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Abstract

The Toyoha mine possessing a number of hopeful ore-veins
is situated in the suburbs of Sapporo city. The mine has been
exploiting polymetallic ores containing abundant lead, =zinc,
silver and accessory gold, copper, tin, tungsten and indium.

Geology of the mining area was tre-investigated and new
stratigraphy has been accomplished by the present éuthor.
Country rocks of the deposits are extensively subjected to-
various grades of alteration, which were divided into two;
diagenetic and hydrothermal origins, then the hydrothermal
alteration halo enveloping the ore-veins were precisely stud-
ied, i.e. mode of occurrence of the halo, petrochemistry of the
altered rocks, mineral chemistry of chlorite and other altera-
tion minerals are reported in this paper. Using sericites, K-
Ar ages of the altered rocks were also verified.

Results obtained were compared with some typical poly-
metallic deposits in Japan, and presence of common features 1in
many respects has been confirmed between them. Thus the char-
acterization of the wall rock alteration related to the forma-
tion of polymetallic vein-type deposits has been accomplished.

Newly obtained informations regarding above-mentioned sub-
jects led to a conclusion that the Toyoha deposits might have

been formed by repeated activities of ascending hydrothermal

solutions in the periods of Pliocene to Pleistocene.




1. Introduction

A number of vein- and kuroko- type’ deposits occur 1in the
Green Tuff Region of Hokkaido and inner belt of northeast Hon-
shu, Japan. Country rocks of these deposits are wholly altered
showing various grades of alteration. The alteration 1is be-
lieved td be caused not only by diagenesis but by ascending
hydrothermal solutions. Hence, alterations are duplicated
nearby the vein- and kuroko- type deposits. Consequently, 1if a
method to discriminate the diagenesis from the hydrothermal
alteration were accomplished, it could be contributed to the
exploration work for the ore deposits concerned.

Many studies of wall rock alteration have been made at
kuroko mining area of northeast Honshu with a purpose ot iLoh™
taining new method to prospect kuroko deposits. For example,
Yoshida and Utada (1968) distinguished the alteration by dia-
genesis from other alterations based on the mineral assemblage
of altered minerals and mode of occurrence of them using many
drilling core-samples from the kuroko field in the Odate basin.
Otagaki ™ et al. (1969)- also discriminated the alterations by
purial diagenesis and by hydrothermal solutions in the Shakanai
mine. Furthermore, Utada and Ishikawa (1973) disclosed a
restricted distribution of alternating hydrothermal alteration
zones through investigations of regional alteration, and empha-
sized that analcime zone was very useful as an indicator of
exploration of kuroko deposits in the Nishiaizu alegtyIcEN

Afterward, various methods for the kuroko prospecting were

proposed, for example, sulfur and magnetic susceptibility




haloes method (Hashiguchi and Usui, 1975), altered index method

(Ishikawa et al., 1976). Presence of NaZO poor dacite (Date et
al., 1979), zonal distribution of alteration minerals (Date and
Watanabe, 1979), low NaZO anomaly (Hashiguchi et al., 1981),
Cu-Pb-Zn haloes (Yamada and Hashiguchi, 1982) were also propos-
ed as valuable indicators to delimit target for prospecting of
kuroko deéosits and they gained great success. The above-
mentioned results led us to a conclusion that wall rock altera-
tion research is very important for the exploration of kuroko
deposits.

On the other hand, study on wall rock alteration related
to vein-type deposits is not abundant compared with the case of
kuroko deposits. Hunahashi and Yoshimura (1966) advanced wall
rock alteration research on some vein-type deposits including
Toyoha mine. They classified the alteration in the Green Tutf
Region into three types; (1) regional alteration, (2) local
hydrothermal alteration, and (3) alteration associated with
veins. The first type, characterized by extensive propyliti-
zation (chlorite+albite+calcite assemblage) was a precursor of
the latter two types. The second type is characterized by
nearly spheroidal mass in which alteration =zones of albite+
chlorite+epidote-, chlorite+albite+epidote+quartz-, and seri-
cite+quartz+pyrite assemblage are present in parallel to each
other. These alteration minerals were formed by interaction of
hydrothermal solution and the propylitic rocks. The third type

occurs within the area of local alteration, and is character-

fzed by an extinction of original rock texture due to the

formation of <chlorite+sericite+quartz+mixed-layer minerals.




The third type represents the latest stage alteration. Okabe

and Bamba (1976) reported the mode of occurrence and the rock
properties of the propylite mass exposing at the center of the
Toyoha mining area, and attempted the alteration zoning in the
Toyoha mine. Tsukada and Uno (1980) recognized hydrothermal
alteration halo at the Ohe mine. They concluded that sericite-
quartz zone was very useful as an indicator for the exploration
in the mine. In the Toyoha mine, Sawai (1984) subdivided
hydrothermal alteration into several alteration zones, further-
more, Sawai (1986a) discriminated the alterations caused by
diagenesis and by hydrothermal solutions.

The Toyoha mine had been long regarded as a typical epi-
thermal Pb-Zn ore deposits in the Green Tuff Region since Akome
and Haraguchi (1963)'s work. Recently, however, minerals
containing tin, tungsten and indium have been found one after
another, and the Toyoha deposits are now regarded as a poly-
metallic vein-type (Yoshie et al., 1986). 1t is also verified
that the Toyoha deposit is common to polymetallic ore deposits
occurred in the Non-Green Tuff Region such as Akenobe (Sawai,
1988), Ikuno (Narita and Sawai, 1988) and Ashio (Sawai, 1984)
mines from the view point of wall rock alteration research.
The formation age of the Toyoha deposits has been estimated to
be middle Miocene mainly based on the age of the host rock
(e.g., MITI, 1972). However, Marumo and Sawai (1986) suggested
that the mineralization might have continued until Pliocene.
As: time goee on; exploitation of the deposits advances to

deeper level and outer side, and consequently it has been

become more clear that the Toyoha mine is not epithermal vein-




type deposit related to the Green Tuff activity of Miocene age,

but polymetallic vein-type one which is younger than the Green
PUfr activiby.

Therefore, it is surely profitable for the future explora-
tion of the Toyoha mine to make re-examination of wall rock
alteration on the basis of the new concept that the Toyoha
deposits belong to polymetallic ore deposit. For that purpose,
the alteration intricately duplicated was first divided by the
alteration mineral assemblages, then, the distribution and the
mode of occurrence of the classified altered rocks were geolog-
ically re-investigated in both field and underground. Second-
ly, characterization of each alteration zone was made through
chemical compositions of the altered rocks by means of XRF, and
chemistry of major alteration minerals by means of EPMA.
Finally, physical properties of major alteration minerals are
examined by means of X-ray diffraction. The results were

compared with other polymetallic ore deposits.

2. Mineralization in the Shakotan-Toya District

The Toyoha mine is situated in central part of the metal-
logenic province of Neogene Tertiary period in west Hokkaido
(Saito et al., 1967; Bamba, 1977). The metallogenic province
in question is divided further into three subprovinces; western
edge of Oshima peninsula, central zone of the peninsula and
Shakotan-Toya district (Saito et al., 1967) (Fig. 2.1).

In the first subprovince, Au-Ag-Cu-Pb-Zn-Fe vein-type and

replacement-type deposits occur around basement blocks. The




second subprovince has plenty of exhalative-sedimentary manga-

nese ore deposits in a sedimentary basin with a thick pile of
normal marine formation of Miocene age.’ The third subprovince
characterized by violent volcanisms and upheaval movements
includes many polymetallic ore deposits of fissure-filling type
which are zonally arranged around Shakotan dome (Narita et al.,
1965) or Jozankei quartz porphyry (Yajima and Okabe, 1971).
There are many reports regarding the zonal distribution of
ore deposits in the Shakotan-Toya district. For example, Akiba

(1958) reported the presence of two belts arranged on both

Q 3 Metallogenic province of
() - Neogene Tertiary period

Northeast Hokkaido

Subprovince in west Hokkaido

I Western edge of Oshima peninsula
]I Central zone of Oshima peninsula
JII. Shakotan—Toya district

Fig.2.1 Metallogenic province of Neogene Tertiary period in Hokkaido
(Saito et al., 1967).




sides of Jozankei quartz porphyry, that is, Au-Ag belt on the

east side and Cu-Pb-Zn belt on the west side. Narita et al.
(1965) showed a zonal arrangement around Tertiary granitoids,
such as Mn-(Cu)-Pb-Zn zone, Cu-Pb-%Zn zone, massive iron sulfide
and barite zone from inner to outer side (P12 . 2)s Some of
gold and silver ore deposits are dispersed throughout the area
independently of this zonation.

Yajimé and Okabe (1971) and Yajima (1977, 1979) reported
that well arranged zonal distribution around Jozankei quartz

porphyry is observed in the Teine-Chitose area, 1i.e. Pb-Zn
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Fig.2.2 Distribution of base metal deposits in the Shakotan-Toya
district after Yajima (1979). Metallogenic subprovinces I1I and 111

shown in Fig.2.1 are bordered by dashed lines.
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vein-type deposits are situated in the central part surrounded

by the outer belt of Au-Ag vein-type deposits (Fig. 2.2).
Kuroko and massive barite deposits occur at the outer periph-
ery. Howevelr, the ages of formation of kuroko and vein-type
deposits at southern part of the Shakotan-Toya district are
middle Miocene and late Miocene to Pliocene, respectively
(Marumo and Sawai, 1986), and it became clear that the age of
formation of each deposit is different. Therefore, it may be
considered that kuroko deposits are excluded from this

zonation.

3. Historical Review on Geologic Research of the Jozankei-

Toyoha Mining Area

The Jozankei-Toyoha mining area belongs to the Green Tuff
Region of southwest Hokkaido, and Neogene Tertiary strata
mainly composed of volcanic and pyroclastic rocks are widely
distributed in and around the area.

Basement of the area is made up of the Usubetsu Formation
cropping out on a small scale at downstream of the Usubetsu
river and midstream of the Shiramizu river, about 10 kilometers
distant, southwest of the Toyoha mine. The Usubetsu Formation
in the former locality is mainly composed of hard black slate
and is interbedded with thin beds of dark gray sandstone. The
Usubetsu Formation 1in the latter 1locality consists of black
slate and light green arkosic sandstone (MITI, 1972). Although

age of the Usubetsu Formation is unknown because no fossil 1is

obtained from that strata, the Formation has been estimated to




be pre-Cretaceous (Doi, 1953) or pre-Tertiary (MITI, 1972) from

the feature of 1lithofacies. Recently, fission track age of
late Oligocene (26.5+2.1 Ma) was obtained from tuff covered by
slate of the Usubetsu Formation in the midstream of the Shira-
mizu river (Koshimizu and Narita, 1987). They asserted from
the fact that all of the Usubetsu Formation was not always
formed after late Oligocene, thus, reexamination on the dating
1s necessary.

Outline of stratigraphy of Neogene Tertiary System which
unconformably covers the basement in the Jozankei-Toyoha area
was given first by Doi (1953). Then, Akome and Haraguchi
(1967) reported a revised stratigraphy based on detailed field
work and underground survey in the Toyoha mine. Ultimate
stratigraphy of the area was almost accomplished by Miyajima et
al. (1971) and it has been scarcely corrected until today (Fig.
3.1). However, age of each Formation has been only presumed by
comparison with the standard stratigraphy of Neogene Tertiary
System in southwest Hokkaido (Nagao and Sasa, 1934), and both
of fossil and radiometric ages are very scant. Description of
the Formations except for Koyanagizawa, Motoyama and Nagato
Formations which are wall rocks of the Toyoha deposits has been
made only by Doi (1953) and MITI (1972). Nomenclature and age
for each Formation were different according to some investiga-
tors, and the stratigraphy in question has been complicated.
Stratigraphy of Neogene Tertiary in the Jozankei-Toyoha mining
area 1is 1indispensable for the consideration of the formation

age of the Toyoha deposits.

Recently, Watanabe and Iwata (1986) redefined the Motoyama
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Formation lumping together the Motoyama and the Oshidorizawa

Formations of middle Miocene age on the basis of study of
radiolarian fossil. Sawai and Ganzawa (1988a, b) measured
fission track age of some acidic tuffs occurring in the area,
and made each age of the Motoyama, Oshidorizawa and Sanbonmata
Formations clear, and they inferred that the strata of latest
Miocene to early Pliocene lack in the Toyoha mining area. From
these, stratigraphy of the Toyoha mining area was fairly
arranged. As a consequence, Koyanagizawa Formation, Motoyama
Formation, Nagato and Oshidorizawa Formations, and Sanbonmata
and Oheyama Formations in ascending order have been correlated
to Miocene Fukuyama, Kunnui, Yakumo and Kuromatsunai Formations

(Fig. 3.1) which are standard stratigraphy of Neogene Tertiary

System in southwest Hokkaido (Nagao and Sasa, 1934).




—-————-

4. Toyoha Polymetallic Ore Deposits

4.1 Geology of the Toyoha mine ’

Neogene Tertiary strata around the Toyoha mine consist
mainly of andesitic to rhyolitic lavas, dikes and pyroclastic
rocks. They are divided into Koyanagizawa, Motoyama, Nagato,
Oshidorizawa, Sanbonmata and Oheyama Formations and Younger
andesite in ascending order (Fig. 4.1). Above nomenclature of
each Formation depends on Kuwahara et al. (1983). These strata
show a monoclinic structure which strikes almost N-S and dips
10° to 30° W 4dPig. 4.2), -and have no distinct' fold strugture

except for slight disorder at the vicinity of faults and dike

rocks.
Period Stratigraphy Column Rock facies F'Eha§ge
Younger Two pyroxene andesite
andesite \V/ \V/ lava k0"
N~~~
Pliocene | Oheyama N N N Two pyroxene andesite
Formation v v /| 1ava
s Sanbonmata e e s Dacite laya and 343052
> Formation IL (L |L|pyroclastics
+ B i S D i
- Oshidorizawa 'q\:A,QLb\/;;ji Alternation of acidic
i Formation |>42J277-3"] tuff and mudstone 8.810.3
g_) el 0T T WY
o Nagato lé%ﬁi%é%lé;§zz Andesite lava and
24 s i
@ Formation DQVQQ A < pyroclastics
o S VS ; 2t
Miocene Motoyama {?%?3i;ii.:}ﬁl Stratified acidic tuff, |13.3£0.9
Formation —=efe . 3t gffaceous sandstone, 14.240.4
—— 5 = 555 | Mmudstone and conglomerate
Koyanagizawa Y\ A A Basaltic andesite and
Formation A /A Alpyroclastics
L

* after IGARASHI et al.(1978)

Fig.4.1 Stratigraphical sequence of the Toyoha mine.
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The country rocks of the Toyoha deposits are Koyanagizawa,
Motoyama and Nagato Formations. Besides the preceding three
formations, the Iburi and Okuiburi mineralized =zones are
embedded in the Oshidorizawa Formation which are distributed in
a northwest corner of the studied area. Any ore vein cannot be
found in the formations upper than Sanbonmata Formation.

(1) Koyanagizawa Formation

The Koyanagizawa Formation occupies the eastern area of
the Yunosawa river (Fig. 4.2), and is mainly composed of basal-
tic andesite. 1t is widely distributed at underground beneath
the Kurumizawa and Yunosawa rivers, especially at subsurface
area below -300 mL in the mine. Andesite and/or rhyolite are
recognized in addition to basaltic andesite at those localities
(Sawai, 1986a). The total thickness of the Koyanagizawa Forma-
tion is estimated to attain 1,000 meters (Kuwahara et al.,
1983). Some lava flows of basaltic andesite and andesite are
distinguished based on the mode of occurrence and the variety
of lithofacies. Clay, reddish brown in color probably caused
by weathering, 1is frequently found at the surface of the lava
flow. Rhyolite mass forms a lava dome, whose top is located at
the north side of the Tajima vein. The mass with 3 km x 2 km
elongates horizontally NW-SE direction. Though thickness of
the rhyolite amounts to 500 meters in maximum, it pinches out
suddenly toward the periphery of the body (Kuwahara et al.,
1983} &

(2) Motoyama Formation
The Motoyama Formation 1s widely distributed 1in the

eastern side of the 1investigated area and in subsurface area

13
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between -150 mL and -350 mL. It unconformably covered the
Koyanagizawa Formation with a basal conglomerate, though it
occurs in fault contact with the Koyanagizawa Formation in the
eastern side. 1t consists of conglomerate, sandstone, mud-
stone, tuffaceous sandstone and acidic tuff in ascending order
5 3 - R S 1 L It is presumed that the total thickness 1is about
400 meters.

