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Hydrothermal Rock Alteration of the
Matsukawa Geothermal Area,

Northeast Japan

By

Kiyoshi Sumr *

Abstract

In the Matsukawa area, where hydrothermally altered rocks are extensively dis-
tributed, three-dimensional sections of the altered aureole were obtained by several
core drillings.

The rocks of the altered mass originate from the volcanic rocks of three kinds, i.
e. dacite welded tuff and andesite welded tuff in Miocene age, and pyroxene ande-
site in Pleistocene age.

The altered aureole can be divided into six zones based upon the stability range
of minerals. Four zones of them are aligned from margin to center, as saponite zone
(or chlorite zone), montmorillonite zone, kaolin zone and alunite zone. Besides
them, pyrophyllite zone is distinguished.

The formation of such a zonal arrangement is considered to be controlled by the
increasing of pH value from center to margin. The pyrophyllite zone only is formed
under higher temperature than other five zones.

The compositional rocks in each zone are tabulated below :

(Zones) (Compositional rocks)

Weakly altered andesite containing saponite.
Chlorite-laumontite rock, chlorite-montmorillonite—
calcite rock and anhydrite—calcite~chlorite rock.

Saponite zone
Chlorite zone

Montmorillonite zone::«-«eeeeeeens Calcite (or anhydrite)-montmorillonite~quartz
rock.

Kaolin zone::-sreeseesensecnniinne (Anhydrite=) kaolin-quartz rock.

Alunite zone-::-- «+osQuartz alunite rock.

Pyrophyllite zone:«-sseeeereennees Diaspore—zunyite-pyrophyllite rock, andalusite-py-

rophyllite~quartz rock and anhydrite-pyrophyllite~
quartz rock.

* Geology Department



1. Introduction

The Matsukawa geothermal area (latitude 39°52’, longitude 140°557) lies about
25 km northeast of Morioka city, and is situated at the southern end of the
Hachimantai National Park (Fig. 1). Since 1956, investigations to exploit natural
steam for electric power have been promoted. In Oct. 1966, the generation of
electric power of 20,000 kw was inaugurated.
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Geological studies on hydrothermally altered rock mass at active geothermal
area are rare in Japan. Fortunately, in this area a number of core drillings
brought us many useful informations on the studies of underground alteration,
and three dimensional sections of the altered mass were obtained.

In this report, the writer focuses his attention on the zonal mapping of the
altered mass underground as well as on the earth’s surface. The extent of
zonal mapping was limited to the part shallower than 6001 in depth because of
three reasons as follows:

1) In the shallower part of less than 600m, only two or three kinds of

volcanic rocks are found as original rocks.

2) On the contrary, in the deeper part of over 600 m various sedimentary

and volcanic rocks are predominant.

3) In the still deeper part than of over 1,000 m the rocks are suffered from

regional alteration of Miocene age and converted into the so-called
“Green tuff” in the Inner Zone of Northeast Japan.

For this study, three hundred specimens collected from outcrops and drilling
cores are studied under the microscope. Two hundred specimens of them are
examined with X-.ray diffractometer. Clay minerals separated from sixty rock
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samples are studied with X-ray diffractometer and electron microscope. Eighteen
rock samples are analyzed chemically.

II. Geology

The geology of the Matsukawa geothermal area has been already reported
in other paper (NakaMura and Sumri, 1961). In this paper, the outline of geological
sequence is described briefly. The geological map of this area and its environs is
shown in Fig. 2.

The Yamatsuda formation is the oldest. It is composed of black shale,
sandstone and conglomerate. The last two yield marine molluscan fossils of late
Miocene. The formation is 470 m in thickness.

The Tamagawa welded tuff covers conformably or unconformably the
Yamatsuda formation. It comnsists of lavas, welded tuffs and pyroclastic rocks of
andesite or dacite. 'Thin layers of mudstone and conglomerate are sometimes
intercalated in them. The Tamagawa welded tuff is assumed to be late Miocene
or early Pliocene in age.

Quaternary volcanic rocks overlying unconformably the Tamagawa welded
tuff are widely distributed in the environs of the Matsukawa area.

Matsukawa andesite, the lowest member of the volcanic rocks, is a thick pile
of pyroxene andesite lavas. It is assumed to be the ruins of a large shield volcano.

The Marumori volcano covering the Matsukawa andesite is the composite
volcano of a somma and a central dome. The caldera of the somma is 3 km in
diameter. The Matsukawa river divides the caldera into northern part and southern
part. The main part of the Matsukawa geothermal area is situated on the bottom
of the caldera, and extends along the valley of the Matsukawa river in ENE-WSW
direction.

On the earth’s surface of the geothermal area, the Matsukawa andesite crops
out. Judging from the results of drillings, the sequence of strata of the Matsu-
kawa area is presumed as follows:

1) From earth’s surface to about 160 m in depth
.......................................... Matsukawa andesite.
2) From about 160 m. to 930~960m in depth
....................................... Tamagawa welded tuff.
3) Deeper than 960 m in depth
--------------- Yamatsuda formation and older strata.

Stratigraphic section of the Matsukawa geothermal area is shown in Fig. 3.

The original rocks of altered zones described in this paper are members, Tw 5
and Tw 6 of the Tamagawa welded tuff, as well as Matsukawa andesite.

The member Tw 5 is dacite welded tuff. It is white in color and massive.
Large phenocrysts of quartz (1~5mm in size) are characteristically predominant.

The memder Tw 6 is andesite welded tuff and lava. The welded tuff is pale
green macroscopically. Deep greenish parts, which are altered products after the
fragments of glass, are sporadically found. Some greenish parts are welded. The
lava is hard, dark greenish and shows porphyritic texture with plagioclase and a
small amount of quartz. The aspects of the andesite resemble to the Matsukawa
andesite but occasionally glassier than the andesite.

The Matsukawa andesite is dark green-colored, compact andesite. It does not
agsociate with pyroclastic rocks.
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Fig. 2. Geological map of the Matsukawa

III. Zonal Arrangement of Altered Rocks

111, 1 General remarks

In the Matsukawa geothermal area, merely two or three hot springs have
been discovered. But, hydrothermal altered rocks formed by hot spring action
are widely distributed. This fact proves that fumarolic action was strongly active
in the past.

The altered area extends, as a whole, over 7 km in ENE-WSW direction, and
about 1~1.5 km in width.

In 1961, NAKAMURA and SuMi reported for the first time the zonal mapping
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of the altered rocks in this area, based upon the megascopic features of rocks on
the earth’s surface.

They considered that such features are genetically related to the grade of
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geothermal area and its environs.

concentration of silicon component, or leaching of some other elements.

The altered area was divided into four zones, i. e., weakly altered zone, clayey
zone, compact siliceous zone and porous siliceous zone, from outside to inside
(Fig. 4).

On the outside of the weakly altered zone, the volcanic glass and primary
minerals of andesites remain fresh. The secondary minerals are scarcely found.

The rocks of weakly altered zone are characterized by dark greenish color.
Plagioclase and augite are slightly altered, and hypersthene is mostly altered.
This zone is transitional to the fresh zone with intervals of several meters to
several ten meters,

The rocks of clayey zone are soft, white or bluish gray due to the impreg-
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Fig. 3. Stratigraphic section of the Matsukawa geothermal area.

1 : Mafic tuff breccia, 2 : Rhyolite volcanic breccia, 3 : Siliceous
shale, 4 :Black shale, 5 :Sedimentary tuff, 6 : Conglomerate,
7 : Accidental tuff breccia, 8 : Dacite welded tuff, 9 : Andesite

welded tuff and lava, 10: Andesite lava, Y : Yamatsuda formation.




nation of fine-grained pyrite.

The compact siliceous zone is gray to white in color. Transition from this
zone to the clayey zone is generally abrupt.

