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HYDROTHERMAL METAMORPHiSM AND VEIN M:NERALS OF THE YUGAWARA
GEOTHERMAL AREA′ JAPAN

Y.OKI, T.ⅢRANO, To SUZllKI
Hot Spring Research lnstitute of the Kanagawa Prefecture,Yumoto 997,Hakone,Kanagawa,Japan

INTRODUCTION

The Yugawara geothernlal aFea iS at the bottom of the deeply dissected caldera of the Yugawara

volcano,which belongs to the Fuii volCanic zone(ng。 1。
)。

Many deep drilled weus have recently been

nlade to pump up thernlal waters for bath use.Petrographic observations are available from drill‐ cores,

which were used for the zonal mapping of hydrothermil metamorphisrn.Yugawarahte was originally

reported by SAKURAI and HAYASHI(1952)from Yugawara with various kinds of zeolites(SAKURAI,

1953,1955)。 The mOSt Corttnon hydrothermal minerals in Yugawara are,however,calcite and anhydrite,

the paragenesis of which with caldurn zeoutes seems to reflect the chemistry of hydrothel.1lal solutions.

The stabil■y relations among calcium‐ bearing minerals are treated in terms of pH,Pc。 2'and the acti宙
ty

Of ca2+.The nlain discussion will be aimed at estirnating the partial pressure of C02 in the hydrother=nal

system.

GEOLOGICAL SEWING

KIINO(195o recognized that the Yugawara volcano is composed of three mJor ge01ogic units,the

並ratigraphic ttccestton of whichお given below.

Hakone volcano
eroslon

erosЮ n
Middle Pleistocene

Tensyo-zan basalt group (Bz)x Younger or Middle Pliocenp

eroslon

Yupshima group (Mz)x Older Miocene

x The abbreviations are those of KUNO (1950) shown in figure l.

The Yugashima group exposed in the bottom of the dissected caldera is mostly composed of
submarine pyroclastic rocks of basalt and andesite strongly affected hydrothermal metamorphism and

altered to dark greenistr compact rocks. The thickness of the Yugashima group is not clear, but assumed to
be a few kilometres (MATSUDA 1968). The Tensyo-zan basalt group (Bz) of Younger to Middle Pliocene

erupted on the eroded zurface of the Yugashima group and built up a cone-slnped stratovolcano composed
of alternative layers of basalt and andesite with pyroclastic rocks, which KLJNO gave the collective name

of the Tensyo-zan basalt group (1950). The maximum thickness now observed is about 400m. Weak

hydrothermal alteration is recogrized at the lower horizon of the volcano sequence.

In the Izu and llakone district there are I I Quaternary volcanoes including Yugawdra, which was once

in a cone-shaped strato-volcano also composed of lavas and pyroclastics of basalt and andesiie. At the

latest stage of volcanic activity, a violent phreatic explosion took place, blowing off thevolcanicediffice
around the central vent. The magmatic activity finally ceased with the appearance of a dacite lava dome at

the north-eastern foot of the volcano, the fission track age of which is estimated to be 400,000 years ago

(SUZLJKI l97O). The north-eastern slope of the Yugawara volcano is partly covered bythelavaflowsof
the llakone volcano (OS).

Reprinted from WATER-ROCK INTERACTION, Proceedings of international symposium on water -
rock interaction at Prague, CzechoslovaY,ra,l9T4. Published by the Geological Survey, Prague. 209-222.

Yugawara volcano (YV)x
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Fig. 1. Geologic map of the Yugawara volcano (Kuno 1950)
Mz : Yugashima group (OlderMiocene)
Az:. Inamura andesite group (OlderPliocene)
Bz: Tensyo-zan basalt group (Younger or middle Pliocene)
TV: Taga volcano (Middle Pleistocene)
W: Yugawara volcano (Middle Pleistocene)

OS: Old somma of Hakone volcano (Iate Pleistocene)

CR: Caldera rim TR: Talus and river gravels (Holocene)

Isotherms are at sea-level (Oki and Hirano 1972).

