123 and 124 of the Onikobe
geothermal Area.®t (All assemblages + chloritic
clay + quartz + pyrite + albite).

depth . n2 depth 124
238,60 Ep(32*%*)4ur 165.8" Wr4Pr(14-17)
303.5 Pr(19)+¥r
323.8% Ep(23)+%r 201.8° Wr+Pr(3-8)+Ce
344.6" Ep(22-29)+ur 209.97 Wr+Pr (17-22)+Ep(?)
348,50 EpL9)+Pr (8) P ur 222.6° . Ep(26-29)4ur

307.5"  Wr+Ep(37)

334.7" Wr+Pr(12)

349.4" Wr+Pr (3-4)+Cc

* Wr+Cc assemblages are not listed 5 they formed much later.
#** The numbers in ( ) refer to Fe't3/(Fe+3+41) x 100.

Abbreviation: Ep = epidote; Wr = wairakite; Pr = prehnite; Cc = calcite.

with compatible Al contents. Such a difference is reflected in higher hematite (‘*
magnetite) and very minor prehnite and epidote in core samples compared to
low-grade metabasites.

Two points need to be emphasized when the parageneses of cbserved second'qry_
phases are discussed in terms of these plots. (1) Bulk chemical compositions for
the core samples are extremely heterogeneous imasmuch as the g_e_otheml sy,sitem is

open for chemical exchanges. Depending on the difference in the Aextentév of

hydrothermal alteration in rock types and in brecciations and veinings, each domain
of a simple core specimen can be very different in bulk composition. Therefore,
correlation of an observed mineral assemblage with bulk chemical composition could
be misleading.

(2) Secondary minerals identified in a single core sample may have formed at a
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Tetrahedral projection showing phase relations of prehnite. epidote,
garnet, hematite #nd magnetite as s function of 7 the system

CaO~FeO~Fe,03-A1,03 tnth excess §i0, and H,0 at a E-rneuh:
but mspecx&ed % 4+ Tetrahedrons ubce, abde and bcde are for the

systems’ couttoued by the B4 buffer. Tetrshedron b'c’d'e’ is for the RNO,
. QMF and IM buffer systems. _ .

Figure &0.

différe'nt time and at jiffe‘rent physico-chemical conditions (see Exley, 1982 for

Iceland géot;hé'rha'l'cyu"en). They occur in veins, in vesicles, as aggregates in

‘matrix or in groundmass, and even as replscement products of -some primary and early

formed phases., Textural relations suggest that some of them are not in

"equilibriom, ‘hence pany secondary phases are listed in Tables 10-20 for each
specimen. For instance, carbonate veins are found to cut wairakite cvrylnls'in‘:he
“matrix suggesting carbonate formed later under different physical conditions} yet

wairakite has metastably persisted. Therefore, in the'fouuwing discussion, phase
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relations are presented only for those minerals thai exhibited grain contacts in s
one~inch dismeter polished section. Difficulties in establishing what constitutes
an "equilidrium linénl assexblage” in low-grade metsmorphic rocks have already
been documented (Zen snd Thompson, 1974).

Mineral uunbhjes which have shown grain contact relations are listed im
Table 53, COupoaiticiu of epidote hd prehnite were analyzed and tt;eir
n"/(re”fn) ratios are listed within the parentheses along with each phase.
Because these u:ehb"h-gu formed ever the small temperature interval of 110-170°C
and - at the dep:in _‘o{ 166-350 ‘n. they are plotted in the isobaric-isothermal
diagrams of Figure 41(A) and lolﬁ') ulpectivvely‘ for drill holes # 123 and 124,
The 2-phase assemblages wairakite ¢ epidote and wvairakite + prehnite occur in a
number of samples whereas the 3-phase assezblages epidote ¢ prehnite ¢ wairekite
and wairakite ¢ ptehniée + calcite bave very restricted occurrence. Tie lines for
the coexisting phaiel are dravn according to the analyzed compositions of epidote
and prehnite. »

Those oampl_es wifh the 3-pha‘e Assembiige prehnite ¢+ uiraicite + epidote need
to be described, bgciuse for the 3-component system, compositions of the 3 phases
should be invariant at constant P and T. The assemblage of a sample #124~209.0n

was formed at tenperitdre of sbout 115°C and contains sbundant coarse-grained

prehnite and wairakite in matrix with minor very fine-grzined epidote. Both
prehnite and wairakite wvere analyzed and the prehnite ranges its Fe"l(!-‘e‘s' +

Al) ratio from 0_.}7 ‘5, 0.22. However, the epidote is too fine-grained to be ‘
enalyzed. From compositions of epidotes in other samples in the drilbl hole € 124,
composition of the epidote for the 3~phase assemblage wvas thi.nated to be sbout
lhﬂ = 0.26. For sawple ¢ 123-348.5n at 170°C, the limiting compositions of
both epidote and prehnite were ﬁnlyzed and respectively arte xu#s e 8 for
prehnite and X t3 = 19 for epidoté.‘ '

The deduced phase relationships for assemblages of these 2 drill hole cores ere
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summarized in Figure 41(C) at T of 110-170°C and depth of 200-350m. Five 3-phase

l"““‘t“ vere delineated: they are magnetite ¢ epidote + wairakite, magnetite ¢

epidote ¢ calcite, wairakite + epidote + prehnite, epidote ¢ prehnite ¢ calcite, -
and wairakite ¢ prehnite + calcite. These assemblages have been recorded in other
geothernal areas and in low-grade meta-basalts, (e.g., Sslton Sea, Bird et al., .
1983; Karmutsen metabasalt, Maruyama and Liou, unpublished results).

It should be pointed cut that laumontite is rather common st shallow depths in
geothermal systems. As a matter of fact, lsumontite and mit‘-nkite occur together

in many samples. The lsumontite-hematite-epidote assemblage has been found at

Tatun and in other geothermal areas (e.g., Lan et al., 1980). 1In the investigated
samples from,mikobé drill holes 123 and 124, no textural relstions suggested the 7
occurrences of laumontite ¢ epidote + hematite, laumontite ¢ prehnite ¢+ epidote and
laumontite + prehnite ¢ calcite., These assemblages may occur at lower temperatures
and higher foz. conditions, ‘
From the phase relations shown in Figure 4], three conclusions are drawn: (1)
Both prehnite and epidote are rettric‘ted to Fe-rich composition at low temperatures
and become Al-rich with increasing temperature. Such features are apparent ’in
assexblages formed at 110°C for # i24-209.9m and 170°C for # 123-348.5m. (2)
The Al-end member of both prehnite and epidote are not stable under the
physico~chemical conditions defined by the assemblages in drill holes # 123 and
124. Al-prehnite was replaced by the wairakite + calcite assemblage which is
common in the Onikobe geothermsl system. (3) The Fe-Al partitioning between
epidote and prehnite suggests that the epidote always contains higher Fe than the
coexisting prehnite.

_ The conclusions de:cribed above are consistent with those data derived from
hydrothermal experiments (e.g., Liou et al., in press), from thermodynamic
calculations (e.g., Bird & Halgeson, 1978) and from natural parageneses in burial
wmetamorphic sequence (e.g., Evarts & Schiffman, 1983) and in other geothermal areas
(e.g., the Salton Sez, Bird et al., 1983). fl'he phase relationships shown in Figure

41 =apply to environments with a very low activity of €0,. 1In higher
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wz—bea'ring geothermal fiuid:,r the Ca-Al silicates i;ncluding epidote, prehnite,
wairakite - and laumontite are not' stable and are replaced‘bf & carbonate-chloritic
clay sssemblage.  Many investigated samples lack t?u Ca~-Al silicates, particularly
those from drill hole # 127. The significant effect of CO, on mineral

assemblages in the Onikobe geothermal ares will be discussed in a later section.

INTERPRETATION OF DEPTH ZONATIONS OF MINERALS

General Factors

““’Zonal distributions of minerals and phase relationships described in the
previous sections are controlled by a complex interplay of many factors. The wost
‘important ene is temperature. ?iguré 36, constructed using depth~temperature
relations from the composite curve of Figure 35, shows the distribution of
secondary minerals as & function of postulated present temperature in the field.

Each mineral occurs over & considerable nxige of tempersture and depth intervals

;nd sﬁws:significin.t ovetluApp‘ing vnth :the other phases. Im order‘ to assess the
role of tempeia.ture in these gonations, we must also consider the effects of other
variables inc':luding (a) solution chéminry, (b) bulk rock chemisiry, (¢) rock
pemeabi?ity::;nd texture, (d) load préilﬁre, (e} Pl‘lzoh’cot‘cl; (£) solid
solutions in :éconda’rj minerals, (g) kinetics, ond others. These controls on the
genesis of Vse{ccn'davryu pinerals in geotheraml systems have been reviewed by Browne
(1978); they are briefly summarized below:

‘Solution chemistry is one of the most important variables in the formation of
secondary mineral assemblages. The fluid's pH and Pcoz are two of the most
impo;rta-nt factors. For example, Zen (1961), and Thompson (1971) have postulated
that a higﬁ P:coz nay ishibit the formation of calcium zeolites at given P and T
conditions as shown by the folioivit;g reaction: Clay + Calcite = Ca-zeolite ¢
€0,. Likewise, by the lav of mass uéiioﬁ, a low pH would favor resctions that
would cqnsgmé A'll’." Details of T-xwéa'felatims of hydrous Ca-Al silicates in
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geothermal systems and the pH effect on the relative stability between Ca-zeoclites
and carbonate will be discussed later.

In closed or low permeability strats, the sclution chemistry msy be strongly
affected by the local bulk-rock chemistry. The effect of the bulk rock chemistry
would be much less important in high-flow, permeable situations. All the drill
hole core samples from the Onikobe geothermal area have similar andesitic-dacitic
compositions.

The effect of load pressure differences will be quite small given the
relatively shallow depths of the wells., However, given the presence of major fluid
compenents other than H,0 in geothermal systems, the. effect of L 0’

. 2
Pfluid< 1, may often be important. Values as low as 0.3 Py Olrtotnl ratio

have been postulated for typical geothermal systems (Cwnbyzet al., 1959). These
lower ratios significantly restrict the stability fields of the hydrous phases
toward lower temperatures.

Experimental studies have uiully been carried out with pure end-member
compositions. If an appreciable amount of solid solution occurs within a given ‘
mineral in & geothermal system, then its stability range will be expanded relative
to the studied pure end-member and interpretations will have to be modified. An
example dealing with prehnite-epidote equilibrium will be discussed later.

The effect of kinetics is & controversial and mot easily defimable problem. At
low temperatures (<50-100°C). it is generally acknowledged that kinetie
constraints are often important. At intermediate temperatures found in geothermal
wells, however, the situation is much more ambiguous, especially given the variable
lengths of time for which such systems operate. It is interesting to note ‘ﬂ'llt
zeolite assemblages have been cbserved to become simpler with increasing age and
that zeolites are generally not found in rocks older than early Paleozoic (Hay,
1966).

Relevant Experimentally Determined Stabilities of Some Hydrous Aluminumsilicates
' Ca-zeolites: 1If we now examine available data ,fr'an experimental stability

studies on some of these minerals, we may be able to set some limits on their
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Figure 42. Experimentally determined Pgy1yig~T relations among stilbite (St),
lsumontite (Lm), wairakite WJ and lavsonite (Ls) in the presence of
excess quartz (Qz) and By0 (Liou, 1970, 1971a,b). Reaction 13 St * L=
+3Qz¢+30H0, 3 lan=Lls+2Q +2 K0, 43 Wa=1s + 2 Qz, and 52

Wa ® An+2Qz+ 280,

R w03 0,10
zo = foto! P'O'ﬂl
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Figure 43. Pg),uia~T diagram shoving the stability relations among yugawaralite(Y),
laumontite, and wairakite in the presence of excess quartz and fluid at
_ Ppy0/Peotal ® 1.0 and 0.3. The recorded temperatures and depths for
yugawaralite occurrences in Onikobe (Seki et al., 1969) and in Y-2 hole of
Yellowstone geothermal systems are also plotted for comparison (for
details see Zeng and Liou, 1982). -
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conditions of formation. Figure 42 shows stability fields for the minerals
laumontite, lawsonite and wairakite at Pgy .o ® Poo. 4 (from Liou, 1970, 1§71n
a, b) as experimentally determined for the ‘following reactionms:

- (1) stilbite = laumontite + 3 quartz + 3 E,0,

(2) laumontite = wairakite + 28,0,

(3) laumontite = lavsonite + 2 quartz + 28,0, end

(4) wairakite = anorthite + 2.quartz + 2 H,0.

In the Onikobe wells, where fluid pressure .is iess than total pressure and the
nzo sctivity is less than ome due to dissolved substances, tbes£ zgeolites yould:
oécut at lower f—T conditions than those determined by t‘e'gxperimepts. One would
thus expect the launontite-unirakite,t:pnsitien to occur af somevhat less then
200°c.- Using Figure 36, we find that laumontite occurs over the 85° to 195°
range and that weirakite occurs from 130° to D 275°C.  The vpper limit of
laumontite is in good sgreement with the experimental va;ue,”but.the love:‘linit of
wairakite isn't; furthermore, lubt:lntial~overlap.oc§urs between the laumontite and
wairakite fields within most wells. This could be.explnined in at least three ways:

1. microprobe analyses of wairakite indicate up to about 23 mole T analcime
component; this should extend the uiirakite s:ability'field.to lower teﬁperatufes
and exélain the overlap of Na-beafing wairnkige end lsumontite.:

2.  some of the wairakite occur:'iﬁ veins or openyfrlctﬁre: where
P;luid,Ptotll may often be lﬁss.than unity, alse favorigg,thé formation of the
less-hydrated wairakite at lower temperatures.