The porous siliceous zone occurs in the higher mountainous area west of the
Matsukawa area. Beneath this zone, the compact siliceous zone is usually
developed. This porous siliceous zone is characterized by silicified porous rocks
which are gray to white and very frequently brown due to limonite stain. It is
possible that the porous siliceous rocks were formed by leaching of acid solution
near the earth’s surface.

III. 2 Scheme of zonal mapping
The hydrothermally altered rocks in this area can be divided into five

o
A s

Fig. 4. Zonal mapping of altered rocks based upon the megascopic features
(After NAKAMURA and Sumi, 1961).
1 : Fresh zone, 2 : Weakly altered zone, 3 : Porous siliceous zone,
4 : Compact siliceous zone, 5 : Clayey zone, 6 : Caldera.
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zones based upon the stability range of minerals recrystallized. They are arranged,
from margin to center, as saponite zone, chlorite zone, montmorillonite zone, kaolin
zone and alunite zone. Besides them, pyrophyllite zone is distinguished. The bound-
aries of each zone are in accord with lines from which a critical mineral begins
to disappear or appear. The transiton of mineral associations between zones are
briefly given as follows:

D
2)
3
4)

5)

Saponite zone—->chlorite zone

................................. disappearance of Saponite,
Chlorite zone—>montmorillonite zone

................................. disappearance of chlorite.
Montmorillonite zone—kaolin zone

--------------------- disappearance of montmorillonite.

.................................... disappearance of kaolin.
Pyrophyllite zone- - presence of pyrophyllite (relic probably),

The general aspects of the zonal mapping are indicated in Table 1 (a and b)
in which the phenomena of the shallower part (a) and deeper part (b) are
separately shown.

Besides the minerals mentioned above, the altered rocks comprise also other
minerals——laumontite, hydromica, mixed-layer minerals, quartz, anhydrite, calcite,

Table 1 a.

Summary of mineral association in the altered
zones of shallow part.

Minerals

Alunite
Zone

Aaolin
zone

Montmoril—
lonite zove

Saponite
zone

Fyrophyllite
zone

Zones

Saponite
Sepicite
Montmorillonite
Caleite

Aaolin

Alunite
Pyrophyllite
Andalusite
Diaspore
Zunyite
O-Cristobalite s e s
Quartz

Pyrite




Table 1 b. Sammary of mineral association in the altered
zones of deep part.

Zones Chioride  |Montmorillo- | Aaolin Alunite
Minerals zone nite zone zone Zone
Chlorite
Laumontite I g
Hydromica [ A S MR

Mixed-layer oF
ser-mont.

Mixed-layer of |  .o.._]
mont=chl.

Coleite | omeemeem

Monimorillonite B

Arbydrite | smemeees -

Tty A B B REEEELECRECES
Kaolin

Alunite

Quartz

Pyrite

rutile, pyrite, diaspore, andalusite or zunyite. The presence of these minerals is
not respectively limited in the restsricted zones. The quantity of these minerals
is distinctively variable, and is probably influenced by the amounts of fluid
materials circulated within the alteration mass, as a function of depth. Accordingly,
the assemblages of alteration minerals are classified by the depth at which the
minerals are crystallized. The mineral assemblages are shown in Table 2 (a and b),
sample locality, in Fig. 5 (a and b), and approximate percentages of clay minerals
in the deeper part, in Fig. 6.

The zonal mapping of the altered rocks on the earth’s surface is shown in
Fig. 7 and their underground distribution, in Fig. 8, These figures indicate a
clear zonal arrangement, from margin to center: Saponite zone (or chlorite
zone) —>montmorillonite zone—kaolin zone—>alunite zone. Three boundaries
among them never intersect with each other, and, therefore, the cause of forming
such a zonal arrangement is not multiple but simple. The distribution of the
pyrophyllite zone only, however, overlaps on the other three zones —— the
montmorillonite zone, kaolin zone and alunite zone. Moreover, the boundary
between the saponite zone and chlorite zone is oblique to the general trend of
the zonal arrangement. It must be considered that these two exceptional obliq-
uities may be caused by some other processes.

Conclusively, the alteration zones mentioned above can be classified upon the
characteristic features of arrangement:

A. A series of montmorillonite zone——kaolin zone——alunite zone,

B. Saponite zone and chlorite zone,
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Fig. 5 a, Localities of samples. Sample numbers of this figure are omitted
their prefixes, “CI” (nos. 1~31) or “HF”’ (nos. 82~138).

Fig. 5 b. Localities of samples (HF 183a and f).
This figure shows a large vertical outcrop where two samples are
collected, west of the Matsukawa area.
A: Compact siliceous rock, B: Clay-bearing siliceous rock,
C : Sulphur-bearing siliceous rock, D: Limonite-bearing siliceous rock,
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APPROXIMATE PERCENTAGES OF o
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Fig. 6. Semi-quantitative modal percentage of clay minerals from cores of the drilling BR 2.
1: Chlorite, 2: Hydromica, 3: Mixed-layer mineral of montmorillonite-chlorite, 4:
Mixed-layer mineral of sericite-montmorillonite, 5: Montmorillonite, 6: Kaolin.
Open circle: Points where the percentages are measured.
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A': Alunite zone, P: Pyrophyllite zone, 1: Locations of drillings,
2: Hot springs,
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Fig. 8.  Section of alteration zones in the Matsukawa geothermal area.
W : Saponite zone, G: Chlorite zone, M : Montmorillonite zone,
K : Kaolin zone, A : Alunite zone, P: Pyrophyllite zone.

C. Pyrophyllitc zone.

The chemical and physical conditions of formation of the rocks in these
zones may be inferred from several synthetic experiments (ALTHAUS, 1966,
LeonaLD, 1927, NoLL, 1936, Roy and Oseory, 1954), as follows:

1) ‘The value of pH decreases gradually from the montmorillonite zone to

alunite zone in the zone-series A.
2) 'The pyrophyllite zone is formed under higher temperature than the
zone-series A.

The time sequence of formation among the zones of A, B and C can be
inferred as follows :

1) The formation of C is older than that of A, because the present tem-

perature measured at C is lower than the temperature required to the
crystallization of pyrophyllite.
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2) 'The formation of B is older than that of A, as described in later chapter.

3) The relation between B and G is not known.

Correlation between the zonal mapping in this paper and that of Nakamura
and Sumr (1961) is listed below:

This paper Baper. ul
pap NARAMURA and Sumr (1961)
1) Saponite zone Weakly altered zone
2) Montmorillonite zone Greater part of clayey zone

2 Kadln soqe A part of clayey zone and a part

of compact siliceous zone

Porous siliceous zone, greater part

4) Alunite zone of compact siliceous zone and a part

of clayey zone

III. 3 Distribution of altered zones and its relation

to geologic structure

The distribution of the altered zones is remarkably elongated in the direc-
tion of ENE-WSW along the Matsukawa river. This fact probably indicates that
the supplies of fumarolic gas and hydrothermal solution took place along the
fissures having this direction. Although these fissures cannot be confirmed by the
geological survey of the earth’s surface, they give some characteristic features to
topography, i. e. the somma of the Marumori volcano is divided into southern and
northern parts (after the oral communication of Prof. H. Kuno).

Selective alteration due to the difference of original rock types is remarkable.
Acid alteration zones, alunite zone and kaolin zone, are conspicuously developed
in the part deeper than 160 m in depth. On the contrary, in the part shallower
than 160 m, saponite zone and montmorillonite zone develop (Fig. 8).

The depth of 160 m corresponds to the boundary between Matsukawa andesite
and Tamagawa welded tuff. The former is rather compact and the latter, relatively
porous. These differences are probably due to the differences in the permeability
of original rocks to gas or solution.

