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Matsunisa Yukihiro and Utapa Minoru (1993) Hydrothermal activity respon-
sible for the Kuroko mineralization inferred from oxygen isotopic ratios of
altered rocks from the western area of the Hokuroku district, northern
Japan. Bull. Geol. Surv. Japan, vol. 44 (2/3/4), p. 155-168, 9 fig., 1 tab.

Abstract: The Kuroko ore deposits, massive sulfide deposits mainly consisting of
pyrite, chalcopyrite, galena and sphalerite together with Ba- and Ca-sulfates, are
typically developed in the Middle Miocene formations of the Hokuroku district,
northern Japan (Sato, 1974) (Fig. 1). The Kuroko ore deposits are strata-bound, and
form stratiform or lenticular orebodies, being concordant with surrounding sediments.
The ore deposits are also closely associated with extensive submarine felsic volcanism.
Both the volcanic and sedimentary rocks have been strongly hydrothermally altered to
so-called “Green Tuff”. The stratiform orebodies are occasionally underlain by
stock-work orebodies of pyrite and chalcopyrite. These geologic features suggest that
the Kuroko ore deposits have formed syngenetically by hydrothermal activity
associated with submarine felsic volcanism (Watanabe, 1973).

Analysis of the hydrothermal systems which are postulated in the areas of the
Kuroko mineralization in Miocene age would be one of the major subjects concerning
to the genesis of the Kuroko ore deposits. In the present study, by combining
mineralogical and oxygen isotopic data for the drill-core samples, we tried to
reconstruct the hydrothermal systems which might have existed in the western area of
the Hokuroku district. In the western area numerous orebodies ranging in size from
minute to few hundred meters across are distributed, and they have been intensively
developed as the Hanaoka, Matsumine and Shakanai mining area (Fig. 2).

Analysis of zonation of alteration minerals of this area has been published
elsewhere (Utada et al., 1983). The alteration zones are arranged from center to
margin in respect of the Kuroko mineralization as follows: chlorite-sericite zone-
mixed layered clay mineral zone - montmorillonite zone - analcime zone - mordenite
zone. K-feldspar zone occasionally appears in the center of the alteration zonation. A
hydrothermal alteration characterized by high activity of potassium is locally
superimposed on the Kuroko-stage alteration, being probably related to vein-type
mineralization at a later stage. Zones of zeolite groups of diagenetic origin are also
recognized locally. The chlorite-sericite zone develops to envelop orebodies and
extends upward. It is interlaid with several units of K-feldspar zone.

Oxygen isotopic ratios (**0/®0) are reported in 60 notation relative to SMOW.
The 6%0 values for the whole-rocks range from +5.9 to +20.83% (Table1). The
oxygen isotopic variation corresponds in general with the zonation of alteration
minerals (Fig. 3). That is, most rocks from the chlorite-sericite zone have 60 values
lower than + 9%, rocks from the montmorillonite zone and mixed layered clay
mineral zone have values in the range of + 10 to + 20% and rocks from the zeolite zones

Keywords : Hydrothermal activity, Kuroko mineralization,
oxygen isotopic ratio, altered rock, Hokuroku, Akita,

* SRMETEE (BFE, MR LR massive sulfide, Miocene, Submarine volcanism, felsic
" ERAKFERATHIER S volecanism, Hanaoka, Matsumine, Shakanai
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have relatively uniform values around + 19 to +21%,. The K-feldspar zone interlaid in
the chlorite-sericite zone does not show any peculiar isotopic discordance with the
surrounding chlorite-sericite zone.

Oxygen isotopic composition of hydrothermally altered rocks is determined by
several independent factors, which include initial isotopic compositions of rocks and
waters involved in the reaction, reaction temperatures, water to rock ratio of the
system, and extent of isotopic exchange reaction. If the initial isotopic compositions
are assumed to be constant, the 60 values of altered rocks decrease with increasing
in temperature. Since the main rock types in the area are intermediate to felsic
volcanic roks including pyroclastic rocks, the initial §'®0 values of the rocks are safely
assumed to be +6 to + 7%. On the other hand, 6'®0 values of fluid responsible for the
alteration is estimated to be 0 to — 2% on the basis of fluid inclusion data (Ohmoto
and Rye, 1974), or 0 to + 2%, by calculation on the isotopic data of chlorite and sericite
(Marumo and Matsuhisa, unpublished ; Hattori and Muehlenbachs, 1980), which is
very close to the composition of seawater (Fig.4). If the initial 60 value of the
hydrothermal fluid is taken to be 0%, the 6"*0 values measured for the rocks can be
resulted from nearly equilibrium isotope exchange with the fluid at high water to rock
ratio at 200 to 250°C for the chlorite-sericite zone, 50 to 150°C for the montmorillonite
zone and mixed layered clay mineral zone, and lower temperatures for the zeolite
zones. If the 60 value of the fluid is taken to be +2%, the temperatures should be
read about 50°C higher. Fluctuation of %1%, due to variation in mineral assemblage
also should be taken into consideration. Since the oxygen isotopic fractionation
between felsic rocks (approximated by albite) and water is about 6% at 250°C, the 60
values of rocks may not change significantly by the hydrothermal alteration at this
temperature. The 80 values of altered rocks decrease with increasing in water to
rock ratio at temperatures higher than 250°C, whereas they increase with increasing in
water to rock ratio at temperatures lower than 250°C (Fig. 5).