Conglomerate 1is mainly composed of middle-grained pebble
of rhyolite, basaltic andesite and andesite which were derived
from the Koyanagizawa Formation and the matrix of the conglom-
erate 1s made up of green sandstone. Sandstone comprises
coarse- and fine- grained materials. The former 1looks green
and is similar to the matrix of the conglomerate. The latter
looks gray to dark gray and is more or less tuffaceous and
alternates with mudstone. Mudstone 1is black to dark gray.
Tuff dominates over step by step in the upper portion of
tuffaceous sandstone and the tuffaceous sandstone changes
gradually to acidic tuff toward upper. Acidic tuff is green to
white in color and is fine-grained.

Fossils of plant and marine shell are rarely found in
mudstone of the Motoyama Formation. 1t has been pointed out
that fossil fauna found in conglomerate of the Motoyama
Formation is similar to Vicarya fossil fauna from middle
Miocene strata in southwest Hokkaido (MITI, 1972). Watanabe
and Iwata (1986) reported that the age of mudstone of the
Motoyama Formation is about 12 to 15 Ma on the basis of study
of radiolarian fossil from the mudstone. Fission track ages of

14.2+0.4 and 13.3+0.9 Ma were obtained from the acidic tuff by

14




sawal and Ganzawa (1988b). All of their ages show that the

Motoyama Formation was formed in middle Miocene epoch.
(3) Nagato Formation
The Nagato Formation is widely distributed in western part
of the studied area and in subsurface area below -150 mL, and
it consists of autobrecciated andesite lava and andesitic

pyroclastic rocks such as tuff breccia. 1t conformably lies on

the Motoyama Formation. Total thickness of this formation 1is
over 400 meters. Andesite lava forms several lava domes in the
area (Fig. 4.2). Surface and periphery of the lava dome are
frequently brecciated. The structure reflects an evidence of
volcanic activity 1in water. Lower part of the lava dome
changes to massive andesite dike. Various mode of occurrence

of the andesite is observed in the subsurface. Such a peculiar
mode of occurrence of rock-body 1implies that magma ascended
within a vent first, then, the vent extended showing funnel-
shape controlled the mode of occurrence of the andesite. Such
volcanic activity yielded various mode of occurrence of the
andesite, i.e. dike-shaped body at lower part, but funnel
shaped one at upper part as pointed out by Yoshitani (1970) and
Okabe and Bamba (1976).
(4) Oshidorizawa Formation

The Oshidorizawa Formation which conformably overlies the
Nagato Formation is distributed in upstream of the Shirai and
Nagatozawa rivers (Fig. 4.2). It consists mainly of acidic
tuff and tuffaceous mudstone associated with thin bed of
conglomerate in the lowermost part. The total thickness

measures over 150 meters. Pebbles of the conglomerate are

15
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angular or subangular and the size of them is mostly fine to
middle . ‘Matrix is made-vup of acidic . tuff. The acidic tuff'is
light green to grayish white in color and quartz phenocrysts of
apout 1 millimeter in diameter are scattered. The Oshidorizawa
Formation is not countiy rock of the Toyoha deposits, but is a
country rock of the 1Iburi and Okuiburi mineralized zones.
Numerous quartz-pyrite-sphalerite-galena veins are found in the
preceding zones. Fission.track age of 8.8#+0.3 Madllate
Miocene) has been obtained from the acidic tuff (Sawai and
Ganzawa, 1988b).
(5) Sanbonmata Formation

The Sanbonmata Formation covering unconformably the Nagato
and Oshidorizawa Formations is distributed at the heights along
ridge of western part of the mapped area (Fig.‘4.2). g
comprises dacite and dacitic pyroclastic rocks, over 150 meters
thick. Dacite is gray to greenish gray in color and scattering
quartz phenocrysts of 1 to 2 millimeters in diameter are
observed. Age of the dacite was previously regarded as Miocene
(e.g., Kuwahara et al., 1983) (Fig. 3.1), but Sawai and Ganzawa
(1988a) have reported fission track age of 3.3+0.2 Ma corre-
sponding to Pliocene.

(6) Oheyama Formation

The Oheyama Formation unconformably overlies the Motoyama
and Nagato Formations in the south part of the studied area.
It is characterized by the presence of two pyroxene andesite
and the thickness measures more than 180 meters. Relationship
between the Oheyama Formation and the underlying Sanbonmata

Formation is unknown because the boundary of both Formations is
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unobservable in the investigated area, so that, geologic column

concerning the Oheyama and Sanbonmata Formations in Fig. 4.1 is
due to Kuwahara et al. (1983).
(7) Younger andesite

The Younger andesite lava occurs along the ridge from Mt.
Pepenai to Mt. Nagao. This lava covers unconformably the
Nagato, Sanbonmata and Oheyama Formations (Fig. 4.2).
consists mainly of two pyroxene andesite and the thickness 1is
ovelr 250 meters. The lava is called "Flat lava" (Akiba et al.,
1966; Hunahashi, 1966) because of the peculiar mode of occur-
rence that forms flat plateau at the peaks of around 1000
meters above the sea level. Fission track age of the Nagaoyama

flat lava measures 1.9 Ma (Igarashi et al., 1978).

4.2 Polymetallic ore deposits of the Toyoha mine

According to Kuwahara et al. (1983), the Toyoha mine has
produced refined silver (1,422 t), lead (304,000 t) and zinc
(781,000 t) since the beginning of this century until 1982.
Toyoha deposit is one of the largest lead-zinc-silver vein-type
deposits in Japan. The Toyoha deposits have been regarded as
typical epithermal ore veins of fissure-filling type by many
authors (e.g., Akome and Haraguchi, 1963; Haraguchi and Tajima,
1969 Hashimoto et al., 1977). However, since the first
discovery of tin minerals from the Izumo vein (Yajima, 1977),
various minerals containing tin, tungsten, indium, bismuth and
molybdenum were found one after another (Narita et al., 1977;

Ohta and Yajima, 1977; Kojima et al., 1979; Yajima and Ohta,

1979; Ohta, 1980a, b; Sugaki and Hayashi, 1986; Kase, 1987;




Ohta et al., 1987; Yajima et al., 1987) and the Toyoha deposits

are now regarded as polymetallic vein-type (Yoshie et al.,
1986) .

The exploitation of the Toyoha mine started from the dis-
covery of an ore vein (Harima vein) at the Shirai river around
1900. Now, an area of 6 km2 extending within 3 km in E-W
diLection and 2 km in N-S is being mined. The deposits consist
of more'than fifty veins (Fig. 4.3) and exploration is still

progressing with successful results such as discovery of
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hopeful Shinano vein (Narui et al., 1988; Kanbara et al.,

1989). The veins are now exploited from 0 mL (550 meters above
sea level) to -450 mL and are confirmed to extend downward
until, =600 mL by diamond drilling {Tani-et . al«, " 1985)%

Among the fissure systems embedding ore veins, four of
them are large scale in both lateral and vertical extends (Fig.
4.3), these are Oshimashitaban-Tajima-Harima veins (E-W
system), Soya vein (NW-SE), Izumo vein (E-W) and Sorachi vein
(N-S) and all fissures are related to normal fault with few
lateral slip (Yoshie et al., 1986).

The deposition stages of the veins are divided into two,
the earlier and the later ones on the basis of intersecting
relations among veins and difference of ore quality (e.g.,
Akome and Haraguchi, 1963; Miyajima et al., 1971; Yajima and
htae A1979) s However, Yajima and Ohta (1979) emphasized that
the veins of earlier stage were infiltrated by the solutions of
later stage at many places, though it is clear that the miner-
alization stage can be divided into two. Kuwahara et al.
(1983) reported that the mineralization of later stage which
formed manganese carbonate minerals was sometimes superimposed
on the veins of earlier stage. Namely, it has been pointed out
that ore solutions have ascended several times within a space
occupied by one vein. Furthermore, Yoshie et al. (1986)
divided the mineralization stage into seven and asserted the
presence of polyascendant solutions related to the formation of
the deposits. The 1-11 and 111-VI1 stages of Yoshie et al.

(1986) are correspond to the earlier and later stages, respec-

tively.




Yajima and Ohta (1979) concluded that the ore solutions

formed the veins of earlier stage had ascended from the south-
eastern lower site of the deposits and moved toward north-
western upper site, that is, from the Harima vein to the Tajima
vein. On the veins of later stage, the way of ore solutions
was conslidered that the solutions moved from Izumo-Soya-Oshima
veins to Soiachi—Nemuro—Ishikari veins (Yajima and Ohta, 1979).
On the other hand, the way from 1ow¢r Izumo-Soya-Soyabunki-
Satsuma veins to lower Izumo-Sorachi-Ishikari veins was
proposed by Kuwahara et al. (1983). Besides, another way of
ore solutions were estimated by Kanbara et al. (1989), 1i.e.
they proposed an opposite direction on a transfer of ore
solutions from the lower Izumo to Shinano veins based on zonal
distribution of metal elements around eastern part of the lower
Izumo vein such as stages 111, 1V, V, VI and VI1 from inner to
outer side.

Main ore minerals of the Toyoha deposits are galena,
sphalerite and pyrite. Chalcopyrite, tetrahedrite, pyrrhotite,
arsenopyrite, hematite and magnetite as well as silver, tin,
indium, bismuth, tungsten and cobalt minerals are found as
accessory minerals. Gangue minerals are quartz, calcite,
rhodochrosite, chlorite, sericite and kaolin mineral.

The earlier stage mineralization which formed Tajima and
Harima veins 1is characterized by simple mineral paragenesis of
pyrite-sphalerite-galena with abundant quartz and associated
silver sulfide minerals (Fig. 4.4). Sorachi and Izumo veins,

formed by the later stage mineralization, are located at south-

eastern part of the vein swarm. These veins are characterized




*(6L6T) ®B3UO

pue ewtlex 3333 3uTtw eyokol 3ay3z 3JO sSUT3A aaT3E3UasSaadax ay3z uT uUOT3EeTDOOSSE TBIBUTH pev-b1a

aded :(( )) ‘aunowe Joulw :{ ) UL3A UPQRILYSPWLYS) UL xx ~PUS4] 3S-MN 3O ISLULSA B UL

(831udeab)
1lesoyd|ns qgd-eu3|eb-33 43| eyds

371UUP3S-331483155E2-33 143 PYdS SyLeseunas By-rusles  LYardog

(33 133ubew-23313eWAY ))

(831ydeab) Z34enb-(83130ydaAd)

3314Adod|PYd Ul J4BIS-DULZ -3314payead3a1-3314Adod| pYyd-pPU3 [ BD-33LIZANM
sy|esouyd|ns qd-eua|eb -33 143 PYyds-a3 L1Adouasae-33 L SEIARW-3] LUAd
-33143|eyds-23 130ydaAd-a3 LaAdouasSLR-3] L SEOJPW-3] LIAd s
27 LWRJ) [OM-33 LUUP]S-83 1483 15SED-33 LU RYdS
xx931481Y43daq-331uqlLs ((3t33ubew-3313eway )) ‘3 esoud|ns by-eua|eb
x1|esoyd|ns Qq4-831431Yy3aaq-dLluasde aAljeU AmuvuocLLXQ-muwmmupmevumquxa ol
-3314Ad-3314Adouasae-a3 L SEDIRW-33 L30Y4uAd (8314payed3ay-a3 Lakdod|rYd) S
((@3t4231SSBD ))-33 L43| BYdS -533PUOQUEDd-PUB | PD-33 42| Pyds-33 LuAd
(831ydeab)
z34enb- ((33 Lwed)|OM))-33 43| eyds
(3|esoyd|ns by-3|esoyd|ns.qq4)-eua|eb-(331324nM)-33 113 PYdS PWL APH
pua|eb- ‘a3l4hd- ‘33tda|eyds- ((wna3da(3)) JOA|LS BALl3PU ‘Z3juenb-33l3juabue
mueraocmmLmvmu%mmULcE'muwan mu_umcmme-muTucEm;-muWL»a
((83130yauhd ))-(831apayea3al)
m:>m”wﬂmeMMmewwwmmww -(®314Adod|eYd)-z34enb-pua|eb-23 143 | Pyds-a3 LuAd sy Tel

((331p|@14UPD-931433155ED ))-3313uabuae

abe|quwasse D13SL433DRARYD abe|quasse |ea3usab UL3A




by massive zinc-sulfide ores containing tin, tungsten and

indium minerals as well as silver sulfosalts (Fig. 4.4). Soya
and Oshima veins, the later ones, situated at northwestern part
of the deposits contain abundant carbonates. Thus the conspic-
uous zonal distribution of metal elements from southeastern
toward northwestern parts of the deposits is recognized (Yajima
and Ohta, 1979) . On gangue minerals, abundant kaolin mineral
and calcium-containing minerals in addition to quartz and
chlorite are characteristically present from southeastern and
northwestern parts of the deposits, respectively. So that, the
zonal arrangement of gangue minerals which 1is consistent with
above-mentioned zonation of ore minerals 1s recognized (Ohta
and Marumo, 1985).

Filling temperatures obtained from 1ligquid inclusions 1in
quartz and sphalerite from several ore veins of the Toyoha
deposits are limited within the range from 150°C to 250°C
(Tokunaga, 1970; Shikazono, 1975; Enjoji and Takenouchi, 1976;
Yajima and Ohta, 1979). Filling temperatures of the Izumo vein
are somewhat higher than those of the other veins, ranging from
200°C 1o 300°C ={¥d1ma and” Ohtay 1979 Ore deposition at a

slightly higher temperature is regarded as one of the factors

for the unique ore-mineral assemblage of the Izumo vein.




5. Alteration Zoning

All rocks of the Koyanagizawa, Motoyama, Nagato and Oshi-
dorizawa Formations embedding ore veins have been hydro-
thermally altered to various grades. On the other hand, the
overlying Sanbonmata and Oheyama Formations have been altered
in addition by diagenesis or geothermal activity. Alteration
minerals in samples of over one thousand, collected from sub-
surface area of the Toyoha mine, some drill holes (Fig. 5.11)

and outcrops 1n and around the Toyoha mine were identified by

X-ray diffraction method.
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Nearly four hundred cores were gathered from six drill

hivles . NOE..68, V6D 0 20+ a3 &334 and 15 uliPrgs. BL3h 5ed 0%, 5whs )6,
5.7 and 5.8), excavated to one thousand meters from the surface
by the Toyoha mine. Fifty samples in minimum were obtained
from one hole at intervals of about twenty meters, and the
sampling intervals became narrower at adjacent to ore vein.
The samples are mainly volcanic rocks belonging to the Koyana-
gizawa Formation.

On the whole sample, alteration mineral was identified by
X-ray powder diffraction method. A part of each sample was
crushed to pieces in iron mortar first, and was further crushed
by agate mortar, and semi-oriented aggregates which were
prepatred on a slide glass were used. On clay minerals, clay
particles under 2 microns in diameter which were separated by
hydraulic elutriation were provided for the identification by
X=ray diffraction. The specimens were run on a Rigaku-denki
diffractmeter. Instrumental conditions were as follows; CuKa,
Ni filter, 35 kv, 20 mA, time constant 2 sec., scanning speed
1°/min., chart speed 20mm/min., slit system 1°-0.3mm-1°. Thin
sections were made for about half of number of collected
sample, and minerals of which the peak by X-ray diffraction did
not appear due to very small quantity were determined under the
microscope. Mode of occurrence of alteration minerals was also
observed under the microscope.

Through the preceding examinations, wall rock alteration
around the Toyoha deposits is divided into six zones, A, B, C,
DplE -and F, £from outer side of the wein in consideration of

Characteristic alteration minerals and these assemblage as well
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as the distribution and mode of occurrence (Sawai, 1984, 1986a)

(Fige. S08Es Alteration zone A is widely distributed, while,
alteration zones B to E are locally distributed around ore
veins being oblique to the formation boundary (Fig. 5.10).
Alteration zone F 1is found at the downstream of the Yunosawa

river area, eastward far from the Toyoha mine (Fig. 5.11).