IV. Minerals in Altered Rocks

Mineral constituents are identified by X-ray measurements. Basal reflections
are measured by the observation of well-oriented aggregate, and prismatic reflec-
tions are measured by that of random-oriented one. Heating and pre-treatment
with ethylene glycol or 1 : 1 solution of hydrochloric acid are commonly used.

The methods of separation and pre-treatment are referred as follows:

1) Separation of clay:

Clay fraction is separated by Stokes’ method. Clay or crushed rock (less
than sixty mesh) is dispersed by stirring in distilled water. This dispersed
system is left for eight hours, then the dispersed part is taken at 10cm in
depth. Dispersed particles (less than two microns) are separated by centri-
fugal force.

2) Preparation of well-oriented aggregate of clay:
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4)

5)

15

A half of pasty samples (less than two microns) is dispersed in small a-
mounts of distilled water by the ultrasonic vibrator. The water suspended
with clay is dropped on slide glass and/or silica glass (for heat-treatment),
and is naturally dried.

Preparation of random aggregate of clay:

Another half of pasty samples (less than two microns) is dried at room
temperature. Samples dried are milled in mortar and are stuck with aceton
on the slide glass stirring the samples with a needle.

Heat-treatment :

The well-oriented aggregate stuck on the silica glass is heated at tempera-
tures of 300°C, 500°C and 700°C respectively for two hours. Immediately
after cooling, X-ray measurement is examined.

Treatment with ethylene glycol :

The specimens stuck on the glass are saturated with ethylene glycol and left
in that condition for about thirty minutes, then, an extruded portion by
swelling is cut off, and the extended face is made smooth.

X-ray data were obtained with a X-ray diffractometer, “Geigerflex” made by
Rigakudenki Co. The conditions of experiments are as follows: Radiation Cuke,
Ni filter, count full scale 400 c/sec, time constant 4 sec., scanning speed 1/4° 26/
min., chart speed 1cm/min. glancing angle 5°, divergence and soller slits 1/2°,
receiving slit (.15 mm., internal standards used are silicon and /or cholesterol
(KrTTrRICK, 1960). The mean error of 2 € is 0.007° under these conditions.

IV. 1 Saponite

In X-ray diffraction pattern, the 15A reflection and its subsequent orders are
observed. The X-ray diffraction data for the sample separated from the specimen
of sample no.(HF8)is listed in Table 3.

Table 3. X-ray diffraction data for saponite separated
from weakly altered andesite (HF 8).

d(A) I
14.8 100 Sp
4.57 9 Sp
3.77 13
3.34 21 Q
3.20 18 Pl
3.01 15
2.55 8
2.52 8 Pl
1.54 6 Sp

Sp: Saponite
Q: Quartz
Pl: Plagioclase

The 15A reflection shifts to 17A one by the treatment with ethylene glycol.
The 1.54A reflection of (060) plane shows that this mineral is trioctahedral.



16

IV. 2 Chlorite

‘The powder of this mineral is greenish to the naked eye.

In X-ray diffraction pattern, the 14A reflection and its subsequent orders are
observed. These reflections show no change by the treatment with ethylene glycol,
but disappear by the treatment with hydrogen chloride. ‘The X-ray diffraction
patterns of the representative sample separated from the drilling core of sample
no. (BR2-550m) are shown in Fig. 9. The basal spacing does not shrink by heat-
treatment at 700°C.

The 1.55A reflection of (060) plane shows that this mineral is trioctahedral.

IV. 3 Laumontite
Table 4 shows X-ray diffraction data for the laumontite which is separated

Table 4. X~ray diffraction data for leonhardite.

1 2

° | i
d (A 1| d (A) 1 Indices
9.45 100
7.62 12
6.86 76 6.88 6 200
...... 6.21 o 201
5. 06 6 5.07 0 111
4.74 19 4.75 1 220
4.50 11 4.51 3 221
4.16 71 4.18 10 130, 201
3.77 11 3.77 <1 131
3.66 23 3.67 4 401
3.50 27 3.52 10 221, 002
3.41 10 3.42 <1 400,131
3.36 19 3.36 1 312
3.27 29 3.28 3 040
3.20 32 3.21 2 331
3.15 21 3.16 1 330
3.03 30 3.09 <1 402
2.94 5 3.04 4 420, 112
...... 2.95 <1 240
2.83 14 2.88 3 511
2.80 5 2.80 2
...... 2‘ 73 <1
...... 2. 64 < 1
2.573 15 2.58 3
2.520 4 2.52 2
...... 2.46 q.
2.438 13 2.440 4
...... 2. 394 @
2. 362 8 2.361 2
2.268 5 2.272 1
2.217 3 2.216 2
2.181 4 2.183 1
2.152 12 2.155 3

1 : Leonhardite separated from chlorite-laumontite
rock (BR 2-480 m),
2 : Leonhardite from Hungary (COOMBS, 1952).
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BR2-550m

004

700°

EG.
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1 l- t l 1 |

Fig. 9. X-ray diffraction patterns of chlorite separated from chloritized dacite(B R2-550m),
f: Plagioclase, E. G.: Ethylene glycol, HCL : Hydrogen chloride,
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from the drilling core of sample no. (BR2-480 m) and is dried in the air for two
days. These data are coincide to those for leonhardite partially dehydrated pro-
duct from laumontite, reported by Coomss (1952). According to him, when the
laumontite is transformed into leonhardite, the lattice spacings of (100) and (010)
are distinctly changed as follows:

(100) lattice (010) lattice

spacing spacing

Leonhardite .
(this paper) 13.64 A 13.08 A
Leonhardite < o
(Coowmss, 1952) 13.68 A 13.10 A
Laumontite . «
(Coomss, 1952) 13.86 A | 13.17 A

1v. 4 Hydromiea

In X-ray diffraction pattern, a broad peak from 10A (the basal reflection of
mica clay mineral) to lower angle side is observed, and its intensity gradually
decreases from high angle to lower angle side. The X-ray diffraction patterns for
the samples separated from the drilling core of sample no. (BR2-460m) are shown
in Fig. 10a.

The broad pattern of 10A is not changed by treatment with ethylene glycol,
and becomes sharp toward 10A by heat-treatment.

It is noticed that one or two reflections (10.6A and/or 11.3A) appear over-
lapping with the broad peak in some cases as shown in Fig. 10b. Those two peaks
are slightly displaced to lower angle side by treatment with ethylene glycol, and
disappear by heat-treatment. These features are coincide with those of hydromica
from the Kamikita mine (SuDo, 1959, p. 132). Examples of X-ray diffraction
pattern are shown in Fig. 10 b.

For some specimens, the reflection of approximate 9.6A appears (Fig. 10b).
This reflection does not change either by the treatment with ethylene glyco!l or by
the heat-treatment. However, it is not yet possible to deternrine from which mine-
ral the reflection appears. The reflection of (060) plane is about 1.50 A

IV. 5 Montmorillonite

In X-ray diffraction pattern, the 15A reflection and its subsequent orders are
observed. The X-ray diffraction patterns for the sample separated from the dril-
ling core of sample no. (BR2-530m) are shown in Fig. 11.

The 15A reflection shifts to 17A by the treatment with ethylene glycol, and
shrinks to 14A by the heat-treatment, but does not disappear by the treatment
with hydrogen chloride.

The 1.50A reflection of (060) plane shows that this mineral is dioctahedral.

Iv. ¢ Kaolin

In X-ray diffraction pattern, the 7 A reflection and its subsequent orders are
observed. Their reflections are not changed by the treatment either with ethylene
glycol or with hydrogen chloride.



Fig. 10 b.

X-~ray diffraction patterns of hydromica overlapped
by reflection of 11A and/or 9.6A.

