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Akenobe terminal of the peny-train of the Akenobe-Mikohata mines, Hyogo Pref., Japan
Polymetallic veins of the Ikuno-Akenobe mines are world famous subvolcanic type containing
minable amounts of Au, Ag, Pb, Zn, Cu, Sn and W minerals. The mining was initiated in 807 for silver
and moved to base metals and tin and tungsten in recent years, and stopped the production in 1987 by
rapid change of yen-dollar exchange rate. The veins were mined in underground and the ores were

transported from the central shaft to the Mikohata dressing plant by train for 6 km, which was open
for public with a penny ticket.

(Photo and caption by Shunso Ishihara)
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Article

Petrochemistry of the Late Cretaceous-Paleogene igneous rocks
in the Ikuno-Akenobe mines area, Southwest Japan

Shunso Ishihara" * and Bruce W. Chappell’

Shunso Ishihara and Bruce W. Chappell (2012) Petrochemistry of the Late Cretaceous-Paleogene igne-
ous rocks in the Ikuno-Akenobe mines area, Southwest Japan. Bull. Geol. Surv. Japan, vol. 63 (7/8), p.
181-202, 12 figs., 3 tables., 2 appendixs.

Abstract: The Ikuno and Akenobe vein deposits are known to be typical subvolcanic type being hosted in
the Late Cretaceous volcanic rocks in the Ikuno mine area and in Paleozoic-Mesozoic igneous and meta-
morphic rocks in the Akenobe mine area. The ore veins have mostly N-S, partly NW strikes and steep dips
in the Tkuno mine, and are rich in silver and base metals historically. Tin was found in later years. The ore
veins as a whole show a concentric zoning of the central Sn-Cu subzone, surrounded by Sn-Cu-Zn sub-
zone, Zn subzone, Pb-Zn subzone, Au-Ag subzone and barren subzone. The Akenobe veins have gener-
ally NW strike swinging to NE in the western part and steep dips. The ores are polymetallic but shown by
two different stages of the early Pb-Zn-Cu substage and the later W-Sn-Cu substage.

Late Cretaceous volcanic formation of the Ikuno Group is composed of andesitic, dacitic and rhyolitic
lavas and pyroclastic rocks. By the measurement of the magnetic susceptibility and microscopic observa-
tions, these volcanic rocks are found to belong generally to the I-type magnetite-series. These rocks are
plotted K-rich calc-alkaline rocks in the variation diagram. Rich ores tend to occur associated with basal-
tic and rhyolitic dikes in the Ikuno mine. Cu- and Sn-rich ore fluids may be originated in the basaltic and
rhyolitic magmas, respectively. Abundant dikes, mostly post-ore though, in the Akenobe mine indicate
that the I-type magnetite-series magmatism with wide range of compositions prevailed in this mine area
and supplied the ore fluids to the early stage base metal mineralizations. But the second stage of Sn-rich
ore fluids may be derived from an I-type ilmenite-series granitic body still hidden.

Keywords: Late Cretaceous, volcano-plutonic complex, polymetallic veins, Ikuno mine, Akenobe mine

1. Introduction

Late Cretaceous volcanic and granitic rocks distribut-
ed in the Inner Zone of Southwest Japan are considered
as volcano-plutonic complex, accompanying coeval
metallic ore deposits of different types (Ishihara ef al.,
1988). Yet chemical and chronological comparisons of
the volcanic and plutonic rocks and ore deposits have
been rarely done, because of difficulty to obtain fresh
samples from volcanic rocks. Related dikes have not
been studied for the chemistry but for analyzing re-
gional stress effect in the southern part of the Chugoku-
Shikoku District in the Inner Zone of Southwest Japan
(Yokoyama, 1984).

In the central part of Hyogo Prefecture, there occur
intense tin-bearing base-metal mineralizations of the
Late Cretaceous age at the Ikuno and Akenobe mines,
which are classic examples of “xenothermal” type (Park

and MacDiarmid, 1964; Imai ef al., 1975), and are
rich in a rare element of indium (Ishihara et al., 2006).
These base metal deposits have a long history of min-
ing for silver especially at the Ikuno mine (Maruyama,
1957), and tin-bearing base metal mineralizations were
discovered in rather recent years both at the Ikuno and
Akenobe deposits, which are somehow similar to the
development history of the Potosi mine, Bolivia. Thus,
they have been well studied polymetallic view points
(Imai, 1970, 1978; Kojima and Asada, 1973; Sato et
al., 1977; Sato and Akiyama, 1980; Ishihara et al.,
1981a, b).

A new In-bearing mineral, sakuraiite (Cu,Zn,Fe),
(In,Sn)S, was discovered in the Ikuno mine in the
1960s (Kato, 1965), and roquesite was commonly ob-
served in the Ikuno and Akenobe deposits (Kato and
Shinohara, 1968; Shimizu and Kato, 1991; Murao and
Furuno, 1991). Sphalerite-rich ores contain up to 4,240
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Fig. 1 Simplified geological map of the Ikuno-Akenobe mines region (from Ishihara et al., 1981a).

ppm In in these polymetallic quartz vein deposits (Ishi-
hara et al., 2006). Recently, Potosi deposits of Bolivia
were reevaluated from a view point of high indium
contents in black sphalerite, which was never recovered
from the Potosi deposits (Ishihara et al., 2011). The
mineralizations at the Ikuno-Akenobe mines are similar
to those of the Potosi mine and nearby Porco mine, in
terms of the ore mineralogy and related subvolcanic ac-
tivities.

In this paper, we review the metal production of the
Ikuno-Akenobe mines, and report new petrochemical
data of volcanic, subvolcanic and plutonic rocks of the
Ikuno-Akenobe region, then types of the igneous ac-
tivities responsible for the polymetallic mineralizations
are discussed. The chemical results are compared with
those of the similar igneous rocks in the Potosi and
Porco mines area in Bolivia.

2. Produced metals

The Ikuno mine was historically silver mine and
tin-polymetallic ores were discovered in recent years,
which is similar to the development history of the
Toyoha mine in Hokkaido, but in much older in age.
Therefore, it is difficult to figure out the whole produc-
tion of silver from the Ikuno mine, but Fujiwara (1988)
was able to estimate the silver production of 1,723 tons
Ag, based upon the production record of the past 420
years and also calculating length of the drift-tunnel
before the 420 years. Much smaller silver-rich pre-
cious metal veins occur around the southern margin of
the Akenobe vein system as Ohmidani (422 kg Au and
83,349 kg Ag in 1937-43 and 1961-83) and Mikohata
(306 kg Au and 137,314 kg Ag in1945-1983, MMPLJ,
1994) deposits, which are very rich in silver. Further to
the north, silver-rich Sb veins are seen at the Nakase
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Fig. 2 East-west profile of volcanic and plutonic rocks of the Ikuno-Takumi mines transect modified after MITI (1988). Basement
metamorphic and plutonic rocks are shown as Gb, mG, Pm, Pmss, Pbt, and Ptm. Volcanic rocks of the Ikuno Group from
the bottom to the top as ISo (black shale with breccias), IDco (dacitic pyroclastics), IS1, (black shale, sandstone, tuff), IX
(rhyolitic>andesitic pyroclastics, partly lava), IR1 (rhyolitic welded tuff), IS2 (tuff/shale), IA2 (andesite and its tuff), IR2
(rhyolitic welded tuff), IS3 (tuft/shale), IA3 (andesite & its tuff), IS4 (tuff/shale), and ID4 (dellenite welded tuff). Gd: Shiso

granitoids.

mine (Figs. 1 and 2), which has the production record
(1941-1969) of 6,245 kg Au; 36.0 tons Ag, and 2,501
tons Sb (MMP1J, 1994). Mineralization age of this de-
posit occurring in fractures of a volcanic vent, could
well be younger, Miocene, age than the late Cretaceous
age of the Tkuno-Akenobe deposits.