51 Zone A
Zone A 1s widely distributed in an area occupied by the

Koyanagizawa, Motoyama and Oheyama Formations at eastern side

of the Toyoha mine. Zzone A 1s subdivided into subfacies A-1,
A-2 and A-3 on the basis of difference of clay minerals. These
subfacies occur showing a zonal distribution. The manner of

zonation of subfacies A-1, A-2 and A-3 in descending order is
almost parallel to the formation boundary (Sawai, 1986a) (Fig.
51 B I T
(1) Subfacies A-1

Subfacies A-1 1is characterized by the presence of smec-
tite. It occuples a wide area and the thickness measures over
250 meters vertically (Fig. 5.11). Smectite and a-cristobalite
are recognized as alteration mineral in only andesite of the
Oheyama Formation. Under the microscope, plagioclase, clino-
pPyroxene and orthopyroxene keep unaltered state and only a part
of matrix glass is altered to smectite (Fig. 5.12a). While,
smectite, quartz and calcite are recognized as alteration
mineral in andesite of the Koyanagizawa Formation. Most of
Colored minerals are altered to calcite, though unaltered

Clinopyroxene is rarely observed under the microscope (Fig.
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eight alteration zones related to the Toyoha deposits.

Abbreviations are referred to Fig.5.9.
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Bkl Plagioclase is generally replaced by calcite.

Groundmass 1s also replaced by recrystallized quartz, smectite
and calcite. Clinoptilolite, smectite and o-cristobalite
frequently occur replacing glass in acidic tuff of the Motoyama
and Nagato Formations. Mordenite is occasionally found in the
glass.
(2) Subfacies A-2

Subfacies k=2 igcharacternized. by rvthe: phessnce of
chlorite/smectite and sericite/smectite mixed-layer minerals.
Thickness of A-2 facies in vertical direction measures about
200 meters. The boundary between A-1 and A-2 1is gradual and
obvious boundary between them 1is absent. In each sample from
the vicinity of the boundary, smectite and mixed-layer minerals
of chlorite/smectite and sericite/smectite coexist or alter-
nately occur. Alteration mineral 1in addition to mixed-layer
minerals is mainly quartz and calcite. Microscopic observation
reveals that colored minerals in the andesite of the Koyanagi-
zawa Formation are altered to chlorite/smectite mixed-layer
mineral and calcite, and plagioclase is partly replaced by
cElcIhE (Figs B35 The alteration of groundmass is of 1low
grade, for example, it 1is replaced by recrystallized quartz
and/or plagioclase and rarely fresh clinopyroxene remains.

(3) Subfacies A-3

Subfacies A-3 is characterized by the presence of chlorite
and sericite. Distinct boundary between A-2 and A-3 is not
Yacognized. Subfacies A-3 1is characterized by following
mineral assemblage, 1.e. quartz+chlorite+sericite+calcite.

Though the mineral assemblage is common, mode of occurrence of
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alteration mineral is different in each sample. 1t is possible

to say that weakly altered sample remains not only pseudomorph
of minerals even though plagioclase partly 1s altered to
calcite and pyroxene 1is altered to chlorite and/or calcite.
Occasionally unaltered plagioclase and pyroxene are recognized
in the weakly altered rocks (Fig. 5.14). While, plagioclase is
altered to albite, sericite and calcite 1in strongly altered
samples, 1n which pyroxene completely 1s altered to chlorite
and calcite (Fig. 5.15). Moreover, groundmass texture has been
frequently destroyed by appearance of alteration minerals such
as recrystallized quartz, chlorite and sericite. These

features are confirmed under the microscope.

5+2 Zone B

Zone B 1s extensively found around every ore vein pene-
trating obliquely the formation boundary. This zone, however,
never come 1in direct contact with ore vein and zone C 1is
generally present between zone B and ore vein (Fig. 5.10).
Main alteration minerals of zone B are quartz and chlorite.
Sericite, calcite, albite and K-feldspar are usually found as
accessory minerals, besides, pyrite is frequently observed.

Microscopic observation discloses that original rock
texture has been faintly kept (Fig. 5.16). For instance,
though phenocryst pseudomorph remains, groundmass texture
disappears in many cases. Namely, phenocrysts of pyroxene and
plagioclase are altered to completely chlorite and calcite,
albite or K-feldspar and partly to sericite. Glass and colored

minerals in groundmass are altered to chlorite and small laths
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of plagioclase to calcite and albite or K=feldspatr. Albite is

not coexistent with K-feldspar in a same thin section. Albite
is more common than K-feldspar. Fine-grained quartz, about
0.02 mm in diameter, is found in groundmass.

It We - difficult to alstingutsh zdne B from strongly
altered part of subfacies A-3 only from alteration mineral
assemblage. However, 1t is microscopically revealed that
degree of disappearance of groundmass texture, mode of occur-
rence and quantity of quartz and sericite are different from
one another. Groundmass texture in zone B has been more inten-
sively destroyed by the presence of alteration mineral, and
quartz and sericite in zone B are generally coarse and are

abundant compared with those in subfacies A-3 {PEg. "B 16%,

5.3 Zone C

Zone C occurs forming a thin envelope between zone B and
ore weins (Fig. 5¢10). This zone 'is symmetrically distributed
in both sides of hanging wall and foot wall extending limitedly
within 10 to 50 meters from ore vein. Generally speaking, the
width of zone C has a tendency to become wide at lower levels
and extends the width at upper levels. For example, zone C
associated with the Tajima vein is 10 to 15 meters wide at -150
mL, and 30 to 50 meters wide at -400 mL. Alteration minerals
of zone € are quartz, chlorite, sericite and pyrite in order of
abundance. Albite and K-feldspar which have been present as
alteration mineral in zone B are replaced here, and only
calcite is rarely found as a relic mineral of zone B.

Under the microscope, original texture of volcanic rock is
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vanished, and only external form of phenocryst 1is recognized,

put is thoroughly replaced by alteration minerals (Fig. 5.17).
guartz can be divided into two kinds; fine-grained crystal
nearly 0.02 mm in diameter and more coarse-grained one, 0.1 to
0.5 mm, and the latter has a tendency to 1ncrease nearby ore
veins. Two kinds of chlorite can distinguish under the micro-
scope. One of chlorites replacing colored minerals and/or
glass is light green in color and generally coarse-grained, and
the double refraction is very low. The other one formed every-
where demolishing the original rock texture 1is brownish green
in color and 1s fine-grained showing acicular-shape. Double
refraction of the chlorite is higher than the former. Sericite
is always very fine-grained and shows acicular-shape of 2

microhs in-width.

5.4 Zone D

Zone D 1is exclusively found at upper levels of the
deposits or at outcrops, and it is distributed around the ore
velin like zone C. zone D gradually changes into zone C or B
FERL 51094 This zone corresponds to the alteration facies
(d) proposed by Okabe and Bamba (1976). They reported that the
width of facies (d) is narrow at lower levels of the deposits
and is slightly extend the width at the surface. Alteration
mineral assemblage of this zone is quartz, sericite and pyrite.
Rock of this zone looks grayish white and idiomorphic pyrite,
about 0.5 mm, is well recognized in the rock. Under the micro-

Scope, original rock texture has been completely destroyed, and

constituent minerals are all fine-grained, about 0.1 mm.




Aggregate consisting of quartz and sericite with scattering

pyrite 1is :a characteristic feature of zone D (Fig. 5.18).

5.5 Zone I

zone E 1s exclusively recognized along the Sorachi and
Nemuro veins through upper to lower levels (Fig. 5.10). This
zone Leplacés zone C at the boundary between ore vein and zone
C (Fig. 5.20), and it occurs showing narrow extent within 0.5
to 5 meters from ore vein. Alteration minerals of this zone
are mainly quartz, sericite, kaolinite and pyrite. Gangue
mineral assemblage in the Sorachi and Nemuro veins 1is the same
as that of zone E. Clay vein mainly composed of kaolinite,
sericite and quartz is frequently recognized 1in the ore veins
concerned. Dickite and sulfate minerals such as alunite,
jarosite and gypsum rarely occur in the clay vein (Sawai,
1931}

Zone E looks grayish white and idiomorphic pyrite under
0.5 mm is distinctly found in the rock, and it resembles zone D
in appearance. Under the microscope, original rock texture has
been completely destroyed and is thoroughly replaced by
aggregate of quartz, under 0.5 mm, fine-grained sericite,
kaolinite and pyrite (Fig. 5.19). Rock of zone E 1is very

similar to that of zone D though kaolinite lacks in zone D.

5.6 Zone F
Zone F 1is locally distributed at downstream of the Yuno-
Sawa river. This zone is characterized by local silicification

and extensive argillic alteration. Altered rock of this zone
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Fig.5.12 Microphotographs of rocks in subfacies A-l.
a. Andesite of the Oheyama Form., upstream of the Kurumizawa river. ff
b. Andesite of the Koyanagizawa Form., -84 m of drlill hole No.69. :
cp:clinopyroxene, op:orthopyroxene, pl:plagioclase, mt:magnetite,

qz:quartz, cc:calcite, sm:smectite.
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Fig.5.13 Microphotographs of rock in subfacies A-2.

Andesite of the Koyanagizawa Form., -364 m of drill hole No.70.

pl:plagioclase, mt:magnetite, cs:chlorite/smectite

cp:clinopyroxene,

mixed-layer mineral.
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open nicol
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Fig.5.15 Microphotographs of strongly altered rock in subfacies A-3.

Basaltic andesite of the Koyanagizawa Form., -921 m of drill hole

No.70.
abralbite, coscalcite, chi:chlorite, scuserlicdites
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open nicol

Fig.5.16 Microphotographs of rock in alteration zone B.
Basaltic andesite of the Koyanagizawa Form., -300mL of the Izumo

veln.

gqz:quartz, ab: albite, cc:calcite, ch:chlorite, py:pyrite.
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Fig.5.17 Microphotographs of rock in alteration zone C.
| Andesite of the Nagato Form., -250mL of the Izumo vein. 1; 

gziquartz, ch:chlorite, sci:sericite, py:pyrite.




Fig.5.18 Microphotographs of rock in alteration zone D.
Andesite of the Nagalto Form., midstream of the Shirai river.

qz:quartz, sc:sericite, py:pyrite.
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Fig. uidd Microphotographs of rock in alteration zone E.

Andesite dike, -350mL of the Sorachi vein.
qz:quartz, sc:sericite, ka:kaolinite, py:pyrite.




is mainly composed of quartz, sericite and kaolinite, with

subordinate amounts of pyrite and mica clay mineral. Marcasite
and sublimate sulfur are rarely observed. Fumaroles degassing
carbon oxide and/or hydrogen sulfide exist in places within
zone F. This zone has not exhibited any mineralization.

In addition to the divided alteration 'zone;, ‘argillic
alteration which has been obviously altered by hydrothermal
solution is frequently recognized in the investigated field and
drill holes (Figs. 5.3 to FeBY) Since the alteration mineral
assemblage is various, it is assumed that the argillic altera-
tion has been formed by hydrothermal solution having various
origins. However , the ‘distribution is very local and the
origin of each solution is unknown. Accordingly, various
hydrothermal alteration zones except zones B to F are collec-

tively dealt with argillic alteration zone in this paper.

\\/\
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\/ | andesite dike 2i Zone C
"% conglomerate & sandstone [;ii:] Zone E
sphalerite-pyrite &7 | druse

Fig.5.20 Sketch showing the mode of occurrence of

zones C and E at -350mL in a branching vein of

the Sorachi vein system.




6. Mineralogy of Main Alteration Minerals

Essential alteration minerals in altered rocks around the
Toyoha deposits are a-Cristobalite, quartz, albite, K-feldspar,
clinoptilolite, mordenite, smectite, chlorite/smectite mixed-
layer mineral, sericite/smectite mixed-layer mineral, chlorite,
sericite, kaolinite, calcite and pyrite. Besides, laumontite,
epidote, dickite, rhodochrosite, siderite, anhydrite, alunite,
jarosite, marcasite and native sulfur are rarely found. Mode
of occurrence, mineral properties disclosed by means of X-ray
diffraction and variation of composition of main alteration
minerals characterizing each alteration zone are mentioned as
follows:

Specimens for X-ray diffraction were prepared by the fol-
lowing procedure. Clay particles under 2 microns in diameter
were separated by application of Stokes' 1law of settling 1in
water under gravity for clay minerals, and pure K-feldspar was
separated using heavy 1liquid. Instrumental condition except
for scanning speed and slit system is same as noted in Chapter
5. When intensity of X-ray reflections of 14 X, 7 g and 4.7 X
of chlorite mineral is determined, the scanning speed and slit
system are 1°/2/min. and 1°/6-0.3mm-1°/6, respectively. When
49 6f the 40 to 12 ; reflection of mica c¢lay mineral and 28 (2
g1 504, 060) of K-feldspar measured, the scanning speed 1is
V2 mlfe

Chemical analyses of clinopyroxene, feldspar, chlorite and
sericite were carried out using an EPMA (JXA-50A) of Yamaguchi

University. A specimen current was kept at 0.02 microampere
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with accelerating voltage at 15 kv. A correction was made

using Bence and Albee (1968)'s method with a-factor of JEOL
calculated by Professor &A. L. Albee for JXA~50A ., Yusa and

Tsuzuki (1976)'s method was also used together for chlorite.

6.1 Chlorite mineral

Chlorite mineral means chlorite and chlorite/smectite
miXed-layer mineral in this paper. L8 voccurs in alteration
zones A, B and C, and is one of abundant alteration minerals
which are extensively found together with quartz and mica clay
mineral. Especially, chloritization of zones B and C are so
strong that alteration rocks 1look green generally.

X-ray diffraction patterns of chlorite minerals in altera-
tion zones A, B, C and from ore veins (gangue mineral) are
shown in Fig. 6.1. The results of A-ray analysis indicate that
the chlorite/smectite mixXed-layer mineral in subfacies A-2 can
be divided into two types; (1) interstratified chlorite-smec-
tite having long d-spacing reflection of nearly 31 g (P1g. Bul)
which belongs to the category of regular interstratification
and (2) interstratified chlorite-smectite with small amounts of
expandable layers belonging to the category of random inter-
stratification. The chlorite minerals have various intensities
of each basal reflection of 14 A, 7 A and 4.7 A (Fig. 6.1).
From zone A toward zone C, the intensity of the basal
reflections of 14 X and 4.7 X becomes weaker and 7 i reflection
relatively grows BLEYONd . Though the 14 g reftlection is

distinctly recognized in zones A and B, it becomes indistinct

in zone C.
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Fig.6.1 X-ray basal reflection patterns of chlorite minerals of under

2 microns fraction. S:Sericite, P:Plagioclase.
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The intensities of the basal reflections of Chlorites

reflect the variations of chemical composition, especially
lonic substitutions in the octahedral sheet (Brown, 1956
Brindley and Gillery, 1956). The intensities of the even order
basal reflections are affected by the cations in the octahedral
sheet. The intensities increase with increase of the cations
having large scattering factors such as Fe, Cr and Mn ions.
The intensities of the odd orders are related to the distribu-
tion of cations 1in hydroxyl layers and silicate layers. Oinuma
et al. (1972) propose the most simple method for determination
of chlorite composition using the triangular diagram with three

(o]
components of the basal reflection intensities, namely, I1(14 A)

X-ray diffraction data of chlorite mineral from each ore
vein, drill hole and alteration Zzone are plotted on the trian-
gular diagram after Oinuma et .al. [(1972) (L. B s The
result shows that intensity of the 4.7 g reflection is scarcely
change and chlorite minerals shift from chlorite/smectite
mixed-layer mineral having strong 14 £ reflection to Fe-
chlorite having strong 7 g reflection in order of alteration
Zzones A-2, A-3, B and C. These overlap around boundary of each
alteration zone. 7 g reflection of Fe-chlorites in zone C and
dS gangue mineral 1is so strong that the Fe-chlorite is some-
times plotted outside of the diagram after Oinuma et al.
(19972 & It the "Fe-chliorite, A peculiar mineral of which 14 K
reflection is extremely weak is seldom recognized. This may be

berthierine (Bailey, 1980) belonging to serpentine mineral.

