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Abstract: Zinc-bearing actinolite was found in a hydrothermal vein of a drill core retrieved at
1,223 m in depth of the deep research well, WD-1, which had been drilled in the Kakkonda
geothermal area, northeastern Japan. Zinc-bearing actinolite is fibrous and occurs with sphalerite,
chalcopyrite, pyrite, quartz, anhydrite, epidote and clay minerals in the vein. The ZnO content of
actinolite ranges in 0.4-1.5 wt.9, relatively high compared with zinc-bearing calcic amphiboles in

previous reports. The actinolite was possibly formed from zinc-rich hydrothermal fluid at early

stage of geothermal activity in Kakkonda.

1. Introduction

The Kakkonda geothermal system in northeastern
Japan is one of the active geothermal systems in
Japan, and two geothermal power plants are in opera-
tion there (Kanazawa et al., 1996). The New Energy
and Industrial Technology Development Organization
(NEDO) drilled a deep geothermal research well (WD-
1), in order to confirm and promote utilization of deep
geothermal resources within the “Deep-Seated Geo-
thermal Resources Survey” (Sasada et al., 1998). The
well WD-1 was drilled through hydrothermally alter-
ed rocks and hornfelses, and encountered a Quaternary
granitic rock (Kakkonda Granite: Kanisawa et al.,
1994) at 2,860 m in depth. In 1995, a temperature
exceeding 500 °C was measured at the bottom of
WD-1 (Muraoka et al., 1998; Ikeuchi et al., 1998).

Some drill cores were recovered from WD-1, includ-
ing the altered rocks, hornfelses and granitic rocks
(Uchida et al., 1996). The authors found zinc-bearing
actinolite in a hydrothermal vein of the core sample
recovered from 1,220.8-1,223.5 m in depth of WD-1,
and describe their petrography. The amphibole
nomenclature conforms to that of Leake (1978).

Amphiboles of high zinc contents uncommonly
occur. From the Franklin skarn, New Jersey, U.S.A.,
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Palache (1935), Klein and Ito (1968) and Dorling and
Zussman (1985) found tremolite-actinolite (4.3-9.45
wt.% Zn0), tirodite (6.95-10.8 wt.% ZnO), magnesian
hastingsite (0.53 wt.9% ZnO) and magnesio-riebeckite
(7.84 wt.9% ZnQ). Other zinc-bearing amphiboles
(ZnO > 0.1 wt.%) were described by Sundius (1946),
Treloar (1987), Damman and Lustenhouwer (1992) and
Oen and Lustenhouwer (1992) from Sweden, Borley
(1963) and Butler and Thompson (1967) from Nigeria,
De Keyser (1966) from Australia, Coleman and Papike
(1968), Stull (1973) and Hawthorne et a/. (1996) from U.
S.A., Gulyaeva et al. (1986) from U.S.S.R., Schuma-
cher and Czank (1987) from Finland, Caballero et al.
(1998) and Oberti et al. (2000) from Spain, and Borg
(1967) and Hawthorne et al. (1993) from various igne-
ous rocks. Minor amounts of ZnO (< 0.1 wt.9%) in
amphiboles were reported by Engel and Engel (1962),
Nambu et al. (1969), Graybeal (1973), Khitrunov and
Dmitrenko (1975), Goto et al. (1977) and Hawthorne et
al. (2000).

2. Geological setting

The geology of the Kakkonda area has been studied
for geothermal exploitation (e.g. Doi et al., 1998;
Muraoka et al., 1998). Figure 1 shows a cross section
of the Kakkonda geothermal system (Doi et «l., 1998).
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Fig. 1 Schematic cross section of the Kakkonda geothermal system, simplified after Doi et al. (1998).
The studied sample was collected at 1,223 m in depth of WD-1.
Lmt-u, upper limit of laumontite; Lm¢-{, lower limit of laumontite; Axk, upper limit of anhydrite; Wa,

lower limit of wairakite.