3, the ninéralt at a given depth may not have equilibrated at one temperature
but may instead be the composite products of a changing temperature regime. - The
systematic zoning of uairakife veins in well ¢ 127 may support this point.

Figurg 43 from Zeng and Licu (1982) shows the experimentally-determined and

calculated stability relations among yugawaralite, laumontite and wairakite at

'PBiOIPtotaI = 1.0 and 0.3. The reaction: yugawaralite = wairakite + 25i0,
+ 2320 was ‘experimentally determined and-the phase relatiocnships among the three
Ca-zeolites under geothermal conditions ofanzoit 0.3 » P;otal wgrer
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estimated. 1In gepth_eml systems such as the Onikibe geothermal system where the
fluid phase contains sbundant other components in additien to H,0, and where
Pfluid,?t'o.;’al"r“i“ oay be apb_i‘oxinntgly 0.3, yugavluiite ‘stability will be
restricted to depths shallower than S00m. - '
From Figure 36 we find that yugawaralite occurs over the temperature range of
150-205°C in the Oﬁikobe cores, spanning almost the entire overlap area between
laumontite and wairakite. This would correspond to "nzo"tonl ratio
intermediate between 0.3 and 1.0. The relatively narrow stability range of -
yugavur-li;e at low Py o’lP

tota
2
paucity in the Onikobe cores and -in other geothermal aress,

1 velues would help to explain its relative

" As shown in Figure .103, the parlgehe:ic depth l:eqnence of Ca-zeolites in s

geothermal system is highly dependent on the imposed thermal gradient, on the

Fa,0/Peotar

(e.g., Giggenbach, 1981).. In & geotljemi systen with a relatively high geothermal

ratic, and on other factors, including solution composition

gradient and a bigh Pn 6[1’ 1 ratio, yugavaralite may be stable and the
~ .

tota
depth sequence could be mordenite élcumtite -syugavaralitesvairakite. On the

other hand, in regions with a lower geothermal gradient and a lower

| AN 4 ratio, yugawaralite is Bot stable and the zonation of Ca-zeolites

5,0 total
could be -wordenite —slsumontite ~swairakite. Because many geologic, solution and

total ratic and the

hydrologic conditions may :control both -the Py o“lP
: 2
geothermal gradient, different depth Vzonation patterns -of Ca-zeolites may occur

even in s single geothermal system. Such variations have been recorded in the

_ Onikobe geothermal ares by Seki et al., (1969b).

Clay Minerals: Figure 44 shows the experimentally-determined transformation of
hqiinite te pyrophyllite tepru'ented by the equationt kaolinite ¢ 2 quartz =
pyrophyllite ¢ hzo ‘(AB, Thonp:ﬁn. 11910). At Pﬁzo'- Ptot;l oﬁ s feg .
hundred bars}mhe transformation teuperaturé is given as approximately -300°¢.

The wpper limit for luolinite postulated -at Onikobe is- 27590. The Igck of an
.ppareht &gtlap uy'bq due .to the fact thqt taolinite is very infrequeng at ‘dgpth,

and pyrophyllite is only found in three wells. The lower tramsition tenpeutpre' at
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Figure 4. Raolinite-pyrophyllite stability disgram after Thompson (1970), with
stadbility relations of other winerals (Holdavay, 1971 Kerrick, 1971).

Onikobe could once aglin be due to & low !-’Hzo”tonl value,
The occurrence of kaolinite or pyrophyllite is strongly influenced by solution
chemistry. According to Hemley (1964), both ksolinite and pyrophyllite are stable
only under acid conditions. His experimentel conclusion is suppozted by our
observations in the Onikobe area. Kaolinite is generally found only it or near the
surface, vhere acid-sulfate waters occur as s result of nzs and pyrite
oxidation., Pyropﬁyllite is often found with mineral assemblages characteristic of
acidic conditions. 1In the deeper than 800m segments of wells GO-10 and GO-11 where
pyrophyllite is most sbundant, calcite is almost always absent and wairakite is
erratic in GO-10 and completely absent in GO-11.,

Relatively little experimental work exists at low to wedium temperatures for
interstratified clays due to both the sluggish reaction rates and to the
compositional and structursl complexity of clay minerals. Eberl and Hower (1976)
have examined the kimetics of illite formation from interstratified smectite/illite
for several compositions. Extrapolation. from their data indicates that at
temperatures above about 15090, le;s than 1000 years would be required to produce
a 202 expandsble illite/smectite from a 100X expandable smectite of K-beidellite
composition, If these datas are a_pplicnble to .the Onikobe ,"“, fhit would indicate

that kinetic constraints are not the most important factor in illite formation for
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eongmuous teactions (Liou et al., in press), The previously determined
corve for the maxioum cnbility y of epidote from Liou (1973) is also shown

- -for comparison. A
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-

most of the length of the drill cores. However, Eberl and Hower (1976) and Eberl
(1978b) slso found that the persence of other interlayer cations such as Na and Cs
appeared to substantially retard the conversion of smectite to smectite/illite and
eventuzlly to illite. Although insufficient dats exists to quantitatively azsess
this effect, it may be of major importance in determining whether illite will form
over the time intervals of interest in geothermal systems. Thus, f.ncturl such as

solution and bulk rock chemistry would be important in considering the formatien of

illite.
Albite, Prehnite and Epidote: These three winerals show notable

depth=dependent behavior. Liou (1971) experimentally determined the stabdility ‘
curve for the ret;tion: analcime ¢ quartz = low albite ¢+ nzo. The presence of a
sodium~bearing wairakite instead of analcime makes it dangerous to extrapolate
between the two systems. In the Onikobe ares, albite apparently occurs from
temperatures as low as 110°¢ to as high as or greater .than 275%. Again, low
l’uzbl!’wu1 would favor albite in & dehydration reaction. The observed
occurrence of albite formed below 50°C in saline lakes (Hay, 1977) and in the
Green River formation would indicste that fluid composition or kinetic factors may
play a very large role in albite stability.

The prehnite-epidote equilibria have been récently determined for a bulk
composition of Ps 33 ¢ excess H,0 by Kim et al., (in press). The epidote of Ps
33 can be related to prehnite by s simple reaction:  epidote (Ps 33) + H0 =
prehnite ¢ hematite; however, the reaction relationship is not that
straightforvard. Instead, the reaction passes through a P-T transition zone in
wvhich both compositions and proportions of prehnite and epidote vary continuously
with changing temperature and oxygen fugacity. Such continuous reactions are very

common in low-grade mineral paragenesis.

Examples of P-T, f, =T and T-X diagrams -are illustrated in Figures 45
2
and 46 together with the maximum stability limit of epidote experimentally
determined by Liou (1973). As shown in Figure 46, epidote has a wide stability

field with a temperature range of < 300°-550°C, 2-8 ¥b Peruid and over &
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Figure 46A T-X diagran for the system Fey03-CazAl,5i30)0(0H), with

excess quartz, magnetite and fluid showing the relations among prehnite,
epidote, garnet and hematite st 2000 bars Pgy,i4 and

of the HM

buffer. The system is pseudobinary only in the Pgy,ia-T regions where
~garnet solid solutions form (after Liou et al., in press).

range of fo values:. Two reactions were delineated at lw,tenpeuturén the

garnet-in reaction defines the minioum stadility for the garnet-bearing au?nbhgn

and the prehnite-cut reaction the maximum stability for the prehnite-bearing

assemblages. A transition zone occurs between these two assemblages where the

three phases epidote + prehnite + garnet are ctable and the compositions of these

phases vary sccording to the Pflui &-‘!’-foz

_ conditions. With successive

increase in temperature and decrease in io » -both epidote and prehnite become
¥ 2 :

progressively more aluminum-rich and the coexisting garnet moves toward the

grossular end-member. At temperatures below 3zs°c, the assemblage
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Schematic P~T snd T-Xpg.p) disgrame showing 3 contimuous (light lines)

and one discontinuous (heavy line) resctions relating prehnite, epidote,
garnet, iron oxide, quarte end fluid in system

Ca0-Feq0y=Al703-3109~Hy0-0 following the procedure of Thowpeoen

(1976). Mineral compositions and assemblages shown in Pigure 47A,8,C, and
D sre indicated. X is the starting compositiem, .

Temperatures shown on the diagram are from the present data and Liocu
(1971). (After Liou, et al., in press).
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epidote~prehnite-garnet is not stable and both prehnite and epidote in the 3-phase
assemblage epidote-prehnite~hematite decrease their Fe" content with decreasing
‘tenperltute. In other words, in the presence of epidote, prehnite reaches its
maximum Fes‘ content st the téuper:ture'definad by the discontinuous reaction.

At lower temperatures, prehnite composition iuvhighly dependent on the mineral
assesblage. If prehnite coexists with garnet (or another Ca-Al phase) and
hematite, it may have higher !r¢34 than the prehnite coexisting with
epidote-hematite~quartz.

Phase relations of prehnite, epidote, garnet and hematite as & function of

temperature in thg pseudo-ternlr; system C‘O~Fezos-A1203-uith excess

quaftz, and fluid at 2 Kb Pfluid ana foz defined ﬁy the BM buffer ﬁre shown

in Figure 47. With increasing temperature, four isobaric-isothermal sections are

dravn in order to show the compositional relations among garmet, epidote, prehnite

and hematite for both three-phase and two-phase sssemblages. These diagrams were
constructed based on exferimentll results and on deduced natural paragenesis and
mine?nl compositions and show the following: (1) Within the temperature interval
325-550°C, the range ‘of grandite solid solution remains complete in the system
with the presence of excess quartz, whereas the ranges of solid solutions for
epidote end prehnite beconevvery restricted with increasing temperature. (2) The
tie lines for 2-phase and 3-phase regions shov the equilibrium compositions for the
coexisting phases. These data are deduced from experimental results, available
anzlyses of natural co-existing phases (e.g., Coombs et al., 1977) and from
thermodynamic caleulations (e.g., Bird & Helgeson, 1978). (3) The discontinucus
reaction at 325° representa a tie-line cross type and the continuous reaction at
350°C relates the shift of a 3-phase field to‘n 2-phase tégicn. Respectively,
these two reactions are equivalent to the garﬁet-in and prehnite~out resctions
shown in Figure 45. )

It is apparent that the phase relations of Figures 43, 46 and 47 epply to
temperatures greater than 3is°c and that at low cozbcétivity ellcite'islnot

stable. Hence they cannot directly appply to the ﬁhase relations described for the

180




214

HM Buffer

325 -350°C

350-405°C

¢

Al,0, ] Eoirsol Pr Gr TR Co0

Figure 47. 'Phase relations of prehnite, epidote, garnet and hematite as a function of
temperature in the system CaO-Fey03-Al503-Si02-H20 with escess
quartz, and fluid at 2000 bars Pfiujq end £, of the EM buffer.
Positions of tie lines gre qualitative. X \ns the starting composition
for the experimental study of Liou et al. (in press) and arrows indicate
the shift of composition with increasing temperature.

Onikobe geothermal system. However, the principle for the sliding equlibria and
compositional Etends of both epidote and prehnite together with hematite or
magnetite are consistent with ﬁxose described in the previous sections. \For
instance, in éonpnring Figures &41€)and lom it is evident that at the conditions of
the Onikobe geothermal system, (1) garnet is mot ct¢$ie and calcite is ubiquitous,
(2) the 3;phase assenblage Ep + Pr + Hm (orMt) was not found in the available core
sample, (3) mposifions_of coexiiting epidote and prehnite in the 3-phase
assemblage Ep + Pr + Wr are lower in Fe’s contents than those in Ep ¢+ Pr + Cc,

(4) both epidote and prehnite have much restricted compositions compared to those
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in high-temperature conditions and Al~end members of epidote (clinozoisite) and
prehnite are not stable and (5) epidote {s consistently higher in Fe*? content
than the coexistent prehnite. ‘

In summary, one can obséivé that the apparent oboeiﬁvei temperature ranges over
wvhich minerals are found in the Onikobe area are generally broader than those
expected from experinentli studies., This may be expluingd in at least 3 ways:

1. The equilibrium studies may essentislly explsin the cbserved tempersture -
relationships if varisbles such as éhange: in solution and bulk rock chemistry,
are considered,

rock texture, and ’néo”:oul 7
2. The equilibrium studies may explain the observed relationships if the
minerals are considered to have formed under ‘equilibrium conditions at different
'tines, wvith the temperature varying at a given depth as a function of time. As the
conditions changed, loie of the minerals co:'\tinued to persist metastably.
"3, Hetastable resctions may be important in the fouia:lon of many of the

phuei observed, enpécinlly at temperatures below about 150°c.