Fig. 2. Isothermal profile of the Yugawara volcano along
A-B-C line shown in Figure l.Zonilarrangement
of hydrothermal metamorphism is shown.
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ISOTHERMAL STRUCTURE

Temperature-depth relations have been measured in more than 15 deep drilled wells and an isothermal
map at sea-level is drawn in figure l. Figrre 2 is the NW-SE cross-section of the isothermal map. The
highest temeprature area marked by the 70oC isotherm ocorpies the Fudo-taki area, the central part of
the caldera, where yugawaralite was first discovered by Sakurai.

THERMALWATERS

There are about 120 deep wells, the average depth of which is about 500 m. The deepest one reaches

1,200 m. Thermal waters are discharged by means of air-lift pumps and their total discharge amounts to
6,0(X) m3 / day, which now rezults in a serious decreasing of the water level by 2 to 3 m I year,indicating
over-pumping of the thermal waters. The total thermal discharge is 340 x lOa kcal / min.

A zonal distribution of the thermal waters is observed (fig. 3). Thermal waters, discharged from the
hig[r-temperature area, are markedly high in the CI/SO+ ratio ranging from 1.5 to 4.1, whereas those from
the low-temeprature arca arc low, ranging from 0.005 to 0.1. The distribution of the CVSO4 contours
seems to suggest a fracture zone extending along the direction of the major Titose drainage, through which
high-temperature waters are coming up and then flowing down at shallow depth, mixing with groundwater.

Table I shows the chemical analyses of thermal waters.

Table I chemical composition of Yugawara thermal waters (Analyzed by T. Hirano)

1

III

NaCl‐ CaS04 CaS04

６

Π

４

ｎ

３

Ⅱ

２

ＨＮ。．獅
眸 Intermediate

Temp。

(鷺℃)

pH
Evap.res.

Li

K
Na
Ca
Mg
Fe

Mn
Al

Cl

S04
HC03
∞ 3
HP04
H3B03
H4SЮ 4
H2C03

Total

74.0

1.001

8.3

2941.

0。46

38.7

717.

263.

0。91

0.06

0。 13

1286.

373.

70.7

0.67

0.39

37.17

148.4

2937.

83.5

1.000

8.1

1846.

0。47

27.8

488.

125.

0.27

0.05

666.

426.

44.7

0.33

14.59

185.5

1.21

1979.

55.5

0.996

8.5

790.

0.08

5。28

145.

94.0

0.0

0.33

0。 11

117.

326.

60。4.

0.56

0.13

5.37

68.4

0.65

823.

65.2

1.000

8.3

1212.

0.03

5。50
175。

196.

0。39

0.37

0。 11

218._

517.

40.4

0.38

0.07

14.00

92.7

1260.

52.5

1.000

8.2

1951.

0.03

1.77

47.6

514.

0。24

0.18

11.1

1293.

19。 3

0.09

0.15

3.49

55.8

0。41

1947。

60.0

0.997

8.2

1710.

0.01

2.03

45.7

436.

0.08

0.15

0.05

13.6

1109.

21.2

0。20
0.04

13.58

63.7

1705.

ClノS04

1●

Depth
of well

Discharge

lrmin

650 m

89

0.009

0.0541

651 m

183

0.012

0.0463

570 m

98
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+ I denotes ionic strength.
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Fig. 3. Zonal distribution of thermal waters based on
C I /SOe ratios. Isotherms are at sea -level.
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Fig. 4. Variation of the basal spacing (001) of clay
minerals treated with ethylene glycol.
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Fig.5. Variation of the basal spacing(001)Of

day minerals treated宙thl N NH4N03.
Fig. 6. Miner4logical sequence of hydrothermal minerals

in the Yupwara geotherrnal area.
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Fig.7 . Diagram showing the occurence of vein
minerals observed in drill-cores.