The Kakkonda geothermal area is covered with vol-
canic and sedimentary rocks of Neogene (the Obonali,
Kunimitoge, Takinoue-onsen and Yamatsuda forma-
tions) and Quaternary, and they are underlain by
sedimentary rocks of pre-Tertiary. The geothermal
reservoir of the Kakkonda geothermal system is
divided into shallow and deep reservoirs, and their
boundary is at about 1,500 m in depth, based on steep
change of formation temperatures and permeability
(Doi et al., 1988, 1998). The sedimentary rocks of
pre-Tertiary and a part of the volcanic and sedimen-
tary rocks of Neogene are thermally metamorphosed
by the Kakkonda Granite of Quaternary (Kanisawa et
al., 1994; Muraoka et al., 1998; Doi ef al., 1998). The
studied sample was from the shallow reservoir.

3. Petrography of the sample

The core sample at 1,220.8-1,223.5 m in depth of
WD-1 is andesitic tuff with pyroclastic textures of the
middle Kunimitoge formation, and is cut by a number
of hydrothermal mineral veins (NEDO, 1995). Zinc-
bearing actinolite occurs in a hydrothermal vein over
10 cm wide with 70° dip at 1,223.0-1,223.5 m deep. The
core is remarkably altered around the vein. The vein
consists of chalcopyrite, pyrite, sphalerite, quartz,
anhydrite, epidote, actinolite and clay minerals

(NEDO, 1995), accompanied by fractured and altered
rock fragments. The vein is subdivided into two parts
under the microscope: one is composed of coarse
sphalerite, chalcopyrite, pyrite and quartz with small
amounts of anhydrite and epidote, and the other is of
coarse sphalerite, chalcopyrite and pyrite which are
embedded in matrix of fine actinolite and epidote.
The later part may be extremely altered host an-
desitic tuff.

Actinolite occurs as fibrous crystals less than 0.3
mm in length. Around coarse sphalerite, fibrous
actinolite pierces sphalerite (Fig. 2), without reaction
relations. Compositional zoning in actinolite was not
observed, because of its small size. Pyrite, chalcopyr-
ite and sphalerite are euhedral to subhedral of several
millimeters in size. Epidote occurs as pools in the
matrix, and possibly replaced original volcanic tex-
tures: for example, amygdules.

4. Mineral chemistry and paragenesis

Chemical analyses of actinolite around sphalerite
and epidote were performed on the JEOL JCXA-8800
electron-probe microanalyzer at the Geological Sur-
vey of Japan. The accelerating voltage, specimen
current and beam diameter were 15 kV, 1.2-1.3x10"% A
and 3 um, respectively. Analytical data were reduced
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Fig. 2 Photomicrographs of minerals in the sample.
(a) Sphalerite (Sp) embedded in matrix of
epidote (Ep) and actinolite (Act).
(b) Fibrous actinolite with which sphalerite
is pierced.

using the method of Bence and Albee (1968). Selected
results are given in Table 1. The actinolite contains
0.45-1.45 wt.9% ZnO (0.05-0.15 per formula unit for O=
23). The Mg/(Fe?*+Mg) ratios are 0.79-0.87, and
MnO contents are 1.2-3.2 wt.9%. Coexisting epidote
contains no valuable ZnO.

Zn vs Fe[total]/(Fe[total]+Mg+Mn+Zn) ratios
for calcic amphiboles in this study and previous
reports (Palache, 1935; Borley, 1963; Klein and Ito,
1968; Stull, 1973; Treloar, 1987; Damman and Lusten-
houwer, 1992; Oen and Lustenhouwer, 1992) are plot-
ted on Fig. 3. Actinolite from the Franklin skarn
(Palache, 1935; Klein and Ito, 1968) is exceptionally
rich in ZnO, and is classified into “zinc-actinolite”
(Leake, 1978). The studied actinolite from Kakkonda
is second to that from Franklin as for ZnO content.