Production records of the polymetallic ores from
the large two mines are only available in rather recent
years as follows: Akenobe mine, 1921-1987 (Mitsubishi
Metal Corp. in Nakamura and Sakiyama, 1995): Pro-
duced ores 17,254, 000 tons with the ore grades of 1.03
% Cu, 1.69 % Zn and 0.40 % Sn. The metal contents
are 178 x 10° tons Cu, 292 x 10’ tons Zn, 69 x 10° tons
Sn. The Ikuno deposits in 1956-73 production are high-
er in lead-zinc and lower in tin contents than those of
the Akenobe mine, as 1.19 % Cu, 2.06 % Zn, 0.43 %
Pb and 0.16 % Sn for the produced ores of 3,803 x 10°
tons, which is assumed to be 33 % of the total produc-
tion in the history (Mitsubishi Metal Corp. in Aoki and
Yoshikawa, 2005). The recorded and assumed produc-
tions are calculated to be as follows: 45,256/137,139
tons Cu, 16,353/49,555 tons Pb, 38,342/237,399 tons
Zn, and 6,085/18,439 tons Sn. Thus, the two deposits
are roughly equal in size, although the Akenobe de-
posits are richer in tin as cassiterite, and tungsten as
ferberite and scheelite (not recovered), while the Ikuno
deposits are much richer in silver, mainly argentite, and
lead as galena.

3. Geological background

All the ore deposits mentioned above occur associ-
ated with Late Cretaceous to Paleogene volcanic and
subvolcanic (dike) rocks of the Ikuno Group, which
could belong to both magnetite- and ilmenite-series

(Appendix I), although we still need detailed studies.
The host rocks of the two mines are quite contrasting:
the Ikuno veins are hosted in the Late Cretaceous vol-
canic and subvolcanic rocks of the Ikuno Group; while
the Akenobe veins are hosted in the late Paleozoic to
the earliest Mesozoic metamorphic rocks intruded by
many Late Cretaceous to Paleogene dikes (Figs. 1 and
2). Maruyama (1957) pointed out that pre-ore N-S and
NW-SE basaltic dikes and sheets controlled sizes of
the ore veins in the Ikuno deposits and a bonanza was
formed in E-W-trending rhyolite dike in the southern
part. In the Akenobe mine, on the other hand, most of
the ore veins follow in NW-SE and partly E-W ten-
sional fractures (Saigusa, 1958), and most of the dikes,
which are generally post-ore, occur mostly in NE-SW
fractures (Sato and Akiyama, 1980).

The other possible igneous rocks related to the
mineralizations are granitic rocks exposed toward the
eastern and western parts from the Akenobe deposits,
which are called Wadayama and Hikihara Granites,
respectively. The Wadayama Granite belongs to the
ilmenite-series, rich in trace amounts of tin (Terashima
and Ishihara, 1982), and is expected to occur below
the Akenobe vein system (Kojima and Asada, 1973).
This granite is most suitable igneous body for the tin
mineralizations, while the Hikihara granite belongs to
the magnetite-series, unsuitable type for the tin miner-
alizations. To the south and west of the Akenobe-Ikuno
ore deposits, the Shiso granitic complex of I-type mag-
netite-series with intermediate compositions (Ishihara,
2002), which are similar to those of the Chilean copper
belt (Ishihara and Chappell, 2010), occur together with
coeval volcanic rocks in and around the Shiso County
in an east-west direction (Fig. 1). No tin but many
small copper and magnetite deposits are associated with
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them. Disseminated chalcopyrite at Ariga (Fig. 1) was
once considered as a porphyry copper type and drilled
for the downward extension.

Except for the Shiso and Wadayama granitoids
(Ishihara, 2002; Terashima and Ishihara, 1982), no
petrochemical work has been done on the volcanic
and subvolcanic rocks of this region. Therefore, the
volcanic rocks were collected from the late Cretaceous
Ikuno Group in the Ikuno mine area (8 samples), and
Paleogene volcanic (21 samples) and subvolcanic (3
samples) rocks from the Hikihara caldera, just west of
the Akenobe veins system (Fig. 1). These samples are
listed in Appendix I and shown in Figure 1. From the
underground tunnels of the Akenobe mine, the late Cre-
taceous to Paleogene subvolcanic rocks were also col-
lected from the eastern part (18 samples) and western
part (18 samples). They are listed in Appendix II.

4. Late Cretaceous volcanic, subvolcanic
and plutonic rocks

4.1 Mode of occurrence and K-Ar age

The Ikuno-Akenobe mines area is underlain by
the Late Paleozoic Sangun metamorphic rocks, the
Yakuno mafic rocks (340 Ma, MITI, 1988) belonging
to the Maizuru Group, which are associated with small
amounts of serpentinite. These rocks are intruded and
overlain unconformably by late Cretaceous to Paleo-
gene volcanic rocks (Fig. 2), which are divided into the
Late Cretaceous Ikuno-Arima Group in the south of the
Sanyo Belt, and the Paleogene Yatagawa Group in the
north of the Sanin Belt (Geological Society of Japan,
2009). In the studied area, the Ikuno Group occurs
in the southern part (Fig. 1). This group is composed
mainly of rhyolitic to dacitic lavas and pyroclastics,
and locally of andesitic and basaltic rocks (Fig. 2).
Similar volcanic rocks are exposed in the northwestern
part of the Hikihara caldera, yet the formation age is
still unknown.

About granitic rocks, ilmenite-series granitoids of
the Wadayama pluton is considered as oldest, because
similar ilmenite-series granitoids of the Mochigase
and Chizu bodies give 80.9 and 78.2 Ma, respectively;
while magnetite-series granitoids of the Shiso granitic
complex are dated at 68.3 and 66.3 Ma; all on the bio-
tite (Shibata, 1979). There is one K-Ar age of 64.2 Ma
in the Wadayama pluton (K015), but the dating was
done on the whole rock method (MITI, 1988) and fur-
ther studies are necessary for the age of the Wadayama
pluton

These volcanic rocks of the Ikuno Group were only
dated by a whole-rock K-Ar method, which showed
78.9 Ma to 57.7 Ma (MITI, 1988), in which the older
ages appear to be close to the real ages. The volcano-
plutonic complex at the Hikihara caldera, to the west
of the Akenobe vein system (Fig. 1), is composed of
andesitic and rhyolitic rocks, whose averaged whole
rock K-Ar age is 55.7 Ma (n=3). These volcanic rocks

belong to the magnetite-series but may be younger than
those of the Tkuno Group as Paleogene Formation.

K-Ar ages of adularia from the Ryokuju vein at 19L
of the Tkuno vein system gives 74.2 Ma (MITI, 1988).
The pre-ore rhyolitic host rock containing much ser-
icite and chalcopyrite gives a whole-rock K-Ar age
of 72.8 Ma (Ishihara and Shibata, 1972), which may
represent the sericite age. Thus, the main base metal
mineralization of the Ikuno mine is considered to have
a Late Cretaceous age, though we still need U-Pb age
determination on the contained zircon. Adularia from
the marginal Au-Ag quartz veins at Ohmidani and
Mikohata deposits may be much younger in age than
the base metal mineralization, because adularia from
the Ohmidani Au-Ag quartz vein was dated at 62.7 Ma
(MITI, 1988). Similar age is known on K-feldspar of
molybdenite-quartz vein deposit of the Shiso mine, lo-
cated in the Shiso granitic complex to the south (Fig. 1).