1 : Sample no. (B R2—450m),

2 : (BR2—490m), 3 : (BR2—370m),
4 : (BR2—435m), 5 : (BR2—460m), 6 : (BR2—456m), 7 : (BR2—392m),

8 : (BR2—410m), 9 : (BR2—497m), 10 : (BR2—487m), 11 : (B R2—493m),

12 : (BR2—406m), 13 : (BR2—426m), 14 : (B R2—380m), 15 : (B R2—415m),
16 : (BR2—470m), 17 : (B R2—533m).

The 1.49A reflection of (060) plane shows that this mineral is dioctahedral.
Iv. 7

Alunite

Table 5 shows the X-ray diffraction data of the sample separated from the
drilling core of sample no. (1'2-78 m).

IV. 8 Pyrophyllite

In X-ray diffraction pattern, the 9.2A reflection and its subsequent orders are
observed. Their reflections are not changed by the treatment either with ethylene
glycol or with hydrogen chloride.

The 1.49A reflection of (060) plane shows that this mineral is dioctahedral.

19



20

Table 5. X-ray diffraction data for alunite.
1 2

d (&) I d (&) I Indices
...... 5.77 30 003
5.69 16 5.72 14 101
4.93 65 4,96 55 012
3.49 27 3.49 20 110
2.97 100 2.99 100 113
2.85 9 2.89 1007 006
...... 2. 477 6 024
2.259 20 2.293 80 107
2,207 8 2.211 6 122
...... wes 2. 038 2 018
...... cee 2. 022 2, 214
------ 1.926 70 009
1. 898 24 1.903 30 303
...... 1.762 2 208
1.745 6 1.746 16 220

1 : Alunite separated from quartz-alunite rock (T2-78 m)

2 : Alunite (A.S. T. M. card

14-136).

IV. ¢ Mixed-layer mineral of montmorillonite-chlorite

In X-ray diffraction pattern, the 29A reflection and its subsequent orders are
observed. The X.ray diffraction data and pattern for the representative one
of the samples from the drilling core of sample no. (BR2-470 m) are shown both
in Table 6 and Fig. 12. The mean value of basal spacing calculated from the

higher order reflections is 28.5A.

The 28.5A reflection is changed into 30.8A one by the treatment with ethylene

glycol.

Table 6. X-ray diffraction data for mixed-layer mineral

of montmorillonite~-chlorite separated from chlorite-

laumontite rock (BR2-470m).

Complexes with

Natural - ethylene glycol o

£ | dony Ay 1 doon Ay deon Ay 1 d(ool) (A)
1129.4 98  29.4 | 310 87 310
2| 14.6 00 29.2 | 15.5 100 310

. T T Yoy [ U ——
4| 7.16 59 28,64 | 7.69 39 30.76

5| eweses Gewsese weswesey | WEsssE 00 Geses desseeaed
6| 4.77 57 28.62 | 5.15 68  30.90

7 ..........................................

8| 3.55 47 28.40 | ceerer esenne evenenens
Mean 28.55 30. 84




il

The resuits are closely coincide with the data (29.0A and 31.5A) reported by
EArLY et al. (1956). The sample is 1:1 regular mixed-layer probably.

IV. 10 Mixed-layer mineral of sericite-montmorillonite
In X-ray diffraction pattern, the 25A reflection and its subsequent orders are

observed.
The X-ray diffraction data and pattern for the representative one of the
samples separated from the drilling core of sample no. (BR2-500 m) are shown

Table 7. X-ray diffraction data for mixed-layer mineral
of sericite-montmorillonite separated from anhydrite-
calcite-chlorite rock (B R2—500 m).

Complexes with

Natural ] ethylene glycol

(d(om) @& 1 dom (A)‘ dooyA) 1 d(00) (&)

l
1 24.9 100 24.9 2T 100 20:2
2 2.5 66 25.0 13.5 61 27.0
s N R = 8.93 21 26. 79
4 | e e 6. 68 10 26.72
5 5. 03 16 25.15 5. 37 15 26. 85
Ll mma | ceeese smm e
b wmeey  Emmn) 0 | esewms sedese | GiES
8 3.15 19 25.20 3.34 16 26.72
Mean 25.12 26.81

both in Table 7 and Fig. 13. The mean value of basal spacing calculated from the
higher order reflections is 25.1A.

The 25.1 A reflection is changed into 26.8A one by the treatment with ethy-
lene glycol.

The 1.49A reflection of (060) plane shows that this mineral is dioctahedral.

The first order reflection of 25A is found in the powder from the montmo-
rillonite zone, but does not found in the powder from the chlorite zone.

According to the theoretical calculation of MacEwan et al. (1961), the 25A
reflection does not appear in case of his formulae Paa = 0.3; here the Paa means
probability which A succeeds A, when minerals A and B are at random interstrati-
fied in equal proportion. Moreover, in case of the minerals in which the first order
reflection is not observed, the second order reflection of 125A is not so sharp.
Then, the regurality of the mixed-layer mineral from montmorillonite zone is
probably larger than that from chlorite zone.

IV. 11 Other minerals

Other accessory minerals are anhydrite, gypsum, calcite, rutile, pyrite, diaspore,
andalusite and zunyite.

Table 8 shows the X-ray diffraction data of anhydrite from vein in the drilling
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core of sample no. (MR2-842 m). Table 9 shows the X-ray diffraction data for
rutile separated from the drilling core of sample no. (T'3-199 m).

Table 8. X-ray diffraction data for anhydrite.

1 . 2
d(A) 1 } d(d) I
3.87 2 3.87 6
3,50 100 3.498 100
3.12 2 2,118 3
3.85 7 2. 847 33
2,80 1 2.797 4
2,473 2 2. 473 8
2,397 5 2,328 29
2,208 4 2,208 20
2,183 4 2,183 8
2. 086 2 2. 086 9
1.993 4 1.993 6
1.938 1 1.938 4
1,868 4 1,869 15
1. 852 2 1. 852 4
1. 750 8 1. 749 1
1.747 9 1,748 10
1. 648 3 1,648 14
1,504 1 1594 3
1,564 2 1. 564 5

1 : Anhydrite, vein in dacite welded tuff
(MR 2-842 m)
2 : Synthetic anhydrite (A.S.T. M. card 6-0226).

Table 9. X-ray diffraction data for rutile.

1 2
d(A) 1 d(A) I Indices

3.25 100 3.245 100 110
2.489 34 2.489 41 101
2.297 16 2.297 7 200
2.188 19 2.188 22 111
2.054 11 2.054 9 210
1.688 38 1. 687 50 211
1.625 32 1.624 16 220

..... “es 1_ 480 8 0()2
1. 453 14 1. 453 6 310
1. 360 18 1. 360 16 301

1 : Rutile separated from the rutile-kaclin-quartz
rock (T 3-199m).
2 : Synthetic rutile (A.S. T.M. card 4-0551).



V. Microscopic and X-ray Characteristics of Altered Rocks

The petrography of rocks in each zone is given in this chapter. The data on
X-ray measurement are summarized in Table 10,

V. 1 Rocks of saponite zone

Weakly altered andesite (HF8)

The rock is deep green.

Phenocrysts are plagioclase, hypersthene, augite, quartz and ore mineral.
Mairix is composed of plagioclase, clinopyroxene, rhombic pyroxene, felsic mine-
rals and ore mineral. As secondary minerals saponite and opal (?) are found.

Plagioclase of phenocryst is 0. 1~1.5mm in length, and strongly zoned. Most
crystals are water clear but some contain dusty substances. Crystals are partly
saponitized along cracks, while they are free from albitization.

Pyroxene of phenocryst, 0.1~1.2 mm in length, is abundant, and includes
saponite along some cleavage planes.

Quartz of phenocryst shows corroded form and is scanty in quantity.