Fig. 8. logICaz+] r,ersus pH diagam showing estimated
pH and partial pressure of COz in equilibrium
with calcite at zubsurface condition of the
Yugawara' hydrothermal system.
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The maior saltS dissolved in high‐ temperature waters are NaCl and CaS04,Whereas those in low‐ tempera‐

ture ones are CaS04宙 th SubOrdinate amounts of bicarbonates and NaCl.

The calcium carbonates,mostly aragonite,precipitating in the pipes of the pumping devices pose a

difrlcun problem as a scale in many of the highntemperature waters,suggesting their supersaturation with

calcium carbOnate during pumping process(AWAYA etal.,197o.

HYDROTHERMAL METAMORPHISM

The Yugashtt group exposed here is strongly affected by hydrotherrnal metamorphism and pen‐

etrated by dykes and veins which make it difrlcult to recognize their original structureso MOst of the

mfic‐ nunerals such as oli宙nes and Pyroxenes are altered into chlorite, clay nlinerals, and  calcite.

Phgioclase is also recrystalized as albitic plagioclase,zeol量 es,prehn■e,and sometimes caldte and anhydrite.

Zonal mpping of hydrothermal metamorphisln can:be carded out with the help of the minerabgical

change of clays,and thFee ZOnes are recognized(figs.l and 2)。 Clay minerals and chlorites occur as
rlbr。 4nterstitial「lLns, smau radiating aggregates,nucrocrystals replacing glass ttrds and punuce,or as

pseudomorphs replacing o五宙ne and Pyroxenes.

Clay minerals and chlorites were studied as follows: Rock specimens crushed intorlne pOwder were

dispersed in water and left to settle for about 5 hours.Grains less than 2 microns were collected from the

10 cm layer at the top ofthe water column.The suspended grains were centrifuged,alowed to transfer to

a ttSS Slide,and d五 ed for X■ ay diffraction.The identi■ cation of the minerals were made as follows:

:F」:il」‖∫∬cllih」llh:[li‖::」
「

llfl:1。1limateHJonthe」
hSS Slide was saturated with a drop

ds 10 A is considered to indicate the presence  of
montmorillon■ c(fig.0.

Treatment with ammonium nitrate.A fraction of the suspended material was boiled宙 th
l札 Of a― Onium nittate solution for 5 minutes,centrifuged and washed with pure water.A shi■ Of the

kを、IIff:wttllli濯穏震::11111:『 :I滉鷲::=∬i:fI:rl:群讐∫農iblな hour.The presenCe of

presence of chlorite.

The paragenetic relations among the hydrothermal mineFalS are summarized in flgure 6。 Zone
boundaries of hydrothernlal metamorphism are roug口y COnsistent宙th the isothermal prorlle(fig。 2)。

Zone l is,characterized by the appearance of inontnlorillonite‐ vermiculite mixed clays.Zone II is

characterized by Vermiculite‐chlorite m破ed clayso Most of the Юcks exPosed in the Yugawara active
geothermal area belong to zone H.Zone III characterized by chlorite was recol興zed only in the rocks
from the dr」l holes.No exposure of zone ⅡI was observed.Yugawaralite occuFS at the lower horizon of

zone IIo Wairakite is sometimes fOund in zone III.Lumontite is the most common calciunl zeolite of

zone IIIo MOrdenite and stilbite are also common in the highest part of zone l and zone Ⅱ,leSpect市 ely.

Veins and amygdals rdled with calcite,anhydr■ e,"Tsurn,and caldum zeolites are well observed in

zones Ⅱ and IH.Figllre 7 is an example showing the occurence of vein mineFalS in dFll‐ COres.A special
feature is that calctte and anhydrne are the predominating vein minerals with subordinate amounts

of calcium zeolites and quartz.