No data are available on the ore veins of the Ak-
enobe mine. The early stage of the veins are similar in
the mineral assemblage to that of the Ikuno veins, and
therefore the formation age may be similar to that of
the Tkuno vein system. Subvolcanic rocks intrude into
the host rocks and cut through the vein system in the
underground of the Akenobe mine. These dikes have a
wide range of composition, being more mafic than the
volcanic rocks of the Ikuno Group.

Felsic dikes at two localities of the Ryusei vein -6
Level and Kanagidani -2 Level, may have intruded
very close to the second Cu-Sn mineralization stage.
Whole-rock K-Ar age of these dikes give 57.8 and
52.6 Ma (Ishihara and Shibata, 1972), which are much
younger than the latest Cretaceous mineralization ages
of the Tkuno ore deposits. These dated dikes have to be
reexamined by U-Pb method on the contained zircon in
future.

4.2 Magnetic susceptibility

Studied volcanic rocks of the Late Cretaceous Ikuno
Group are mostly rhyolitic and dacitic lavas and py-
roclastics, and some basaltic and andesitic rocks with
the silica around 52 % SiO,. Those of the Paleogene
Hikihara caldera are also rhyodacitic rocks with some
andesites. Magnetic susceptibility of these rocks was
measured by a portable device of KT-5, and is plotted
in the SI value vs. silica diagram (Fig. 3). These vol-
canic rocks are plotted in the general magnetite-series
field, but widely scattered toward lower magnetic area
than a typical magnetite-series granitoids of the Shiso
granitic complex, because of hydrothermal alteration on
these volcanic rocks.

The studied volcanic rocks are least altered in the
mafic rocks containing unaltered clinopyroxene, and
their CO, contents are low. The magnetic susceptibil-
ity was highest in these rocks, e.g., 84.0 x 10° SI unit
on the 80082636 basaltic lava (No. 1, Appendix 1), 90
x 107 SI unit on the 82032109 andesite sheet (No.18,
Appendix I), and 92 x 10~ SI unit on the 8308071135A
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Fig. 3 Magnetic susceptibility vs. silica contents of the
studied igneous rocks, Ikuno-Akenobe mines region.

andesite dike (No.22, Appendix I). Rhyolitic rocks have
generally lower SI-values up to 22.0 x 10” SI, which
exceeds easily the lower limit of 3.0 x 10™ SI for the
magnetite-series rocks. However, these volcanic rocks
have lower SI-values (Fig. 3) locally by severe later
hydrothermal alteration, due to breaking down of the
original magnetite into hematite and others.

On the contrary, all the granitoids are relatively un-
altered, composed of high magnetic susceptibilities,
SI values higher than 10.0 x 107 in the Shiso granitic
complex to the south (Ishihara, 2002). But those of the
Wadayama granitic complex to the northeast are low,
belonging to the ilmenite-series, which are shown in
the lower part of Figure 3. Minor intrusion of the leu-
cocratic granite in the Hikihara caldera, on the contrary,
belongs to the magnetite-series (Fig. 3). The volcanic
rocks exposed on surface show mostly magnetite-series
values (Appendix I).

Subvolcanic dikes cutting these ore veins occur in
the underground tunnels of the Akenobe mine. Selected
rocks were studied in the eastern and western sides of
the Akenobe N-S Fault and are listed in the Appendix
II. The Eastern Group includes subvolcanic rocks cut-
ting the ore veins of Nanei, Myoko, Siroiwa, Ryusei,
Ginsei etc., and Western Group includes those cutting
through the Shinhokusei, Hotei, Fujino, Eisei, Nansei,
Chiemon veins, etc.. These studied rocks in the west-
ern part belong generally to magnetite-series (Fig. 3).
Many of these rocks are low in the magnetic suscepti-
bility in those from the eastern Akenobe mine tunnels,
which contain much hydrothermal minerals. Loss of the
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Fig. 4 Alkali-silica diagram of the studied plutonic and
volcanic rocks. Nos. 1-8 correspond those in Fig. 1 and
Table 1.

magnetic susceptibility was considered due to decom-
position of the primary magnetite by the hydrothermal
alteration.

5. Chemical characteristics

5.1 General remarks

Volcanic rocks (n=21) and dikes (n=3), and granitic
rocks from the Wadayama (n=5) and Hikihara (n=2)
plutons were collected from surface outcrops, which
are shown in Figure 1 and described in the Appendix I,
and are analyzed by the same XRF method described
in Ishihara and Chappell (2007). The results are listed
in Table 1. Subvolcanic dikes occurring in the whole
underground of the Akenobe mine have also been ex-
amined in the eastern part (n=18) and the western part
(n=19), whose localities are listed in the Appendix II.
These analytical results are listed in Tables 2 and 3.

The analyzed volcanic and subvolcanic rocks from
surface are weakly altered hydrothermally. Altered min-
erals are commonly epidote and calcite on calcic rocks
like basalts and andesites. The epidote replaces typi-
cally phenocrystic amphibole crystals. Calcite occurs as
veinlets and filling other crystals. The CO, contents are
very high as 2.51-2.83 % on the 80082635 dacites, but
are generally lower than 1.2 % . Chlorite is common
altered mineral over mafic silicates, especially of bio-
tite. Sericite occurs as fine subhedral crystals in feld-
spars. Plagioclase phenocrysts contain irregular forms
of calcite and fine specks of sericite within the crystals.
Phenocrystic K-feldspar has been also sericitized

— 185 —



Bulletin of the Geological Survey of Japan, vol. 63 (7/8), 2012

Table 1 Chemical compositions of the volcanic (nos. 1-21), subvolcanic (nos. 22-24) and plutonic (nos. 27-31) rocks from the Ikuno,
Hikihara and Wadayama areas.

Area Ikuno area Hikihara area Hikihara area
Fil. no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Si02 52.51 60.17 61.26 71.41 71.88 72.12 77.99 78.84  53.45 53.51 54.19 75.61 53.02 62.87 71.80 72.40 55.83 55.15
TiO2 1.04 073 0.70 024 023 026 0.03 0.04 1.08 1.03 1.01 0.10 099 0.70 0.21 021 0.77 0.84
AI203 17.22 15.89 15.30 13.71 13.33 13.69 10.86 10.69 18.44 17.44 1698 12.78 17.10 15.18 13.78 13.02 15.61 17.52
Fe203  7.87 4.62 435 3.03 288 2380 098 1.04 8.03 754 895 150 838 514 260 261 7.13 8.02
MnO 0.14 0.09 0.07 0.08 0.08 0.06 0.03 0.03 0.14 0.14 0.15 0.04 0.14 0.10 0.03 0.07 0.12 0.15
MgO 561 092 129 055 063 042 0.04 0.17 330 453 412 020 4.19 1.69 0.68 052 581 2.19
CaO 8.12 3.61 354 213 202 036 052 0.16 840 6.83 727 019 744 355 157 172 526 7.09
Na20 297 294 296 390 351 337 372 0.79 289 349 273 348 265 386 334 315 377 284
K20 1.56 582 4.58 340 373 349 425 6.18 1.25 099 129 392 1.60 292 4.01 407 097 1.10
P205 0.29 020 0.19 0.11 0.09 0.06 0.03 0.03 026 029 024 0.04 025 022 0.08 009 0.19 027
S 0.0l 021 0.10 0.02 0.01 0.02 001 0.01 0.15 0.02 0.02 0.01 0.02 0.01 <0.01 0.02 0.02 0.01
H20+ 1.99 234 261 1.02 1.08 243 093 1.50 232 371 281 159 3.06 229 147 138 396 283
H20- 0.74 028 049 021 028 0.78 031 047 047 046 044 050 050 041 031 029 046 1.81
CcOo2 020 251 2.83 014 022 0.15 0.14 0.12 031 025 0.18 0.11 1.06 1.17 030 063 034 0.1