However, the quantity of berthierine in zone C 1s unmeasured.




Both Fe-chlorite and berthierine exist in zone C. Thus, Fe-

chlorite and berthierine are treated together as Fe-chlorite in
this study.

Seeing 1 (7 g) i iPigs 6.2 those of] chilerites in sub-
facies A-3 and zone B are plotted within a limited range 1in
each alteration zone showing nearly 50 % and 60 % respectively,
on the other hand, that in zone C varies almost continuously
ranging from 60 % to 95 %. Generally, 1 (7 g) of chlorite 1in
zone C at the vicinity of ore vein tends to grow larger than
that at the vicinity of zone B.

Locking 1 1(7 i) of each ore vein, the Tajima, Soya, Izumo
and Sorachi veins are common on the tendency of variation.
Whereas, chlorite having 1 (7 g) of about 90 % lacks in zone C
of the Sorachi vein. This implies that zone C at the vicinity
of ore vein has been replaced by zone E and the chlorite
concerned has disappeared. 1 (7 g) of chlorites from drilling
Core specimens are common to those of chlorites from the Izumo
vein on their variation trend.

Regarding chlorites from drilling cores, it is possible to
say that 1 (7 R) of chlorites is plotted within a certain range
in each alteration zone, i.e. those from zones A=2, BA=3,; B and
C are 20 to 60, 40 to 60, 50 to 70 and over 80 %, respectively
(Rig. 6.2} It is also characteristic that 1I (7 g) of chlo-
rites from zone A-3 are plotted in a limited area of 50 % as
given in Fig. 6.3.

EPMA analyses of chlorites are listed in Appendix 1 and

the analytical data of each ore vein, drill hole and alteration

sone are plotted in Fig. 6.4. Chlorite shows a wide range of
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variation in Fe and Mg contents but faint in Si and Al.

Generally, Al increases with incirease of Fe. Fig. 6.4 reveals
that (Fe+Mn)/ (Fe+Mn)+Mg value (Fe value) varies ranging from
0.3 to about 0.9 as a whole, while, it was disclosed that three
kinds of chlorite can be discriminated due to the mode of
concentration of Fe value; a) 0.3 to 0.4, b) 0.4 to 0.6, and c)
nearly 0.9.

Viewing each alteration zone, Fe value of chlorite in sub-
facies A-3 has a limited range of nearly 0.35. This Fe value
is similar to that of pyroxene (Appendix 2) which has been
replaced by chlorite in subfacies A-3. Fe value of chlorite in
zone B varies somewhat ranging from 0.4 to 0.6, but the varia-
tion is not conspicuous. Fe value of chlorite in zone C is
roughly divided into two groups; a) 0.4 to 0.6 equivalent to
that in zone B and b) about 0.9 which is unrecognized in zones
A and B. These two kinds of chlorite are distinguishable under
the microscope (Fig. 5.17). The former chlorite replaces col-
ored minerals and glass, and is light green in color and com-
monly coarse-grained. On the other hand, the latter chlorite
ls formed everywhere demolishing the original rock texture, and
18 brownish green in ¢olor and usually has a fine-grained
scale-shape. It is considered that the former and the latter
have been mainly formed in zones B and C, respectively, by
hydrothermal alteration related to the formation of ore veins.

Chlorite in zone C is composed of mixture of Fe-Mg chlo-
rite (Fe value 0.4 to 0.6) and Fe-chlorite (Fe value 0.9)
formed in zones B and C, respectively. This implies that I (7

(]

A) of chlorite in zone C depends on the quantity of the
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preceding two kinds of chlorite. The I (7 A) has nearly 60 %

at the vicinity of zone B dominating Fe-Mg chlorite, on the
other hand, I (7 X) becomes over 90 % at the vicinity of ore
vein where preponderant in Fe-chlorite.

Fe value of chlorite in gangue mineral is generally far
higher than that in zone C, and the chlorite is almost pure Fe-
chlorite.

Comparing each ore vein, chlorites from the Tajima, Soya,
Izumo and Sorachi veins are similar on compositional variation.

Chlorites from Nos.70 and 74 drilling cores show the same

manner of change as is observed in the Izumo vein and SO on.

6.2 Mica clay mineral

Mica clay mineral in this paper includes both sericite and
sericite/smectite mixed-layer mineral. It occurs in almost all
alteration zones eXcept for subfacies A-1, and is one of
alteration minerals which are extensively found together with
quartz and chlorite mineral. Especially, zones D and E are
more strongly sericitized, and the alteration rocks concerned
look white.

X-ray diffraction patterns of mica clay mineral from
alteration zones A, B, C, D, E and from argillic alteration
Zzone are shown in Fig. 6.5. Position of the 10-12 i reflection
tends to shift to high-angle side in following order; argillic
alteration zone —— zones A-2 —s A-3 —= p s e e B Seyri-
Cite/smectite mixed-layer mineral having obvious long d-spacing

reflection is sometimes recognized only in argillic alteration

Z2one (Fig. "6.57.




Positions of the 10-12 A reflection by X-ray diffraction

were measured and the results were shown on Fig. 6.6 in

relation to each ore vein and alteration zone. The position of
©

reflections wvaries ranging from 7:3° £o @v8° {12.1 6 1050 &)

by 28 (CuKa) as a whole, but it has a limited range in each

alteration zone.

28 10.1

Argillic Zone C
alleration c

o
C U
10.5
Zone D
10.6
101« Zone E
o Zone B K
5
< C

e : ey
£ ok | 2 | " ) A l " | i J
2 10 20 3t 2 10 20 30

Fig.6.5 X-ray basal reflection patterns of mica clay minerals of

under 2 microns fraction. CxChlorite, KrKaelihiLbte, WJydarosite.
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(o]
Position of the 10-12 A reflection of mica clay mineral in

subfacies A-2 is from 7.3° to 8.2°, and the result reveals that
the mica clay mineral in subfacies A-2 1s composed of sericite/
smectite mixed-layer mineral with expandable layers (Shirozu et
"~ W AL g 0 £ And, that 4in subfacies A=3 'is from 8.1° to B89y
and so, correctly speaking, the mica clay mineral consists of
sericite/smectite mixed-layer mineral with small amounts of
expandable layers, too. However, expandable layers with the
mica clay mineral in subfacies A-3 are far less than that 1in
subfacies A-2. Since the peak shift of the 10-12 g retrlection
of ethylene glycol treated mica clay mineral in alteration
zones A-3, B, C, D and E was too little to be plotted on
Watanabe (1981)'s diagram. The 1atio of expandable layer in the
mica clay mineral was considered to be less than 20 %. So
that, the mica clay mineral in those zones is called "sericite"
as a matter of convenience in this study.

Though position of the 10-12 i reflection of sericite in
alteration zones B, C and E varies ranging from 8:3° to:8:8%;
the major part of it concentrates in a limited range from 8.7°
Lo 8.,8°. On the ather hand, the 10-12 g reflection of sericite
in zone D is from 8.3° to 8.6° which is low-angle compared with
that of zones B, C and E. From this, sericite in zone D is
eXxpected to have somewhat more abundant expandable layers than
those in zones B, C and E.

Seeing each ore vein, all results of the Tajima, Soya,
Izumo and Sorachi veins are almost the same. While, owing to
position of the 10-12 g reflection of sericite in zones B and C

0f drilling cores is lower-angle by about 0.1° than that of
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these ore veins, the former sericite is considered to have

slightly abundant expandable layers compared with the latter
one.

Relationship between position of the 10-12 g reflection of
sericite in drilling cores and the depth, vertical distance
from the surface, 18 shown in Fig. 6.3. Position of the 10-12
X reflection shifts gradually to high-angle side with increas-
ing of the depth, and the mica clay mineral varies from mixed-
layer mineral with expandable layers to sericite with increas-
ing of the depth. Especially, such tendency is distinctly
recognized in No.75 drill hole (Fig. 6.3).

The peak widths in 26 at the half height of the 10-12 g
and 5 g reflections were measured and designated as w1 and W2
respectively. The values obtained under identical instrumental
conditions of each ore vein and alteration zone are plotted in
the Shirozu and Higashi (1972)'s diagram (Fig. 6.7). The W1
and W2 values of sericites in zones B, C and E of the Tajima,
Soya, Izumo and Sorachi veins are 0.3 to 0.6 and 0.3 to 0.5
respectively, and those have somewhat limited range and similar
properties to each other, and the sericites have hardly
eXpandable layers. Both of the W1 and W2 values of sericite 1in
zone D is larger than those in zones B, C and E, and particu-
larly the wl value 1s very large. So that, sericite in zone D

s estimated to have small amounts of expandable layers

(Shirozu and Higashi, 1972).
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While, on sericites from drilling cores, the W2 value has

a limited range from 0.4 to 0.7 in all alteration zones, but
the W1 value varies ranging from 0.5 to 1.7 as a whole. The W]
value of sericite/smectite mixed-layer mineral in subfacies A-2
1s very large showing over 1.5. The W1 value of sericite 1in
gubfacies A-3 wvaries ranging from 0.5 'Fto 147 Correctly
speaking, the sericite has mixed-layer mineral with small
amounts of expandable layers. The w1 and W2 values of sericite
in zones B and C of drilling cores are larger by 0.3 and 0.2,
respectively, than those of Izumo wvein and ‘so .oh. It ds
considered from the results that crystallinity of the former
sericite is somewhat poorer and the former sericite has
slightly more abundant expandable layers than the latter one.

The quantity of expandable layers in mica clay mineral
obtained from measurement of position of the 10-12 g reflection
is compatible with that presumed from the Wl-w2 diagram aftex
Shirozu and Hayashi (1972).

Polytypes of the sericite were determined by X-ray powder
diffraction method. Randomly-oriented specimens for the poly-
type identification were prepared employing a front-filled
glass holder with a hollow of 0.5 mm 1in depth, with which the
specimen showed much less preferential orientation than with as
aluminum back-filled holder. HCl treatment was done in the case
when the specimen contains chlorite in order to intensify the
Characteristic reflections for the identification.

Two polytypes, 1M and 2M for the sericite were found to

ll
OCcury in @alteration zone. The identification criteria for

polytypes followed the X-ray data by Yoder and Eugster (1955).
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Fig.6.8 X-ray random powder patterns of sericites of under 2 microns

fraction.

1. 1M polytype, 51082508 (andesite of the Nagato Form., at a tribu-

2.

&

tary of the Ohezawa river)

Mixture of 1M and 2Ml polytypes, 52071405 (andesite of the Nagato
Form. at =-250mL of the Izumo vein)

Mixture of 1M and 2M polytypes, 52070704 (basaltic andesite of
the Koyanagizawa Form. at -300mL of the Izumo vein)

Mixture of 2M, and 1M polytypes, 52071210 (andesite of the Nagato
Form. at -ZOO%L of the Izumo vein)

2M1 polytype, Sy-3 (andesite of the Nagato Form. at -150mL of the
Soya vein).




Major sericites are mixture of 1M and 2M1 polytypes, but

relative amount of each polytype in individual specimen is
various (Fig. 6.8). Almost pure 1M or 2M1 polytype 1is rarely
found, but the significance of relationship between the poly-
type of sericite and alteration zone cannot be recognized.
However, it was disclosed that most of sericites having large
Wl value in zone D were 1M polytype (Fig. 6.8).

EPMA analyses of sericites are listed in Appendix 3.

Those data reveal that sericite does not show a remarkable

variation of composition in contrast to chlorite.

6.3 Kaolin mineral

Kaolin mineral occurs in alteration rock around zone F at
downstream of the Yunosawa river and around ore veins at south-
eastern part of the Toyoha deposits. It 1s a main constituent
mineral of alteration rock of zone E and clay vein in the
Sorachi and Nemuro veins. It is also found as a gangue mineral
of the Soya vein (Shikazone, 1975). Clay wein in the. lower
Izumo vein and, vein-side alteration rock and clay in and
around the Shinano vein contain kaolin mineral also (Kanbara et
al., 1989). In zone E,; kaolin mineral occurs as one of main
alteration minerals together with quartz and sericite, and zone
E is characterized by the presence of kaolin mineral.

Kaolinite and dickite are recognized as kaolin mineral and
kaolinite is more common than dickite. Dickite is rarely con-
firmed at the Sorachi, Nemuro, lower Izumo and Shinano veins.
Each reflection of 110, 111 and 111 by X-ray diffraction of

kaolinites in zone E, of gangue mineral and of clay vein from
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X-ray random powder patterns of kaolin minerals of under 2
microns fraction.

1. Kaolinite in. zone B, 355101
~-350mL of the Sorachi vein)

2. Kaolinite in gangue mineral, 35Nm06 (at
vein)

3. Kaolinite in clay vein, 25Srl0 (at
4. Dickite in clay vein, 30Srl6 (at

(sandstone of the Motoyama Form. at

-350mL of the Nemuro

-250mL of the Sorachi vein)
-300mL of the Sorachi vein)




the Sorachi and Nemuro veins is obscure. In other words,

reflection pattern of the kaolinite is not very distinctly
separated (Fig. 6.9). From this, it is possible to say that
the kaolinite belongs to a low or middle crystallinity kaolin-
ite. On the other hand, each reflection of dickite of gangue
mineral in the Sorachi and Nemuro veins separates sharply at 286
=35-39° showing two pairs of double diffraction line which is
characterized the presence of dickite 1is obviously recognized

(P 6«9,

6.4 Silica mineral

Quartz as one of alteration minerals occurs in all altera-
tion zones, though it lacks in uppermost part of subfacies A-1.
Quartz coexisting with a-cristobalite in subfacies A-1 seems to
be primary mineral in acidic tuff, because many quartz pheno-
crysts are observed under the microscope. Quartz regarded as
alteration product in zone A is finer than that in other alter-
ation zones. The quartz 1in question 1increases 1in abundance
from zone B toward zones C, D and E. Especially, in zone C,
quartz predominates and becomes to be coarser with access to
ore vein.

a-cristobalite occurs as an alteration mineral together

with smectite and clinoptilolite or mordenite in subfacies A-1.

6.5 Feldspars
Though albite and K-feldspar are recognized in alteration
zone B, K-feldspar is rarely found. Albite and K-feldspar

occur independent of original rock type. However, both above-
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two minerals never coexist in the same sample.

Albite occurs as an alteration mineral in lower part of
subfacies A-3 and zone B. Unaltered plagioclase in subfacies
A-3 1s labradorite containing roughly 60 % An (Appendix 4 and

Fig. 6.10), while, altered plaglioclase s microscopically

% 0
A0 W? 0 g o Wy O

Fig.6.10 Triangular plot of feldspars from alteration zones showing
mole percent content of orthoclase (Or), albite (Ab) and anorthite

LAD .

An




nearly pure albite wholly replacing the primary plagioclase in

a part of subfacies A-3.

(Appendix 4 and

1n many cases but

clase phenocryst

Albite

Flgs 6:107, and. it

ln zone B

rarely with sericite which

1s almost pure one

1s associated with calcite

replaces plagio-

or plagioclase-lath in groundmass.
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K-feldspar is rarely observed as an alteration mineral 1in

zone B. Value of 26 (201) of K-feldspar is 20.98° and the
value introduces Or (wt.%) = 94 (Wright, 1968). EPMA analysis
of some K-feldspar shows that it is nearly pure K-feldspar
(Appendix 4 and Fig. 6.10). 28 (204) and 20 (060) diagram on
alkali feldspar (Wright, 1968; Shoji, 1972) has revealed that

K-feldspar which occurs as an alteration mineral of the Toyoha

deposits belongs distinctly to orthoclase series $on % PR T [ S

6.6 Zeolites

Clinoptilolite and mordenite are recognized as alteration
mineral with a-cristobalite only in subfacies A-1. Those
replace glass in acidic tuff from the Motoyama and Nagato
Formations at southeastern part of the investigated area.
Clinoptilolite is more abundant than mordenite.

Laumontite was confirmed only at argillic alteration zones
at the depth of 600 meters in No.68 drill hole (Fig. ‘5.3) and

of 500 meters in No.73 (Fig. 5.6).