Zones of low 60 values (~ +6%) of rocks, which suggest intensive hydrothermal
activity, correspond with the distribution of orebodies (Figs. 6 to 8). The 60 values
are lowest beneath the orebodies, and increase upward as well as horizontally away
from the orebodies. This implies that the orebodies might have formed in connection
with outflow of thermal waters from underneath. A steep gradient in 6®0 is observed
at around +12 to +13%. This steep gradient zone is traced at depths about 100 m
above the mineralization horizon, and extends upward where orebodies exist. This
zone (corresponds to about 150°C) may indicate the limit of effective influence of
high-temperature fluids to the wall rocks. It is obvious that the hydrothermal fluids
have intruded into the superior layers to the ore deposits. Even if the ore deposits
formed on the surface of seabed, the hydrothermal activity must have continued well
after the deposition of the overlying rocks.

In the section GG', along which several large orebodies are distributed, a low %0
zone (< +8%) develops widely in the area about 3km long in NW-SE direction with
the lowest 6'®0 values (~ +6%) underneath the largest orebodies at Matsumine (Fig.
9). The 6®0 values increase sharply toward SW direction (+ 12% at the mineralization
horizon about 500 m away from the Matsumine orebodies). It is supposed that an
intensive hydrothermal system might have existed along this line in NW-SE direction.
An upward increase in 6'*0 with a low value of + 6% beneath orebody is observed at
an 1solated point O-8 (Matsuki mine). This suggests that small hydrothermal
systems other than the main conduit may have existed to form orebodies in some
places.

The concordant variation of 6'®0 values suggests that the K-feldspar zone interlaid
in the chlorite-sericite zone would have formed at the Kuroko stage. However, the
K-feldspar zone widely developed in the NE corner of the studied area has 680 values
of +7.0 to +9.7% discordant with surrounding alteration zones. This §"®0-pattern
supports a later stage injection of potassic thermal waters being related to the
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vein-type mineralization.

It has been clarified that the Kuroko orebodies are accompanied in space with

outflows of hydrothermal waters.
ore formation.

The hydrothermal activity continued well after the
The main outflow of the thermal waters centered on the Matsumine

area extending in NW-SE direction at least about 3km long. This outflow system
may be related to the geologic structure —fissure systems—— of the whole Hokuroku

basin.

Small orebodies distributed out of this main system seem to be related to
small outflows of thermal waters at each place as well.

The hydrothermal waters

may have originated from seawater with small modification in isotopic composition

by reaction with surrounding rocks.
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Fig. 1 Major geologic structures and distribution of the Kuroko deposits of the Hokuroku
district, northern Japan (After Sato et al., 1974).
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Table 1 Oxygen isotope ratios and alteration mineralogy of hydrothermally altered
rocks from the western part of the Hokuroku district.

Drill hole No. Depth (m) Alteration zone™ Mineral assemblage™* 8% Osmow (%o)
Section GG’
D 1277 60. 1 CS Q (+++), Ser (+) + 7.9
K9 7.5 cs Q (+++), Ser (+++) +8.8
112.8 Kf Q (+++), Pl (++), Kf (++), (Py) + 8.9
136. 4 CS Q (+++), Pl (+++), Ser (+++) + 7.9
209.0 CS Q (+++), P1 (+), Ser (+++), Ch (++), (Py) + 7.8
M 162 204. 6 Kf Q (+++), Pl (+++), Kf (+++) +10.7
263.6 CS Q (+++), P1 (++), Ser (++), Ch (+) +10. 2
334.6 Kf Q (++4), P1 (+4), Kf (+++), Ser (++), Ch (+) + 8.3
395. 7 cs Q (+++), Ser (+++) + 6.8
4500 cs Q (+++), Ser (+++), Ch (++), Mx (+) + 5.9
M81 176.5 Kf Q (+++), Pl (+4), Kf (++), Ser (+), Ch (+) +10.1
239.4 CS Q (+++), P1 (+), Ser (++), Ch (++) + 8.0
974.5 cs Q (++4), Ser (+++), Ch (++) + 7.0
372.0 Cs Q (+++), Ser (+++) + 5.9
S 46 249.0 Mt Q (++), P1 (++), Mt (++) +11.1
351. 2 Kf Q (+++), Kf (+), Ch (+), Ser (+), Dol (+) + 7.8
390. 2 CS Q (+++), PL (++), Ch (+), Ser (+), (Py) + 8.8
509. 8 CS Q (+++), Ser (++), Ch (+) + 6.4
07 255.6 Mt Q (+++), Pl (+), Mt (+++) +17.5
323.4 Mt Q (+++), Pl (+), Mt (+++) +13.6
356. 4 Kf Q (+++), Kf (+), Dol (+) +13.4
376.5 Mx Q (+++), P1 (+), Ch (+), Mx (+) +12.2
405.3 Kf Q (++), Kf (++), Ser (+), Ch (++) 9.6
509. 4 CS Q (+++), P1 (+), Ser (+++), Ch (+) + 9.5
012 127.5 Md Md (+++), Mt (+) +19.4
165.5 Mt Op (+4), Mt (+++) +19.2
250.0 Md Md (+++) +19.0
325.0 CS Q (+++), Pl (+++), Ch (+) +12.4
Section aa’
D 1213 130. 7 CS Q (++4), Ser (++), Ch (++), Mx (+), Dol (+) + 8.5