0=S -0.10 -0.05 -0.01 -0.01 -0.07 -0.01 -0.01 -0.01 -0.01 -0.01

Total 10027 10023 10022 9994 9997 _100.00__ 9984 10007 T0042___ 1002210037 10007 1003910011 _ 1001810017 __100.23__ 10033
Rb 40 248 203 113 137 145 164 302 26 21 25 143 35 72 152 142 22 21
Sr 480 274 299 232 179 119 68 38 512 930 443 94 475 380 190 181 356 514
Ba 486 640 590 860 500 610 233 171 349 760 407 610 390 670 560 580 289 331
Zr 156 202 197 142 119 225 68 66 138 169 156 97 156 261 123 122 100 120
Hf 30 52 58 59 54 72 60 65 3.5 76 45 47 31 74 58 58 32 37
Nb 75 115 129 484 122 121 17.0 108 100 168 626 127 75 113 139 408 128 11.0
Ta <4 <3 43 33 22 22 33 23 <4 32 31 22 <3 <3 26 34 <4 1.7
Y 25 27 22 24 30 26 28 37 26 26 27 15 25 36 27 27 22 24
La 21 23 26 54 26 22 6 13 13 20 30 5 16 27 23 30 14 12
Ce 42 47 54 110 45 48 18 26 32 45 57 39 38 54 43 52 33 31
\ 190 99 105 37 25 18 8 8 243 197 197 9 210 92 30 27 157 105
Cr 242 96 127 345 212 46 268 214 77 90 120 205 78 112 144 225 227 34
Co 21 <8 9 11 8 6 4 6 <10 12 14 5 15 7 5 9 11 <10
Ni 67 4 6 5 4 4 5 5 9 12 5 4 8 4 3 3 50 2
Cu 29 11 9 7 4 4 4 3 25 12 15 5 19 8 5 5 30 3
Zn 128 61 59 47 50 61 19 48 91 87 87 37 83 68 42 43 71 91
Pb 11 18 15 24 25 24 32 40 12 17 14 21 10 16 24 25 12 8
Ga 17.6 164 158 152 154 164 68 125 201 17.8 183 138 174 163 151 147 141 192
Ge 14 08 06 13 1.3 08 19 21 1.3 27 14 10 11 12 16 13 12 08
As 1.5 19 09 23 09 36 39 11 3.1 42 20 05 1.0 1.1 1.0 04 32 <04
Se 03 07 05 06 05 03 07 03 0.5 1.1 04 06 05 04 06 06 04 06
Br 03 02 03 03 02 02 02 0.1 0.2 10 04 01 02 02 03 04 02 03
Mo 0.6 45 1.1 48 40 07 45 03 5.3 68 45 46 37 41 55 13 34 48
W 1.8 <2 21 <l 09 101 48 22 <2 3.0 <2 07 <2 <2 21 1.9 1.4 <2
Sn 1.7 27 25 31 37 33 68 69 1.8 22 19 34 14 21 35 27 21 1.0
Sb <0.5 <05 <05 <05 06 <05 35 1.1 <0.5 I.1 <05 06 <05 <05 <05 <05 03 <05
Cs 27 44 62 29 47 72 50 10.0 <15 31 <15 87 <15 <15 64 51 <15 <15
Tl 1.1 38 31 21 25 1.8 25 27 1.1 30 1.3 1.7 1.1 16 21 24 1.6 12
Bi 09 09 09 12 09 08 18 11 1.1 23 07 11 <04 09 10 13 14 1.0
Th 59 111 94 149 le.1 134 213 16.7 5.3 61 7.7 167 53 10.1 18.0 18.1 75 33
U <05 95 23 79 59 23 99 50 5.3 48 75 64 28 42 92 69 47 44
Cl 100 52 89 69 58 66 40 42 76 100 47 66 69 67 71 75 60 110

A/CNK 0.81 090 094 098 099 137 093 129 086 091 089 124 087 095 1.09 1.02 093 0.93
NK/A 038 0.70 0.64 0.74 0.74 0.68 099 0.75 033 039 035 078 036 0.63 0.71 074 046 033
Rb/Sr 01 09 07 05 08 1.2 24 79 0.1 0.0 0.1 15 01 02 08 08 01 00
Th/U 11.8 12 41 19 27 58 22 33 1.0 1.3 1.0 26 19 24 20 26 1.6 08
ZT°C 721 773 781 770 757 848 714 741 720 748 741 765 736 809 769 764 719 727

Analyzed by polarized XRF by B. W. Chappell. O=S meaning quoted as oxides, despite some occur as sulfides. The value of O=S is
the S value multiplied by the ratio of atomic weights, or 15.9994/32.06.
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Chemical compositions of the granitoids (Ishihara and Chappell)

Table 1 Continue.

Area Dikes in Hikihara Hikihara granite Wadayama granite

Fil. no. 19 20 21 22 23 24 25 26 27 28 29 30 31
Si02 70.88 70.94 74.48 5222 5212 60.74 7227 7347 66.72 68.48 69.19 72.03 74.86
TiO2 020 028 0.11 0.77 0.76 0.98 021 0.18 048 040 036 0.17 0.11
AI203 13.39 13.75 12.77 18.10 17.99 15.67 14.02 1342 1524 14.73 14.58 12.78 13.05
Fe203 251 295 1.87 8.14 8.00 6.26 228 180 444 339 331 210 147
MnO 0.05 0.07 0.05 0.10 0.10 0.10 0.03 0.05 0.08 0.05 0.05 005 0.02
MgO 047 076 0.22 321 342 199 046 032 134 092 082 036 0.17
CaO 1.77 1.89 0.96 7.81 782 5.04 .15 138 319 251 193 171 0.73
Na20 324 342 474 2,67 258 325 447 477 392 388 381 343 3.67
K20 396 385 2.77 0.75 0.70 2.48 311 314  3.19 3.61 389 400 493
P205 0.07 0.10 0.04 0.19 0.19 0.31 0.08 0.07 0.16 0.13 0.13 0.06 0.06
S 0.52 <0.01 0.01 0.02 0.14 0.01 0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01
H20+ 1.83 152 123 273 290 223 1.27 063 114 135 136 1.09 0.72
H20- 025 029 0.15 276 2.86 0.34 047 035 0.06 0.14 0.05 0.13 0.02
Cco2 1.67 034 0.73 090 091 0.79 0.12 033 0.10 040 0.73 2.03 0.07