Effects of CO, and 50, on Mineral Assenblages

The thermal waters from the Onikebe geothefml nru,deicribed in the previous
. sections »eoniain si‘gnifiunt amounts of coz; 864. RaCl gnd other impurities.
lh.gh co’ncentr.ltions of tﬁele _components have resulted in the crystallization of
carbonate, gypsum or @ydrite and halite at the expense of c--Alv silicates and in
the lowering of the tenpeuture of appearance of some index minerals. A detailed
ducussa.on of :heir effects will not be presented here; the inportance of the OO
concentration in the ilul.d phue will be used ‘to exenplify their ugmficmce.
The rolev of eoz in Iow-gnde utnaotphism hu been recently revxeved (Sekz &
Liou, 1981). Ptevzous ex'permenul lnd tbeoreucal studies indieue that the
breakdovg >of Cafbearing silicates and ;heir nsepb}ages into calcite-bearing
nunblaﬁes will occur as & resuit ofw i.nci'ening mole fru.ctioix of co, in the |
fluid phase to over 0 l st temperatures below. 400°, C.. For example, a: |

P

““1_ £luid -2 kb, humnnte can only be luble at tenpeuturet below 350° c
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Figure 48. Probable temperature Xco, disgram iu the :
: Ca0-A1303-5i0,-C02~H20 system (Peorg) = Pelujd = 2 kb)(Seki
_and Liou, 1981). S
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4 Zoisite + Quartz &= Grossularite + 5 Anorthite + 20,0

Anorthite + Quartez + 2 Calcite ¥ Grossularite + 2C0,

3 Anorthite + Calcite + Hy0 »2 2 Zoisite + ‘

5 Prehnite g¢ 2 Zoisite + 2 Grossularite + 3 Quartz + 4H,0
2 Calcite & Pyrophyllite & Prehnite + Quartz + €0,

2 Wairakite & Prehnite + Pyrophyllite + Quartz + 2H90
Calcite ¢ Raolinite + 2 Quartz & Wairakite + €0,
Laumontitie T Wsirakite + 20,0

Calcite + Kaolinite ¢ 2 Quartz + 2H,0 &= Laumontite + €0,

10: Stilbite 3* Laumontite + 3 Quartz + 38,0
11: Calcite 4 Kaolinite '+ $ Quartz + 5!20= Stilbite + CO;

Reactions S, 7, 9 and 11 limiting Xp, 4¢ vt contimuous.
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Figure 49. Schematic T=Xgg, relations for Ca-zeolites (laumontite, wairakite),
prehnite, wmpeilyite, epidote,chlerite and calcite in a simple system
A1203-Ca0~(Fe, ug)o-smz-uzo-daz. The geometric relations are
constructed under the assumptions that (1) chlorite is amesitic in
compesition, (2) pumpellyite lies om the joint chlorite and prehnite, and
(3) quartz and fluid are present in excess. In geothermal systems where
Fes03 is ubiquitous in the Ca-Al silicates, the simplified relations
could be significantly modified. . .

&t extremely lofv co, gon;entrhtion‘s in the fluid (xcoz = 0.0075 - 0.02)

(Ivenov and Gurevich, 1975). These t}:goretical ‘and experimental studies also
indicate that the equilibrium temperatures at vhich ugbqna_te-bearing assemblages
and carbonate-free assemblages coexist shift significantly by small changes in

X o
Co,
zPetrognphic evidence also clearly indicates the importance of ooz in the
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fluid phase for .causing differences in low-grade assemblages. The .most important
effects of €0, on low-grade metamorphic parageneses would be to: . (1) decrease
the dehydrq’gion temperatures of Ca=-Al 'aud other hydrosilicates; and (2) stablize Ca
(and sls0 Mg and Fe) in carbonates at the expense of epidote, prehnite, .Mllyite
and Ca{-zgoli;e‘s. The mole fraction of (’:Oz in the fluid phase attending low-grade
metamorphism ?‘,“, generally been assumed to be very low. Coombs et al. (1976)
postulated -that the l_coz for wnpeliyite-actiuolite facies metamorphism in the
Loeche area, Switzerland is lower than 0.02. Xcoz sttending regional
setamorphism of a Triassic formation in the Sviss Alps at about vzoo-sso."c and ]-5
kb was utmted to be lower than 0.2 (Frey. 1978). Xoo in fluids attending
low-grade retanorphin to forn zeolites and clay-cnbmte uunblagu in
Cretuceouc non-nariue sediments of Alberta. Canada was infetred to be lower than
0.0075‘(Ghent and Hxller, 1974). 1In the fossil geothermal area in Reydarfjordur,
Iceland, mineral parageneses suggest that early deposition of & clay and canlcite
assemblage occ;srred at higher iOOz ;txd \us uucceeded‘ by the later
crylnlhnnon of zeohtes, prehnxte and ep;dote at reduced xco eond:.t:.om
(e.;., Hehegm et al.. 1982). Smxlnrly, the len common occurrence of wnnkite.
prehnzte and epxdote in the Ohah-Broadlands geotheml area, Nev Zealund compared
to the Wairakei area has been attrihu;ed to a high concentration of co, in
thermal wvaters in the fomer area (Browne & Ellis, 1970). |

As shown in Figures 48 and 1.9, the most eharacterutu: Ca-n.heates in
low-grade neumrphism are ttnble at !oo values of less than 0.1. The ooz
content ‘of the fluid phase gontroh not only the equilibrium t;mperature for
successive mineralogical zones but also’ the nppeanﬁce of the calcite + clay
association at ;he expense pf Ca-Al liliéatgs. Moreover, the 00z concentration
strongly affects the pH val;ne of a hydrotheml solution. 2eolite and otﬁer Ca—Al
silicate assemblages are believed to 'd‘evelop naiulx in‘tllulin; envi:ompents’. In
contrast, the eharacteri;fic angnblage f.‘omed undérici&ic eotrulitions’ is a clay ¢
carbonate lsiemblage. ‘l'he geneully lccepted idea that the Ca-Al nh.cctu are

stable at s low actxvity of coz, hence in slxghtiy alkahne solunon, is
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confirmed by observations of mineral parageneses ianeqtheml areas.

‘The mineral cnéiblcges idén:ified in the Onikobe nﬁplei nay have formed at

»T-Xeo conditions very close to that of the (Pn) invariant point of Figure 49,

iumcb,n pumpellyite was not found. It should be uphuized that rigure 49 is
very schematic and :Se 'u‘ysten applies only to phases having ideal compositions. If
conponentl lﬁéh as 1"9203‘ are introduceq, most “of -the nacfidnl 'v'ouid shift

toward higher xcoz amd lwgr'nnperaturé .condigibgl ‘than those sho;m in the

figure. For ‘example, the ’:eictions prehnite ¢ €0, ¢ H,0 ® wairakite ¢ calcite

+ quartz would expand significantly td\urd.hizher‘xco conditions if the
) 2

prehnite con:uns ] auffu:;ent wonnt of ?ezos. In essence, the Al-prehnite -
(et well as the clino:ouite ad punyenyxte) my have 2 very tutncted 'r-x co,
ltlblllty f:.eld‘ thu Ily exphin vby these phues were uot found in the Onikobe
umples. B '

hcause ‘of the iﬂportance of co in lov-grade netanorphun, more extensive
investigations \n.th etpermentnl techn:.ques that control P O’sz under
hydro:hemal condit;ons are necesury co yxeld further infomtion on the stability
rehnous betveen-uohtes, prehnite and otheg.mnernls and carbonate assemblages,
which iu turn way be éorrellted ‘with ﬁtﬁf-l mineral associations. N

Figure 50. is a log [c; ] pH d;agnn of au and Hirano (1976) uud to
illustrate the ltlbllity telanons of caleite—laumontxte-mhydrite at 150°C in

terms of pﬂ. acnvxties of 612

and 804, partnl pressure of 002. ‘and

activity ntm of Al(DH)b I ﬂ,‘SiOA . ‘!‘hu d;agum vas eonstructed on the

basis of tbemodyume calculations and was used to explain the pangeneses ‘of
minerals from the Yugawara geotheml aru, lean. (a cirele teprecentc the field
of Yugauara :heml vaters). bependxng on thele varu‘blu, the humontite, calcite
and anhydnte stabxhty helds werhp conudenbly. Selected mlyles ‘of thermal
vuers from the Onikobe geotheml oystm are plotted onto thu dugrm. 'i'he
results indicate that the Onikobe sys:en vaters eontun e higher Pcoz. 8 lower

activity of §0,, 8 lower lctxvity ntxo of Al(Oﬂ) 'l n‘ss.o,. , and lower

pH, conpared to thoae nf the Yugawan geatheml syum. Thetefore, laumontite
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Figure S0.

Geothermal waters of Onikobe area in log[Caz‘]vetau: pH diagram.
Activity coefficient for each ion is calculated by the Debye-Hockel

equation. Anarea circled by solid line indicates the field of thermal

vater
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(and other Ca-Al silicates) and caleite are wore comoﬁ. vhereas gypsum (or anrhydrite)
is lews .commoh in the Onikobe core samples. Kowever, it should be emphasized
that these intebdependent variables and temperatures change with tiwe and depth

even in a liﬂg!t well, Therefore, Veorrelltion of the occurrences of Ca-Al

silicates, carbonates gnd sulfates between different geothermal systems must be

done with caution.

" Summar

The distribution of secondiary phases with depth in the Katayama area, Onikobe
is primarily controlled by changes in tempersture.  Other factors which are
important either locally or with regard to certain minerals are the following: the

P /r

vater 1 ratioc, sclution and bulk rock chemistry, rock permeability, and

tota
kinetic constraints. .Depth-dep‘endent zonation patterns are observed for the

celeium zeolites, interlayered tlay minerals, and several other minerals.

ORIGIN AND DISTRIBUTION OF SOLUTION TYPES

As was shown in Table 3, many of the geothermal wells in the Onikibe geothermal
area discharge scid-chloride type solutions, characterized by a high chloride to
sulfate ratic and a low pH of 2 to 4.5. The presence of these acidic fluids in the
geothermal field and their utilization for generating electric power has been s
ma jor probll;em throughout the ‘development of the field. Figure 51 shows the major
solution types that have ‘been discharged by each well or drill-hole plotted on the
drill hole distribution nap. Figure 52 shows the same type of information for
thermal lpr_ings at the same Onikobe area. It can be seen that the acid-chloride
water type is limited to drill-holes in the Katayama and Megama areas.

In order to understand the possible origins of the acid-chloride water type, it
is also necessary to. examine fhe origins of the other major water types. They are
briefly described be lov:

(m Alkali chloride vaters are generally high-temperature fluids produced at
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P e
» 3
IR

Distribution of solution types in Katayama ares of Onikobe geothermal

Figure S1.
area, Japan (see Figure 2).
Bs: licarbénate type
Cl: Alkali-chloride type
ACI: Acid chloride type
ACIS: Acid chloride sulfate type
ci
ACIS
Figure 52. Distribution of hot-spring thermzl water types in Onikobe geothermal
Alkali~chloride type. ACIS: Acid chloride sulfate type.

area. Cl:
Solution types in Katayama area (KY) is shovn by Figure Sl. (AR,ME, KY,

MZ, FA, TR, MT, KS: see Figure 7).

189




223

depth in many geothe.ml systens prﬁarily as 8 result of meteoric water and
volcanic rock interaction. Vl)nctiuna vith silicate nixggrqh buffer the pH of the
solutions to near adutral vulu;e‘c. . o

(2) Acid sulfate ntei‘c‘ originate near the surface as a ‘result of the
condensation of ﬂzs-belring stesm ﬁto surface vaters and the subsequent
oxidation of the H,5 to sulfate (Ellis and Mahon, 1977).

(3) Bicarbonate and bicarbonate-sulfate vaters may form by near-surface
condensation of €0, and nzs-buring stean -ndvcub.cequent reaction with rocks.

These ﬁten. bave also been postulated to form organic water im silty liyen within
the Akszawa Formatien. '

(4) Acid chloride-sulfate waters pay form by & number of different mechanisms,
as proposed by Ellis snd Mahon (1977):

1. nixing of meutrel alkali chloride ntefs with nesr-surface acid sulfate
waters.

2, the oxidation of sulfide to bisulfate at depth, resulting in a buffered
near-neutral solution at depth which converts to an acidic solution becsuse of the
dissociation of bisulfate upon ¢ooling.

3, the hydrolysis of sulfur to H,§ and sulfate at depth by high-temperature
alkali chloride waters. ’

4, near-surface condensation of supercritical "stean" from a shallow magms
body. 4 |

- (5) Acid chloride é;t'erc merge in composition with acid chloride-sulfate
waters by a slight :o moderate increase in sulfate content. Several possibilities
exist for the origin of the former: 7 ‘

. 1, Ozawa and Nagashinz (1975) and Ozawz, Ragashima, and Iwasaki (1980)
postulated that the .cid—ehl‘oridg water tyﬁe was the prevalent one at depth in the
Onikobe area, having fomeé‘by the ni:ing §£ magmatic HCl with meteoric water at
depth. It is converted to the nlhli chloride type as a result of buffering
resctions vith silicates on ;iu vay to the n‘xrfaéej.,‘_‘ o B

2. Acid chloride nteirs could form by the -ixing of near-surface acid sulfate
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wvaters vith alkali chloride waters. The former could be transported to depth aleng
faults which, after a time, could act as insulating passageways for the downward
movement of scid near-surface wmters without peutralizing thesm.

3. Acid chloride waters could form by the mixing of the same two solutions
types as in the previous case in or along the drill hole itself as a result of
casing failure.

Faults have been suggested as major pathways of fluids by several previous
investigators (Matsuno end Nishimurs, 19653 ﬂito:uzi, 1969; and Kakano, 1981).
However, no clear surface faults have been located and investigation of the #123,
124, and 127 core samples has slso failed to reveal obvious fault features such as
brecciation, slickensides, etec. This may not be surprising considering the intense

~ level of hydrothermal alteration that the entire area has undergéﬁe. Other ways
may exist of trying to determine probable fault locations and orientation if they
do indeed exist:

1. the distribution of stream channels and surface expressions of
hydrotherinil activity relltedi r.o the general topography.

2. wvariations in temperature VVI. depth plots in drill holes; abrupt changes
in the temperature of fluids as a function of depth may indicate a change in the
flow regime. Two possible causes of this would be a highly permeable fault zone or
a permeable ash-flow tuff horizom.