6.7 Carbonate mineral

Caleite extensively odcura as an altéeration mineral,
though it is small in quantity at lower parts of subfacies A=1,
A-2, A-3, and zone B. Calcite is also observed in zones C and
D under the microscope. In zone A, calcite associated with
Chlorite replacing pyroxene is found. Besides, calcite re-
Placing plagioclase and glass is found in places. In zone B,
Calcite is scanty compared to that in subfacies A-3. In this

Case, 1t replaces both plagioclase phenocryst and glass of

£ |




groundmass.

Rhodochrosite is rarely confirmed in zone B. Siderite
presents only in argillic alteration zone at 68 meters from the

surface of No.69 drill hole (Fig. 5.4).

6.8 Sulfide mineral

Pyrite occurs extensively 1in most alteration zones around
the Toyoha deposits such as zones B/ 'C, D and Eand zone F. It
is rarely found in stronglyraltered part of vsubfacies: E~3;
Idiomorphic pyrite showing cubic-shape of about 0.5 mm is often
observed in alteration zones C, D and E. These exclusively
ol near-the: contact with ore Yein, Pyrite in zone B 1is
fine-grained compared with that in zones Cy D and E, and is
generally anhedral.

Marcasite was exceedingly rarely confirmed only in zone E

and in clay vein of the Sorachi and Nemuro veins.

6.9 Sulfate mineral
Sulfate minerals are alunite, jarosite and anhydrite.
Anhydrite was found only at argillic alteration zone appearing
in No.75 drill hole:at. the depth of nearly 900 meters (Fig.
548
Alunite and jarosite are recognized only in alteration zone
E, as a gangue mineral or as a constituent mineral of clay vein
associated with the Sorachi and Nemuro veins occurring togethe:r

with kaolin mineral. Occurrence of alunite is exceedingly

SCant compared with kaolin mineral.




7. Chemical Composition of Altered Rocks

Chemical analyses of 68 samples of altered rocks and 2
samples of unaltered rocks around the Toyoha deposits were
carried out by means of XRF and wet methods. 41 samples were
collected from subsurface area of the Toyoha mine, 14 samples
from drill holes and 15 samples from 08 Grfalaio Jo i o For the
analyses, andesite and basaltic andesite 1in origin have been
selected in. order to remove chemical influence caused by
difference of original rock. However, 1t was so difficult to
obtain the altered andesite in zone E, that sedimentary rocks
of the Motoyama Formation as well as andesite were used for
this zgone. For XRF analysis, a Model JSX-60S7 at Yamaguchi
University was used. The results are presented in Appendix 5.

Looking average chemical composition of each alteration
zone, SiO2 and A1203 as well as TiO2 and P205 are not very
variable through all =zones, but other elements show distinct
variation (Table 7.1 and Fig. Ted)y e.g., . PeO* {(total Aron as
FeO) varies ranging from 6.41 to 20.63 wt.% in zone C. Al-
though MnO increases to about 1 wt.% in average 1in zones B and
C, it decreases under 0.2 wt.% in other alteration zones (Fig.
7.1). MgO is nearly 3 wt.% in zones A, B and C, but decreases
under 1 wt.% in zones D, E and F. CaO and Nazo are unvaried in
unaltered rock and zone A. While, they conspicuously decrease
toward vein, especially in zones C, B! Brrand F. Kzo is dis-

tinctly added in alteration zones By 1,0 and E aroundore

vein. HZO* (total H2O) increases in order of unaltered Yocky

zone A and zones B to F. C02 augments only in zones A-2, A-3




Table 7.1 Average chemical compositions of each alteration zone

Alt. zone Unalt. A-1 A-2 A-3 B C D E F

Number* 2 4 3 6 8 37 3 5 Vi

SiO2 6045 BI85 5702 55,02, 57,39 B7.87 65,35 61.33 J3.:36
TiO2 0.69 0.81 Db . o882 D82 ./ 066 .0.81 0.70
A1203 15.95 15.94 16.87 16.75 16.14 14.40 15.34 14.74 13.69
Fe203 Wedd, - -RIA0 C G 20 36 VRS A.060 4608 BBl 195
Fe0 oLitbos3eBl. 2e395.73:83. 4060 8.45s 0,250 1.02° 020
MnO 0.16 0.20 0.08 0.19 1.20 1.51 0.06 0.04 0.00
MgO 3.68° 300  3.55 300N 293 46 0,88 D41 5 0.48
Ca0 Fads T 40 L 2habla=WiNEE ) e, C8 3 L1 w13 013
Na20 2.8 2438 RGID  pE8lealiBhZ  DEDT - 08 DG - D17
KZO 1,46. bodh T1067Y 083 4088 L 2.79 3.86 2:44 1.83
PZOS % e B § T T G ¢t SR ¢ s R W L R I S ¢ I S £
H20(+) 0.81 F.#l .30 - R0 38R0 408 1 a4] 5.85 4.88
H2 (-) a0 Sl YO8 D285 042 S0eAd a2y, 083 1.1
C02 0obg" 0L S BG6E 2218 283 AES10r Ul 801 T DRG0
Rest Rog? B2l J0E Bl | U0 189  Z.3 360 §.46
Total 99.91 99,75 99.40 100.37 100.44 100.00 - 99.84 99.85 99.95

Number* denotes the total number of analyzed sample

and B, and is hardly contained in other alteration zones.
CaO+Na2O is 7.34 to 12.85 wt.% in both unaltered rocks and
zone A, Whereas, 2.05 to 4.76 in zone B, 0,12 to 133 in zone
Co 028 'to 0.4% 1in zone Dy 0,08 1o 0,57 dn. zone B and 0.28 o
0.32 in zone F, respectively. And therefore, based on the
CaO+Na20 content, alteration grade can be chemically divided
into three groups; 1) unaltered rocks and zone A (7.34 to

12:85) .20 z2one B {2 0560 sda76) and 3) zonesg C:; Dy E and F

(0.08 to 1.33). The major element oxides related to each ore




Unalt. A-1 A-2 A-3 B C D = [
wt %
SLOz

L]

%
d
E

Fig.7.1 Semilogarithmic plot of the average chemical variations bet-
ween unaltered rock (Unalt.) and altered rocks divided into eight

zones in the Toyoha mining area.

FeO* = total iron as FeO. HZO* = total ”20’
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vein, drill hole and outcrop are plotted in a diagram as a

function of CaO+Na20 (Figs. 7.2 to 7.7). Tendency of variation
for each oxide related to the Tajima, Soya, Izumo and Sorachi
veins, drill hole and outcrop 1is very similar to each other.
As a whole, TiO2 and P205 are always invariable through out all
alteration zones (Fig. 7.8).

A tendency of variation for mobile components is illus-
trated in FeO* - CaO+Na2O = MgO diagram (Fig. 7.9). (g

shown that FeO*/Mg0 ratio changes little and CaO+NaZO notably

decreases from zone A to zone B, further to zone g CaO+Na20
s almost definite and FeO*/Mg0O ratio is very variable in zone
C. Chemical compositions of zone D are plotted within the area
of zone C as shown in Fig. 7.9. FeO*/Mg0O ratio of zone E is
extremely large compared to that of zone C. On the other hand,
chemical composition of zone F 1is peculiar, i.e. its tendency
of variation is not consistent in the general alteration trend
(Fig. 7.9). The reason may be considered that zone F is a
different alteration zone from a series of alteration system
defined by Hunahashi and Yoshimura (1966) such as regional
alteration, 1local alteration and alteration ascociated with
veins.

Average chemical change of FeO¥*, Ccao, Na2O and KZO from

zone A-3 to zone C correspond with quantitative variation of

plagioclase (albite), calcite, sericite, pyrite and magnetite

and with variation of chlorite composition P« 74107
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8. K-Ar Ages of Sericite in Hydrothermally Altered Rocks

The formation age of the Toyoha deposits has been esti-
mated to be middle Miocene mainly from the age of the host
1aocke [e5gv, MITI: 1972). However, Marumo and Sawai (1986)
reported K-Ar age of 2.2+0.6 Ma for a clay specimen from the
Izumo vein Qf the Toyoha deposits and suggested that the
mineralization might have continued until Pliocene. The Toyoha
deposits comprise a number of veins considered to have been
formed in different stages. Consequently, the present author
performed geochronological study on the deposits to grasp the

mineralization stages.

[*] Specimen from underground
I*J Specimen from outcrop
[[2*) Zone F

B}G Mineralized zone
[{y] Gallery(-300mL)

:Tajima vein

§ry
Hm:Harima vein e oS
i * Sy-1,2:

lz:lzumo vein {j=2

Sy:Soya vein

St :Sorachl vein ﬁx‘ex
Ik tIshikari vein ; 13“("
7o

Fig.8.1 Map showing the locality of specimens used for K-Ar dating.

The mineralized zone around the Toyoha deposits is not hatched to

refrain from complication.




K-Ar ages were determined on hydrothermally altered rocks,

clay veins and gangue mineral collected from the Toyoha
deposits. Besides, the Okuiburi mineralized zone and the Yuno-
sawa geothermal alteration zone were also examined (Fig. 8.1).
Pure sericite under 2 microns in diameter, separated from the
sample by application of Stokes' law of settling in water under
gravity aﬁd HC1 treatment, was used for measurement (Sawai et
al sy 1989,

Mica K-Ar age determination clock starts at the time when
the rocks cool below this temperature, approximately 350°C
(Jager, 1979). As the estimated maximum formation temperature
of the Toyoha deposits is 300°C (Yajima and Ohta, 1979) which
1s lower than the closure temperature, the age obtained shows
formation age of sericite in altered rock. The decay content
used 1n age calculation is by Staiger and J3ger (1977).

Results of measurement are shown in Table 8.1 and Fig.
8.2. K-Ar ages for sericite from alteration zones B, C, D and
E in the Toyoha deposits showed from 1.87 to 0.96 Ma, 2.93 to
Ladl May 14897 tos bab8h Ma and 2.6l Ma; respectively, It
suggests that the hydrothermal solutions related to the
formation of the Toyoha deposits were active during the period
from late Pliocene to Pleistocene. Furthermore, the gangue
sericite (Iz-1) of the Izumo vein showed the youngest age of
0.49+0.04 Ma, and it was ascertained that the formation stage
of the Izumo vein was conceivable to be Pleistocene.

K-Ar age data for sericite from the Tajima and Izumo veins
(Fig. 8.2) roughly support the two-stage mineralization model

proposed by Yoshie et al. (1986). However, a number of data of
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Table 8.1

the Toyoha mining area

K-Ar ages for sericite in hydrothermally altered rocks from

aci ' iner {ai
Srr:u‘nclbr:f" Lg;:cl :r:gnor A”;’;:;‘U” a?s‘:r:t’)?;ge Urr“gc‘ca] (wt'.(X) (qu'.SHI:;g) H;\): ?;(; K-/(\f:a;ge
Tj-1 -300mL C Qz,Ch,IM,Py dac(K.F) 6.00+0.12 68.2+1.1 58.8 2.93+0.08
1j-2 Ohezawa R. D Qz,1M,Py and(N.F) 6.42+0.13 49.1+0.7 54.7 1.97+0.05
Hm-1 OmL C Qz,Ch,1M;Py and(N.F) 6.3210.13 39.2+0.8 65.5 1.60+0.05
[z-1 - 300mL gangue IM,Py 6.68+0.13 1257311 90.3 0.49+0.04
1z-2 ditto clay M IM, Py 8.0410.16 37.2+0.6 570 1..19%0..03
Iz-3 ditto C Qz,Ch,2M1,1M,Py b.and(K.F) 6.9140. 14 48.4+0.9 62.4 1.80£0.05
[z-4 ditto C Qz,Ch,2M1,Py ditto 6.36+0.13 34.7¢1.9 76.3 1.41+0.08
[z-5 ditto B8 Qz,Ch,2M1,1M,Kf,Ca,Py ditto 6.73+0.14 25. 1407 75.3 0.96+0.03
Sr-1 -300mL clay Qz,Ka,2M1, 1M, Py 4.38+0.09 45.6+1.7 67.2 2.68+0.11
Sr-2 - 350mL E Qz,Ka,2M1,1M,Py cg(M.F) 5.10+0.10 51:641.3 70.3 2.6120.08
Sr-3 ditto ' C Qz,Ch,2M1,1M,Ka,Py and dike 6.42+0.13 45.2+0.9 62.4 1.81#0.05
Sy-1 -150mL G Qz,Ch,1M,Py and(N.F) 6.69+0.13 55.9+0.9 39.4 2.15:0.06
Sy-2 ditto B8 Qz,Ch,2M1,Ab,Ca,Py ditto 5.40+0.10 35041 2 64.7 1.67+0.07
St-1 - 300mL B Qz,Ch,2M1,Ab.Ca,Py and dike 5.31+0.11 38.5+0.6 56.8 1.87+0.05
Tk-1 Shirai R. D Qz,1M4,Py and(N.F) 6.85+0.14 41.1+1.0 70.1 1.55+0.05
1k-2 ditto B Qz,Ch,2M1v,1M4,Ab,Ca,Py ditto 6.74+0.14 37:.320:5 50.7 1.42+0.03
Ok-1 Shirai R. 0 Qz,2M1,Py and(N.F) 6.60+0.13 74 .4+] .1 95.5 2.90+C.07
Yu-1 Yunosawa R. clay Qz,ka,1N,Py 6~ 05%1.12 h6.322.0 78.6 2.40+0.10
Yu-2 ditto F Qz,1M,Py b.and(K.F) 6. 1720-12 b7.3%1.9 77.0 2.39+0.09

Qz:Quartz, Ch:Chlorite, 1M:IM polytype sericite,
Ab:Albite, Ca:Calcite,
K.F:Koyanagizawa Formation, M.F.

K-AY

ously during the period from 3 Ma to 1 Ma

ages suggest

dac:dacite,

that

2M1:2M1 polytype sericite, Ka:Kaolinite, Py:Pyrite, Kf:K-feldspar,

(Fig.

and:andesite, b.and:basaltic andesite, cg:conglomerate,
:Motoyama Formation, N.F.:Nagato Formation.

B2 Fa

the mineralization took place continu-

Temporal

gap between the oldest and the youngest values was 0.96 Ma for

the Tajima,

kari

vein

veins.

PELge B3

0.48 Ma for

It is considered from the

from 1.80 to 0.49 Ma.

are classified

of later

the Sorachi and 0.13 Ma for

result for

the Ishi-

the Izumo

that hydrothermal solutions ascended repeatedly

It is generally accepted that veins of the Toyoha deposits

However, it

hydrothermal

gne

into two;

(Yajima and Ohta,

e de B

1s summarized firom K-Ar

solutions

88

repeated for

those of earlier

formation and those

Yoshie et al.,

1986).

dating that activities of

more than two million




years. Ore deposition might have also taken place at many

stages as proposed by Yoshie et al. (1986), but the result of
dating does not correspond directly to the stages of ore-
formation because the alteration stage does not necessarily
correspond to them. Namely, when activity of hydrothermal
solution of primary stage was replaced by that ©f younger
stages, the obtained age shows only the youngest stage of ore-

formation at the place.

| T I

Tajima vein ﬁl _E_
: : %)
i Harima vein Vol
s
3 lzumo vein gaite E ey % e
i)
; . 2 E
U Sorachi vein ERE eyt 0
clay
4V) -
£ Soya vein _?_ _9_
O
8‘ Sal } B
atsuma
= vein in
Ishikari vein Eiji
Okuiburi mineralized zone _9_
| =
W
Yunosawa alteration zone Biase
! i | clay
0 1 2

K—Ar age(Ma)

Fig.8.2 Diagram illustrating the K-Ar ages of veins and alteration

zones in and around the Toyoha mine.

B, C, D, E and F denote the divided alteration zones.




Sericites from the Okuiburi mineralized zone and the Yuno-

sawa geothermal alteration zone showed the K-Ar ages of 2.90+
0.8 7 Ma andg 2.40+0010, 125398009 Ma; respectively., The tesult
suggests that hydrothermal solutions related to the formations
of the Toyoha deposits, the Okuiburi mineralized zone and the
Yyunosawa geothermal alteration zone ascended nearly at the same

time.

2
1.80 119 0.49

A 0.96 =g sphalerite-pyrite-galena (233 tault clay
[ « § hematite-sphalerite-pyrite basaltic andesile
0] 10m IS : 7
1= L ) [.] sericite-pyrite-quartz &_]sample locality for K-Ar measurement

Fig.8.3 Geologic sketch map at -300mL of the Izumo vein showing the

locality of samples of Iz-1 to Iz-5 used for K-Ar age measurements.