Section bb’

K 155 83.0 Mx Q (+++), Ser (++) +11.9
176.8 Kf Q (+++), Kf (++), Ser (+), Ch (+) +81
953.0 Cs Q (+++), Ser (+++), Ch (++), Mx (+) + 7.4
347.5 Cs Q (+++), Ser (+++) +8.7
SK 377 140. 5 CS Q (+++), PL (++), Ser (+++), Ch (++) + 6.0
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Table 1 (continued)

Drill hole No. Depth (m) Alteration zone*

Mineral assemblage*”

§ISOSMOW (%0)

Section dd’

M 221

M28

SK 138

SK 556

Section ee’

08

HO 61

Section ff’

014

HO 14

73.4
149.0
177.0
298.3
399.0

79.5
170.0
236.5
310.4

149.5
275.0

281.0

66.5
202.7
261.0
398.0

90.3
280.0
390.0
530.0
660. 3

115.3
199.7
264.0
498.5

140.0
250.0
445.6
521.0
630. 2
702. 4

Mt
Kf
Mt

CS

Mt
Kf
CS
CS

Kf
Kf

Kf

Mt

CS
CS

Mt
Md
Mx
Kf
Mx

Md
Md
Mx
CS

Md
Mt
Kf
CS
CS
CS

Q (+++), Pl (++), Mt (+++), Mx (++)
Q (+++), Kf (++)

Q (t++), Pl (+++), Mt (+++), Md (++)

Q (+++), Pl (+++), Ser (+), Mx (++)
Q (+++), P1 (+4), Ser (++), Ch (+)

Q (1), Op (+), Mt (+++)

Q (+++), Kf (++), Ch (+), Ser (+), Mt (+)

Q (++1), Ser (+), Gp (H)
Q (+++), Ser (+), (Py)

Q (+++), Kf (+++), Ch (++)
Q (+++), Kf (+++)

Q (+++), Kf (++), Ser (+), Ch (+)

Q (+++), Pl (+4), Mt (+++)
Q (+++), Mx (++)

Q (+++), Ser (+++), (Gp)
Q (+++), Ch (+), Mx (++)

Op (++), P1 (+), Mt (+++)

Op (++), Md (+++)

Q (+++), Pl (+++), Mx (++)

Q (+++), PIL (++), Kf (+++), Ch (+)
Q (++), Pl (+++), Mx (++), Ch (++)

Q (+), Clp (+), Md (++), Mt (+1)

Q (+++), Pl (++), Md (++), Mt (++)
Q (+++), Mx (++), Ch (+)

Q (+++), Pl (+++), Ser (++)

Op (++), Md (+++), Mt (+)

Op (++), Mt (+++)

Q (+++), Kf (+), Ser (+), Ch (+)
Q (+++), Ser (++), Ch (+)

Q (+++), Ser (++), Ch (+)

Q (+++), Kf (+), Ser (++), Ch (+)

+17.0
+20. 2
+16.9
+13.3
-+12.2

+17.7
+ 9.0
+ 7.1
+ 6.8

+ 7.0
+ 7.8

+ 8.4

+17.5
+12.1
+ 7.1
+ 6.0

+15.5
+20.3
+13.2
+ 9.7
+11.0

+20.2
+16.7
+10.3
+11.0

+20.1
+18.1
+12.2
+ 6.2
+ 6.4
+ 7.2

*CS: Chlorite-sericite zone, Kf: K-feldspar zone, Mx: Mixed layered clay mineral zone, Mt:
Montmorillonite zone, Md : Mordenite zone.
**Q: quartz, Op: opal, Pl: plagioclase, Kf: K-feldspar, Ser: sericite, Ch: chlorite, Mx: mixed
layered clay mineral, Mt: montmorillonite, Md : mordenite, Clp : clinoptilolite, Dol : dolomite, Gp:

gypsum, Py : pyrite, +++ : abundant, ++ : moderate, + : present, (Py) : detected.
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Fig. 2

Distribution of the Kuroko deposits (stippled areas) in the western part of the

Hokuroku district, and localities of the drill holes from which the samples were

collected (solid circles).