Figure 53 -yovs a possible fault model superimposed on the Katayama area drill
hole distribution mep. The postulated set of faults was located based on the
existence of sub-parallel stresm patterns north of the power plant area.
Furthermore, the most intense hydrothermal surface activity occurs along the
northern valley following proposed fault ©X on the map. Proposed dips on the
faults were obtained using two lines of reasoning:

1. The faults found in & geological setting such as the Onikobe caldera are
most likely to be high angle normal faults. Yamada (1972) measured dips of 70°
or greater on faults located southwest of the nt‘lyni area.

2. Geothermal gradients measured for each of the eleven drill holes often
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Localities of propcsed faults in Katayams ares of the Omikobe geothermal
.area, Japan (see Figure 2). o

Figure 53.
show n'lvaruptb teupefatufe variations (see Figure 31). These were postnlueé' to be
due to the presence of permeable flow i:h-lnneh and were marked by lhaded. bars along
drill hoiéol on the three crosi-iectiéns across the isnym field (Figure 54, cross
sections DC, CA, ‘and AB).’ Differen: dips on the fault set were then ev:hutéd to
see vhich one would -but £it the data, eupechlly for the better-characterized #127
well and the rest of the Y line. Postulated faults at depth were then drawn on all
t.hree_ctén-aectioi\s. ‘ A L

The following points were fcllowed in constructing this model:

% . ,

2. A1l fsults weré assumed to be planar.

A11 faults in the set vere assumed to be parallel to one another.

The Efollo'ving results are cbtained from this model:
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1. ‘The location end orientation of fault X based only on the topography and
on a typical dip value propesed by Yanada (1972) result in an apparent dip on the
DC cross-section which roughly matches the depths and northvard-dipping trend
observed for the geothermal grodient irregularities in wells P-10 through GO-10.
Well €127 is located fatthef west than the other wells on the cross-section and as
such will exhibit deeper intersections whenm a vutwar&-dippiug fault is considered.

2. !'cun.: B correlates well vith‘ the geothermal gradient anomaly observed at
about 900m in.well #127. '

3. For cross sections CA gnd AB, the proposed faults match some of the

features observed but leave others unexplained.

In order to make some statements concerning the origin of acid chloride type
waters, it is important to consider two other factors: possible recharge sites for
the meteoric water in the geothermal system, and thev hydrologic gradient in the
Onikcbe area. Ozaki and Kanno (1977) and Ozaki (1981) have proposed a mortheast to
southvest hydtologié grtﬁient. This is ;upported by the behavior of the two holes
used as re-injeétion wells. Drill hole GO-11 was initially used for this purpose;
hwever."_ this use. ululﬁed in interference with the K-line produc:iqn wells to the
wvest. Vhen the J-{ rginjection well was used, however, no interference occurred
vith ;he’ Y-line wells to the northeast. Therefore, recharge of the field may occur
roughly from the topographic high to the morth-northwest.

’ This feult model could be interpreted in the ’followiﬁg two ways regarding the
origin of ‘the .cid-chlox;iﬂe waterss |

1. T@e faults Eonld act nj passigevtyl to allow either the passage of
' BCl-bea:ingr magmatic fluids up from depﬁh or the downwards flow bf acid sulfate
fluids from shallower levels, '

2. The intersection of the fmltl vithr the lend surface immediately to the
porthenorthwest could furnish a mechanism for the local recharge of the system with
contaminating acid sulfate waters. The steeply-dipping fsults themselves would,

© after an initial reactive peri.’, provide relatively non-reactive pathways to allow
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. acidic fluids to reach the |ubmr£nce..

We propose that an acid sulfate mixing model is oére likely than s magmatic HC1
model fot the following two reasons. First, in those areas where magmatic HCl is
being evolved, volcanic activity is generslly still continuing and a shallov magma
body is believed to exist (Ellis and Mshon, 1977). This is not the case for
Onikobe; the last volcanic activity here is believed to have cccurred 350,000 years
ago with the formation of the Takshinata volcanic dome.

Secondly, some of the 200-400m deep wells at Onikobe geothermal area have shown
s change in solution chemistry as a function of time. Initially meutral to

weakly-alkaline wells have become acidic after several months to a year and flow

has apparently become dependent on short-term precipitation patterns. Thiq
relationship could be interpreted as favoring the introduction of more scidic
fluids from shallower levels rather than deeper. »

The extensive asbsence of carbonate at depth in welle CO-10 and co-11 might be
explained by variations in rock properties. Hey have noted that the carbonate and
wvairskite~free zones are characterized by exceptionally porous rock.

The major solution types found at Onikobe are equivalent to those from other
geothermal areas. The distribution pattern of solution types discharged by drill
holes, however, seems to be complicated. The complication eceurring hefe is the
vithdrawal of acidic solutions from wells as deep as over 1000 m. The origin of
this acid fluid could be explained either by & deep-seated magmatic HCl source or
by the contamination of neutral chloride waters with a small amount of mear-surface
- derived acid-sulfate water. The latter could be due to steeply-dipping recharge
faults or to corrosion of the well casing. The acid sulfate explanation is favored
because of the relative volcanic inactivity of the arez and the general hydrologic

patterns observed in the Onikobe region.
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ABSTRACT

Parageneses and cﬁemical compéaitiona bf secondary minerals in ﬁany core
samples of the Onikobe geothermal system, Japan were investigated in detail in
order to evaluate the controls of geothermal waters on alterations of
andesitic-dacitic rocks. Depth zonations of secondary minerals were delineated
for calcium zeolites as mordenite -jlaumontite-—yyugawaralite-dwairakite and clay
minerals as smectite (+ alkaline smectite)—dchlorite/smectite-jchlorite.
Compositional variations with depth (heﬁce temperature) are apparent for
smectite/chlorite and illite/chlorite interstratified clay minerals but not for
wairakite. Both prehnite and epidote at depth have Fe-rich compositions and
become more aluminous with indteasing depth. The ubiquitoﬁs occurrence of
pyrite and rare magﬁetite'hnd the absence of hématite'auggeet thaf the Onikobe
systemn had fszafoz conditions within the pyrite dtability.field; The
occurrence of abundant calcite and Ca-zeolites indicates that thermal waters at
depth are neutral to slightly alkeline and iboz ie very low to éiabilize
Ca-Al silicates. This conclusion is consistent with the production of a

remarkable amount of alkaline high~temperature steam and thermal waters in &

newly drilled production well.
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INTRODUCTION

Continuous exploration and development for geothermal power in active
volcanic areas such as the Japanese Islands have provided excellent opportunity
to investigate water-rock interactions in geothermal systems. Our basic
premise is that the changing composition and temperature of geothermal fluids
as -2 function of time is recorded by the parageneses, compositions and isotopic
properties of the associated mineral assemblages, and that the mineral
parageneses and compositions can be used to reconstruct the evolution of a
geothermal system. Hence, a detailed mineralogical-petrological~geochemical
investigation of drill hole core samples is necessary to fully understand the
complex'effects‘of water-rock interactions in the geothermal systems.

Tﬁe Onikobe geothermal area, which has been recognized as one of the
geothermal systems in Japan, is selected for detailed study because many pilot,
exploratory and producing wells ranging from 200 to 1300 meters in depth have
been drilled and geological-geochemical-geophysical information and nearly
complete drill hole core samples are available. Mineralogical and pettologica1
examinations of core samples from two 350 m drill holes (Nos. 123 and 124) and
a 1155 m hole (No. 127) were completed; compositions of secondary minerals were
obtained and their parageneses identifed. Several selected samples were
investigated by SEM and mass spectrometer. These data together with available
water chemistries and petrological-mineralogical data from other drill hole
cores in the Onikobe geothermal area were used to outline the effects of
several controlling factors on the alteration of the reservoir rocks by
geothermal fluids. Details are described in Seki et al., (1983). This paper
sumnarizes petrochemical features and mineral parageneses related to water-rock

interactions in the Onikobe geothermal system.
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GEOLOGICAL STBIIQIURE AND SURFACE ALTEB.ATION

The Onikobe caldera is located in north-central H;nghu of Japan and forms
an approximately 10 km diameter depression containing central peaks of up to
400-500 m above the basin floor. The caldera is a late-Pliocene to middle
Pleistocene edifice which has formed at the extreme eastern edge of the Miocene
Greeh Tuff metamorphic belt.

The stratigraphy of the Onikobe caldera area has been studied in detail by
Yamada (1972). Rocks of the Onikobe area can be divided into two major
lithologic groups: basement rocks and basin deposits. The basement rocks
consist of Paleozoic schists, Mesozoic granodiorite and Miocene volcanogenic
marine sediments (so-called green tuffs). The biotite-hornblende granodiorite
is exposed within the caldera in the fault-bounded Zanno-Mori block whereas the
schists are only exposed along the northwest outer caldera rim (Fig. 1). The
green tuff makes up most of the Zanno-Mori block and is also abundant outside
the caldera. The basin.depbsits consist of a number of marine and submarine
volcanogenic formations. The Kitagawa dacitic welded tuff, the oldest
Quaternary volcanic rock in the Onikobe area, crops out only outside of the
basin proper. The other basin deposits, with the exception of the Takahinata
daéite, consist of subaerially and lacustrine-deposited flows, pumices, and ash
flows and their locallyfderiied sedimentary deposits from conglomerates through
silfstones. The Takshinata dacite dome of 350,000 year B.P. (Yamada et al.,
1978) occurs in the extreme southeast area of the caldera. The only younger
-formation within the caldera is the Onikdbe.FOtmation, whiéh congists of 24,000
year B.P. lacustrine sediments.

The most promiment structural featufe of the Onikobe caldera is the
Zanno-Mori block in the northwestern corner. This 3.0 by 2.5 km fault-bounded
block was uplifted during the deposition of the Kawakurazawa Formation. This
uplifting mzy have occurred as a result of the reactivation of high-angle

normal faults formed early in the development of the Onikobe basin.

243




35-1825 G

Minor faults, joints, and clagtic dikes are well developed within the
caldera. A study of faults and fractures by Yamada (1975) indicates that older
RW-SE trending faults are cut by younger NE-SW faults. In the Katayama area,
where the strongest geothermal activity is centered, fractures are oriented in
multiple directions; however, those with N 20-60°W strike are dominant, those
striking N 60-90° are common, and fractures striking N 34° E aleo occur.

Many of these fractures have greater than 70° dip. In the Arayu area,
fractures and clastic dikes with about N 60° W strike dominate and fractures
with N 30° E are less common.

The most active and widespread area of hydrothermal activity within the
Onikobe caldera occurs in the extreme northern portion (the Arayu area) and
along the northwestern edge (the Katayéma area) of the Takahinata dacite dome.
These two areas merge to form & continuous, approximately 3 by 1 km NE-SW
trending zone of obvious surface alteration and active steam and gas emission;
numerocus boiling mud pots, steam vents, and sulfur-depositing fumaroles occur.
Rocks at the surface have been pervasively altered and contain sbundant
kaolinite, alunite, and native sulfur. Two other smaller hydrothermally-
altered areas occur to their west: the Ogama-Megama and Fukiage areas. In the
Katayama area itself, the most active surface expressions occur along a valley
vhich strikes approximately N 20° w. Fig. 2 shows the location of some of
the exploration, production, and re-injection wells drilled to date in the
Katayama géothermal area. Successful production wells appear to cluster along
three roughly linear trends, referred to as the K, Y and Z lines.

In gpite of the pervasive hydrothermal alteration, four rock types were
identified among those drill hole core samples: - andesitic tuff and lava, and
dacitic tuff and lava. The andesitic rocks contgin mainly augite + hypersthene

4 hornblende as major mafic minerals and the dacitic rocks are characterized by

244




35-1825 =5-

the presence of hornblende and quartz phenocrysts and higher contents of glassy
- matrix or groundmass. Both pyroclastic and lava rocks are highly vesicular;
abundant secondary minerals occur in vesicles. Fifteen less altered core
samples have been analyzed (see Table 21 and Figs. 16-18 of Seki et al., 1983);
their results indicate that the compositions of the altered rocks vary
significantly from their wnaltered equivalents. Leaching of Sioz, MgO,

Nazo and K,0, addition of H,0 and 8, and oxidation of FeO have occurred

during hydrothermal alteration, such a chemical alteration varies from specimen

to specimen. Nevertheless, these rocks have chemical characteristics of the

calc~alkaline series.

THERMAL WATERS
Thermal waters from the Onikobe geothermal area have been extensively
investigated (Ozawa and Nagashima, 1975; Yamada, 1975; Nakamura et al., 1977;
Ozewa et al., 1980; Seki et al., 1983). They belong to the Na-Cl or Na-Ca-Cl
type and may have evolved from contamination of HCO3 and magmatic NaCl-rich
solutions with meteoric water. However, our new 5348 values together with
Cl contents listed in Table 1 suggest that the thermal waters of the K-line and

Z~line have 5548 values as high as +19.90 which approach the Aah

S value of
seawater sulfates. The Cl contents of K-line and Z-line thermal waters have
over two to three times the Cl content of Y-line thermal water. These data
indicate that a considerable amount of. fossil seawater from Miocene basement
volcanogenic sediments must have incorporatgd in fluids from some deep wells of
the Onikobe geothermai area.

Previous investigators (e.g., Ozawa et al., 1980) have described the

variation of thermal waters in the Onikobe geothermal area with depth as

follows: (A) Surface or near surface thermal waters have low pH, high $0, and
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low Cl contentsj (B) intermediate depth waters (100-500 m) have’ neutral pH and
intermediate 50, and Cl contents; and (C) deeper thermal waters (800-1300 m)
have low pH, low 804 .and high Cl contents. They explai;xed such depth
variation as being caused by (1) the release of magmatic gas rich in HCl from
depth, (2) its mixing with meteoric water to form acid, high Cl thermal water
and (3) the transfométion of this acid thermal water to neutrality by
interaction with the rock as it comes up.