DISCUSSION

咄 I_』m_蝕 理壁 __理霊

As αllcite is the predOminant hydrothermal nlineral,it implies that the thermal waters are in equllibrium

with it. The precipitatiOn of aragonite on the pumping de宙 ces indicates that the therrrlal waters are
evidently supersaturated w■ h calcium carbonates.Pro宙 ded that the Yugav7ara therml waters at depth
are supersaturated with calcite,au the fractures through which thermal waters can flow win be sealed up

successlvely by the precipitation of calcite,resuhing in the rapid decrease of the water dischargeoNo rapid

sealing of the fracture system has,however,been known over these 20 years,except for the precipitation

of aragomte in the pipes of the air4ift pumps.This rapid change in the chemical envirOnment in the

plpes of the air4ift pumping is well explained by the rapid change of pH due to the rapid reduction  of

the pFatial pressure of C02(SUZllKI et al.,1971:AWAYA ctal。 ,197o。
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Table 2 gives the satwation indices (PACES,1969) of the calcite-water system of the Yugawara thermal
waters at the elevated temperatures, calculated from the values of chemical analyses only,showingtheir
supersaturation with respect to calcite. [f we assume chemical equilibrium between calcite and thermal
waters, pH can be calculat0d under subsurface conditions, using the relations and equitbrium constants
given in table 3.

The total dissolved carbonic species is
2 COr = lllHzcor +m Hco3 r lllcorz- (6)

where mi demotes the molality of the species "i". When pH of a system is small enough, less than pH 10,
the last term can be neglected. Using the equilibrium constants (table 3) and the activity coefficients
ti, equation (6) becomes

Σ∞3稿高T{野 +ザ讐|

+ 

、(l[il「])2 + ¥ m Ca2+γ
ca2+Σ C03}       (8)

(7)

Ｋ・
一

γ
Ｈｃ。３

ｆ

キ

Ｌ

ｌ

一

２

〓肘

０

The substitution of the analysed amounts of Ca2+ and the total carbonic species into equation (8) grves

the precise pH ralu6s. When the pH ralues of the thermal waters fall between pKr (ca. 6.5) and pK2
(ca. 10), the pH of the system is simply defined as

Kc
pH = log 

--log mca2+ TCa2+ -log ECO3 TnCor-
K2 (e)

where E CO3 is almost to mHCO3-
When the pH rmlue is lower than pK1(ca.6.5), the equation becomes

1( Kc I
pH= ^{ tog '- 

-logms;'+ rgs,2+-logDCo3}' 2L-*,", ) (lo)

The activity coefficient for each ion is calculated by the DEBYE-HIJCKEL equation,whictr can be safely

applied to the Yugawara thermal waters because of their relatively small ionic strength of 0.01 to 0.07
(table 1). The temperature of the zubsurface system is tentatively asumed to be lOO"C,considering the
isothermal profile (fig. 2). The calculated pH at depth is given in table 4 compared with the obserrred pH
at the orifice. An increase in pH up to 8 in the process of air-lift pumping can clearly be seen.

B:lrl-rru::g'-g[S-92

Substituting equations (2), (3), and (a) into (l) repeatedly to eliminate the carbonic species, the partial
pressure of CO2 in equilibrium with the calcite-water system can be obtained form the equation

Kc
logPgs, =[og 

- 

-2pH-log ICaz*1
KpKrKz (ll)

The partial pressure of CO2 under subzurface conditions will be given by the substitution of the calculated
pH (table 4) into equation (1 1) together with the activity of Ca2+at the given temperature.
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Table 2

Molahties of Ca2+,HCO二 C03■ and sOヶ: iOniC Strength,and saturation indicies(I=10g Q′ Ю  fOr

calcite and anhydHte of Yugawara thermal waters

* Numbers (l) to (6) correspond to those in Table l.
I.S. is ionic strength.