O=S -0.26 -0.01 -0.07

Total 10055 ___100.16___100.13 T00.36___10042___100.19 9995 ___99.01 100.06___100.00__ 10021 __ 9994 __99.88
Rb 143 133 79 152 13.7 68 90 92 92 141 183 128 153
Sr 192 206 134 490 503 381 195 181 312 276 252 154 108
Ba 660 560 610 254 494 520 700 730 780 750 740 680 500
Zr 120 133 156 89 87 211 164 187 202 206 177 105 154
Hf 59 46 48 20 20 54 56 70 6.5 6.5 56 44 62
Nb 212 99 95 60 65 105 10.9 12.0 8.2 8.7 8.7 77 95
Ta 3.4 1.6 25 <3 <3 <3 1.6 <2 2.8 2.1 <3 2.6 1.6
Y 26 26 28 18 18 31 47 35 28 21 24 22 28
La 30 25 26 8 18 24 34 22 27 27 35 22 47
Ce 53 48 57 18 30 53 52 50 57 52 64 41 85
\% 26 33 9 221 231 129 24 5 54 31 26 11 8
Cr 244 151 138 50 42 43 192 10 11 14 11 15 14
Co 8 5 4 <10 9 9 9 6 8 9 12 <5 6
Ni 5 5 3 3 2 1 4 2 2 2 3 2 1
Cu 4 5 4 20 14 6 5 2 5 4 10 3 3
Zn 43 48 43 74 89 80 50 28 56 35 38 32 36
Pb 26 22 15 8 8 15 11 14 13 15 18 10 20
Ga 146 145 119 19.8 189 184 16.1 15.0 173 164 162 137 164
Ge 1.3 1.3 0.9 1.1 1.3 1.2 1.3 1.1 1.5 13 1.2 1.0 1.3
As 23 1.9 20 1.8 1.3 2.7 17 <04 <04 <04 06 1.5 <05
Se 09 04 03 06 04 05 0.5 0.6 0.8 05 06 03 0.4
Br 06 03 0.1 02 05 0.2 02 03 0.5 0.3 04 02 0.4
Mo 26 27 24 4.5 38 37 46 3.8 1.7 23 1.6 1.9 03
w 2.8 0.6 1.2 <2 <2 <2 1.8 34 <2 1.1 78 1.0 1.4
Sn 32 29 20 1.2 1.1 24 2.5 3.1 33 6.7 65 21 1.5
Sb <0.5 0.5 <05 <05 <05 <05 <05 <05 <05 <05 <05 05 <05
Cs 89 51 1.0 2.0 1.1 <15 <15 34 4.5 6.3 83 133 1.1
Tl 32 1.5 1.1 1.0 09 1.2 1.6 1.9 2.4 1.8 22 1.6 1.4
Bi 20 05 0.6 13 1.1 0.7 0.7 1.2 14 14 36 08 0.6
Th 139 145 122 23 2.4 8.2 9.0 92 10.1 123 147 119 33.1
U 37 4.1 2.0 3.1 39 3.0 50 49 1.5 2.8 30 27 4.1
Cl 57 68 54 150 180 62 98 60 240 220 190 32 89

A/CNK 1.04 1.04 1.02 093 094 0091 1.09 098 097 099 1.04 098 1.03
NK/A 072 0.71 0.85 029 028 0.51 0.76 0.84 0.65 0.70 0.72 0.78 0.87
Rb/Sr 07 06 06 00 00 02 05 05 0.3 05 07 08 14
Th/U 38 35 6.l 07 06 27 1.8 19 6.7 44 49 44 8.1
T C 763 771 786 700 699 781 795 794 792 799 793 747 785
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Table 2 Chemical compositions of the studied dikes from the Akenobe underground tunnels: Western vein group.
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Fil.no. 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
Sam.no. 20202 20203 20304 20405 20406 20407 20608 20609 20610 20611 20612 20613 20715 20816 20817 20818 20919
Si02 5426 6132 7434 5256 5891 5505 5220 4895 51.29 70.11 4879 59.78 4594 4823 6837 5248 49.84
TiO2 0.85 0.58 0.10 0.98 0.60 1.05 0.89 0.83 0.99 0.11 0.86 0.60 1.02 0.95 0.12 1.03 0.89
Al203 1793 1637 12.66 16.17 1570 1424 1838 1835 17.54 12.63 1630 1590 19.89 16.07 12.70 1431 18.79
Fe203 7.68 5.53 1.89 8.25 6.57 8.96 7.97 7.95 8.48 1.13 9.13 7.76 13.04 18.14 1.58 8.47 10.20
MnO 0.76 0.13 0.09 0.56 0.15 0.49 0.20 0.12 0.29 0.06 0.07 0.26 1.24 0.71 0.06 1.56 0.81
MgO 4.23 1.45 0.29 5.64 1.16 6.46 4.29 3.02 5.96 0.71 2.66 2.05 8.62 6.51 0.62 7.36 4.29
CaO 1.25 4.98 0.33 3.19 3.51 5.44 5.71 8.40 6.56 0.91 6.88 4.27 1.54 0.37 0.88 3.65 5.56
Na20 0.21 3.86 3.29 0.19 3.64 0.13 1.48 2.24 0.18 3.11 2.49 348 <0.05 0.06 529 <0.05 0.16
K20 7.72 1.08 391 3.94 1.24 0.62 4.03 0.79 5.47 3.81 0.69 1.24 2.18 1.09 2.43 1.94 4.30
P205 0.21 0.30 0.04 0.31 0.30 0.27 0.21 0.21 0.23 0.06 0.21 0.31 0.24 0.22 0.04 0.27 0.22
N 0.02 <0.01 0.03 0.20 0.01 0.22 0.01 0.15 0.01 0.03 <0.01 0.01 1.39 0.02 0.02 1.32 0.02
H20+ 4.37 2.15 1.22 5.55 2.52 5.62 3.73 4.29 0.74 6.00 5.04 1.47 2.45 2.68 7.64 7.33 4.88
H20- 0.49 1.07 0.24 0.77 1.80 0.66 0.43 1.71 0.52 0.32 2.98 1.61 0.68 0.31 0.20 0.33 0.38
CcOo2 0.53 1.26 1.43 2.16 4.33 1.15 0.82 3.73 2.14 1.08 4.57 1.66 2.61 5.86 0.12 0.13 0.39
0=S -0.01 -0.01  -0.10 -0.11 -0.07 -0.01 -0.69 -0.01 -0.01 -0.66 -0.01
Total 100.50 100.08 99.85 100.37 100.44 100.25 100.35 100.67 100.40 100.06 100.67 100.40 100.15 101.21 100.06 99.52 100.72
Rb 329 22 116 220 25 37 165 25 197 146 13.2 28 141 64 65 146 140
Sr 245 400 80 95 331 210 435 473 264 117 577 315 59 11.7 109 133 274
Ba 1680 410 690 479 473 56 650 295 960 950 294 436 198 259 500 83 800
Zr 102 111 131 155 138 120 89 76 94 136 85 139 115 97 172 134 96
Hf 4.1 32 5.4 4.2 43 2.8 2.6 1.2 <2 6.2 1.1 32 33 32 7.0 6.3 2.4
Nb 7.3 9.3 10.3 9.4 8.6 8.8 3.7 4.3 42 8.1 4.7 7.8 7.6 8.8 10.8 11.5 5.4
Ta <3 <2 <2 <3 <2 <4 <3 <3 <3 1.5 <3 <3 <5 <4 1.5 <15 <4
Y 20 24 26 25 24 19 19 18 23 24 17 21 16 22 27 19 23
La 4 14 37 16 13 18 7 6 5 30 8 15 8 9 35 18 9
Ce 12 31 71 38 36 38 24 20 21 61 20 35 24 25 63 39 25
A% 222 23 <3 186 23 216 197 185 168 <4 164 25 233 218 5 212 207
Cr 36 10 28 231 10 470 33 15 113 35 7 8 21 54 13 460 <2
Co 9 <g 7 23 <8 23 9 <10 <10 7 21 <10 <15 <15 8 21 <10
Ni 40 34 29 105 33 82 41 41 45 35 38 34 14 <3 5 54 4
Cu 4 3 4 <1 3 18 9 4 5 6 2 3 <1 <1 2 362 17
Zn 224 91 54 1080 98 739 99 100 169 44 89 112 7230 1060 42 5850 156
Pb 56 13 30 570 21 1070 12 10 14 41 6 33 3820 38 44 4980 32
Ga 15.8 17.9 13.0 12.1 18.9 11.2 16.8 19.0 13.1 133 18.0 17.9 n.d. 16.2 13.1 n.d. 17.9
Ge 1.1 1.5 0.8 0.4 1.4 1.4 1.7 1.4 1.1 0.4 1.3 1.5 <1.0 09 <03 <09 1.9
As 8.7 0.7 2.8 <27 24 10.1 3.8 0.6 1.3 1.9 148 <0.6 <83 1.9 0.9 24 17.5
Se 0.9 0.5 0.5 <03 04 <03 0.5 0.4 0.6 0.6 0.3 04 <06 0.7 0.6 <07 0.4
Br 0.2 0.4 02 <0.1 03 <02 0.2 03 <0.1 0.2 0.2 0.2 1.5 <02 0.1 1.3 0.2
Mo 6.5 7.4 5.5 59 3.8 4.6 4.1 2.7 2.2 3.0 32 33 6.2 9.9 5.8 5.6 4.5
w 4.0 7.8 43 <5 5.8 <4 3.7 2.5 <2 49 2.2 <2 <12 <6 47 <12 32
Sn 1.7 1.2 23 1.7 1.7 4.8 1.3 1.1 1.0 4.8 1.1 33 44 34 2.4 16.4 9.9
Cd 0.6 02 <02 39 0.3 47 <02 <02 <02 <02 <02 0.4 30.5 03 <02 29 <02
Sb 6.6 <05 <05 1.1 0.7 8.5 14 <05 1.7 23 <05 <05 14 <05 0.3 254 19.9
Cs 15.2 3.1 8.0 18.4 11.5 11.9 7.2 40 28 12.5 9.4 15.5 45 <15 1.6 1.6 17.6
Tl 8.7 1.2 2.1 4.5 1.2 1.8 3.8 1.3 4.6 23 0.9 1.0 9.2 2.0 2.1 8.5 32
Bi <0.5 1.5 0.8 <1.1 1.1 <15 0.4 0.8 0.7 0.7 0.4 0.7 <34 <07 1.2 <35 0.4
Th 5.4 3.5 143 <05 3.7 <05 29 1.9 1.7 12.3 1.6 33 <05 5.4 141 <05 4.6
U 9.1 5.0 7.7 7.9 3.1 42 <05 1.0 1.5 3.6 1.2 0.6 9.1 6.3 6.3 9.7 8.1
F 300 <100 <100 600 <100 800 200 <100 300 <100 <100 <100 2400 100 <100 8400 400