The concept of the wide distribution of acid thermal water or steam at
depths of over 800 m in the Onikobe geothermal area was born from the
proauctim of acid thermal water through some deep bore-holes to 1100-1300 m
depth. Electric Power Development Corporation (EPDC) once tried to get enough
neutral or alkaline thermal water or steam from these deep bore-holes which
wvere later abandoned. They then began drilling relatively shallow (200-500 m)
bore-holes to supply neutral steam to their power plant. Thermal waters and
steam obtained through shallow holes were initially of a neutral to weakly
alkaline nature (pH = 5-7) and changed to acid or weakly acid (pH = 3-4)
several months or a year later. Also, their temperature and discharge rates
were modulated by precipitation and snow melt events.

Recently, in the Z-line belt (#127), EPDC succeeded in finding respectable

amounts of neutral to weakly alkaline steam at a depth of over 1000 m. The

occurrence of acid thermal water at depths greater than 950 m is not consistent .

with our petrological study. 'Therefor:e', the idea of the confined distribution
of neutral pH thermal water or steam at relatively shallow depths (100-500 m)
and the wide distribution of acid thermal water at greater depths within the
Onikobe geothermal area was not supported by our petrological data or by & new
deep production hole (£#128) (1255 m) drilled in June to July of 1982, which
produces a remarkable amount of alkaline (pH = 8.3 to 8.5) high-temperature

steam and thermal water..
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The widespread occurrence of calcite in most of the deep core samples is a

good indicator of the widesptead'occurrenCe of neutral to alkaline thermal
waters at depth in the Onikobe gébfhermal area. For éiﬁmple, in bore-holes
from which neutral or weakly alkaline thermal water is obtained, calcite

commnonly occurs as a hydrothermal mineral. At depthé of over 800 m in GO-10

and over 600 m in GO-11, calcite was not found. These two deep wells have been.

abandoned or collapsed because of the predominance of acid thermal water at

depth. If these two bore-holes had been drilled more deeply, perhaps to 1500
or 2000 m, however, neutral or alkaline thermal waters of over 250°¢C may have
been obtained. In bore~hole #127, the geothermal gfadient,‘petmeabilitf of

rocks and ditribution of calcite indicate the presence of acid thermal water
locally at depths of about 370-470 m and 870-920 m. nigh-:empera:ure (240°¢)
wveakly alkaline thermal water was obtained from a depth of IOOO-IISQ m, where

calcite is common,

SECONDARY MINERALOGY -

Secondary minerals in core samples have been studied in detail by Seki and
Okumura (1968) and Seki et.al..(1969,71983) for eleven drill holes in the
Katayama, Onikobe area. Th@se studies consisted of hand-specimen,
pettogfaphic, X-ray diffraction, and SEM obsefvations. A total of 419 analyses
of secondary (and a few primary) minerals were carried out on the #123, 124 and
127 core samples by electron microprobé; ‘Analy:ical and pettogtaphic data and
analytical accuracies are described in Seki;gg‘g}..(}983). Onlj clay‘ahd
zeolitg minerals, prehnite, epidote and'comé o:hgt'phasés>are‘deactibed below
in order to correlate their parageneses with the controls acting on the

geothermal system.
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The minerals produced by»hydrothermal alteration depenﬁ on mode of
occurrence“(vein filling, amygdules, replacement), composition and texture of
host rock and chemical compqsitibn of the flgids. Near the surface,
particularly in fumafolic areas, where vigorous boiling occurs and mixing with
atmospheric oxygen is possible, the rocks altered tola soft siliceous material
containing clays, opaline silica, alunite, sulfur and pyrite. At deeper
levels, the mineral assemblages are different and.zcnal distribution of
secondary minerals with depth occurs. Secoﬁdgry minerals in bore-hole cores
form by (a) precipitation in vesicles and along fractures, (b) replacement of
plagibclase and mafic phenocrysts, and (¢) replacement of groundmass or
volcanic glase.

Clay Minerals

Clay minerals are the most common hydrothermal minerale in 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 spacings under
dry conditions and after ethylene-glycol treatment, the Onikobe clay minerals
are divided into smectite, alkaline smectite, chlorite/smectite interstratified
mineral, chlorite, illite/smectite interstratified mineral, and illite.

Smectite has d001 values ranging from 14.3K to 15.4X under dry condition
and 16.6 - 18} after ethylene glycol treatment (Fig. 3). Smectite minerals are
common in the upper 200 m of most of the drill-hole cores and are occasionally
found down to a depth of 300 m.

Alkaline Smectite, in which most of the Ca and Mg cations in smectites are-

replaced by alkaline metals such as Na and K, is characterized by 4001 (dry)
values of 12.5-13% end an expansion to 17.0-17.68 after ethylene glycol

treatment (Fig. 3). A significant gap between smectite end alkaline smectite
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exists, supporting the observatiop that both chemical'cqmbositicn and
structural relations are discontinucus between‘the two*él&y minerals. Similar
observations have been made in the Miocene volcanogenic sequence of the Seikan
undersea tunnel in Japan (Seki et al., 1980). Like Ca-Mg smectite, this clay
generally occurs at depths shallower than about 200 m; it is, however, much
less abundant than the former.

Chlorite/Smectite Interstratified Minerals have 4501 (dry) values of

about 14-15% which expanded to 14-168 by ethylene glycol treatment. The degree
of expansion generally increases with the increase of expandable components.
The relative intensities of the 148 and 7R peaks can be used to roughly
estimate the relative proportion of expandable layers. With increasing
chlorite cﬁntent, the peak height ratio of 14K/7% decreases continuously from
about 1.5 to about 0.4 and dOOl changes from 148 to.ls.sx. In general,

these ratios decrease,vi;h increasing deﬁth of bore holes.,

Most chlorite/smectite interstratified minerals from the Onikobe bore-hole
cores show a distinet 318 peak for (001), 14.6§ for (002) and 7.28 for (004),
indicating that they are regularly interstratified minerals. Fig. 3 shows that
a small gap exists between smeétite and the chlorite/smectite interstratified
minerals, whereas a contiﬁuous‘leries occurs between the chlorite/smectite
interstratified minerals and chlorite.

The chlorite/smectite interstratified minerals are the most common
phyllosilicetes in drill-hole coren'aﬁ,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 smectitelchlorite
interstratified minerals and 17 chloritesiuere enalyzed. - The interstratified

phases are much more vatiable in composition than chlorite and contain mainly
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siO2 (28-33 WtX), A1,0, (9-19 WtX), FeO as total Fe (8-29 WtX) and MgO

(10-23 Wt%), minor amounts of MnO (0.06-2.0 Wt%) and Ca0 (0.1 to 2.2 Wt%) and
negligible amounts of Kio and Nazo.

Since chlorite can accommodate only a very limited amount of Ca in its
structure, the presence of more than a few tenths of a percent of this element
indicates the presence of interlayered smectite. It was observed that
shallower samples contain higher Ca concentrations, and hence, & higher
proportion. of interlayered smectite which is‘consistent with the X-ray
diffraction results. |

The chemical variations among the major components 8102-A1203 - (Fe0
+ Mg0) for their compositions are shown in Fig. 4(A) together with the -
compositional plots of smectite, chlorite/smectite interstratified mineral aend
chlorite. Apparently, the chlorite/smectite interstratified phases show
significant chemical variations; some of them have compositions very close to
that of chlorite. Nevertheless, they contain higher Sioz, lover (Fe0 + Mg0)
and higher Ca0 than chlorite. Both the smectite/chlorite interstratified
mineral end chlorite are extremely low in K20 content and are significantly
different from illite and illite/smectite mixed layer silicates described below.

Chlorite of non-expandable d001 spacing is extremely rare in the Onikobe
drill hole cores. Most of the chloritifclays, as shown in Fig. 3, are weakly -
expanded by ethylene glycol treatment, Our data clearly indicate that the
chlorite/smectite interstratified mineral changes to chloritic clay, and the

percentage of chlorite layers in the chlorite/smectite interstratified minerals
increases with increasing depth.

Selected chlorite minerals were analyzed (Fig. 4(A)). Compared to chlorite/:
smectite interstratified minerals described above, the chlorites have a much -
more restricted range of chemical compositions. The chlorites contain much -
lower Ca0 and sio2 than the chlorite/smectite phases. The deeper samples

appear to have lower Si contents.
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Illite/Smectite Interstratified Hiherals:ahdilliite occur-ig‘some'deep bore
 hole cores. They are.relatively'r;re compared to emecriﬁe-chiorite series
minerals., These iliitic'elay t&nerais;sjudging from their X-ray diffraction
patterns and limited'microprobe compositiens, belong to the illire- '
illite/smectite interstratified mineral series. Continuous variations occur in
this series; with.inereasingfdepth, the differenee in (001) spacings between
_ their dry condition and after ethylene glycol treatment becomes smaller. This -
relationship indicates that. the smectite component decreases and illite becomes
the major K-bearing phase for deep bore-hole core eamples; 4
Some illitic elayrminerale.were analjeed;.therresults are grephicaily ‘
illustrated in Fig.‘A(B) together with cqmpbeirions“o£ saponite, eerieite and
illite. Upon examination of the reconnaissance data, several facts are'
deduceds (1) illitiC'clay'miﬁerelsnvary-eﬁbetantielly in their mejbr elements,
(2) the sio2 content ranges from 31 to 49 wtZ and increases with increasing

K,0; (3) those illite/emectite interstratified minerals are low in\Sioz and

2
K,0 and high in Ca0, (FeO + Mg0), and H,0 whereas illite minerals are high
in §i0,, AL,0, and K,0 and low in (FeO + Mg0) and H,0, (4) most

analyzed ‘compositions shown in Fig. 4(B) lie between that of smectite and
illite with possible paired substitution of (FeO + Mg0) = A1,0, +
(xzo + Nazo). Such coupled substitution and increasing illite component in

the illite/smectite interstratified minerals-can be: correlated with depth, and

hence temperature of formation. The proportion of illite appears to-generelly
increase with deprh. Similar: obeervatxons -have ‘been made by Hower et al.
v(1976) from burxal metamorphxc eequences and from other geothermal areas.
Occurrence of illitic. clay appears to be correlated with: host todk
composztxon -as shown in Table 2 uhich liate the type and 820 content of »

original rocksrandAthe-occurrence.of«illitrc clayrmznerals in geothermal areas
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of Iceland, Onikobe, Hakone, Matsukawa, Otake, Wairakei and Steamboat Springs. |
Examination of these data makes it apparent that a _close correlation exists

between the occurrence of illitic clays and the type and K0 contenﬁl of

original rocks. Although the addition of aoﬁe Kzo from geothermal waters may |

"~ be significant for the formation of illitic clays, iithological

characteristics, especially the Kzo content of original rocks, may determine

the abundance of illitic clay minerals in rocks of a geothermal system.

Zeolite Minerals

'Zeolite minerals are well developed in the core aampkles from the Onikobe
geothermal area. Some Ca-zeolites are exceptionally abundant; such common
zeolites include mordenite, laumontité, yugawaralite and wairakite.‘ Their
zonal depth distribution has been delineated; with increasing depth (hence A
temperature), the geolite varies from mordenite -dlaumontite =% yugawaralite—» vaitakiﬁe.
In addition to those common geolites, clinoptilolite, dachiardite, cﬁaba;ite, .
thomsonite and natrolite were also identified. They are very minor in quantity @d _
occur sporadically in some samples. These zeolites are not described.
#Mordenite (Naz,KZ,Ca)AIZSimOM'sz) is a common geolite at shallow
depths from the drill core samples. It characteristically occurs at depths of less
than 200 m and is most commonly found between depths of about 50 to 150 m,
depending on the geothermal gradient., It is associated with clinoptilolite and
optical distinction between them is di.fficult. Mordehite occurs as radial fan-like
or spherulitic aggregates of fine prismatic c;jatala in veins_ or vesiclés.
ﬁnfortunately, no mordenite was found in core samples from drill holes #123, 124
and 127. Therefore, no microprobe analysis of mordenite was obtained.
Laumontite (caA128140120 4320) is typically found at depths greater
than 50 m and shallower than 200-&90 ﬁ (Seki et al., 1983). It occurs as either a

vein or amygdule mineral or replacing plagioclase phenocrysts and glassy -
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groundmass§ it often takes the form of a sub-parallel lath aggregate. The analyzed

laumontites are quite pure in composition, containing only very minor Fe,0,,

2
and analyzed by wet chemical method have been reported (Seki et a}., 1969). The