In some parts of groundmass or interstices of plagioclase and pyroxene, minu-
te saponite and opal (?), etc. are crystallized, as secondary products from volca-
nic glass. Saponite occurs not only as the secondary mineral as mentioned above
but also as veinlets. This mineral forms aggregate of minute greenish brown
crystals, and larger crystals show distinct pleochroism, from pale yellow to
greenish brown. Elongation is negative and refractive indices are slightly higher
than Canada balsam. Judging from its interference color, birefringence may he
nearly 0. 02.

Opal (?) is anhedral and colorless. Refractive indices are lower than Canada
balsam, and birefringence is faintly recognized.

V. 2 Rocks of chlorite zone

a) Chlorite-laumontite rock (BR2-470 m)

The rock was collected at the depth of 470 m. It is light gray and hard.

Phenocryst is quartz and plagioclase.

Quartz is (0. 1~1mm in size and is corroded form.

Plagioclase is mostly laumontitized. Fresh plagioclase exhibits distinct zonal
structure. Laumontite is mostly fresh but partly clouded with dusty materials.
Each of dusty materials is elongated in shape, and have birefringence of 0. 02~
0.025 estimated from its interference color. Judging from the X-ray diffraction
pattern, it is mixed-layer mineral of sericite-montmorillonite. Laumontite compri-
ses numerous dusty materials and is associated with a small amount of anhydrite
and/or calcite. The mixed-layer mineral and anhydrite may have been formed
by the destruction of laumontite.

In matrix, quartz, laumontite, clay mineral, leucoxene and pyrite are recry-
stallized.

b) Chlorite-montmorillonite-calcite (BR 2-435 m)

The rock was collected at the depth. of 435 m. It is pale green.

Phenocryst is abundant, and is composed of quartz and the pseudomorph
after plagioclase.
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The pseudomorph is composed of aggregate of laumontite, calcite and clay
mineral. Calcite is euhedral. Laumontite shows honey-combed structure with the
inclusions of numerous, fine-grained clay minerals. It is clear under the micro-
scope that laumontite is changed into calcite and clay mineral (montmorillonite).

Matrix is composed of quartz, calcite, clay mineral, leucoxene, pyrite and
others.

¢) Anhydrite-calcite-chlorite rock (BR 2-500 m)

The rock was collected at the depth of 500m. It is gray and rather soft. The
impregnation of pyrite is distinct.

Under the microscope, the phenocrystic quartz, 0.2~2mm in size, is common.
Feldspar or it pseudomorph is rarely recognized.

In matrix, quartz, clay mineral, anhydrite, leucoxene and pyrite are recrystal-
lized, and there are found some pools in which calcite (0.1~0.3mm in length),
anhydrite (0.1~0.8 mm in length) and clay mineral are predominated. It is
possible that the pool is the pseudomorph after plagioclase, because it shows the
outline of plagioclase.

Clay mineral is fibrous, and its crystallinity is rather high. The length of
crystal is up to 0.lmm in some cases. Judging from X.ray diffraction data (Table.
7), it is 1:1 regular mixed-layer mineral of sericite-montmorillonite.

Quartz shows often mosaic texture with undulated extinction. It attains 0.5
mm in maximum size.

V. 3 Rocks of montmorillonite zone

a) Calcite-montmorillonite-quartz rock (T 3-313m)

The rock was collected at the depth of 313m. It is originated from andesite,
and is gray, rather soft.

Under the microscope, original porphyritic texture is still preserved.

Plagioclase of phenocryst is completely recrystallized to montmorillonite and
calcite.

Quartz of phenocryst is rarely present, and is water clear, euhedral or semi-
euhedral.

In matrix, montmorillonite, calcite, quartz and pyrite are recrystallized.

Montmorillonite is fibrous, less than 0.03mm in length, and its elongation is
negative. Birefringence is smaller than 0.01, and refractive indices are higher than
Canada balsam. The X-ray reflection of 154 A changes into 16.5A by treatment
with ethylene glycol.

Quartz, 0.4mm in maximum size, is clouded with dusty materials, and shows
undulated extinction.

b) Montmorillonite clay (HFg9)

The clay was collected at the earth’s surface.

The clay is yellowish white. The X-ray reflection of 15.4 A is changed into
17.3A by treatment with ethylene glycol.

V. 4 Rocks of kaolin zone

a) Kaolin-quartz rock (T3-204m)

The rock was collected at the depth of 204m. It is gray and soft. This
rock consists of kaolin, quartz, rutile, leucoxene, pyrite and sericite-like mineral.
It comprises kaolin-rich part and quartz-rich part.
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Quartz forms mosaic aggregate of small crystals of 0.02 mm in size. It is
clouded with dusty materials. Sericite-like mineral forms spherulitic aggregate,
about 0.2 mm in diameter, of the fibrous crystals. Birefringence is 0.01~0.02 and
elongation is negative. The 9.36A reflection of X-ray (Table 10) is characteristic.

b) Kaolin-quartz clay (Cl-9)

The clay was collected at the earth’s surface. It is milky white.

V. 5 Rocks of alunite zone

a) Quartz-alunite rock ('T7-167 m)

The rock was collected at the depth of 167 m. It consists of quartz and alu-
nite accompanied with a small amount of rutile, and it comprises alunite-rich part
and mosaic quartz-rich part.

Alunite is less than 0.12mm in length. It shows parallel extinction and nega-
tive elongation. Birefringence is 0.015~0.020, and refractive indices are lower than
Canada balsam.

Some crystals of quartz are coarse-grained (less than 0.4 mm in size) and
clouded with dusty materials, but others are fine-grained (less than 0.05mm in
size) and water clear. Primary quartz showing corroded form is rarely found. It
is 0.6 mm in size and water clear.

Rutile is smaller than (.2mm in length.

b) Compact siliceous rock (HF 133a)

The rock was collected at the earth’s surface. It is white with brownish stains.

Under the microscope, most part of the rock is composed of mosaic aggregate
of quartz, in which minute alunite flakes (0.01~0.03 mm in length) are uniformly
scattered.

¢) Porous siliceous rock (HF 133 1)

The rock was collected at the earth’s surface. It is white, hard and porous.

Under the microscope, most part of the rock is composed of mosaic aggregate
of quartz and small pools of alunite.

V. 6 Rocks of pyrophyllite zone

a) Andalusite-pyrophyllite-quartz rock (T7-24 m)

The rock was collected at the depth of 24m. It is white to gray and soft.
Porphyritic texture of original andesite is still preserved.

Under the microscope, phenocrystic plagioclase is replaced by pyrophyllite
which is associated with a small amount of pyrite and dusty materials.

In matrix, pyrophyllite, quartz, andalusite, pyrite, leucoxene are recrystal-
lized. It comprises two parts, pyrophyllite part and quartz-andalusite part.

Pyrophyllite is smaller than 0.01 mm is size, and slightly elongated in shape.
Birefringence is nearly 0.02 and refractive indices are nearly equal to Canada
balsam. Mosaic aggregate of quartz (0.01~003 mm. in size) are found in the
quartz-andalusite part.

Andalusite is needle- or lath-shaped, fresh and 0.05~0.10 mm in length. Elon-
gation is negative.

Alunite was detected by X-ray diffraction pattern of the whole rock, but not
by the microscopic observation.

b) Diaspore-zunyite-pyrophyllite rock (Cl-13)

The rock was collected at the earth’s surface. It is pinkish white and massive.
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Under the microscope, it consists mainly of pyrophyllite, and is associated
with leucoxene, diaspore and zunyite. The last two minerals often form small
spots of 0.1~0.2mm in diameter.

Diaspore is smaller than 0.05mm in length, colorless and prismatic. Cleavage
is distinct. It shows parallel extinction and negative elongation.

Zunyite is smaller than 0.01 mm in length. It is colorless, tetrahedral and is
nearly isotropic.

VI Chemical Compositions of Altered Rocks

Chemical compositions of eighteen rock samples are listed in Table 11.
Recalculated compositions excluding Ho O, H;O™, CO;, SO; and S are shown
in Table 12.