Cl 60 140 38 43 81 54 32 130 47 77 89 98 90 48 28 93 25
A/CNK 1.63 0.99 1.24 1.56 1.15 1.32 1.07 0.93 0.97 1.16 0.94 1.07 3.79 8.24 0.98 1.62 1.25
NK/A 0.49 0.46 0.76 0.28 0.47 0.06 0.37 0.25 0.35 0.73 0.30 0.44 0.12 0.08 0.89 0.15 0.26
Rb/Sr 1.3 0.1 1.5 2.3 0.1 0.2 0.4 0.1 0.7 1.2 0.0 0.1 2.4 5.5 0.6 1.1 0.5
Th/U 0.6 0.7 1.9 0.1 1.2 0.1 5.8 1.9 1.1 34 1.3 5.5 0.1 0.9 22 0.1 0.6
ZrT(°C) 777 738 790 812 774 779 718 683 710 786 699 767 830 835 787 805 741

n.d.: not determined

Analyzed by polarized XRF. O=S implying quoted as oxides, despite some occurring as sulfides. The value of O=S is the S value
multiplied by the ratio of atomic weights, or 15.9994/32.06.

— 188 —



Chemical compositions of the granitoids (Ishihara and Chappell)

Table 3 Chemical compositions of the studied dikes from the Akenobe underground tunnels: Eastern vein group.

Fil.no. 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66
Sam.n: 40801 40802 40803 41004 41005 41006 41007 41208 41209 41210 41312 50801 51203 51204 51206 51207 51208 51409
Si02  48.66 49.34 50.87 50.51 63.14 49.76 6298 57.08 50.86 56.97 7497 5589 52.86 6445 48.01 4578 62.44 63.14
TiO2 080 072 0.87 066 016 068 037 057 063 056 0.10 071 077 016 084 078 029 036
AI203 1797 16.51 16.68 1398 1526 14.88 15.70 17.99 13.52 18.01 13.64 15.62 1645 1527 1510 13.41 14.06 14.73
Fe203 879 6.80 7.74 854 386 7.1 482 7.02 740 697 148 7.7 782 423 848 28.06 322 458
MnO 0.17 013 0.15 028 0.09 026 013 0.16 010 017 0.04 015 012 0.09 023 051 013 0.13
MgO 493 234 473 949 040 575 1.17 213 1009 212 065 6.17 585 066 505 240 112 111
CaO 857 7.88 596 497 492 892 460 616 765 635 085 7.3 563 380 695 042 569 452
Na20 220 237 3.63 220 239 245 373 376 164 348 034 253 312 286 358 013 027 277
K20 056 0.69 169 050 134 026 047 097 107 081 330 167 194 176 251 0.05 056 090
pP205 015 018 035 019 013 018 021 024 0.18 024 0.05 018 018 015 016 021 015 0.19
S 012 0.02 0.13 115 <0.01 0.76 0.03 <0.01 0.06 001 0.03 003 026 <0.01 038 022 0.02 0.02
H20+ 2.67 348 432 596 405 441 361 216 371 200 3.18 241 369 341 412 720 538 345
H20- 296 226 069 1.13 047 044 227 178 324 161 0.6 059 071 067 054 060 068 1.03
COo2 221 782 286 223 400 533 020 028 031 09 1.18 0.8 138 274 502 229 629 3.8

O=S -0.06  -0.01 -0.06 -0.57 -0.38  -0.01 -0.03 -0.01  -0.01 -0.13 -0.19  -0.11 -0.01 -0.01
Total 100.70 100.53 100.61 101.22 100.21 100.81 100.28 100.30 100.43 100.26 99.96 100.42 100.65 100.25 100.78 101.95 100.29 100.10
Rb 11.8 176 54 134 47 126 23 23 20 18 147 40 73 58 101 4.0 25 26
Sr 524 441 561 336 274 538 837 599 582 590 34 607 620 241 293 122 282 254
Ba 176 291 630 265 221 880 550 355 348 361 120 337 373 323 510 23 100 273
Zr 59 82 176 107 181 97 127 92 105 93 88 129 124 184 74 96 136 119
Hf 1.6 1.6 33 2.5 42 4.3 4.4 3.8 22 3.7 4.3 3.9 4.8 5.0 29 <10 4.8 3.7
Nb 4.6 4.9 6.9 5.9 9.0 7.1 8.1 6.0 5.5 9.0 105 9.6 88 105 5.0 7.9 8.5 7.1
Ta <3 <3 <3 <4 1.4 <4 2.0 <2 <5 2.0 2.1 4.0 3.1 1.2 <4 <20 <2 1.2
Y 16 16 24 20 7 18 23 19 17 19 18 21 22 7 21 18 17 19
La 4 6 23 16 21 7 13 9 14 10 32 17 15 20 7 10 16 12
Ce 13 19 51 36 43 23 28 23 34 26 51 34 34 43 21 26 34 27
\% 221 214 186 170 <4 170 <5 63 162 47 9 161 176 <4 243 161 <4 <5
Cr 34 7 55 800 <1 232 <1 <2 850 <2 8 183 117 <1 322 32 7 <1
Co <10 8§ <10 38 <6 26 <8 <8 30 <10 4 16 17 <8 19 <20 <6 <8
Ni 5 7 25 240 3 72 1 4 265 3 4 71 39 2 54 9 3 4
Cu 8 21 18 26 2 31 5 3 34 2 2 48 23 2 29 406 2 2
Zn 69 85 87 284 72 141 105 75 69 72 30 101 82 73 129 461 72 118
Pb 7 28 25 13 15 51 23 9 12 7 17 31 17 15 22 62 18 19
Ga 188 184 165 159 167 167 168 196 149 187 149 169 164 183 138 151 146 16.1
Ge 1.1 1.5 1.1 1.6 1.1 0.6 0.9 1.2 0.7 0.9 1.2 1.1 1.1 0.9 0.6 0.6 1.8 1.4
As 4.6 6.5 6.2 6.6 <04 7.6 3.0 <04 09 <04 1.0 13 14 <04 129 32 22 2.0
Se 0.5 0.3 0.4 0.7 0.5 1.0 0.8 0.5 0.5 0.8 0.7 0.6 0.7 0.5 0.6 0.4 0.6 0.5
Br 0.1 0.1 0.3 0.1 0.2 0.8 1.0 0.4 0.4 0.5 0.1 0.7 0.5 0.3 02 <0.2 0.4 0.3
Mo 33 29 4.0 3.7 3.9 5.7 4.8 32 3.6 6.4 5.7 8.2 6.1 3.9 3.5 6.4 3.5 3.5
W 12.9 2.1 9.0 <3 86 113 94 132 11.7 139 29 21 4.7 5.0 4.0 <5 6.3 1.7
Sn 0.8 1.4 1.7 21 1.5 3.1 2.3 1.3 1.5 1.9 2.6 3.1 2.8 1.0 1.9 22 1.8 1.5
Sb <05 <05 0.6 1.3 <05 1.7 06 <05 <05 <05 5.0 09 <05 <05 05 <05 1.3 0.4
Cs <15 141 123 5.5 9.1 19.0 63 3.4 4.2 49 154 86 195 118 33 1.0 7.4 8.9
Tl 1.2 0.9 1.3 0.5 1.0 3.0 2.7 2.0 1.9 2.4 2.8 2.0 23 1.6 2.7 <l 1.7 1.6
Bi 1.0 1.0 0.5 1.1 0.6 29 1.7 1.9 2.0 1.9 1.3 1.1 4.0 1.2 0.7 <1.0 1.3 1.4
Th 1.4 22 5.9 5.1 52 4.8 3.9 2.6 5.0 33 149 7.5 5.8 5.6 3.7 52 3.9 3.1