9. Discussions

9.1 Genesis of alteration zones

Formation process of six alteration =zones in and around
the Toyoha mine is discussed based on the mode of occurrence of
alteration zones, alteration mineral assemblage, and X-ray
analytical, mictoscepic and chemigygl|data 'O0f alteration
minerals (Table 9.1).

(1) Zone A

From the surface toward the deeper level, the increasing
temperature causes the change of main constituent clay minerals
in zone A, that is smectite —— mixed-layer mineral — chlo-
rite and sericite. Regarding silica minerals, change of a-
cristobalite — quartz is recognized (Table 9.1). Such tran-
sitional change of alteration minerals is a characteristic
feature in the alteration by diagenesis (Utada, 1980). The
alteration of zone A in the Toyoha mine is also common to
hydrothermal alteration of geothermal area (e.g., Kimbara and
Ohkubo, 1978; Seki et al., 1980). Especially, the alteration
minerals and their characters in the Satsunan geothermal area
(Kimbara and Ohkubo, 1978), Kagoshima Prefecture, are quite
similar to those of zone A of the Toyoha mine in question.

The vicinity of the Toyoha mine is a prominent geothermal
area and there are many reports on the geothermal activity
(e.g., Ishikawa, 1969; Nomura, 1973) . Heat flow around the
Toyoha mine amounts to 25.7 HFU (heat flow unit), about ten
times higher than general HFU in the Green Tuff Region of Japan

(Nomura, 1973). The source of the high heat flow concerned 1is
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presumed to be derived from a kind of hot dry rock. Vertically

temperature gradient at the southeast part of the Toyoha
deposits 1is 20°C to 30°C/100m, partially 50°C/100m, and rock
temperature at -600 mL (-50 meters above sea level) attains at
180°C (Nomura and Tani, 1981). Abnormally high rock tempera-
ture is recognized within a limited area with radius of several
kilometers. It is estimated that the center 1is located near
the Yunosawa river (Nomura, 1973). According to Kanbara et al.
(1989), the center of active geothermal system 1s estimated to
be surely situated at southeastern side of the Shinano vein.
Therefore, it is posgible to say that alteration in the
investigated area is strongly affected by the geothermal
ity

Alteration zone A which is divided into A-1, A-2 and A-3
subfacies occurs showing zonal distribution vertically,  \iqe.
the manneyr of zonatidn of 'subfacies A=1, 8-2 and &~3F . ib
descending order is almost parallel to the formation boundary
Bk o S G Iy However, subfacies A-2 and A-3 are heaved up to
the level of the Toyoha deposits and/or the Yunosawa river
areas, where hydrothermally altered rocks such as zones By U
E, and F are observed. Hereby the boundary of each subfacies
obliquely crosses the formation boundary (Figs. 5.10 and 5.11).
This implies that these subfacies have heaved up by the
activity of hydrothermal solutions related to the formation of
the Toyoha deposits and zone F. Generally, subfacies A-2 and
A-3 at the Toyoha deposits area occupy upper part compared with

those at the Yunosawa river area (Fig. 5.10). This fact

verifies that the activity of hydrothermal solutions related to




the formation of the Toyoha deposits might have been prepon-

derant compared with the case of zone F.

From these, it is concluded that zone A has been princi-
pally formed through a process of burial diagenesis. During
the process, it has been also subjected to high geothermal
activity related to a concealed hot dry rock-body. In addi-
tion, zone A is considered to be affected by hydrothermal
solutions related to the formation of the Toyoha deposits and
zone P

In general, zeolite mineral, together with clay mineral,
occurs widely in the alteration zone of diagenetic or geother-
mal origin, and this mineral plays an important role to divide
alteration zones. For example, alteration zone of diagenetic
origin occupying eastern area of Lake Toya 1is characterized by
the presence of abundant zeolite mineral as reported by Marumo
(1985) . Although geologic constitution, embedded ore deposits
and geothermal 1indications of the preceding vicinity 1is very
similar to those in the Toyoha mining area, clinoptilolite and
mordenite are only recognized within acidic tuff of the upper
subfacies A-1 in the Toyoha mine. The reason why such differ-
ence is caused can be explained as follows; carbonate mineral
such as calcite which is widely found in zone A at the Toyoha
mining area is unobserved at the eastern area of Lake Toya
(Marumo, 1985). Therefore, it is presumed that carbonate
mineral has been formed instead of zeolite mineral at the

Toyoha mining area due to high CO fugacity.

2
{2) Zones B, C, D and E

Alteration zone B is extensively found among subfacies A-3
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and zone C around every ore vein, and occupies the whole area

including the deposits except zones C, D and E associated with
vein (Fig. 5.10)%a .10 zone B, colorved mineral and glass are
altered to chlorite, and plagioclase is altered to calcite and
albite. Calcite and albite are regarded as a relic mineral of
subfacies A-3. Quartz, sericite and pyrite are generally found
in this zone. Fe value of chlorite in zone B is about 0.6 and
is different from the value (0.3) in zone A of diagenetic
origin. From this, it is considered that zone B characterized
by high Fe value of chlorite is not of diagenetic origin but of
hydrothermal origin. From subfacies A-3 to zone C, chemical
change of major chemical component, quantitative wvariation of
main alteration mineral and variation of chlorite composition
are gradual (Fig. 7.10). Therefore, the zone B is inferred to
be a transitional zone from subfacies A-3 to zone C.

Zone C occurs around every ore vein through upper to lower
levels, but is restrictedly distributed showing narrow extent
between zone B and ore veins (Fig. 5.10). Alteration grade of
zone C is so high that original texture and minerals of
original rock are vanished in this zone. Fe value of the
chlorite from zone C is nearly 0.9 and is higher than the Fe
value (0.6) in zone B (Table 9.1). Vestige of zone B remains
partly in zone C near the contact with zone B; e.g., chlorite
possessing Fe value of 0.6 formed in zone B is dominant and
calcite is rarely observed. However, the chlorite and calcite
are thoroughly unrecognized in zone C at the vicinity of ore
vein. From these, it 1is inferred that zone C has been formed

by hydrothermal solutions related to the formation of the
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Toyoha deposits.

Alteration zone D is exclusively found at upper levels of
the ore veins, and the alteration degree is almost the same as
that of zone C. Sericite from zone D has a different character

compared with those from zones B, C and E. The Wl value of the

sericite from zone D is large and position of the 10—12£
reflection is low-angle compared with those from zones B, C and
E (Table 9.1), and the sericite from zone D is regarded to have
small amounts of expandable layer. This fact suggests that the
sericite in zone D might have been formed under lower tempera-
ture compared with the cases in zones B, C and E. And, seri-
cites from zone D, and from zones B, C and E are 1M polytype
and mixture of 1M and 2Ml polytypes, respectively (Table 9.1).
It is well known that the polytype of sericite of 2Ml - IM =
IMd is formed reflecting the formation temperature from high to
low (Yoder and Eugster, 1955; Velde, 1965). Polytype data also
suggest that sericite in zone D has been formed under low
temperature compared with those in zones B, C and E. From
this, zone D is assumed to be an alteration represented the
latest stage of mineralization. Namely, zone D might have been
formed by the rest solutions possessing low temperature gener-
ated after precipitation of main ore minerals.

Alteration zone E is exclusively recognized along the
Sorachi and Nemuro veins continuously from upper to lower
levels, and occurs showing narrow extent around ore veins
without any interruption (Fig. 5.10). Microscopic observation
led a conclusion that alteration degree of zone D is comparable

to that of zone C. Zone E 1is distributed replacing zone C at

96




che boundary between ore vein and zone C (ELG VT SRR0YY Wike

zone 1s characterized by the presence of kaolin mineral,
alunite and jarosite which are absent in zones By Q' and ‘D, ang
this suggests that this zone has been formed by an-acidic
solutions.

From the above-mentioned fact, zones C, D and E are equiv-
alent to "alteration associated with veins" (Hunahashi and
Yoshimura, 1966) or to "veins and wall rock alteration zone"
(Izawa, 1986). It is possible to say that zones C to E are
envelope of the vein.

Zone E corresponds to kaolinite zone 1in silicate series
acidic zone of hydrothermal alteration by Utada (1980) from the
alteration mineral assemblage.

(3) Zone F

Alteration zone F is characterized by the presence of
kaolinite, and 1is regarded as a product of acidic solutions.
It resembles zone E on these aspects. However, zone F at the
Yunosawa 1iver area has not exhibited any mineralization.
Consequently, the origin of zones E and F is different from one
another, 1i.e. zone E is closely related to some mineralizing
solutions but zone F is unrelated to mineralization. Altera-
tion mineral assemblage and mode of occurrence of zone F are
similar to those of the acidic alteration zone at the Matsukawa
geothermal area (Sumi, 1968).

It is revealed from the above consideration that altera-
tion in the studied area is formed by intricate duplication of
the composite alteration of various origins such as diagenetic

process, geothermal activity (high geothermal gradient), and
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lively activities of hydrothermal solutions connected with the

mineralization and acidic solutions. Alteration zone of
diagenetic origin in the studied area may be generated by the
VH-type diagenetic process at the highest geothermal gradient

as Utada (1980) pointed out.

9.2 Relationship between alteration mineral assemblage and
chemical composition of altered rocks

Mineral assemblage in each alteration zone generally well
reflects  the wariation of composition of /altered. rocks  con—
cerned. HZO* increases to 3 wt.% on an average 1in zone A
containing clay minerals such as montmorillonite, mixed-layer
minerals, chlorite and sericite, and furthermore, up to nearly
5 wt.?% on an average in zones B to F in which abundant clay
minerals of hydrothermal origin have been added (Table 7.1).
C02 augments 1in zones A-2, A-3 and B in which calcite is
universally recognized, especially amounts to 2 wt.% on an
average in zones A-3 and B, but is almost absent in unaltered
rock and zones D, E and F, those are devoid of calcite (Fig.
e S Ca0 measures 7 wt.% 1in 2zone A, while, it reduces to 3
wt.% 1n zone B. Such variation is considered to be caused by
chloritization of clinopyroxene, and furthermore, CaO decreases
to less than 0.2 wt.% in zones C to F, those are characterized
by disappearance of calcite (Fig. 7.1). Na.O shows similar

2

variation trend with CaO. Namely, Na2O decreases from 2.5 wt.$%

in zone A to 0.5 wt.% toward zone B. This change may caused by

sericitization and calcitization of plagioclase in zone B.

NazO decreases to 0.1 wt.% 1in zones C to F. This is a reflec-
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tion of disappearance of albite in those zones. KZO increases

up to 4.88 wt.% in zone B, in which sericite and rarely K-
feldspar have been formed. Zones C to E contain 2.4 to 3.8

wt.$% K2O. It may be due to abundant sericite.

On the other hand, SiO2 and A1203 contents are uniform

through out most alteration zones. Though a large quantity of

quartz 1is observed in zones C, D and AP SiO2 content 1n those

altered rocks does not increase conspicuously in those zones

(R T+ 8Y ., This is considered that surplus SiO2 is consumed

for the formation of recrystalline quartz when plagioclase and

clinopyroxene containing 50 to 60 wt.% SiO2 are altered to

chlorite and/or sericite those contain 2. Bo. 50 Wk oS SiO2.

Because analyzing sample fiom zone F is weakly silicified rock,
that is. Yich in SiO2 compared with the samples from the other
zones. Although A1203 content of zones C, D and E varies rang-
ing from 10 wt.% to 20 wt.$% (Fig. 7.8). This value is almost

equal or slightly low compared with A1203 of zone A on an aver-

age (Fig. 7.1). Accordingly, it is concluded that 8102 and

A12O3 contents show little variation through the all alteration

zones, 1in other words, regarding SiO2 and A1203,

addition and subtraction are hardly recognized as a whole.

both of

Compositional variation of FeO*, MnO and MgO is related to
both alteration mineral assemblage and chlorite composition.
Bulk rock chemical analyses disclosed that MgO decreases 1in
order of zones A-3 (3.17 wt.%), B (2.93 wt.%) and C (2.46
wt.%), and variation trend of MgO of chlorites from above-
mentioned three zones is consistent to the bulk rock chemistry

through the variation range is as given in Appendix 1. 1In zone
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C, the intensity ratio of 7 A reflection to 14 A and 4.7 R

o

reflections (I(7 AY) of "¢hlorite is 'rélated +o MgO content of
the rock concerned. MgO content in a rock having chlorite of
large 1(7 R) is scanty, i.e. an altered rock including abundant
Fe-chlorite is characterized by the small content of MgO and
vice versa. On the other hand, MgO in the altered rocks from
zones D, E énd Flacking chlorite decreases suddenly to under 1
wt.%.

MnO content in altered rocks from zones A, D, E and F 1is
mostly under 0.2 wt.%. On the other hand, MnO in zones B and C
amounts to 1.20 wt.% and 1.51 wt.% on an average, respectively
(Fig. 9.1), though those vary ranging from 0.15 wt.% to 4.10
wt.%. Frequency distribution of MnO in altered rock from zone
B is equal to that from zone C. MnO contents in both altered
rocks and chlorites from zones B and C clearly increase com-
pared with those from zone A (Figs. 9.1 and 9.2). Hence, it is
possible to say that MnO contents in altered rocks from zones B
and C depend on MnO contents of the chlorites from these zones.
MnO content 1in gangue chlorite is less than MnO in chlorites
from zones B and C (Fig. 9.2).

Generally speaking, interstratified chlorite/smectite
mineral occurs widely as a gangue mineral in epithermal gold-
silver—-quartz veins. Mn content in the chlorite/smectite
mineral from the Chitose, Omidani and Kushikino mines is
comparatively low. It may be related that manganese mineral is
absent in the ore of these mines. Whereas, Mn content 1in the
mineral from the Todoroki mine where manganese mineral 1is

commonly recognized in the ore is relatively high (Yoneda and
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Watanabe, 1989). Namely, the chemical composition of the

chlorite/smectite mineral reflects the presence or absence of
manganese minerals in the ores. At the Toyoha mine, manganese
mineralization yielded manganese carbonate and silicate
minerals belongs to stages II1 and VII after Narui et aley
(1988). While, Mn content in chlorite from altered rock of the
Akenobe mine lacking manganese mineralization 1is far low
compared with that of the Toyoha mine (Plge 9.2). Therefore,
Mn=rich chlorite in the Toyoha deposits is considered to have
been formed in relation to the manganese mineralization.

MnO in altered rocks from zones D, E and F containing no
chlorite decireases sharply to under 0.1 wt.% (Fig. 7.8).

FeO* in chlorite increases in order of zones A, B and C
(Appendix 1). FeO* in altered rock increases obviously in zone
C, and this is comparable with variation of chlorite composi-
tion. While, FeO* in zone B is almost equal to that in zone &,
and this is inconsistent with variation of chlorite composition
(Fig. F.37; Fe value of chlorite in zone A is similar to that
of clinopyroxene which has been replaced by chlorite in zone A
(Appendix 3). Mineral containing FeO* in zone A is mainly
magnetite. Hence, it is considered that FeO* in the magnetite
was added to chlorite during the formation process of zone B,
and consequently, chlorite in zone B becomes to be rich in Fe
compared with the chlorite in zone A. Magnetite 1is unobserved
in zone B under the microscope. This is the reason why Fe203
in altered rock of zone B is far less than that of zone A
(Appendix 5). These facts also support above-considerations.

Although FeO* 1in zone E is more scant than FeO* in 2zone C.
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However, FeO* in zone E is abundant compared with the quantity

of FeO* of the other alteration zones (Fig. 9.3).

{7 X) of chlorite is closely related to (FeO*+MnO) of
altered rock (Fig. 9.4). Namely, I(7 X) of chlorite increases
with increase of (FeO*+MnO) 1in altered rock. Especially in
zone C, both amount of Fe-chlorite and (FeO*+MnO) content in
altered rock show a distinct tendency that (FeO*+MnO) increases

with I1(7 A) of chlorite (Fig. 9.4).