Table 3 Equnibrium∞nstants for carbonate and sulfate reactions in aqueous solution

pK

25°C   100° C  150° C

(1) CaC03 = Ca++  +COl‐   Kc=[ca十 +]IcOL‐ 1  8.37  9.39  10.25(b)
calcite

(a  C02 + H20=H2C03     Kp=」 1卜fII」
L       l.46   1.99    2.07 cal

(O H2C03=H・ +HCOI Kl=〔 H+]「 C%1 6.35 6.45 6.77(→

脚 2C03]

(O HCQ =『  +COj‐  K2=[H・
HCOl‐ 1 1。

.33 10。 12 10.37(→
[HCOl l

(5) CaS04 = Ca+十   + sO‐ィ  ス転 = [Ca+十 ][s01~1   4.70   5.63    6。 35(b)

pK=‐ log K

O)HELGESON(1967b)  (b)HELGESON(196"

Type No.

x10‐ 3mole/kg Ical

2soc loooc

Ianhy

2soc looocca十 + HCOj 喝
‐

S%‐

Na儡

QS04

Inter‐   11

medhte 12

１

２

３

４

５

６

７

８

９

皿

CaS04  1:

6,37

6.612

6.562

4.764

8.483

3.119

3.169

6.238

5.389

3.044

2.345

4.890

12.82

10.88

0。911

0.869

1.159

0.875

0.870

0.733

1.000

1.565

1.493

0.775

0.990

0.662

0.316

0。345

Q0068

0.0033

0.0111

0.0130

0.0065

0.0055

0.0095

0.0150

0.0223

0.0073

0.0093

0.0063

0.0015

0.0033

3.862

3.935

3.883

5.018

6.642

4.435

4.122

3.102

4.622

3.676

3.394

5.382

13.46

11.55

0.064

0.057

0.056

0.036

0.074

0.036

0.034

0.050

0.039

0.030

0.017

0.028

0`054

0.046

0.55

0.34

0.86

0.57

0.63

‐0.09

0。32

0.63

0。88

0.23

0.24

0.31

●.07

0。 11

1.52

1.30

1.77

1.55

1.60

0。89

1.30

1.59

1.80

L21

1.23

1.30

0.90

1.80

●.62

Ю.59

‐0.69

Ю.46

Ю。33

く).79

0。72
‐0.68

Ю.47

‐0.72

●.80

Ю.34

+0。24

+0.17

0。91

0.23

0。22(1)中

0.38

0.48

0.15(幼 ●

0.13

0.12

0。36

0.13

0.06(3)+

0.51(4)●

1.07(5)●

0.99(6)中
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Table 4
Observed pH ralues at orifice and calculated pH (100"C and lsooc) at zubsurface condition of Yugawara
thermal waters

NaCl‐

CaS°4

・
５

・
５

・
３

５

・
４

・
８

・
６

ず

ゴ

・
７

６

６

６

６

６

６

６

６

６

６

・
４

■

・
３

・
４

ユ

ユ

・
２

・
２

・
４

・
２

１

２

３

４

５

６

７

８

９

１０

6.3      6.7

6.3      6.8

6.2      6.6(1)●

6.3     7.0

6.2      6.9

6.4      7.0(2)●

6.4     6.8

6.2       6.5

6.2      6。7

6.4      6.9

Inter‐   11

mediate 12

8.5

8.3

４

３

７

６

６

６

6.8(3)中

7.1(4)中

CaS04  1:
４

４

６

　

６

7.7(5)●

7.7(6)中

* Numbers (1) to (6) conespond to those in Table 1.
+ Calculated by equation (10).

The results are shown in table 5 and illustrated in figure 8. The estimated partial pressure of CO2
at depth is 10'r'7 to l0-o'5 atm, slightly higher than thatintheatmosphere(l0-3.s atm). The major
factor which controls the precipitation of aragonite and calcite strould be the abrupt decrease of the
partial pressure of CO, with simultaneous increase of pH by 1.5 unit in the pumping process.