3.0 4.1 4.6 3.6 4.5 3.1 4.8 4.7 4.5 32 9.8 5.4 5.0 4.1 6.8 3.1 3.5 4.3
F <100 <100 200 500 <100 600 <100 <100 <100 <100 300 100 <100 <100 <100 100 <100 <100
Cl 130 60 76 120 490 39 420 68 440 100 55 93 120 450 69 67 320 n.d.

A/CNl 091 09 09 106 107 072 1.05 098 076 099 240 083 094 1.13 071 13.00 123 1.07
NK/A 024 028 047 030 035 029 042 040 029 037 030 038 044 043 057 002 007 038
Rb/Sr  0.02 0.04 0.10 004 017 0.02 0.03 004 003 003 432 007 012 024 034 033 009 0.10
Th/U 0.5 1.9 1.3 1.4 1.2 1.5 0.8 0.6 1.1 1.0 1.5 1.4 1.2 1.4 0.5 1.7 1.1 0.7
ZIT(CC 663 685 749 742 792 672 759 714 694 717 797 720 732 802 647 840 787 759

n.d.: not determined.

Analyzed by polarized XRF. O=S implying quoted as oxides, despite some occurring as sulfides. The value of O=S is the S value
multiplied by the ratio of atomic weights, or 15.9994/32.06.
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Fig. 5 Variation diagrams of the studied volcanic and plutonic rocks: H,O+, CO,, S and Cl. Straight line is the

average line of the Shiso granitic complex of the west-central Hyogo Prefecture reported in Ishihara (2002).

The analyzed rocks are plotted in the Na,O+K,O vs.
Si0, diagram in order to identify their rock types. Most
of the studied volcanic rocks are plotted in the upper
area of so-called calc-alkaline basalt-andesite-dacite-
rhyolite field (Fig. 4), and those of the Late Cretaceous
Ikuno Group and the Paleogene Udagawa Group are
plotted in the same trend, at a lower level than that of
the Wadayama granitoids. Two plots (Nos. 2 and 3,
Fig. 4) higher in the alkali components for the silica
contents, are strongly altered rocks containing 5.13-5.93
% H,0+CO,. They are not alkaline rocks, but the high
alkali contents represented by 4.58 and 5.82 % K,O for
61.3 and 60.2 % SiO, derived from hydrothermal ser-
icite. Both the granitic and volcanic rocks studied are

considered to belong to calc-alkaline series. Subvol-
canic dikes show very wide variation on this diagram,
because of severe alteration, but about half of the dikes
follow the trend of those of the Ikuno Group and Hiki-
hara caldera, indicating that all the volcanic and sub-
volcanic rocks belong to the same group.

The subvolcanic rocks have been most commonly
altered to chlorite, epidote, carbonates, sericite and ka-
olinite. The volcanic rocks exposed on surface contain
the total alteration components of S, H,O(+). H,O(-)
and CO, from 1.39 to 6.03 % , while the subvolcanic
dikes have higher values between 3.37 and 6.41 % .
The underground dikes are much more severely altered,
especially on those of the eastern Akenobe mine than
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Fig. 6 Variation diagrams of the studied volcanic and plutonic rocks: AL,O;. A/CNK, Ga and K,O. The straight line

is the same as that of Fig. 5.

of the western part. Alteration also effects on magnetic
susceptibility, because of hematitization over magnetite.

5.2 Variation diagrams

The volcanic rocks vary from basalt to rhyolite hav-
ing silica range of 52.5 to 78.0 % , and their average is
65.3 % (n=21). If volatile components such as H,O(+),
H,0(-), CO, and S were excluded, these values increase
from 54.0 to 80.5 % and the average is 67.3 % . An
anhydrous average silica content of the Wadayama gra-
nitic pluton (71.6 %) is higher than the average of the
volcanic rocks, but that of the Shiso granitic complex is
averaged as 68.6 % SiO,, which is similar to the aver-
age of the volcanic rocks.

Among the volatile components, both H,O(+) and
CO, contents are generally abundant in the low to in-
termediate silica rocks (Fig. 5 A, B), because of highly
calcic and mafic nature. S-contents which are contained
in fine-grained pyrite are relatively low for the inten-
sive hydrothermal alterations. It exceeds 1 % S in only
three samples of the dike rocks (Fig. 5C). Cl is very
low in the volcanic rocks, but high locally in the inter-
mediate composition, 60-65 % SiO,, of some dikes and
Wadayama granitoids.

Al,O; contents are negatively correlated with the
silica contents, but two high silica rocks (Nos. 7 and
8, Fig. 6A) and many of the dike rocks in mafic com-
positions (Fig. 6A) have low Al,O4 contents, which
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Fig. 7 Variation diagrams of the studied volcanic and plutonic rocks: Rb, CaO, Na,O and Sr. The straight line is the

same as that of Fig. 5.

are due to later hydrothermal alteration of plagioclase
as shown by decreasing of CaO, Na,O and Sr, and in-
creasing of CO,. The alteration is somehow effective to
A/CNK index (Fig. 6B), and the studied rocks are gen-
erally higher than the average line of the Shiso granitic
complex. Two high silica rocks (Nos. 7 and 8, Table 1)
and many mafic dikes higher than 1.1, are considered
resulted from break-down of plagioclase by later hy-
drothermal alterations. Ga contents are low, below 20
ppm, and therefore no indication of A-type character.
Ga substitutes generally Al-position in feldspars, so that
its distribution is very similar to that of alumina (Fig.
60C).