Na,0 and K,0. Chemical compositions of laumontites separated by heavy liquid

probe data contain considerably higher 8102 and lower Ca0 than the wet chemical
. data. |
Yugawaralite (CaAlzsi.6016' 4!120) occurs as & blocky vein nmineral in
only one or two samples per hole, varying in depth from the shallowest occurrence
1n.P-8' at 156.25 m to the deepest occurrence in GO-8 at 701.5m (Seki et al.,
1983). Four microprobe analyses indicate that they are very close to the Ca
end-member composition, containing only very minor amounts .of Fezos, Razo and
K,0. |
Wairakite ((Ca,Na,)Al,5i,0,,°2H,0) is the most sbundant zeolite mineral
in the Onikobe dtill-holq cores. It occurs in most wells beginning at depths of 100-150 m
and exteading to the bottom of the holes except in GO-11, in which wairakite is present |
betveen 203 and 701 m depth, but is absent from 791 to 1300 m (Seki et al., 1983).
Wairakite most commonly occurs as & vein mineral, often filling the core of veins lined |
with either anhed:al or euhedral quarte, as amygdulg fillings, replacing plagioclase, and
reblacing fine-grained matrix. In all of these occurrences, they exhibit characteristic
very low birefringence and often shows ctpas-hatched tvinning. ‘
Wairakites of vaﬂous occurrences were analyzed; considerable compositional '-v.ariatiion.
vas found. Most of the analyzed wairakiies contain less than 0.2 wt % Fe, 0, as total v
Fe and 0.1 wt % xzo. Some analyses (e.rgr.,‘ £123-158.9 m) have over 0.5 wt 2 Fezos‘ and
concomitantly Vlower Si.O2 and 41203 contents, . Such relations suggest chﬁa‘t some Fef3 ..
oubstiéugion for Al in tetahedrsl sites ﬁy be significent for these waitakitgs. Wai_i:aki..'t_‘

and analcime have been shown to form a solid solution series with a possible i_.miaciblilify' i
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gap at intermediate compositions (Seki and Oki, 1969). Furthermore, such solid solutions

exhibit a variable Al to Si ratio. Wairakite analyses are plotted in Fig. 5 and show low
Al to Si ratios relative to a wairakite-ideal analcime aeries.‘ B
All analyzed vairakites range from Wr,,, to Wt;,6 end contain no more than 5% Nat®
component. No analcime-rich compositions were found in any analyied saﬁples. It; W ééneral,
there is no correlation between composition of wairakite and depth of sample, nor atiy
pattern between composition and mode of occurrence. The only observed trend was within
vein minerals from hole #127. Central parts of four veins showed a highet pto;:or.t{on of
the wairakite component than the rims. Assuming that the growth occurred from the vein
walls inward, this trend suggests an increase of temperature with time during the |
deposition of the wairakite.
Other Minerals

\ . .
Prehnite sporadically occurs as fine-grained aggregates after plagioclase, discrete

patches in matrix and vesicles, or as veins of variable thickness. In most samples, only
few patches of prehnite aggregates were found. Anhedral platy prehnite appears asv
homogeneous crystal aggregates, colorless to pale green in color, and showing second-ord_gj
yellow birefringence. Sample #124-209.9 m contains more than 5’v‘vblinrné' % of cbgfae-gtained
prelmite in the matrix; the prelnites are colorless to pale green and have uniform ’iiabit;
some show bow-tie structure. Prehnite-wairakite-calcite-albite-chlorite/smectite
interstratified mineral-quartz-pyrite (+ epidote) is the mbst common mineral assemblage in
prehnite-bearing specimens. The prehnite-laumontite assemblage is also found in some
specimens from shallow bore-holes.

Microprobe analyses of ‘some prehnites were done. Some prehnites have umiform
composition but others show a small range of Fe & a't substitution. The most iren-rich
prehnites (Fe2037-'r 6~-8 wt %) occur iﬁ the matrix and appear to be stable with epidéfé +

vairakite + quartz + chloritic clay. The veined prehnites, on the other hand, are nuch
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lower in Fe content (t‘ezo3 less than 3 wt 2) and are stable with wairakite +
carbcnates + quertz. ‘ Snch [ ] dxfference in the Fe203 contents between matrix
pretmitea end veined pre}mites may be due to & slight difference in foz (and/or
temperature). The mtrix prehnites may heve cryeullized under f conditions
buffered',by'highly oxidiged rocks whereas the veined prehnites £oz':ed at lower

conditions at a later stage.

0 2

2 Egieote also occurs sporadically as tabular crystals or as epongy crystal
aggregates replacing ﬁlegiocleeeiend matrix or as fan-shaped coarse-grained
aggregates with charect‘ei:i'etic_‘yeuew to light yellow pleochroism. All epidote
crystals possess very high birefringence suggesting a high Fe+3 content. Most
comnonly observed assbcietietis ”;-are epidote-wairekite-,chloritelsmectite mineral (or
chlorite)-albite-calcite-quartz-pyrite. The assemblage, epiﬁote-waitekite-
chlorite/smectite mineral (or chlorite)-albite~calcite-pretnite-quartz-pyrite is
also found in some specimens. The epidote~-laumontite-calcite~chlorite/smectite
mineral-p&eitev (¢ premnite) :‘as'semblege is observed in only four specimens. Wo
epidote was found in;'mﬂentite—bearing core samples, _ A

. Epidotes vere-enalyzed’by EPMA method. These epidotes are all stably associated
with wairakite, calcite, albite, chlorite/smectite minera; (or chlorite), quartz and
pyrite. The analyzed epidotes range in pistacite content from,l9 to 373 most
analyses are around Ps 29 to.33. Except for the one with &n extremely high.
Fe203 centent (replacing plagioclase), the compositional range of ep.idote from
the Onikobe geotbemal er’ea' is very compatible with those frem Cerro Prieto (Bird,
et al., in' -press). The Fe SI(Fe+3 + Al) ratio in epidotes from metamorphic

terraines end geotheml areas varies, depending on metemorphic grede and oxidation

state of the tock. W:.th increasing metemorphic grade, epidote becomee more

aluminous, :eﬁecting notv only : the effect of temperetu:e and total pressure but also

the concomitant d'eer‘eeae_‘eﬂf the oxidation state of the rocks (for details see Liou

et _al., 1983). A eyetem—at;ic eompositional variation of epidote with 'depth, and

255




35-1825 =16~

hence with temperature in the investigated samples from Onikobe is not apparent. However,
it appears that epidote stably associated with wairakite + pyrite (e.g., Sample #124 -

307.5) is higher in re*3

compared to the epidote of the epidote + prehnite + wairakite
assembllage.

€alcite is a common vein mineral in the Onikobe cores. It is found at depths of only a
few t-ens of meters to ‘a ﬁaxi.mum depth of 1100 m in #127, Compositionally, all analyzed
carbonate grains are calcite, containing only a few percent of Fe, Mg, and Mn.

Calcite occure as & vein and amygdule filling and replacing fine-grained matrix and
plagioclase and pyroxene phenocrysts, especially along cleavage cracks in the latter two.

When it occurs as a vein mineral, it is one of the last phases to have formed. The absence
of this mineral within certain zones may be important in establishing certain hydrologic
parameters in the Onikobe geothermal field (for discussion, see Seki et al., 1983).

Albite replaces primary plagioclasé and begins to occur when volcanic rocks were
altered at temperatures of 120-180°%. At greater depth where volcanic rocks were altered
at temperatures higher than 230°-240°C, some plagioclase phenocrysts have entirely been
replaced by albite + wairakite and illitic or chloritic clay minerals. Some analyzed
albites have An content less than 5 molX and low !’ezA()3 and Mg0O contents,

Pyrite ie very common in the Onikobe bore-hole cores. Some pyrites have replaced
primary magnetites; many euhedral pyrite aggregates also occur in veins, in matrix, and in
the groundmass of volcanic clasts. Only one sample $124-200.3 contains pyrite, magnetite
and chalcopyrite; magnetite is rare in the Onikobe geothermal core samples.

The 8363 values of some pyrites are shown in Table 3 and range from +2.05 to +3.59 at
shallow depths to +5.43 at a depth of 700 m. These values are almost fdentical to those of
pyrites in altered basaltic rocks from surface to depths of about 800 m in the Reykjanes
geothermal area of Iceland, where present-day beaﬁater is actively percolating through the

porous basaltic lavas at depth (Sakai et al., 1980). In Onikobe, the percolation of
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present~day seawater cannot be expected. However, fossil seawater within Miocene basement

_volcanogenic marine sediments may have contributed sufficient sulfur for pyrite

erystallization,

DISCUSSION

Progressive Changes of Minerals with Depth

.. - When one examines tl;xe distribution of Vse_condary minerals as a function of depth in
drill ﬁoles of the Onikobe geothermal area, two patterns are apparents

1. a general zoning with respect to type of phyllosilicate present.

2. a zoning with respect to zeolite minerals.

~ Within the chlorite/smectite group, the following pattern is seen with increasing
depth: ‘smectite (+ alkaline mectite);-bchlori:elmectite-nhlorite.

In the GO~7 core, fo:; example, alkaline gmectite occurs from 15.0 to 107.0 m depth,
smectite ftom 36.0 to 175.0 o, agd'intetsttatifie_d chlorite from 201.1 m to the bottom of
the ‘h,ole at 500.0 m. ‘Kaoli’nite is present between 107.0 and 175.0 m, and illite occurs
from 175.0 m to the bottom of the hole, roughly matching the interstratified chlorite range

| Pyrophyllite occurs in eomé holes below depths of aboﬁt 800 m, Most of the cores
display considerable overlap among the ,chlqr(ite}lsmectitje ranges.

) ‘Ap,ﬁiscugsed previously, the proportion of the smectite component in both the
chlorite/smectite and illite/smectite minerals decreases with depth. A similar pattern of
increasing illite component as a function of depth was observed by Perry and Hower (1970)
in Gulf Coast sediments ;nd has been gttﬁbute’d to an increase in temperature with depth
and/or. tf.me—dependent ki.netic effects (Eberl and Hower, 1976).

The zoﬁal disftibu'tiorn‘ of the four zeolites (mordenite, laumontite, yug@waralite, and
wairakite) was briefly ¢escribed in a pravious section. v"rhe following points can be made

regardiﬁg their distributionss




35-1825 -18-

258
1. Moderate to strong overlapping of zones is the rule rather than the exception in

most of these diagrams.

2. Not all four zeolites occur in any one core. The occurrence of yugawaralite is much
less compared to those of other zeolites.

3. The plotting of the zeolite variation along the geothermal gradient is a useful way
of presenting this daf.a. However, care must be taken in relating the zeolite
present at a given depth to the corresponding gradient temperature.

From the discussions presented in the previous sections, it is apparent that both clay
and zeolite minerals change progressively in species with depth, and hence temperature.
Such changes are summarized below and can be correlated with other geothermal areas in
Japan, Iceland, New Zealand and the U.S.A.t |

(1) Both smectite and alkaline emectite occur in the shallow core samples. The most
comuon geolite associated with these clay minerals is mordenite; however, in general,

geolites are extremely rare in shallow core samples. This together with the ubiquity of
kaolinite-alunite in some drill holes suggests low pH thexinal waters which inhibit the
formaﬁion of Ca-zeolites (see Fig. 7). In the mordenite-bearing samples, the occurrence of
chlorite/smectite mineral is extremely rare.

(2) The chlorite/smectite interstratified mineral occurs at intermediate depths. It is
most commonly associated with laumontite and wairakite. Smectite, alkali smectite and
chlorite/smectite interstratified minerals together with illite/smectite interstratified
minerals were found to be stable with laumontite.

(3) The clay minerals occurring at depth and stable with wairakite are both

chlorite/emectite interstratified minerals and chlorite. Illitic clays are also present.
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" Depth Zones of Ca~Zeolites

- 'Stability relations among laumontite, yugawaralite and wvairakite-——at

Pﬂzolrtotal 1.0 and 0.3 have been experimentally—detemined (see Figs. 42

and 43 of Seki et al., 1983). In the Onikibe geothermal system where the fluid
phase cbntains abundant components in addition to H,0, and vhere Pfluidlptotal ‘
ratios may be approximately 0.3, yugawaralite stability is restricted to depths
shallower than 500 m. The Onikobe yugavaralite occurs over the temperature range of
150-205°c, spanning almost the entire overlap area between laumontite end

wairakite, This range would correspond to a P 0/Pt 1 ratio intermediate

between 0.3 and 1.0. The narrow nmbility range of yugawaralite at low

Pﬁzolpt otal values explains its relative paucity in the Onikobe cores and in

other geothermal areas (e.g., Zeng and Liou, 1982),

. The pnragenetic depth sequence of cA-zeolites in a geothermal system is
highly dependent on the imposed thermal gradient. on the !'820 total tatio,
and on other factors, including aolution camposition (e.g., Ciggenbach, 1981). In a
system with a relatively high geothemal gradient and a high P, o’Pt otal
ratio, yugawarelite may be stable and the depth sequence could be
mordenite-)laumontite-byugawaralit»-)vairakite. On the other hand, in regions with
a lower geotheml gradient and a lower PBZOIP:““ ratio, yugawaralite is not
st.able and the zonation of Ca-zeolites could be mordenite-blaumontite-vwaitnkite.
Different deéth‘zcnatidn’ patterns of Ca-geolites may occur even fn a single
geothetmal system because both the Pﬂzolptot al ratio and the geothermal
gradient are ‘controlled by many geologic, solution and hydrologic conditions (Seki
et al., 1983); '

Paragenegses of Ca-Al Bilicates

Chemographic relations of common Ca~Al hydrosilicates (Ca-zeolites, epidote
and prelmite) together with quarte, calcite and chlorite/smectite were delineated in

a simplified system caO-Fezos-Alz%-(!‘eo + ngo)-sioz-nzo-coz-s. (For
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detailed assumptions, procedure of projection and effect of fo on phase

relations see Seki et al., 1983). The associations of epidotef wairakite, prehnite
and calcite in some cores of drill-holes #123 and #124 are listed in Table 4.
Because these assemblages formed over a small temperature interv;l of 110-170°%

and dgbiﬁs of 166-350 m, they are plotted on an isobaric-isothermal Ca-2Fe-2A1 -
diagram of Figs. 6(A) and 6(B) respectively for drill holes ¢ 123 and # 124, The
2-phase assemblages wairakite +'epidote and wairakite + prehnite occur in a number
of aampies vhereas the 3-phase assemblages epidote + prehnite + wairakite and
uairakitg + prelnite + calcite have very restricte& occurrence, Tie lines for the
coexisting phases are drawn according to the analyzed compositions of epidote and
prehnite. '

The deduced phase relationships for assemblages of these two driil hole cores
are summarized in Fig. 6(C) at temperature of 110-170°C and depth of 200-350m.
Five 3-phase assemblages were delineated: they are pyrite + epidote + wairakite,
pyrite + epidote + calcite, wairakite + epidote + prehmite, epidote ¢ prehnite +
calcite, and wairakite + prelmite + calcite. These assemblages have been recorded
in other geothérmal areas and in low-grade meta-basalts, (e.g., Cerro Prieto, ﬁird
et al., in press; Karmutsen metabasalt, Maruyama and Liou, unpublished data).