VII. Temperature Measured in Bore Holes

In four bore holes, T1, T2, T3 and BR1, temperature was repeatedly
measured at the bottom of holes. The depth-temperature curves and the tem-
perature section obtained from the above data are shown in Figs. 14 and 15,
respectively.

The section shows that the thermal gradient at about 160 m in depth is
steeper than in the shallower and deeper parts. The depth, about 160 m, corres-
ponds exactly to the boundary between the Matsukawa andesite (relatively com-
pact) and the Tamagawa welded tuff (relatively porous). Probably, the andesite
plays a role of “cap rock”.
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Fig. 14, Depth-temperature curves of the wells T1, T2, T3 and BR1
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Table 11. Chemical
] 1 \ 2 \ 3 [ 4 1 5 6 7 8
Sample no.
R HF 8 BR2-310m|BR2-470mBR2-500m|BR2-435m| H F89 |T3-313m [BR2-530m
Wt(%)
| 1 | |
SiO, | 58.86| 58.68 66.56 | 59.54 | 63.57 | 73.56| 56.94 | 66.87
TiO, 0.63 0.64 0.30 0.37 0.44 1.15 0.52 0.39
ALO, | 15.67 | 14.62 13.39 11.94 14.00 8.27 1457 12. 69
Fe,0, 4,93 0. 80 0.63 0.48 0.51 0.82 |  0.47 0.21
FeO | 2.75 2.76 0.45 0.31 | 1.53 0.11 ! 0.36 0.11
| | |
| !
| |
Fe — | 19 2,30 333 | 135 | — | 3.88 2,27
MnO 0.12  0.17 0.09 0.04 | 011 0.02 0.31 0.13
MgO 3.95 3.80 2.70 | 2.02 3.15 1.16 2.97 2.95
Ca0 7.38 3.42 2,87 | 5.81 2.87 0.01  2.92 2.37
NaO | 2.24 1 1.18 1.32 0.36 0.43 0.00  0.20 1.19
K,O 0.79 1.20 0.57 0.62 1.21 0.03 0.72 0.58
P,0, 0.01 0.10 0.06 0.05 0.06 0. 00 0.07 0. 06
S —_ 2.92 2.64 3.82 1.55 — 4.46 2.61
SO, 0.02 0.02 0. 60 5.47 0. 02 0.29 tr. 1.54
Co, — 1.04 0.15 0.87 0.78 — 1.30 0.66
H,0* 1.24 4,79 4,06 4.06 4.80 2.79 5.94 3.76
H,0" 1.10 2.60 0.97 1.36 | 2.66 | 11.68 4,28 1.60
Total | 99. 69’ 99.97 ' 99.66 | 100.45 99.14 | 99.89 | 99.91 99. 99
Ap. G. * 2.45 2.53 2.36 2.50 2.37
Tr. G. % 2.59 2. 65 2.72 2.55 2.65

*1 : Total of (S+S0s) as S.
*2 : Apparent specific gravity.
*3: True specific gravity.

Note :

Eight analyses, nos. 1, 6, 7, 9, 10, 1%, 13 and 14, are taken from SuMI’s (1966) paper.

Samples prefixed with “HF" or ““Cl” (within parenthesis) were collected at the earth’s

surface.

collected from drilling cores.

No. 1:

23
No. 3:
4

Weakly altered andesite (HF8) from the saponite zone. Analyzed by M. Kawano.

The localities of these samples are shown in Fig. 5 (a and b). Other samples are

The first marks (before hyphen) of these sample nos. mean
the symbols of bore holes, and the second numerals (after hyphen) mean the depths where
the samples were collected. The localities of bore holes are shown in Fig. 7.

Weakly altered andesite (BR 2-310m) from the saponite zone. Analyzed by K. MAEDA.
Chlorite-laumontite rock (BR 2-470m) from the chlorite zone. Analyzed by K. M..2DA.

Anhydrite-calcite-chlorite rock (BR 2-500m) from the chlorite zone. Analyzed
by K. MAEDA.
Chlorite-montmorillonite-calcite rock (BR 2-435m) from the chlorite zone. Analyzed

by K. MAEDA.

Montmorillonite clay (HF89) from the montmorillonite zone. Analyzed by M. KAwANoO.
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compositions of rocks.

9 10 11 12 13 14 15 16 17 18
Cl-9  |T3-204m |BR2-521m |HF133a| HF133f |T7-167m MR1-5m| Cl-13 |T7-24mMR1-7)m
55.28 | 60.22 | 63.79 | 90.84 | 81.16 | 52.12 60. 71 ' 59.28 | 67.78 |  68.40
1.33 0. 64 0.34 0.35 | 0.50 0.42 0.06 | 0.48| 0.49 0.38
29.47 | 20.94 | 11. 67 3.30 | 6.96| 18.32 10.81 | 31.81| 12.90 | 12.78
0.53 0.82 0.39 0.21| 0.08 0. 03 2.49 tr. tr. 0.70
0.11 0.18 | 0.11 0.1 0.07 0.04 0.14 0.48 | 0.39 0.23

|

—_— 3.14 ! 2.12 —_— — 0.09 - 0.53 | 5.38 1.38
0.00 0.01 tr. | 0.00 | 0.00 0.01 0.00 | 0.00 | tr. tr.
0.01 | 0.07 tr. | 0.03| 0.03 0.07 tr. tr. tr. 0. 44
0.01| 0.08 | 6.03 0.04 | 0.47 0.06 |  2.65 tr. tr. 3.36
0.0 0.17 | 0.08 0.15 | 0.81 1.16 | 0.89 0.14 | 0.42 0.13

| | |
| ' " '

0.01 0.09 | 0.03 0.14 | 0.46 2,95 | 1.90 0.08| 0.13 2.28
0.07 0.11 | 0. 06 0.00 | 0.04 0.04 | 0.04 0.05| 0.06 0.02
— 3.60 | 2.4 | —| — 0.11 | 7.24% 0.61| 6.18 1,58

1.58 1.07 | 8.34 %81 67| IWmdy | =— 0.03| 0.66 4,73
——— tr. | 0. 04 e tr. | 0.03 0.07 | 0.04 0.11

I |

10.78 7.58 | 4.67 1.59 | 2.74 6.70 4.81 5.46 | 3.36 2.64
0.52 1.10 | 0.23 0.10 | 0.14 0.08 0. 09 0.09 | 0.35 0.35

|

99.80 | 99.82 100.34 | 99.73 ‘ 99. 67 [ 99. 62 91.86 | 99.11| 98.14 | 99.51

2. 68 2.35 2.55 2017 2.56 | 2.56 2.59
2.75 2UTT 2.85| 2.83 2.76

No. 7: Calcite-montmorillonite-quartz rock (T 3-313m) from the montmorillonite zone. Amnalyzed
by K. MAEDA.

No. 8: Anhydrite-montmorillonite-quartz rock (BR 2-530m) from the montmorillonite zone.
Analyzed by K. MAEDA.

No. 9: Kaolin-quartz clay (Cl-9) from the kaolin zone. Analyzed by M. Kawano.

No.10: Kaolin-quartz rock (T 3-204m) from the kaolin zone. Analyzed by K. MAEDA.

No.l11: Anhydrite-kaolin-quartz rock (BR 2-521lm) from the kaolin zone. Analyzed by K. MAEDA.

No.12: Compact siliceous rock (HF 133a) from the alunite zone Analyzed.by M. Kawano.

No.13: Porous siliceous rock (HF 133f) from the alunite zone. Analyzed by M. Kawano.

No.l4: Quartz-alunite rock (T 7-167m) from the alunite zone. Analyzed by K. MAEDA.

No.15: Quartz-alunite rock (MR 1-596m) from the alunite zone. Analyzed by K. MAEDA.