9.3 An estimate for physico-chemical conditions of alteration
zones

From the surface toward the deeper 1level, the increasing
temperature causes the change of main constituent clay minerals
in zone A, that is smectite — mixed-layer mineral —— chlo-
rite and sericite. Hayashi (1986) estimates the formation
temperature of clay minerals from geothermal fields that smec-
tite will form from at temperatures below 200°C, regular mixed-
layer mineral at a range from 200 to 220°C, FeMg chlorite froin
220 to 3J5°%C; E=mica Trom 23% to "3257C. As sericite in sub-
facies A-3 consists of sericite/smectite mixed-layer mineral
with small amounts of expandable layers, the formation tempera-
ture might be slightly lower than that of K-mica. Accordingly,
it is considered that subfacies A-1, A-2 and A-3 have been
formed at temperature below 200°C, at a range from 200 to 220°C
and above 220°C, respectively (Table 9.2).

Judging from the alteration mineral assemblage, zones B
and C might have been formed by a neutral hydrothermal solu-

tion, and those correspond approximately to propylite zone in
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Table 9.2 Summary of estimated conditions for alteration zones around
the Toyoha mining area

- PO 10 Acting O
Alteration Charactgrlstlc hydrothermal 4Est1maped
zone clay mineral R temperature
A-1 Smectite below 200°C
A-2 Mixed-layer min. 200 to 220°C
A-3 Chlorite,Sericite above 220°C
B Chlorite,Sericite neutral 220 to 300°C
C Chlorite,Sericite neutral about 300°C
el lower than
D Sericite neutral zones B,C,E
E Kaolinite,Dickite Weiélgciggg‘c 150 to 250°C
F KawEi AR e T &

to acidic

Ca-Mg series intermediate zone of hydrothermal alteration by
Utada (1980). As calcite and albite are absent in zone C, zone
C has been formed at higher temperature than zone B. Formation
temperature of chlorite and sericite are estimated to be over
about 220°C (Hayashi, 1973, 1986; Izawa, 1985; Ibaraki and
Suzuki, 1990). The estimated maximum formation temperature of
the Toyoha deposits from filling temperature is 300°C (Yajima
and Ohta, 1979).

Both of Fe value of chlorite and (FeO*+MnO) in altered
rock increase in order of zones A-3, B and C (Appendix 1 and
Plg« 9.5 . 1.7 E) of chlorite increases also with increase of
(FeO*+Mn0O) in altered rock in order of zones A-3, B and C (Fig.
9.4). These variations are common to in analyzed three rocks,
basaltic andesite of Koyanagizawa Formation, andesite of Nagato

Form. and andesite dike. Namely, variation of chlorite compo-
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sition from zone A-3 to zone C might be caused by physico-

chemical condition of hydrothermal solution independent of
original rock.
Fe content of chlorite in alteration zones inc

order of zones A-3, B and C (Appendix 1). As mentioned lat

™

in Chapter 9.4, iron rich chlorite is formed by a so

oomed
-
ct
*

@]
3
O
gn s}

high temperature compared with the case of iron poor chlorite
(Ohta and Yajima, 1988). From variation of chlorite composi-
tion, the formation temperature of the alteration zones is h
in order of ‘zones A~3, B and C. This consideration

ble with the variation of alteration mineral assemblage (Fig

e A SRS Formation temperatures of zones A-3, B and C ar

M

estimated at above 220°C, 220 to 300°C, and about 300°C
respectively (Table 9.2).

On one hand, variation of chlorite composition from zone C
to zone B may be also explained by reaction of hydrothermal
solution with wall rock. Hydrothermal solution reacts with
wall rock to produce a large quantity of iron rich chlorite
nearby ore veins. As a result, FeO/Mg0O ratio in the solution
at the place away from the ore veins is lower than that nearby
ore veins, and 1iron poor chlorite is formed at the place
(Iilyama and Tamura, 1981).

It is not yet distinct that variation of chlorite compo-
sition from zone C to zone B is mainly controlled by whether
temperature or FeO/MgO ratio of hydrothermal solution. Because
formation process of the Toyoha deposits, for example, hydro-
thermal solutions ascended many times repeatedly during the

whole stage of mineralization, and alteration nearby ore veins
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is formed by intricate duplication of each alteration related

to many stage mineralization.

Sericite from zone D is regarded to have small amounts of
expandable layer, and this fact suggests that the sericite in
zone D might have been formed under lower temperature compared
with the cases in zones B, C and E. Moreover, polytype data
also suggesf that sericite in zone D has been formed under low
temperature compared with those in zones B, C and E. 50- that,
zone D might have been formed by the rest solutions possessing
low temperature generated after precipitation of main bre
minerals.

Zone E 1is characterized by the presence of kaolinite and
dickite formed by weakly acidic to acidic solutions related to
formation of ore veins. Estimated temperature of zone E is 150
to 250°C (Hayashi, 1973) from the alteration mineral assem—-
blage.

Zone F 1s characterized by the presence of kaolinite which
is regarded as a product of weakly asidic to acidic solutions
unrelated to mineralization. Alteration mineral assemblage and
mode of occurrence of zone F are similar to those of the acidic
alteration zone at the geothermal area. The estimated tempera-
ture is 100 to 200°C (Hayashi, 1973), and is somewhat 1low

compatred with that of zone E because dickite lacks in zone F.

9.4 Common characters compared with other polymetallic vein-
type deposits in Japan
Similar or common alteration zoning is recognized in some

other polymetallic ore veins in Japan. These are of the
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Akenobe, Ikuno and Ashio mines

in the Non-Green Tuff Regions

(Pige) BGGH, The mode of occurrence of the alteration haloes,
the divided alteration zones of these mines are given in Table

9.3 for the correlation to the Toyoha mine in question.

Toyoha- .

—
.

(,.Qj,'_'_'ﬂ,f;'Green Tuff Region

W

0 2?Okn1

Fig.9.6 Map showing the extent of Green Tuff Region and major poly-

metallic ore deposits in Japan.
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Table 9.3

Correlation of alteration zones of Toyoha, Akenobe,

Ikuno
and Ashio deposits

Toyoha mine Alt. 1. zone C zone B zone A
(Toyoha dep.) ANLA, ch-qz-se-py ch-qz-se-ca-ab-py | ((andesite))
(This study) Fe V. 0.5-0.6 and 0.9 0.5-0.6 0.3-0.4
Akenobe mine Alt.Z. dark green z. green z. light green z. unaltered z.
(Chiemon v.s.) AMLA, ch-qz ch-qz ch-qz ((basic lava))
(Sawal, 1988) Fe V. 0.75-0.85 0.5-0.7 0.5-0.6 0.4-0.5
Ikuno mine MEZ. zone (3) zone (2) zone (1)
(Kanagase area) AMLA, qz-se-ch se-ka-qz-ch | Kf-se-ch-qz-ab ((rhyolitic

(N & S, 1988)

tuff))

Ashio mine ATt.Z.

(Nakamura, 1960) | Fe V.

chloritized z.

0.69-0.89

propylitized z.

0.40-0.66

((rhyolite))

N& S, 1988:Harita and Sawai, 1988,
AMt.Z.:Alteration zonig, A.M.A, :Alteration mineral assemblage,

Fe V.:Fe value((Fettin)/((FetMn)+Mg)) of chlorite, ((

)) denotes original rock.

qz:quartz, se:sericite, ka:kaolinite, ch:chlorite, Kf:potassium feldspar, py:pyrite,

ca:calcite, ab:albite.

Table 9.4 Average chemical compositions of altered and unaltered

rocks from Toyoha,

Akenobe and lkuno mines

Alteration zone 5102 TiO2 AIZO3 FeO* Mn0 Mg0O Ca0 NaZO KZO HZO*
andesite 58.29 0.69 15.95 8.14 0.16 3.63 7.27 2.46 1.46 1.11
TOYOHA. ,5ne B 57.39 0.82 16.14 6.51 1.20 2.93 3.20 0.52 4.88 4.31
HINE  sone ¢ 57.87 0.78 14.40 12.62 1.51 2.46 0.35 0.09 2.79 5.29
basic lava 50.86 2.16 12.48 11.02 0.22 6.17 7.90 3.53 0.82 3.70
AKENOBE  yyunt green zome 45.72 2.23 13.21 14.05 0.51 6.43 8.25 2.37 0.34 5.40
MINE  Jark gr & gr z. 43.03 1.65 13.18 23.78 0.99 5.55 0.78 0.14 0.20 8.48
rhyolitic tuff  69.01 0.27 14.83 3.78 0.00 1.22 2.25 2.67 3.07 2.12
LKUNO  ,5ne (1) 71.81 0.19 12.55 3.92 0.27 0.53 0.53 0.08 6.16 2.8l
MINE  one (2), (3) 74.90 0.12 10.32 5.49 0.14 0.38 0.12 0.08 2.54 3.3

FeO*:total Fe as FeO, HZO*:H20(+)+H20(-), dark gr
References are indicated in Fig. 9.7.

12

& gr z.:dark green and green zones.




The main host rocks of the Toyoha, Akenobe and Ikuno mines

are andesite, basic lava and rhyolitic tuff, respectively. The
remarkable difference of sericite to chlorite ratio among these
three deposits 1is surely attributed to the chemical composi-
tions of their original host rocks. Average chemical composi-
tions of altered rocks for each zone of the three deposits are
shown 1in Téble 9.4, and variation trend of mobile elements is

1liustrated «inp Bigs 9«7 Decrease of CaO and NaZO, and

AKENOBE MINE

W Unaltered basalt
(Igi and Wadatsumi, 1980)

TOYOHA MINE

@ Unaltered andesite
(This study)

@ Zone B m Light green zone
(ditto) (Sawal, 1988)
Zone C 0 Dark green and green zones

(ditto) (ditto)

IKUNO MINE
Unaltered rhyolitic tuff
(Hyogo Pref., 1961)

A Zone (1)

Zone (2), (3)

S (ditto)

Ca0Q+Na:20 MgO

Pig.9.7 FeO* (Total Fe as F‘eO)—(CaO+Na20)—MgO diagram showing the
variation in unaltered and altered rocks from Toyoha, Akenobe and

Ikuno mines.
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increase of FeO* (total Fe as FeO), FeO*/MgO and H

20 toward the

veins are common characteristics among these three deposits.
The increase of HZO is due to the increasing of clay minerals.

The decrease of CaO and NaZO is caused by the disappearance of
calcium- and/or sodium- containing minerals such as calcite,
albite (Toyoha), clinopyroxene, albite (Akenobe) and horn-
blende, albite (Ikuno) .

The increase of FeO* and FeO*/MgO in the Toyoha and
Akenobe mines is mostly due to the increase of both the Fe0O/MgO
ratio and the amount of chlorite. Fe values of chlorite from
the Toyoha and Akenobe mines are presented in Fig. 9.8
(Appendix 1) and Fig. 9.9 (Appendix 6), respectively. Fe
values of chlorites from the Toyoha and Akenobe mines show
similar variation of each alteration 2zone (Table 9.3). From
the result of X-ray analyses, the iron content of chlorite from
alteration zone of the I1kuno mine increases toward the veins
(Narita and Sawai, 1988). This suggests that the whole rock
FeO* and FeO*/MgO in the Ilkuno mine may also depend on the FeO
content and amount of chlorite. Similar increase of FeO*/MgO
in chlorite is observed also in the Ashio mine (Nakamura,
1960). Therefore, it is concluded that FeO*/MgO in both whole
rock and chlorite increases toward the polymetallic ore bodies.
The feature of alteration in these polymetallic veins exhibits
a clear contrast compared to that of epithermal Au-Ag deposits
characterized by the presence of potassium feldspar within
veins or at the vicinity of veins, and by decrease of FeO/MgO
in chlorite toward the deposits (e.g., Yoneda and Watanabe,

1981; Takeuchi, 1984; Imai, 1986).
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Generally, in the polymetallic veins of the Ashio, Ikuno

and Kishu mines, chlorite in the veins is characterized by the
richness of iron, and chlorites in the Toyoha veins are plotted
within the same field of the typical polymetallic veins on the
diagram of Fe value versus Allv iPig . "9 10% . On the other
hand, chlorites associated with kuroko deposits or epithermal
Au-Ag veins are rich in magnesium, and chlorite possessing
intermediate chemical composition occurs in epithermal Cu-Pb-Zn
veins (e.g., Nagasawa et al., 1976; Shikazono, 1977. Figs. 9.10
and 9.11). From these data, Fe/ (Fe+Mg) of chlorite associated
with ore is considered to be an indicator of type of ore
deposits, and is independent of a local condition that controls
the chemical composition of host rocks.

It is indicated that Fe/Mg ratio in chlorite depends
largely upon Fe/Mg ratio in fluid (Iiyama and Tamura, 1981).
And, when chlorite and pyrite are equilibrated, it 1is consid-
ered that Fe/Mg ratio in fluid is expressed as a function of
the temperature, oxygen fugacity, pH and total concentration of
dissolved sulfur in fluid (Shikazono, 1976; Shikazono and
Kawahata, 1987). Furthermore, iron rich chlorite can be formed
by an ore solution which is in equilibrium with rocks at high
temperature (T>450°C) and reaches to an ore deposition site
(T=200°C), and magnesium rich chlorite can be formed by an ore
solution which is in equilibrium with rocks at low temperature
(T<80°C) and reaches to an ore deposition site (T=200°C) (Ohta
and Yajima, 1988). And, compositions of chlorite suggest that
the ore solutions of the polymetallic veins, epithermal Cu-Pb-

Zn veins and epithermal Au-Ag veins are of high, intermediate
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I-polymetallic
veins

Fe/ (Fe+Mg)
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Kuroko deposits
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Fig.9.10 Chemical composition of chlorite associated with ore from

vein-type and Kuroko-type deposits in Japan.

Toyoha veins (Ohta and Yajima, 1988; This study), polymetallic veins
(Nakamura, 1960, 1963; Shirozu, 1958; Nagasawa et al., 1976), Cu-Pb-
Zn veins (Shirozu, 1958; Sudo, 1941; Nagasawa, 1961; Nagasawa et
al.,1976), Kuroko deposits (Hayashi, 1961; Hayashi and Oinuma, 1965;
Tsuzuki and Honda, 1977; Shirozu et al., 1975; Sakamoto and Sudo,
1956; Katsumoto and Shirozu, 1973).
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[(7A)

Toyoha(O)
Toyoha(W)

Akenobe(W)
Todoroki(W)

Kuroko(O)
Kushikino(W)
Chitose(O)
f‘d/Todoroki(O)
Kushikino(O)
Seigoshi(O) 3 v \/ 4 y’ 7 p
[(14A) [(4.7A)

Fig.9.11 X-ray diffraction data of chlorite from hydrothermal ore
deposits plotted on the diagram after Oinuma et al. (1972).

Toyoha (O) :in ore from Toyoha polymetallic veins (Ohta and Yajima,
1988; This study), Toyoha(W):in wall rock from Toyoha (This study),
Akenobe(W):in wall rock from Akenobe polymetallic veins (Sawai,
1986b), Todoroki(O):in ore from Todoroki Au-Ag veins (Yoneda and
Watanabe, 1981), Todoroki(W):in wall rock from Todoroki (Yoneda and
Watanabe, 1981), Kushikino(O):in ore from Kushikino Au-Ag veins
(Takeuchi, 1984), Kushikino(W):in wall rock from Kushikino (Take-
uchi, 1984), Chitose(O):in ore from Chitose Au-Ag veins (Yoneda and
Watanabe, 1989), Seigoshi(0): in ore from Seigoshi Au-Ag veins
(Yoneda and Watanabe, 1989), Kuroko(0O):in yellow ore and siliceous
ore from Kuroko deposits, Hokuroku district (Shirozu, 1974).

Note that Todoroki(0O), Kushikino(0O), Chitose(0) and Seigoshi(0O) are
chlorite/smectite interstratification.
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and low temperature origin, respectively (Ohta and Yajima,

1988) s, Hence, it is considered that iron rich ehlorites in the
vein and zone C from the Toyoha deposits are formed by a high
temperature ore solution, and Fe-Mg chlorite in zone B is
formed by a low temperature solution compared with the case of
1¥on ‘Tieh chiorite- Above-stated temperature of zone B is
almost the same as the temperature of ore solution related +to

the formation of epithermal Cu-Pb-Zn veins.