It should be pointed out that laumontite is rather common at shallow depths in
geothermal systems. In fact, laumontite and wairakite occur together in many
samples. The laumontite-hematite-epidote sssemblage has been found at Tatun and in
_other geothermal areas (e.g., Lan et al., 1980). In the investigated samples from
Onikobe drill holes 123 and 124, the assemblages laumontite + epidote + pyrite,
‘laumontite + magnetite + epidote and laumontite + prehnite + calcite were not
observed. These assemblages may occur at lower temperatures and higher fb

o -
conditions.
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From the phase relations shown in Fig. 6, three conclusions are drawnt (1) Both

prehnite and epidote are restricted to Fe-rich composition at low temperatures and

become Al-rich with increasing temperature. (2) The Al-end member of both prehnite .

and epidote are not stable under the physico-chemical conditions defined by the
assemblages in ‘ﬁrin holes Il'f'l.23 and § 124, Al-prehnite was replaced by the
wairakite + calcite assemblage vhich is common in the Onikobe geothermal system.
(3) The Fe-Al partitioning between epidote and prehnite suggests that the epidote
always contains higher Eé than the coexisting prehnite.

The conclusions described above are consistent with those data derived from
hydrothermal experiments (e.g.y Liou et al., 1983), from thémodynamic calculations
(e.g.y Bird & Helgeson, 1978), and from natural parageneses in hydrothermal
metamorphic sequence (e.g., Evarte & Schiffman, 1983), and in other geothermal areas
(e.g.y ICer:o Prieto, Bird et al., in press). However, there are some differences.
At the conditions of the Onikobe geothermal system, (1) garnet is not stable,
calcite is ubiquitous, hematite was not found, magnetite i{s not common and pyrite is
abundant, (2) the 3-phase assemblage Ep + Pr + Hm (or Mt) recorded in experimental
study and in other geothermal ﬁrena (e.g., thé Salton Sea) was not found in the
available core samples, (3) compoéiﬁons'of coexisting epidote and prehnite in the
3-ph#se ‘assenblage Ep‘ 4 Pr ¢+ Wr are lower in Fe*a contents than those in Ep + Pr ¢
Cc, and (4) both epidote and pi-ermite have much more restricted compositions than
l;hose in high~T conditions. |

Stabilities of Ca-zeolites-clay mineral-éalcite-anhydtite

The Onikobe thermal waters de:;@:tiﬁed {n 'th,e previous sections contain
significant mmu of 002, 804,' RaCl an4 other dissolved constituents., High
concentrationé_o_f} ;heée three -.comfonents, have }resulted in the crystallization of
carbonate raxrzd éypéum (or.anhydrite) at the expense of Ca-Al silicates and in

lowering the formation temperature of some index minerals.
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The role of 002 in low-grade metamorphiém has been recently reyiewed‘(e.g.g
Zen & Thompson, 1974; Seki & Liou, 1981). Previous eipetiméntil and theoretical
studies indicate that the breakdown of Ca—bearing silicates and theit assemblages
into calcite-bearing assemblages will occur as a result. of increasing the mole
fraction of 00 in the fluid phase to over 0.1 at temperatures below 400°C. For
example, at Ptotal Pflui =2 kb, laumontite can only be stable at temperatures
below 350°C at extremely low 002 concentrations in the fluid (Xco = 0,0075
= 0.02) (Ivanov and Gurevich, 1975). These theoretical and experimental studies
algo indicate that the equilibrium temperatures at which carbonate-bearing
assemblages and carbonate-free assemblages coexist shift signifieaﬁtly’by'sﬁall
changes in Xboz. The mole fraction of 002 in the‘fluid phase attending
low-grade metamorphism has generally been assumed to be very low. In the fossil
geothermal area in Reydarfjordur, Iceland, mineral parageneses suggest that’early
deposition of a clay and calcite assemblage 6ccurred at.higher icoé and was |
succeeded by the later crystallization of zeolites, prehnite and epidote at reduced
Xboz conditions (e.g., Kristmanﬁsdottit, 1982;»ughggan et ali, 1982). |
Similarly, the less common occurrence of wairakite, prehnite and epidote in the
Ohaki-Broadlands geothermal area, New Zealend compared to the Wairakei area has been
attributed to a high concentration of co, in théfmal waters (Browne and Ellis,
1970).

As demonstrated by Seki et al. (1983), the most characteristic Ca-silicates in
low-grade metamorphism and geothermal systems are stable at de values of less
than 0.1. The 002 content of the fluid phase conttols not only the equilibrium
temperature for successive mineralogical gones but also the appearance of the
calcite + clay assemﬁlage at the expense of Ca-Al silicates. Horeover, the 002

concentration strongly affects the pH value of a hydtothermal tolution. Zeolite and
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other Ca-Al silicate assemblages are believed to develop mainly in alkaline
environments. Recent calculations by Crossey et al. (in press) indicate that at T =

100-200°C, laumontite is stable only in the fluids of high pH and low Peo
Similar telations for laumontitc at 150°C and 500 bars, and for wairakite at
250° and SOO bars were calculated usmg thermodynam.c data of Helgeson et al.

(1978). The results are shown in Fig. 7 to illustrate the effects of pH, Ca +2

concentration and P on the stability of Ca-zeolitel in general. It is also

Co

apparent from these dgagtams that the charccterictic assemblage formed under acidic
and highervr '002 coﬁditicnc is a clay + carbonate assemblage. The generally
accepted idea that the Ca-Al silicates cre stable at a low activity of €0,, hence
in slightly alkaline solution, is confirmed by the obccrvations’ of the Onikobe
mineral parageneses and by the phase relationships shown in Fig. 7.

| Oki et al. (1974) used a log [Caztl - pH di‘agrami to illustrate the stability
relations of calcite-laumontite-anhydrite at 150°C in terms of pH, activities of

Caz+

, and §O,, partial pressure of 00,, and activity ratio of (a1(om ]

[nasio,‘].- Depending"on these‘variabies, the laumontite, calcite and anhydrite
stability fields overlap considecably. The Onikobe thermal waters possess a higher
sz, lower activity of S0,, lower activity ratio of[Al(OH)j I[HasiO,J ’
and lower pH, compared to those of the Yugawara geothermal system. Therefore,
laumontite (and other Ca-Al silicates) and calcite are more common, whereas gypsum

(or anhydrite) is rare in the Onikobe core samples. However, it should be
14

eﬁphasized that these interdependent variables and temperatures change with time and.

depth even in a single well., There,fcre, correlation of the occurrences . of Ca-Al
silicates, carbonates and culfateS‘bctween different geothermal systems must be done
with caution.

£ =f elatxons of P nte Magnetite hvdr n i

=0 -'S2

2 _ :
Isothemal-iaobanc log fo fs relations among common Fe-oxides and
2 "2
+2

sulf;des were calculated at 200°C, 500 bars and concentrations of Ca' ’ K*,
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and total C and § representative of the Onikobe thermal waters. Thermodynamic data

are from Helgeson et al. (1978) and the calculations were based on the computer code
of SUPCRT of Helgeson et al. (1978) and EQ 3/6 of wdlery (1979). The results are
shown in Fig. 8. Stability fields of pyrite, pyrrhotite, magnetite, hematite,
calcite and anhydrite are shown. Superimposed on the relations are (a) stability of
sulfur species in aqueous solutions, and (b) pH effects on the stabilities of §
species, calcite, anhydrite, K-feldspar and muscovite. It is apparent from this
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 mot stable with anhydrite, (3) kaolinite is stable omly in
the solution with pH less than 4.3 and cannot coexist with calcite.

As discussed in the previous aections, the Onikobe 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,anhydtite andv
absence of kaolinite. Such mineralogical characteristics suggest that (A) the .
Onikobe geothermal system had foz-fsz condition within the pyrite stability

field; some assemblages fall along the magnetite-pyrite buffer curve, and (B) the pH
of geothermal water for the coexistence of calcite and anhydrite at 200°C depth

way be around 7-8. These conclusions are consistent with the stability of
laumontite 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. It also concurs with the production of

alkaline (pH = 8.3 to 8.5) thermal waters at a depth of 1255 m in a new deep

production hole (#128).
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CONCLUSIONS

The distribution of secondary minerals with depth in the Katayama area, Onikobe
is primarily controlled by changeh in temperature. Oéhér'fnctors, vhich are
important ‘either locally or with regard to certain minerals, include the
P

Hzolgtotal
kinetic constraints. Depth-dependent zonation patterns are observed for the calcium

ratio, solution and bulk rock cbeﬁiatry, rock permeability, and

zeolites, interlayered clay, and several other minerals., Main conclusions are
itemized below:
1. Depth zonations of secondary minerals are particularly clear: |
(a) Smectite (+ alkaline smectite)-chlorite/smectite«schlorite; and
(b) Mordenite~ylaumontite-yyugawaralite -»wairakite.
2. Compositional variations with depth are apparent also for smectitelchloiite and

illite/smectite but not for waitékifes Both chlorite and illite

olid solution’
components qf the interstratified clays increase vith depth; Hence Ca-content
decreases in smectite/chlorite and K-content increases in illite/smectite with
increasing temperatﬁré.
3, Other Ca-Al silic&tea inclhde prehnite and epidotei
(a) They are restricted to Fe-rich composition at low-temperature and become
Al-rich with increasing depth;
(b) Their Al-end members are not stable at the condition#'of tﬁe Onikobe
geothermal system; "
(c) Epidote contains higher:fe than the coexisting prehnite and their relations
are defined by continuous reaction.
4. Ubiquitous occurrence of pyrite and rare magnetite and absence of hematite
euggest the Onikobe system ﬁad fé - £b

2 2
stability field; some are close to the pyrite-magnetite buffer curve.

conditions within the pyrite




35-1825 | f 26~

5. Océgftence of abundant calcite and Ca-zeolites indicates thermal waters at depth 266
are neutfal to slightly alkaline and Xboz is low eﬁough to stabilize Ca-Al
silicates. |

6. 5348 values of thermal‘wateté and pyrite suggest contamination of fossil
seavaters within Miocene sgdimentg with meteoric and magmatic waters in the

Onikobe geothermal system.
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Table 1. &%S values and Cl contents of thermal
waters from deep wells of the Onikobe
geothermal area. '

Well ’ §3's 1™ (meq)
#102 | +3.90
#111 o | 43,92 59.92
#124 , 43,89
K~line
(#101,102,103 419,90 85.30
111) .
Y-line -
 (£108,112,117) 45,02 36.44
‘z-1ine '
(#104,105,106 416,52 145-150

120)
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Table 2. Types and xio of original: rocks and occurrence of 11litic

clay minera

s from Iceland, Onikobe , Bakone, Matsukawa,

Otake, Wairakei and Steamboat Springs geothrmal aress.

S I o - Océutrence of
Geothermal area| Type of 0 in original P
‘ original rocks rocks (wt.X) i1litic clays
» Range | 'A&etagg
Tceland (1) Basaltic 0.08 - | no or extremely
’ ' 0.26 0.18 Tare
Onikebe (2) Andesitic 0.15 - 0.67 not common
o A o | . 1,'88 “
Hakone (3) Andesitic 0.56 - 0.64 ‘not common
Matsukawa (&) Dacitic ' 0.79 - 1.00 - ~ common
1.20 )
Otake (5) Andesitic 0.45 - 1.68 common
2.41
wairakei (6) Rhyolitic 2.0 - 3.6 2.7 very common
Steamboat (7)
Springs Trachytic -
granodiorite |1 2.2 -23.2 2. 7 ‘very common
(1) FKristmannsdéttir (1975 )
(2) Seki et al. (1969), Katsui (1955), This paper
(3) Kuno (1950)
(4) Sumi (1968), Sumi and Maeda (1973)
(5) Hayashi (1973), Hayashi and Yamasaki (1975)
(6) Steiner (1977)
(7) sigvaldson and White (1962), Schoen and White (1965, 1967)




Table = 3

_geothermal area.

- '8%%s values of pyri'tes
from bore-hole cores in Onikobe

Bore-hole cores &3's
SEE——
#123  178.6 m +3.59
. 333.3 m +3.00
#124 183.3 m +3.38
. 3314 m +2.05
#127 231.7 m +3.06
Cw 703.9 m +5.43

Equilibrium mineral assemblages for core samples from Drill Holes#123

275

Table 4,
and 124 of the Onikobe geothermal Area.* (A1l assemblages + chloritic
- clay + quarte + pyrite + albite).
depth ¢123 depth £124
238.6% Ep(32**)+ur 165.82 Wr+Pr(14-17)
303.5 Pr(19)+ur , o :
323.8® Ep(23)+wr 201.8™ Wr+Pr(3-8)+Cc
344,.6® Ep(22-29)+vr 209,9m Wr+Pr(17-22)+Ep(?)
348.5%  Ep(19)+pr(8)(Menr 222.8®  Ep(26-29)+ur
v 307.5% Wr+Ep(37)
334,70 Wr+Pr(12)
© 349.4®  Wr+Pr(3-4)+Cc

¢ Wr+Cc assemblages are not listed
%% The numbers in ( ) refer to Fe*

§ thezrformed much later.
/(Fe .-3%1) x 100 ’

Abbreviation: Ep = epidotg; Wr = vnirak'it‘e'; Pr = prehnite; Cc = calcite
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Figﬁte 2, Distribution of bore holes in the Onikobe geothermal area,

Japan.
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Figure 6. ca-2A1-2Fe+3

preimites and mineral assemblages from drill holes #123(A) and
#124(B). 'I ﬁerpretative relationships for 3-phase and 2-phase

assemblages are shown in (C).
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plots showing compositions of analyzed epidotes and
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COMPOSITIONS AND PARAGENESIS OF SOME HYDROUS CA-Al SILICATES
IN THE ONIKOBE GEOTHERMAL SYSTEM, JAPAN.