No.16: Diaspore-zunyite-pyrophylite rock (Cl-13) from the pyrophyllite zone. Analyzed by K.
MAEDA.

No.17: Andalusite-pyrophyllite rock (T7-24m) from the pyrophyllite zone. Analyzed by K. MAEDA.

No.18: Anhydrite-pyrophyllite-quartz rock (MR 1-760m) from the pyrophyllite zone. Analyzed by
K. MAEDA,
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Fig. 15. Temperature section in the Matsukawa geothermal area,

VIII. Chemical Compositions of Hot Water

Table 13 shows the chemical compositions of hot water.
The pH values of the water in this table are 2.5~6.3. It is noticed that they
contain high contents of sulphite ion and low contents of chloline ion.
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IX. Relative Abundance of Silicon to Aluminium
as Referred to Depth

The Matsukawa area is very suitable for studying the difference in features
of alteration between shallow part and deep part, because the altered mass is
vertically elongated in shape. The similar patterns of zonal arrangement are
recognized regardless to the depth as tabulated below.

Depth from restored

Depth at surface during main

present fumarolic activity
“Shallow part” surface 150 ~ 300 m
“Intermediate part’’ 170 ~ 210 m 470 ~ 510 m
“Deep part” 440 ~ 500 m 740 ~ 800 m

Fig. 16 (a and b) shows the variation in abundance of elements at the three
different depths of each zone. The percentages of elements plotted are recalculated
ones excluding H2O*, H;O~, CO2, SO;3 and S (Table 12).
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<—— Quter  (Zones) Lrmer ——> <~ Outer  (Zones) Imeer ——
Fig. 16 a. Variation in abundance of elements in alteration zones. Abbreviations

of this table correspond to those of Fig. 8. Solid circle : Abundance at
“shallow part”, Semi-solid circle : “Intermediate part”, Open circle ;

“Deep part” (see Chapter IX).
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Fig. 16 b. Variation in relative abundance of silicon to aluminium

in alteration zones. Abbreviations and symbols of this
table correspond to those of Fig. 16 a.

Fig. 16 (a and b) indicates the fact :

1) The trend of variation is generally similar to different depths.

2) ‘The rate of variation in the shallow part is generally larger than in
the deep part.

Among the elements, these two phenomena are exaggerated for silicon and
aluminium in the shallow part. The leaching of aluminium and the concentration
of silicon increase gradually from saponite zone to alunite zone. At the deep
part, the quantities of silicon and aluminium are kept nearly constant throughout
different zones.

Mason (1952) reported that, under acid condition, alumina is migrated into
solution and silica is left in mother rocks.

As the result of his study in Kosaka mine, Iwao (1954) reported a zonal
arrangement of alteration. That is : Fresh rock — transitional zone — clayey
zone—>weakly silicified zone — moderately silicified zone —> compact silicified
zone—>porous silicified zone, from outer to inner part. He interpreted that the
variation of relative abundance of alumina and silica is due to their solubility as
a function of pH value.

In the Matsukawa area, the variation of relative abundance of silicon and
aluminium is interpreted by Mason’s and Iwao’s hypotheses in the shallow part
at least. In the deep part, however, it cannot be interpreted only by pH con-
dition.

Supposing that the concentration of silicon is affected only by pH condition, the
rocks of an altered zone classified by pH condition may show the constant degree
of concentration of silicon. This assumption does not correspond with the pheno-
mena of this area described above. Therefore, it must be pointed out that other
factors independent of pH value do exist.
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Here, the writer proposes a factor, “discharge of solution” circulating within
altered mass, as one of the important factors which affect the leaching and con-
centration of elements. The discharge of solution affects the quantities of compo
nents dissolved and migrated in the solution, e. g. aluminium. in acid solution.

The difference in quantities of migrated components between the shallower
part and deeper part is probably due to the difference in the discharge of solu-
tion between them. The difference of the discharge may be caused by the lateral
inflow of solution, as groundwater, from outside into altered mass.

X. Destruction of Zeolite and Formation of Mixed-Layer Minerals

As mentioned in the former sections, III. 2 and V. 2, the assemblage, chlo-
rite — laumontite — hydromica, is characteristic in the chlorite zone (sect. V. 2,
sample ; BR2-470 m). On the other hand, in the montmorillonite zone the assem-
blage, montmorillonite — calcite — regular mixed-layer mineral of sericite~mont-
morillonite, is commonly found in the sample (BR 2-530 m). Near a boundary
between the chlorite zone and montmorillonite zone, some noticeable mineralogi-
cal changes are observed. For example, in the handspecimens (BR 2-435 m), laumon-
tite, which has replaced plagioclase, is partly changed into the aggregate of
anhydrite and hydromica. Besides, laumontite from the sample (BR 2-500 m) is
perfectly changed into calcite with mixed-layer mineral of sericite~-montmorillo-
nite.

From these facts, it is presumed that with advance of alteration from chlorite
zone to montmorillonite zone, two mineralogical variations occur ;

laumontite + CO; (and/or SO;) + KO —— calcite

(and/or anhydrite) + RyArOmuCa. - e eeseerereeeiiratiiiie (1)
Hydromica + HyO — regular mixed-layer mineral of
sericite-montmorillonite + KyO. -errerrreemmimie (2)

ZeN (1961 b, p. 402) gives the ideal formula for the destruction of laumontite,
thus,

laumontite + CO,

CaAl;S1,04,-4HO

= calcite + pyrophyllite + 3 HyO, «oereremermimimiiiiianns (3)
CaCO, Al,S1,04,(0B),

He discusses that the chemical potential of carbon dioxide is most effective
on the equilibrium of the equation (3). Therefore, it is suggested that the
equation (1) also must be considered from the thermodynamical point of view.
The studies from. this point is being made.

Sixteen mineral asgsemblages can be reckoned in the rocks at the transitional
part between the chlorite zone and montmorillonite zone. The assemblages and
their frequency (in percent) of occurrence are given in Table 14.

Among the assemblages, those on the right hand side of equation (1) com-
bined with those of the left hand side of equation (2), are the most frequent.
Meanwhile, those on the left hand side of equation (1) combined with those of
the right hand side of equation (2), are scanty. Consequently, it may be con-
cluded that the reaction rate of equation (1) is larger than that of equation

(2).
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Table 14. Frequency of occurrence for assemblage of calcium-
minerals and clay minerals, in the chlorite and

montmorillonite zones.

|
|
|
|
|

Calcium-minerals ! | 8 | :8\
R
in equation (1) | | o 5
| | + i
& ' g |82
2 S | B8
. § | § | 88| ¢
Clay minerals Sy | g g g2 | =
S ] B 34| =
in equation (2) 3 313 8
|
Mixed-layer mineral of sericite-mont, ' 0 II 0 0
(regular type)
Mixed-layer mineral of sericite-mont. l
(random type) 4 4 0 8
Hydromica 4- mixed-layer mineral
of sericite-mont. 0 4 20 4
Hydromica |4 12 | 2 \ 4
@)

Note: The frequency (%) is estimated from both microscopic
and X-ray observations of twenty four specimens.

XI. Comparison of the Alteration of Matsukawa
Area with That of Wairakei

The results of several investigations for alteration in active thermal areas were
reported ; the works of Yellowstone National Park (FenngR, 1936), Wairakei
(STENER, 1953, 1955), the Geysers (STEINER, 1958) and Sulphur Bank (WmiTE
and RoBersoN, 1962) are well known.

Above all, for Wairakei of New Zealand, the most detail profile of altered
mass is established according to the data of numerous wells.

Stewer demonstrates the following zones of hydrothermal alteration in

Wairakei.

1) Surface acid leached zone : The characteristic minerals are kaolinite,
alunite and opal. This zone is distributed on the earth’s surface hori-
zontally over 5 km at least, and reaches vertically the depth of 132 m.