Utada et al. (1983).
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Fig. 3 Histogram of 6%0 values of whole-
rocks from the alteration zones of the
western part of the Hokuroku district.
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ol  SMOW 4
Composition of thermal waters
s \\calculuted at 250 to 300°C
Composition of thermal waters
0) estimated by Hattori and
o Muehienbachs (1980)
~50l- Fluid inclusions

of Kuroko ores

g (Ohmoto and Rye,
& 1976)
o Present-day
w hydrothermal
kaolinites NP
~100¢° Kuroko minerals é\& 7
o Chlorite, Hokuroku &
o Chlorite, San-in
& Muscovite, San-in
- 1 ] 1
150 -10 0 +10 +20
&0 {%o)

WA BUKLEESEY & BN LBUKD 6D-6"%0 54 ¥ 75 &, BEESALBUK DN KL OMEER & LT, B
(L8 h o FA AP O KDN (Ohmoto and Rye, 1976), {13 & HEROEIN AL ST E TR 12
i (Hattori and Muehlenbachs, 1980), & U Mg ki LHEMORIME @t sl Tdb) »
SEETRDIME, ERLE KDY, BB O N 4 ) 54 b OMREHEF (Marumo
et al., 1982) % /5 L 7. SMOW & #Z# 2 ¥ 7K, Kaolinite line (Weathering) (3 J&l 1t 8 2 T Kk
(Meteorlc water line) & WEiICJEE I Nich A Y F 4 ~ OFEREE % RS

6D-6"0 diagram for hydrothermally formed minerals and thermal fluids responsible
for the Kuroko mineralization. The isotopic composition range of the mineralization
fluids is estimated on the basis of analytical data for waters in fluid inclusions of
sulfide minerals (Ohmoto and Rye, 1976), calculation from isotope date of quartz and
sericite (Hattori and Muehlenbachs, 1980), and calculation from isotope data of
Mg-chlorite and sericite (shown in the diagram). The composition range of present-
day hydrothermal kaolinites taken from subaerial geothermal areas (Marumo et al.,
1982) is also shown for comparison. SMOW refers to Standard Mean Ocean Water.
Kaolinite line (Weathering) indicates the composition range of kaolinites formed in

Fig. 4

equilibrium with meteoric waters (Meteoric water line) in the weathering processes.
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=nFh, 754 b-K (Matsuhisa et al.,
1979) & BZER-7K (O’Neil and Taylor, 1969)
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Fig. 5 Calculated changes in 6®0 values of
rocks as a result of isotopic exchange
with thermal waters. The changes in
680 values of rocks are expressed as
a function of water-to-rock ratio in
the system with a parameter of iso-
topic equilibrium temperature. The
initial 6'%0 values are taken as 0% for
the themal water and + 6% for the
rocks. The upper and lower limits of
whole-rock-water isotopic fractiona-
tion are approximated by that of
albite-water (Matsuhisa et al.,, 1979)
and muscovite-water (O’Neil and
Taylor, 1969), respectively.
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SECTION GG’
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Dolerite sheet
t V] Zedlite zone

600
: E=] Montmorillonite zone

Chlorite-sericite zone
(M K-feldspar zone

E Orebody,

M2: Mud layer {Ore horizon)

H6X Wil GG (FE2RBR) B 3EAD %0 ot FENFEHEEDL (1983) kKL 5.
Fig. 6 Variation in whole-rock 6”0 values along section GG’ (see Fig. 2). The alteration

zones are taken from Utada et al. (1983).

SECTION dd’,ee’

Dolerite sheet
Zeolite zone
E=3 Montmorillonite zone
Chiorite-sericite zone
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== Orebody,

rO
N
x
3

M2: Mud layer (Ore horizon)

ETR W dd BhU e (FE2XBR) LBYBEFO 60 MOE. FEMHREKEE, (1983) &3,
Fig. 7 Variation in whole-rock &0 values along sections dd’ and ee’ (see Fig.2). The
alteration zones are taken from Utada et al. (1983).
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Fig. 8 Variation in whole-rock 60 values along section ff* (see Fig. 2). The alteration
zones are taken from Utada et al. (1983).
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132

FIOX JEHUIRTEIRIC BT 2HIRBEE T OEA D §'°0 EO%MEER.
Fig. 9 6®0 contours of rocks just below the ore horizon in the western part of the
Hokuroku district.
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