Bulk rock compositions of cuttings from the well
WD-1 were reported by NEDO (1996) and Muraoka
and Ohtani (2000), and the data show that zinc is
enriched around 1,200-1,300 m deep. Hydrothermal
veins of zincian minerals and sulfides are localized at
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Fig. 3 Plots of Zn per formula unit (pfu) vs Fe*/
(Fe*+Mg+Mn+Zn) for zinc-bearing Ca-
amphiboles of this study and previous reports.
Fe*: total iron.

the level, and heavy metals (Mn, Pb, Zn, Ba, V and Cu)
are concentrated there. However, Muraoka and
Ohtani (2000) suggests that the concentrated zone of
the heavy metals does not correspond to present-day
lost circulation zones. and the veins were probably
formed prior to formation of the present permeable
fractures. Thus, the zinc-bearing actinolite and other
sulfides in the vein may be product of hydrothermal
activity, in which geothermal fluid was enriched in the
heavy metals, at early stage in the Kakkonda geother-
mal system.

5. Summary

Fibrous zinc-bearing actinolite occurs accompanied
by sphalerite in a hydrothermal vein of a core sample
at 1,223 m deep of the deep geothermal research well
in Kakkonda. The ZnO content ranges from 0.4-1.5
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Table 1 Chemical compositions of actinolite and epidote in the sample from 1,223 m deep of WD-1.

* Total iron as Fe,O;, ** Total iron as FeO.

Minerals| Act Act Act Act Act Act

Ep Ep Ep Ep Ep

Si02 5524 5654 5590 57.14 55.11 5530 3776 3735 3755 3696 3744
TiO2 0.00 0.00 0.01 0.01 0.00 0.03 0.00 0.01 0.08 0.13 0.00
AO3 0.67 0.37 1.10 0.54 0.67 1.61 2381 21.62 2352 2072 2455
Cr203 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe203* 11.68 1491 1291 1599 1054
FeO** 5.30 545 5.15 5.39 8.05 5.43

MnO 1.26 1.21 2.42 1.61 3.15 2.53 0.47 0.16 0.28 0.22 0.55
MgO 1951 2018 1974 2033 17.05 19.39 0.25 0.08 0.05 0.16 0.22
Zn0 0.98 1.19 0.45 1.45 0.97 0.70 0.02
CaO 13.11 1317 1276 1235 13.02 1271 2289 2292 2315 2293 2313
Na20 0.03 0.03 0.09 0.03 0.04 0.15 0.00 0.00 0.00 0.00 0.00
K20 0.01 0.01 0.06 0.06 0.08 0.10 0.02 0.00 0.00 0.00 0.02
Total 96.11 9815 97.67 9892 9815 97.93 96.88 97.06 97.53 97.09 96.48
O= 23 23 23 23 23 23 12.5 12.5 12.5 12.5 12.5
Si 7.889 7909 7856 7926 7.873 7.784 3.023 3.020 2999 3.005 3.004
Ti 0.000 0.000 0.001 0.001 0.000 0.003 0.000 0.001 0.005 0.008 0.000
Al 0.113 0.060 0.182 0.089 0.113 0.267 2247 2061 2214 1985 2322
Cr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe* 0.704 0907 0776 0978  0.636

Fe2** 0.632 0.638 0.605 0.626 0962  0.639

Mn 0.152 0.143 0.288 0.190 0.381 0.301 0.032 0.011 0.019 0.015 0.038
Mg 4153 4207 4136 4204 3.632 4.069 0.030 0.010 0.006 0.019 0.027
Zn 0.104 0.122 0.046 0.148 0.102 0.072 0.000 0.000 0.000 0.000 0.001
Ca 2006 1975 1921 1836 1.993 1.917 1.964 198 1981 1997 1989
Na 0.008 0.009 0.024 0.009 0.010 0.040 0.000 0.000 0.000 0.000 0.000
K 0.002 0.001 0.011 0010 0.015 0.017 0.002 0.000 0.000 0.000 0.002

wt.%, relatively high. The actinolite was possibly
formed from zinc-rich hydrothermal fluid which
infiltrated and fractured the host andesitic tuff at
early stage in the Kakkonda geothermal system.

Acknowledgments: The authors wish to express
their sincere appreciation to NEDO for providing the
core sample.
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