Q4gU-e_:enlrydnte.re-blier_L

A combination of equations (l) and (5) yidlds the following relation for the paragenesis of calcite
and anhydrite:

L=r03年 1=Ю■′6。。0。c)～ 10‐・ 9°

050°o
Ka   [S042‐  ]

where Ks and K3 are the solubility products of calcite and anhydrite at the given temperature (table 3).
Although most of the Yu8awara thermal waters discharged from wells are unsaturated with anhydrite

at 25"C, all of them are supersaturated with it under subsurface conditions (table 2), where the pH value
decreases down to 6.5, accompanied by a decrease of COrz- species down to lGa mob/kg. Thus, the
activity ratio of CO32-/SO42- is of the order of lO's, which implies disequilibrium between calcite and
anhydrite. The supersaturation of anfrydrite in the high-temperature waters can be explained by a

conrrectional flow of groundwater from the low-temeprature area to the high-temeprature area. As seen in
table I and.2, the thermal waters confined to zone II, where rypsum is the most common vein mineral,
are relatively rich in CaSO4. The migration of the groundwater, saturated with CaSOa at low-temeprature,
to the centre of the hydrothermal system may be the major factor which allows the supersaturation and
precipitation of anhydrite. The source of SO42-, precipitated as rypsum and anhydrite, could be sea water
or the oxidation product of hydrogen sulfide from volcanic gases. An isotope study will be needed to
soke this problem.

(1の
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If the chemical equilibrium between calcite and anyhyd五 te takes place exactly,the pH values ofthermJ

珊鳳締猥1駐鵠盟∬ぉい1鷺

r晰ぬequatbn o回
“
廿ua Ttt d面nttbn of C032hm

Kc  K2〔HC03‐
1

Ka IS04 2‐ ][H+]
or in logarithmic form

脚 =聴
十

也

「

∞JJ%ド %句
(13)

If we simply apply equation (13) to the Yugawara thermal waters given in table 2, the pH values of the
system in equilibrium with calcite and anhydrite can be obtained as in table 4. The pH values, calculated
from equation (13), will give the maximum pH associated with minimum Pcoz, whereas those, calculated
from equation (9), will give their minimum pH asociated with maximum p*r1

[+irsrg-slits-rq]r,Ih-riqs_

Various kinds calcium zeolites are known in zone III, however, here only laumontite will be treated as
a representative of the calcium zeolites, because of the scanty thermodynamic data ofthe other zeolites.
The temperature of the system in zone III is assumed at tsOoC.

The ionic forms of Al in an aqueous solution change significantly with pH. HELGESON (1969)
demonstrated the distribution of the Al species as a function of temeprature and pH.fhe boundaries
between the eqr.ral activities of the Al species tend to shift towards lower pH with increasing temperature.
The boundary betweenAl(Otfz+ and_Al(OtI)a' at lsO"C passes through the point pH 4.3.The major
ionic forms of Al in terms of pH at 25"C and 150"C are.as follows.

A13+ I  Al(OD2+ I  Al(OD4‐
pH4.3         pH6.3
pHO.4 pH1.3

for the dissociation of laumontite, corresponding toTherefore the following three reactions are required
the ionic species of Al for the individual pH internals:
pH 0.4

CaA12Si4 012組20+8H=Ca2++2A13++4H4Si04
1ca2+l lA13+121H4Si04]4

KL‐ 1=
0.4くくpHく〔4.3 lH+]8 (10

CaA12Si4012 4H20+4 HI=Ca2+ +2Al(0コ ン++4H4Si04

KL-z =
Ica2+l lAl(OD2+]2[H4SЮ 4]4

[『]4

CaA12Si4012 4H2 0+8H20=Ca2++2 Al(OH)4‐ +4H4Si04
KL‐ 3= lCa2+][Al(OH)412 [H4Si04i4

(15)

pH>4.3

As quartz is a common vein mineral, we may assume that the solubility of silica is controlled by quartz.
The standard free energies of formation and the standard heats of formation, required for the

calculation of the laumontite.equilibria, are tabulated in table 6. The equilibrium constants at increased
temperature are calculated by the van't Hoff equation, assuming the heat of reactions are constant, and
the results are given in table 7.