J.G. Liou & Ray Guillemette, Dept. of Geology
Stanford University, Stanford CA 94305, USA
Y. Seki, Hydroscience and Geotectomic Lab
Saitama University, Urawa, Japan

Hydrothermal alteration of deep-hole cores of the Onikobe geothermal area was
selected for detailed study in order to understand rock-water interaction in classic
island-arc geothermal systems. More than 100 core samples from two drill holes with
depths to 350m and one down to 1155m were examined; paragenesis and compositions of
secondary minerals were identified and analyzed. These newly collected chemistries
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 in the alteration of the enclosing
rocks. Details are described in Seki et &l., (in press).

The Onikobe caldera is on the eastern edge of the Green Tuff basin in nmorth
central Honshu and has an oval-shaped depression about 10 Km in diameter. The caldera
formations are Plio-Pleistocene in age and consist of both marine and non-marine vol-
canogenic tuffs and lavas of andesitic to dacitic composition. After the deposition
of the caldera sediments and lavas, a dacitic lava dome of 0.35 m.y. age was intruded
into the southern part of the Onikobe basin. Associated with the intrusion were the
normal faulting and hydrothermal alteration. The magmatic activity related to the
dome formation is believed to be the major. heat source for the present-day geothermal
activity and associated hydrothermal manifestations in the Onikobe area.

Thermal waters from the Onikobe geothermal area have been analyzed; they belong.
to the Na-Cl or Na-Ca-Cl type. They may have evolved from meteoric waters which have
been contaminated with magmatic NaCl-rich sclution and fossil seawater from Miocene
Green Tuff. Acidic thermal waters with high S0, and low Cl 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 1255w
which produced a remarkable amount of alkaline (pH = 8.3 to 8.5) high-T thermal
waters. :

The 2zonal distributions of clay and zeolite minerals were identified and are
schematically shown in Fig. 1. With increasing depth, the zonal patterns are simpli-
fied as follows: alkaline smectite or smectite + chlorite/smectite interstratified
mineral+chlorite for clay minerals and mordenite+laumontite+yugawaraliterwairakite
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. Minor zeolites include clinoptilolite,
dachiardite, chabazite, thomsonite and natrolite. Prehnite, epidote and phyllosili.
cates such as illite, illite/smectite, kaolinite and pyrophyllite also occur,.

Zeolite minerals are well developed and some are exceptionally abundant. Laumon-
tite is typically found at depths greater than 50m and shallower than 400w and yuga-
waralite at the lower end of the laumontite zone. The analyzed laumontite and yuga-
waralite have neariy stoichiometric compositions with very minor amounts of Fe20s,
Na;0 and K,0. Wairakite is the most abundant zeolite mineral and occurs in most wells
at depths greater than 100m. Many wairakites were analyzed and the results were
plotted on a wairakite', natrolite’' and albite' triangular diagram (Fig. 2). The
wairakites have considerable ranges of compositions with less than 0.2 wtX Fe;0y as
total Fe and 0.1 wt% K,O. Main variations are defined by 2 end-members “wairakite"
and "analcime"” with Al/Si ratios lower than the Wr-Am ideal series. All analyzed
wairakites range from Wrioo to Wry¢ and contain no more than 5% Nat' component; no
analcime-rich composition was found. There appears to be no-correlation between
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composition of wairakite and depth of its occurrence, nor any pattern between
composition and mode of occurrence (i.e., vein, amygdule). '

Other Ca-Al silicates include minor‘prehnite and epidote in association with

albite-chlorite/smectite-quartz-pyrite. . Prehnite-wairskite-calcite (+ epidote) is
the most common mineral association in prehnite-bearing samples. The prehnite~ .
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laumontite-epidote-calcite association is also found in some specimens from relative.
1y shallower (lower temperature) parts of bore-holes. Table 1 lists the equilibriuy
assemblagés+gnd‘agalyzed'FblAl ratios. The analyzed prehnites span a considerable
‘range of Fe /(Fe 34A1) ratios; the most iron-rich prehnites in the matrix contain
6-8 wtX Fez03 and appear. to be stable with epidote + wairakite + quartz + chloritic
clay. The veined prehnites are much lower in Fe content snd are stable with waira-
kite + calcite + quartz. No.epidote was found in mordenite-bearing samples and the
epidote from laumontite-bearing samples is too fine-grained to be analyzed. The
analyzed epidotes range from Ps 19 to 37 and most analyses are around Ps 29 to 33.
The compositional range of epidote is very compatible with those from other geother-
mal areas (e.g., Cerro Prieto). The analyses of epidote and prehnite suggest that no
immiscibility gap exists for these phases.

Table 1. Equilibrium mineral assemblage for core samples from Drill Hole #123
o and 124 of the Onikobe geothermal area (All assemblages + chloritic
_ clay + quartz + pyrite + albite)*,

Depth (m) - ~#123 - Depth (m) #124
.238.6 CEp(32%%) + Wr - 165.8 Wr + Pr(14-17)
303.5 Pr(19) + Vr - 201.8 . Wr + Pr(3-8) + Cc
323.8 Ep(23) + Wr ‘ 209.9 Wr + Pr(17-22) + Ep(?)
344,.6 - Ep(22-29) + Wr 222.8 Wr + Ep(26-29)
348.5 - - Ep(19) + Pr(8) + Wr 307.5 Wr + Ep(37)
334.7 Wr + Pr(12)
349.4 Wr + Pr(3-4) + Cc

* Wr + Cc assemblages are not listed; they formed much later.
*% The numbers in ( ) refer to Fet3/(Fet3+Al) x 100.
Abbreviations: Ep-epidote;'Wr-wairakite;:Pr = prehnite; Cc = calcite.

Chemographic relations of common Ca-Al hydrosilicates (Ca-zeolites, epidote and
prehnite) together with quartz, carbonate and chlorite/smectite were delineated in a
«simplified system Ca0O-Fe20,-Al,0y-(FeO+Hg0)-510,-H,0-C0,. Compositions of prehnite
and epidote are plotted in a ternary diagram Ca0-Al,0;-Fe,0s (Fig. 3) and tie lines
for the coexisting phases in the 2-phase assemblages (wairakite + epidote and waira-
kite + prehnite) and the 3-phase assemblages (epidote 4+ prehnite + wairakite and
wairakige + prehnite + calcite) are drawn. The deduced phase relationehips at T of
150-200"C and depth of 200-350m yield five 3-phase assemblages which have been
recorded in other geothermal areas and in low-grade metabasalts. Three conclusions
are made from such chemographic relations: - (1) Both prehnite and epidote are
restricted to Fe-rich compositions at low temperatures and become Al-rich with
increasing temperature, (2) the Al end member of both prehnite and epidote are not
stable under the physico-chemical conditions of the Onikobe geothermal system, and
(3) the Fe-Al partitioning between epidote and prehnite suggests that the epidote
always contains higher Fe than the coexisting prehnite. Such conclusions are con-
sistent with those data deduced : from hydrothermal experiments (Liou et al., 1983),
thermodynamic calculations (e.g:, Bird & Helgeson, .1978), and natural observatious
(Evarts & Schiffman, 1983} Bird et al., in press). .

Zonal distributions of minerals and phase relationships observed in the Onikobe
geothermal area are mainly controlled by changes in temperature and are restricted
to low Xgg, conditions. Other factors which are important either locally or with
regard to certain minerals are the following: the PHzOIPTo al ratio, water and bulk
rock chemistry, rock permeability, and kinetic constraints (e.g., Browne, 1978).
Because of these effects, the apparent observed temperature ranges over which min-
erals are found in the Onikobe area as shown in Fig. 1 ‘are generally broader than
those expected from the experimental studies.
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Fig. 3 Ca-2A1-2Fb+s plots_ showing compositions of analyzed ebidotes and prehnites
and mineral assemblages from drill hole #123(A) and #124(B). Interpreta-
tive relationships for. 3-phase and 2-phase assemblages are shown in (C).

This abstract is condensed from a ldng 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 RO39).
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Mining Research and Service Organization; No. 1, Tun-Hwa South Road, Taiwan, ROC
®*Department of Geology, Stanford University, Stanford, CA 84305, United States of America
**Department of Hydroscience and Geotectonics, Saitama University, Japan

The Tatun geothermal area of northeastern Taiwan, about
3 x 18 kmZ in dimension, is covered by a thick sequence
of Pleistocene andesitic Javas 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, and shales.
The sandstones are coarse-grained and very permeable
(with- porosity greater than 10 percent) and have been
suggested to be deep geothermal reservoirs with temperatures
greater than 250°C and areal distribution greater than
20 km*“, 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
40°C — 120°C 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 HoS prevails. At depth, as discussed later, the pH of
waters must be higher as evidenced by the ubiquitous
occurrence of calcite. Secondary minerals resulting from
near-surface water/rock interactions include various silica
minerals (opal, cristobalite, tridymite, and quartz), alunite,
kaolinite, allophane, montmorillonite, pyrite, sulfur, and
others. The mineral assemblages are characteristic of high
82 and 02 fugacities, high Si02 and total dissolved sulfur
contents in the hydrothermal fluids (Wang, 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 geotherma! gradients and 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 composition of fluid with depth. Core samples
have been collected 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 hydrotherma! alteration and to
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compare them with those from Hakone and Onikobe,
Japan (Seki, et al., 1969; Oki and Hirano, 1874). 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 290°C has been recorded
ata depth of 1200 m.

Three alteration zones were recognized based on the
occurrence of kaolinite, alunite, Ca-zeolites, epidote,
and the types of smectite-chlorite. Zone 1, restricted to
near-surface depths of about 200 m or less, is characterized
by the presence of kaolinite, alunite, pyrite, and gypsum.
The original textures of andesite are totally obscured,
end primary minerals have been entirely replaced. Core
samples were recovered with difficulty, and secondary
minerals. are very similar to those at the effusive sreas
of hot springs and fumaroles. Zone 2, the intermediate
zone between about 200 to ‘500 m, is characterized by the
sporadic occurrence of faumontite, analcime, and hematite,
together with asbundant smectite-chlorite, “anhydrite,
quartz, carbonate, and pyrite. Alunite, wairakite, Type 111
chlorite and secondary albite were not found. Primary
textures and minerals of the andesitic rocks are well
preserved. Plagioclase (An 42 to 68) was mainly replaced
by 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 saussurite
+ carbonate + anhydrite pseudomorphs after plagioclase
and chlorite + pyrite + magnetite + sphene aftér 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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The -smectite-chlorite minerals of the altered andesitic
rocks from the Tatun geothermal area and those from
Onikobe and Hakone, Japan show systematlc variations _
with depth and temperature. Deta:led petrographuc, X-ray
diffraction (XRD) and differential thermal analysis (DTA)
studies of the clay munerals reveal four distinct types,
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and their characteristic features are as follows. As shawn
in figure 1 together with the data from Hakone and
Onikobe areas, Type | (alkaline montmorillonite)

-and Type |’ (smectite) clay minerals are found commonly

with mordenite and clinoptilolite, Type Il smectite-chlorite
with laumontite, and Type HI with wairakite.
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. TABLE 1
XRD and DTA data on the four mineral associations, Tatun geothermal area
: ' : DA
Type Association CuKa26(001) CuKa26EG(001) Endothermic T, C
I alk. mont. 7.0 5.0 70,150,650 -
1 smectite 6.0 ] 5.0 . 70,150,650
" chl.~smec. 3.0,6.0-6.2 3.0,5.6-5.9 70,150,550
1 chlorite €.0-6.1 6.0-6.1 8§50
The smectite-chlorite minerals of the altered andesitic References

rocks from the Tatun geothermal area and those from
Onikobe and Hakone, Japan show systematic variations
with depth and temperature. Detailed petrographic, X-ray
diffraction {XRD), and differential thermal analysis (DTA)
studies of the clay minerals reveal four distinct types,
and their characteristic features are as follows. As shown
in figure 1 together with the data from Hakone -and
Onikobe areas, Type | (alkaline montmorillonite)
and Type I’ (smectite) clay minerals are found commonly
with mordenite and clinoptilolite, Type I} smectite-chlorite
with laumontite, and Type 11l with wairakite. '

The parageneses of secondary minerals in the Tatun _

geothermal area is consistent with the recorded temperature
-depth relations as shown in figure 1. However, it should
be noted that calcite is ubiquitous at depths below about
200 m, and its common occurrence as a replacement of

plagioclase and pyroxene and as fissure fillings indicates

that thermal waters at greater depth must be less acidic
than those in the surface zone. The rare occurrence of

Ca-zeolites and other calcium aluminum silicates, and

sbundance of calcite and anhydrite (and gypsum) suggest
that the hydrothermal alteration in this area must have
taken place at high activities of C02 and 802 and temper-
atures of 100 to 300°C.
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