9.5 Formation age of the Toyoha deposits

The formation age of the Toyoha deposits has been
estimated to be middle Miocene mainly from the age of the host
1ocks (e g METL: 19725845 The country rocks of the Toyoha
deposits are Koyanagizawa, Motoyama and Nagato Formations, and
besides the preceding three formations, Oshidorizawa Formation
embeds the Iburi and Okuiburi mineralized zones. Rocks of
these formations at adjacent vicinity to the mineralized zone
have been subjected to various grades of hydrothermal altera-
tiong (Flge 9.%12)i Main alteration minerals are chlorite and
sericite. Fission track age of 8.8+0.3 Ma (late Miocene) has
been obtained from acidic tuff of the Oshidorizawa Formation
(Sawai and Ganzawa, 1988b). From this, the deposits might have
been formed after late Miocene. Mineralized zone and hydro-
thermal alteration zone mainly composed of chlorite and seri-
cite are unrecognized in the Sanbonmata Formation from which
the fission track age of 3.3+0.2 Ma has been obtained (Sawai
and Ganzawa, 1988a). However, chlorite/smectite mixed-layer

mineral occurs in the Sanbonmata Formation only nearby the
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mineralized zone

and Ganzawa,

1988a).

In other

words,

in the Motoyama and Nagato Formations

(Sawai

this mixed-layer mineral

is absent in the Sanbonmata Formation occurring at long

distance away from the mineralized

layer
solutions related to the formation of the ore deposits.
the field
Formation,

formed also after

mineral

it

survey and fission

zone.

From “this,;

mixed-

in question may be formed by hydrothermal

From

track age of the Sanbonmata

is possible to say that the deposits have been

3.3 Ma

(middle Pliocene)

age of the Sanbonmata Formation.

corresponding to the

Stratigraphic | Fission Track | K-Ar Age of Ser;%ite
‘ : i thermally
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Fig.9.12 Stratigraphic range of diagenesis and hydrothermal altera-
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On the other hand, Marumo and Sawai (1986) reported K-Ar

age of 2.2 Ma for a clay vein from the Izumo vein of the Toyoha
deposits and suggested that the mineralization might have
continued until Pliocene. K-Ar ages for sericite in hydro-
thermally altered rocks of the Koyanagizawa, Motoyama and
Nagato Formations are 2.93 to 0.96 Ma, 2.61 Ma and 2.90 to 1.42
Ma, respectively (Fig. 9.12). There 1is a very long time gap
between the ages of country rock and of hydrothermal alteration
related to the formation of the deposits. K-Ar ages for
sericite in hydrothermally altered rocks, clay veins and gangue
sericite are limited within a range from 2.93 to 0.49 Ma (Table
8y1l)a The result of dating leads that the hydrothermal solu-
tion related to the formation of the Toyoha deposits was active
during the periods from late Pliocene to Pleistocene. Accord-
ingly, the age of formation of the Toyoha deposits is not to be
middle Miocene, but to be from late Pliocene at latest to
Pleistocene. This conclusion is compatible with the above-
mentioned inference obtained from the field survey and fission
track age.

K-Ar ages of ore deposits in the Shakotan-Toya district,
southwest Hokkaido, atre shown in Fig. 9.13. Kuroko-type (Toya-
takarada, Minamishiraoi) and disseminated-type (Horobetsu,
Kagenosawa) deposits show K-Ar ages of middle Miocene which are
consistent with those of kuroko deposits of northeastern Honshu
(MMAJ, 1982). Though isotopic ages are not available for the
deposits of Kunitomi, Meiji and Otarumatsukura mines, these
kuroko-type deposits might have also been formed in the same

period judging from their embedded horizon (MMAJ, 1973). On
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Fig.9.13 Map showing the localities and K-Ar ages of ore deposits in

the Shakotan-Toya district.

Inakuraishi (Maeda, 1988), Ohe (Maeda and Ito, 1985; Maeda, 1988),
Toyoha (Marumo and Sawai, 1986; This study), Koryu (Sugaki and
Isobe, 1985), Chitose (MITI, 1979; Marumo and Sawai, 1986), Hakuryu
and Date (Marumo, 1985), Toya-takarada, Minamishiraoi, Horobetsu and
Kagenosawa (Marumo and Sawai, 1986).
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Table 9.5

K-Ar ages of vein-type deposits in the Green Tuff Region,

Hokkaido and acidic intrusive rocks in the Shakotan-Toya district

Uigﬁgit Type of veins K—A&aage References
1 Toyoha Ag-Pb-Zn vein it Marumo and Sawai(1986)
2 Koryu Au-Ag quartz vein 1.0 Sugaki and Isobe(1985)
3 Chitose " 4.7 MITI(1979)
ha ? 3.6 Marumo and Sawai(1986)
5 Date Au-Ag-Cu-Pb-Zn vein 5.2 Marumo(1985)
6 Hakuryu Au-Ag quartz vein b 54 3 2
7 Ohe Mn-Pb-Zn vein g Maeda and Ito(1985)
E ;S p 3.4 +0.3 Maeda(1988)
9 Inakuraishi @ 4.9 e, e
1 A 2 e 0 o g
|7 " M 4 7
12 Sanru Au-Ag quartz vein 12.4 +0.6 Sugaki and Isobe(1985)
13 Ryuo " A Maeda and Ito(1986)
14 Shakinzawa P 7.4 3
Locality Rock facies -fage References
15 Jozankei Quartz porphyry Watanabe et al.(1989)
16 " " NEDO(1988)
;1 Sl Quartz diorite M
L Dacite k
19 Shakotan Quartz diorite MITI(1985)
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the other hang, vein-type deposits in the Shakotan-Toya

district are formed in a period from the latest Miocene to
Pleistocene. Especially, the Toyoha mine together with the
Koryu mine belongs to the youngest group.

K-Ar ages of the Jozankei quartz porphyry which is situ-
ated in center of the zonal arrangement of ore deposits in the
Teine-Chitose district (Yajima, 1979) are 13.9 to 9.5 Ma (NEDO,

1988; Watanabe et al., 1989. Table LN K-Ar age of quartz

5
e Shakotan-Toya district
G i
Cl11] 8
Cl|10]1 719
21Cl1114|3|5]6 :
9 15
&
XAl ERIPE RPPRSi northeast Hokkaldo
Acidic intrusive rocks
14
1 13 l 12 :
5 10 15

K-Ar age (Ma)

Fig.9.14 Histogram showing range in K-Ar ages of vein-type deposits
in the Green Tuff Region, Hokkaido and acidic intrusive rocks in the
Shakotan-Toya district. Number in diagram is referred to Table 9.5.
C denotes the K-Ar ages of zone C in this study.
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diorite which is situated in center of the zonal arrangement of

ore deposits in the Shakotan district (Narita et al., 1965) is
8.3 Ma (Table 9.5), but the age may be rejuvenated because the
dated sample is affected to a certain alteration related to the
mineralization of the Ohe mine (MITI, 1985). These ages are
much older than those of vein-type deposits showing the zonal
arrangement (Fig. 9.14). Hence, the previous theory on zonal
arrangement of ore deposits around acidic intrusions 1in the
Teine-Chitose and Shakotan districts should be re-examined.
Watanabe (1989) also point out that the zonal arrangement 1in
the Teine-Chitose district should be re-examined, because the
age of mineralization of the Toyoha, Otoyo and Toyohiro, and
Todoroki mines, and the structural movement caused the mineral-

ization are not consistent from one another.

9.6 Application of wall rock alteration research to prospect
the Toyoha deposits

Hydrothermal alteration related to the formation of the
Toyoha deposits is divided into zones B, C, D and E. Zones D
and E are not effective for exploration of the deposits because
their distributions aire very exclusive. Although zone C occurs
around every ore vein, the zone is not effective for extensive
exploration but useful for the diamond drilling to prospect the
deposits because the =zone 1is exclusively distributed within
nearly ten meters from ore veins. Zone B 1is the best target
for the extensive exploration, because the zone occupies the
whole area including the deposits.

Histograms of mobile elements in alteration zones A, B and
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C are shown in Fig. 9.15. These histograms reveal that KZO and

NazO are the most useful components for the exploration. KZO

contents in zone A and zones B, C are under and over 1«8 St

respectively. NaZO contents in zone A and zones B, C are over

1.5 wt.% and under 0.9 wt.$%, respectively. Na2O content in

altered rocks has been widely used for the exploration in

kuroko deposits of the Hokuroku district, e.g., Na,O poor

2

dacite (Date et al., 1979) and low NaZO anomaly (Hashiguchi et

81 .. F981y
CaO+Na20 is divided into following three groups; 1) over 7
wt.% in zone A, 2) 3 to 5 wt.% in zone B and 3) under 1 wt.$% in

zope C (Fig. 95161 Hence; CaO+Na20 is more effective for the

exploration than the case using Na.,O only. Furthermore,

2

altered index (lOOx(MgO+K2O)/(Na20+K2O+CaO+MgO)) after Ishikawa

et al., (1976) using for the exploration of kuroko deposits in

the Hokuroku digtrict is also useful. MgO and K,.O, added

2
components have been used as altered index in the kuroko
deposits, but FeO* has been used in the Toyoha deposits in
stead of MgO , because MgO is constant but FeO* increases
toward ore veins. Namely, altered index in the Toyoha deposits
2O+K20+CaO+FeO*). The

altered indices in zones A, B and C are 40 to 60, 70 to 90 and

is calculated by 100x(FeO*+K20)/(Na

over 90, respectively (Fig. 9.16). However, CaO+Na20 can be
used more easily than the altered index being obliged to do
four elements analyses.

CaoO, NaZO and K2O in zone F which is a hydrothermal alter-

ation zone unrelated to the formation of the deposits show the

same variation trends as those in zones B and C (Fig. 7.1). On
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the other hand, MnO content in zones B and C is clearly larger

than that in the other alteration zones. Furthermore, Mno
contents in zone A and zones B, C are under and over 0.5 wt.3
respectively, and the frequency distribution separates into two
areas {(Fig. 9.15). Therefore, the area showing MnO content of
over 0.5 wt.% is a very important target for exploration of the
Toyoha deposits.

It is possible to say that the area having the same alter-

ation mineral assemblage as zone B, CaO+Na.O under 5 wt.%, K.O

2 2

over 2 wt.% and MnO over 0.5 wt.% is hopeful to prospect new
ore veins. Furthermore, if the place having the same altera-
tion mineral assemblage as zone C, CaO+Na20 under 1 wt.% and
MnO over 0.5 wt.% was found in the preceding hopeful area, it

should be a place possessing a large possibility where ore vein

is present within an area about ten meters from the place.

10. Conclusions

The present study on wall rock alteration related to poly-
metallic vein-type deposits with special reference to the
Toyoha mine has yielded the following results.

(1) Wall rock alteration around the Toyoha deposits was
divided into six zones, A, B, C, D, E and F, from outer side of
the vein based on the characteristic alteration minerals and
their assemblage as well as the distribution and mode of occur-
rence. Zone A was subdivided into subfacies A-1, A-2 and A-3.
Alteration zone A is widely distributed and shows zonal distri-

bution of subfacies A-1, A-2 and A-3 in descending order.
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Alteration zones B, C, D and E are locally distributed around

ore veins. Alteration zone F is recognized at the downstream
of the Yunosawa river.

(2) Formation process of alteration zones in and around
the Toyoha mine was considered as follows. Zone A has been
principally formed through a process of burial diagenesis.
During the process, it has been also subjected to a geothermal
activity derived from a concealed hot dry rock-body. In addi-
tion, zone A was considered to be affected by hydrothermal
solutions related to the formation of the Toyoha deposits and
zone F. Zone B is a transitional zone from subfacies A-3 to
zone C. Zones C, D and E are alteration associated with ore
veins which distribute exclusively nearby ore veins. Zone F was
regarded as a product of acidic solutions related to geothermal
activity. It was revealed from the above considerations that
alteration in the studied area was formed by intricate duplica-
tion of the composite alterations of various origins such as
diagenetic process, geothermal activity (high geothermal
gradient), and lively activities of hydrothermal solutions
caused ore deposition and acidic solutions.

(3) Formation temperatures of alteration zones estimated
from the alteration mineral assemblage are as follows. Those
of subfacies A-1, A-2 and A-3 are below 200°C, 200 to 220°C and
above 220°C, respectively. Those of zone B 220 to 300°C, of
zone C about 300°C, of zone E 150 to 250°C. Temperature of
zone D is lower than those of zones B, C and E. Temperature of
zone F is 100 to 200°C. Judging from the alteration mineral

assemblage, zones B, C and D were considered to have been
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formed by neutral hydrothermal solutions and zones E and F by

weakly acidic to acidic ones.

(4) Three kinds of chlorite could be discriminated from Fe
value ((Fe+Mn)/ (Fe+Mn)+Mg) of chlorites. The value concen-
trates forming three groups; these are (0.3 to 0.4), (0.4 to
0.6) and (nearly 0.9). Fe value of chlorite in subfacies A-3
has a limited range of nearly 0.35. .Fe value of chlorite in
zone B varies ranging from 0.4 to 0.6. Fe value of chlorite in
zone C is roughly divided into two groups; (a) 0.4 to 0.6
equivalent to that in zone B and (b) about 0.9 which is unrec-
ognized in zones A and B. It was inferred that the former (a)
and the latter (b) have been mainly formed in zone B and zone
C, respectively, by hydrothermal alteration related to the
formation of ore veins. Accordingly, chlorite in zone C is
composed of mixture of Mg-Fe chlorite (Fe value 0.4 to 0.6)
formed in zone B and Fe one (Fe value = 0.9) formed in zone C,
respectively.

(5) Mineral assemblage in each alteration zone generally
well reflects the chemical composition of altered rocks con-
cerned. While, variation of composition of FeO*, MnO and MgO
is related to both alteration mineral assemblage and chemistry
of chlorite. Although CaO and Na20 are unvaried in unaltered
rock and zone A, they conspicuously decrease toward vein,
especially in zones B, C, D and E around ore vein. Based on
the CaO+Na20 content, alteration grade can be chemically

divided into three groups; 1) unaltered rocks and zone A (7.34

to 12.85), 2y zone 'B (2:05 to ' 376 and 3) zZones C, D, E and F

(0 . 08 8o 15030,
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(6) Fe values of chlorite and FeO* contents of altered

rocks from the alteration halo in the Toyoha, Akenobe, Ikuno
and Ashio mines were compared, and it was disclosed that Fe
value of chlorite and FeO* content of altered rocks increase
toward the ore veins in any case. Such a trend of Fe value of
chlorite is one of the most characteristic features in the
alteration halo related to the formation of polymetallic ore
deposits in Japan.

(7) K-Ar ages from 2.93 to 0.49 Ma were obtained from
sericites in hydrothermal alteration zones, 1in clay veins, and
of gangue mineral, and the Toyoha deposits are inferred to have
been formed in the periods from Pliocene to Pleistocene. The
Toyoha deposits are roughly believed to have been formed
through two-stage mineralizations. However, it has been
disclosed from K-Ar dating that hydrothermal solutions ascended
many times repeatedly during the whole stage of mineralization.

(8) From mode of occurrence of alteration halo in the
Toyoha mine and chemistry of altered rocks and minerals
concerned, the present author concluded that an area having the
same alteration mineral assemblage as represented by zone B,
under 5 wt.$% CaO+Na20, over 2 wt.% K20 and over 0.5 wt.% MnO is
hopeful target to prospect new ore veins. Furthermore, if the
place having the same alteration mineral assemblage as
presented in zone C, under 1 wt.$% CaO+Na20 and over 0.5 wt.$%
MnO were found within the preceding hopeful area, it should be
a place possessing a large possibility where ore vein is
present within an area about ten meters from the place.

(9) From field geological survey and fission track age
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determination from some acidic tuffs, it was concluded that

Motoyama Formation , and Nagato and Oshidorizawa Formations are
correlated to Miocene Kunnui and Yakumo Formations of the stan-
dard stratigraphy of southwestern Hokkaido of Neogene Tertiary
System. Sanbonmata and Oheyama Formations are correlated to
Pliocene Kuromatsunai Formation respectively, and the strata of
latest Miocene to early Pliocene are considered to be absent in

the Toyoha mining area.
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