25°C
150°C

(10



92

Table 5

Partial pressure of CO2 (log Pssr) in the subsurface system of Yugawara thermal waters

l°g PC02(at→

Type   No.    100° C      150° C

l        ‐1.16           ‐1.01

2      ‐1.20         ‐1.02

3       0.94         ‐0。83   (1)+

4      ‐1.19        ‐0。98

NaCl‐    5       …1.00         0。 90

CaS04  6      ‐1.53        Ⅲl.00   (2)ホ

7       ‐1.24         ‐1.01

8       ・0.85         0.79

9      0.84         ・0.82

10      ‐1.45         …1.02

.Inter‐    11      ‐1.27         Ю.95    (3)*

mediate 12      ‐1.36         …1.04    (4)●

13      ‐1.78         ‐1.52   (5)●
ChS04 14    ‐1.70      Ⅲl.50  (0中

● Numbers(1)tO(6)∞ rrehte with those in Table l.

Table 6

Standard free energies of formation and standard heats of formation for laumontite reactions in aqueous

solution

State aF? (kcaUmol) "s? G""Urnol) source

H■          aq           O. 0。    (1)
H20      1       ‐56.690      ・68.3174 (2)

Ar十卜      aq      _115。         ‐125。4   (1)
AlcODサ   aq    ‐165。9     ‐179。 98●  (3)(4)+
A10Htt   aq    ‐310.2      …356.2  (3)
Ca‐         aq         ‐132.18          ‐129.77    (2)

H4SЮ4   aq    _312.9     ‐348.06■  (5)(o中

CaA12Si40124H2 0 C   ‐1591強 4       ‐1729± 5   (6)

(1) Latimer      (195幼
(2) Rosiini   et aL(1952)

(3) Wagman  et al。 (1968)

(O  H●コ鬱SOn     (1969)

(5) Sievα         (1957)
(6)  Zen,E・an        (1972)
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Table 7

Equilibrium constants and standard heats of reactions for laumontite in aqueous soluiton

25°C lsooc "If ltcat)
Kし 2

Kレ 3

+3.08
10

‐34.71
10

Ю.46    ‐16.335
10

‐25。 80   +41.129
10

Calculated from a pt gn6 aHof shown in Table 6 using
the Van't Hoff equation

The stability field of laumontite in equilibrium with quartz is drawn with AVSi as parameter
(activity ratio of [Al (On)z+1/ [H4SiO4] ) in the log [Caz+] - versus - pH diagram (fig. 9). The par-
tial pressure of CO2 associated with calcite, as defined by equation (l l), is also shown in the log [Caz* I
- verusus - pH diagam.

The Yugawara thermal waters, expressed in terms of calculated pH and log [Caz+] at l50oC, are
plotted in this diagram. It is noted that calcite, anhydrite, laumontite, and quartz are still able to crystallize
in the present hydrothermal system, whose partial pressure of CO2 may be of the order of l0o to' l0-t
atm. The chemistry of the thermal waters, which once formed veins and amygdals in zoen II and III,
would not sigrrificantly differ from the present chemistry of the Yugawara thermal waters.

CONCLUSION

The study of the relations among minerals and solutions is very helpful for estimating the chemical
environment of the hydrothermal system. The present Yugawara thermal waters seem to reflect the
pres€nce of "fosile thermal brines" at depth, left behind after the separation of high-temperature dense
steam rich in NaCl. This separation resulted in the concentration of SO42- and Ca2+ which caused the
precipitation of calcite and anhydrite. The amount of NaCl once dissolved cannot be evaluatedby this
study. Studies of liquid inclusions and also Na-bearing minerals such as albite, analcime, and Na-clay
minerals will be needed for this problem
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Fig. 9 log [Caz+] versus pH dia.gram showing the stability
field of laumontite asociated with quartz, provid-
ing the most probable values of activity ratios of
A(OtDq-/HnSiOa ranging from lG+ to lO3 to-
gether with the partial pressure of CO2 in
euqilibrium with calcite. The solubility of quartz at
150"C used for the calculation of laumontite
equilibrium ls 142.3 mg/kg as SiO2 (2.369x10-3
mole/kg) (Siever 1962). Dots are the yugawara
thermal waters given in Table 4 and 5.
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