2) Zone of argillization : Rhyolite glass is changed to montmorillonitic
clays. Plagioclase crystals are sometimes unaltered but are sometimes
replaced by calcite. Vertical range of this zone is 30~50m in thickness.

3) Zone of zeolitization : This underlies the zone of argillization and is

subdivided into an upper and a lower zones. In the upper zone, the lime
soda zeolite “ptilolite” is characteristic and fills vesicles in pumice. In
some cases it is associated with minor heulandite. Plagioclase phenocrysts
are unaltered. In the lower zeolite zone, wairakite replaces andesine and
also fills veins and cavities. Laumontite is found in a zone between pti-
lolite and wairakite. This zone reaches 450 m in depth.

4) Feldspathization zone : An upper subzone is characterized by albitiza-
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tion, and a lower one, by aduralia replacing plagioclase. Secondary sphene
is scattered. Calcite is locally precipitated, and the alteration of plagio-
clase to calcite and albite was observed. The bottom of this zone is 550~
790 m. in depth.

5 Zone of hydromica : In this zone which exists below about 700 m, pri-
mary plagioclase is replaced by hydromica, as the result of leaching of
alkalis by carbon dioxide solution.

The alteration zones of Wairakei and those of the Matsukawa area are

correlated as follows, based on their constituent minerals.

(Wairaket) (Matsukawa)
Surface acid leaching zone «+eveerverreserssieneenenreares {ﬁ;‘;ﬁﬁ‘fzgﬁge
Zone of argillization: ««--s-sesssemserenrsnsrensiurasnenniseasns Montmorillonite zone
Zone of zeolitization ++«e-s-.- Chlorite zone
Feldspathization zone ?
Zone of hydromica «eerecesereietiniiiiiin bl

The differences in the features of alteration between Wairakei and Matsuka-
wa are noticed,

1) The pattern of the distribution of hydrothermal zoning.

The altered mass in Wairakei is horizontally elongated as a whole. Accord-
ing to STEINER, it shows that the hydrothermal fluid spreads evenly, both verti-
cally and laterally through the rocks.

In Matsukawa, on the contrary, it is strikingly vertically elongated, and
kaolin zone and alunite zone formed by acid solution penetrate to the depth

Table 15, Size of acid altered mass,

16 | d@w | dn
Upper Basin, Yellowstone Park | 9 0
(FENNER, 1936) : 0
Wairakei (STEINER, 1953) 5,000 | 90| <0.018
Sulphur Bank (WHiTE, 1962) | 300 15| 0.05
Nishiazuma mine (MURAIYAMA, 1958) 1, 000 200 0.20
Matsukawa 500 i >900 | >1.80

1: Horizontal size
d: Depth

of 900 m from restored surface at the time of main fumarolic activity (Suwmi,
1966). This shows that the pass of hydrothermal fluid was confined to vertical,
narrow channels.

2) Formation and destruction of zeolite.

According to STEINER, in Wairakei the ascending hydrothermal solution
containing excess of soda and lime, deposits zeolite (ptilolite). After the deposition
of zeolite, the composition of the ascending solution is changed into the alkaline
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solution with excess of magnesia. The solution ascends farther through the fissures,
and at higher level it meets the surface water percolating downward. Thus, pore
solution resulting from the interaction of the ascending volatiles and the descend-
ing surface water effects the argillic alteration.

On the other hand, the formation of zeolite at Matsukawa is older than that
of montmorillonite as mentioned in the former chapter. The zeolite is converted
at present into aggregates of calcite (and/or anhydrite) and mixed-layer of sericite-
montmorillonite. This change may be due to the effect of solution migrated from.
inside montmorillonite zone to outside chlorite zone.

XII. Summary

The present investigation is summarized ag follows :

1) A zeolite and eight clay minerals are identified precisely in hydrother-
mally altered rocks of the Matsukawa area. They are laumontite, saponite, chlo-
rite, hydromica montmorillonite, kaolin, pyrophyllite, mixed-layer mineral of
montmorillonite~chlorite and mixed-layer mineral of sericite-montmorillonite.

2) Six zones of progressive alteration can be distinguished on the basis of
the mineralogical criteria for the zeolite and clay minerals. They are saponite
zone, chlorite zone, montmorillonite zone. kaolin zone, alunite zone and pyrophyl-
lite zone. Four zones of them are arranged, from margin to center, as saponite
zone (or chlorite zone), montmorillonite zone, kaolin zone, and alunite zone.
Such a zonal arrangement is probably formed by the increasing of pH value
from center to margin. The pyrophyllite zone only is formed under higher tem-
perature than other five zones.

3) 'Three dimensional sections of six zones are obtained from the data of
core drillings. The sections are characterized by deep-penetrating acid altered
zones, compared with that in Wariakei or the other geothermal areas. The pass
of solution which formed the hydrothermal aureole in this area might have been
confined to vertical narrow channels.

4) Laumontite in chlorite zone is now converted into the aggregate of calcite
and mixed-layer minerals with advancing alteration from chlorite zone to mont-
morillonite zone. The mixed-layer minerals change gradually from hydromica in
the chlorite zone to 1 : 1 regular mixed-layer mineral in the montmorillonite
zone.

5) Silicon (quartz mineralogically) is concentrated in kaolin and alunite
zones ag the result of leaching of aluminium under the acid condition. The rate
of concentration is generally higher in the shallower part than in the deeper
part. Such a difference in quantities of migrated elements is interpreted by
difference in discharge of solution circulating within the altered mass.

6) The above features indicate that the hydrothermal alteration of the deep-
er part in Matsukawa took place with lower discharge of acid solution than
that of Wairakei and other areas.
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Figs. 1~ 4 : Electron micrographs, X 12,000
Fig. 5 : Microphotograph, crossed nicols, X 20
Figs. 6 ~9 : Microphotograph, crossed nicols, X 50
Figs. 10~12 : Microphotogragh, open nicols, X 50
A : Alunite Ad : Andalusite Ag : Augite
Ah : Anhydrite C : Calcite D : Diaspore
Hp : Hypersthene L : Laumontite M : Montmorillonite
Mx : Mixed-layer mineral of sericlte-montmorillonite
P : Pyrophyllite Pl : Plagioclase Pt : Pyrite
Q : Quartz Sp : Saponite Z : Zunyite
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Fig. 2. Mixed-layer mineral of sericite-montmorillonite separated from anhydrite-calcite-
chlorite rock (BR2-500m).
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Fig. 3. Kaolin separated from kaolin-quartz clay (CI-9).
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Fig. 4. Pyrophyllite separated from diaspore-zunyite—pyrophyllite rock (Cl-13).
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Fig. 6. Chlorite-laumontite rock (BR2-47Cm).
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Fig. 7. Chlorite -montmorillonite-calcite rock (BR2-425m).

I
B L

Fig. 8. Anhydrite-calcite-chlorite rock (BR2-500m).
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Fig. 10. Quartz-alunite rock (T7-167m).
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Fig. 12. Andalusite-pyrophyllite-quartz rock (T7-24m).
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Hydrothermal Rock Alteration of the Matsukawa Geothermal
Area, Northeast Japan

Kiyoshi Sum
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In the Matsukawa area, where hydrothermally altered rocks are exten-
sively distributed, three-dimensional sections of the altered aureole were ob-
tained by several core drillings. The altered aureocle can be divided into six
zones based upon the stability range of minerals. Four zones of them are
aligned, from margin to center, as saponite zone (or chlorite zone), montmoril-
lonite zone, kaolin zone and alunite zone. Besides them, pyrophyllite zone is
distinguished. The formation of such a zonal arrangement is considered to be
controlled by the increasing of pH value from center to margin. The pyropbyllite
zone only is formed under higher temperature than other five zones.
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