In K,0-Si0O, diagram (Fig. 6D), a majority of the

studied rocks are plotted in the fields of medium-K and
high-K series. There seems to be no low-K series in the
volcanic rocks. The Wadayama granitoids are plotted
in similar region to that of the volcanic rocks, but the
Hikihara granitoids are slightly depleted in K,O. There
are three volcanic rocks (Nos. 2, 3 and 8) and seven
dike rocks plotted in the shoshonite field (Fig. 6D),
which contain abundant hydrothermal sericite under mi-
croscope. Distribution pattern of Rb is similar to that of
K,O (Fig. 7A), excluding three high values above 200
ppm. Potassium and Rb seem to move together during
the hydrothermal alteration. In detail, the Wadayama
granitoid have higher content of Rb than the Hikihara
granite.
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Fig. 8 Variation diagrams of the studied volcanic and plutonic rocks: Ba, Fe,O;, MgO and V. The straight line is the

same as that of Fig. 5.

CaO contents are lower than the average value of the
Shiso granitic complex (Fig. 7B). Even unaltered gran-
itoids show a less calcic nature, which is characteristic
of the Wadayama granitoids. Low values of the volca-
nic rocks and dikes are due to the hydrothermal altera-
tion.

Na,O contents of the volcanic rocks and granitic
rocks are positively correlated with SiO, contents (Fig.
7C), except for one (No. 8), which is strongly altered.
The positive correlation may be theoretically valid, but
Na,O contents of the Shiso granitic complex has no
change with the silica contents, which is commonly
seen in the magnetite-series granitoids (e.g., Shirakawa
granitoids: Ishihara and Tani, 2004). Many of the un-

derground dikes are very much depleted in Na,O, indi-
cating sodium was leached out after decomposition of
the plagioclase. Yet, Sr content decreases with decreas-
ing of silica, and follows the CaO trend. Ba contents
are positively correlated with those of SiO, contents,
except for Nos. 7 and 8, and some altered dikes that are
high or low in the contents (Fig. 8A).

Among mafic components, the total iron contents
as Fe,O; are negatively correlated with SiO, contents,
and plotted below the average line of the Shiso gra-
nitic complex, except for the high silica rocks (Fig.
8B). MgO contents are lower than the average of the
Shiso granitic complex, but low silica volcanic rocks
and dikes are high in the content, which may be due to
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Fig. 9 Variation diagrams of the studied volcanic and plutonic rocks: Nb, Y, La and Ce. The straight line is the same

as that of Fig. 5.

hydrothermal alteration. Vanadium, which may be con-
tained in the rock-forming magnetite, is generally lower
than the average of the Shiso granitic complex. The
content is very low in many of the altered dikes. Unal-
tered Wadayama granitoids are also low in the content,
because they are free of magnetite.

Nb contents of the studied rocks are generally higher
than the average Nb contents of the Shiso granitic com-
plex (Fig. 9A). The contents are extremely high in the
three altered volcanic rocks of Nos. 11 (63 ppm), 4 (48
ppm) and 16 (41 ppm). Some Nb-bearing accessory
minerals could be expected in these altered rocks. Y
contents are generally higher than 15 ppm, and increase
with increasing of SiO, contents. Variation of the con-

tents in the altered rocks seems to be small relative to
other trace elements (Fig. 9B). No rocks show high St/
Y ratio equivalent to the values of adakite in porphyry
copper mineralized regions (Ishihara and Chappell,
2010). La and Ce contents also increase with increas-
ing SiO, contents, and the contents are generally higher
than the average content of the Shiso granitic complex
(Figs. 9C, 9D). Some altered volcanic rocks are ex-
tremely high (No. 4) and low (Nos. 7, 8, 12) in these
components.

Zircon is generally known to be stable mineral dur-
ing hydrothermal alteration. The Zr contents vary
widely from 66-68 ppm (Nos. 8 and 7) to 261 ppm
(No. 14, Fig. 10A) in the volcanic rocks, which have a
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Fig. 10 Variation diagrams of the studied volcanic and plutonic rocks: Zr, Hf, Th, U, Sn and W. The straight line is

the same as that of Fig. 5.

peak at 65 % SiO, (Fig. 10A). This pattern was consid-
ered typical in the high temperature I-type granitoids
(Chappell et al., 2004). Hf contents are low in the low
Si0, rocks, and high in the high SiO, rocks (Fig. 10B),
resulting a wide range of Zr/Hf ratio compared with
that of unaltered granitoids. Unaltered Wadayama and
Hikihara granitoids have Zr/Hf ratio of 24-32, but the
studied volcanic rocks have Zr/Hf ratio of 20-52, and
the underground dikes have 21-77 in the eastern group
and 19-53 in the western group. Thus, the alteration
gives rise to higher Zr/Hf ratio.

Th contents are positively correlated with silica con-
tents. Even altered dikes follow this general trend, im-
plying the elements were contained in accessory miner-

als, which are resistant to the hydrothermal alteration.
Uranium, on the other hand, is scattered widely, imply-
ing that the element is contained in both accessory ox-
ides and common mafic silicates, and is easily mobile
during the alterations.

Zinc in igneous rocks is generally correlated with
mafic major components. Unaltered granitoids and
volcanic rocks are plotted around the line of the Shiso
granitic complex in Figure 11A. Three samples of this
figure and five high values up to 7,230 ppm listed in
the Table 3 are, of course, altered equivalents. Lead re-
places generally potassium position of K-feldspar in ig-
neous rocks, and the Pb contents of the volcanic rocks
are slightly higher than those of the Shiso granitic com-
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Fig. 11 Variation diagrams of the studied volcanic and plutonic rocks: Zn, Pb, Cu and Mo. The straight line is the

same as that of Fig. 5.

plex (Fig. 11 B). The Pb contents vary greatly in the
altered dikes up to 4,980 ppm. The Pb anomalies are
positively correlated with the Zn anomalies in general,
implying these elements moved around together during
the alterations.

Copper is predominant in mafic rocks in general,
especially in basaltic dikes, indicating therefore the
capital L-shaped plot in Fig. 11C. The volcanic rocks
are generally higher in Cu contents than dike rocks.
Two altered dikes have very high values as 406 and
362 ppm Cu (see Table 3). Molybdenum content in-
creases generally in high SiO, rocks of the Shiso gra-
nitic complex, but the studied rocks show higher and
erratic distributions (Fig. 11D). The Mo contents of the

Wadayama pluton are lower than those of the Shiso
granitic complex.

Trace amounts of tin in unaltered ilmenite-series
granitoids increase generally with increasing silica con-
tents (Ishihara and Terashima, 1977a, b). In the studied
rocks, most of the volcanic and subvolcanic rocks are
plotted in the 2-8 ppm range, very close to the aver-
age content of the Shiso granitic complex (Fig. 12A),
and only six altered dikes showed high values of 10-
44 ppm Sn (Tables 2 and 3). On the contrary, tungsten
contents vary widely and many of the western dikes
are high in W contents up to 29 ppm W (Table 3). The
eastern dikes are also higher than the average of the
Shiso granitic complex (Fig. 12B).
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Fig. 12 Variation diagrams of the studied volcanic and plutonic rocks for Sn, W and Mo, and Cu-Cl diagram. The

straight line is the same as that of Fig. 5.

Chlorine, which is an important carrier of chalcophile
metals during hydrothermal mineralizations, shows no
clear correlation with the Mo contents (Fig. 12C). In
the case of Cu, the correlation is rather negative (Fig.
12D). About the bulk contents, granodiorite of the Wa-
dayama pluton contains 240-190 ppm CI, but the gran-
ite phase contains only 89-32 ppm Cl. Fluorine could
be a good transporter for tin. The fluorine contents of
the Wadayama granitoids are as low as 100 ppm F.

6. Cause of polymetallic character

In the vein and skarn-type deposits of the Japanese
Island, magnetite and sulfide-forming ore metals tend to

occur associated with the magnetite-series magmatism,
but tin and tungsten oxides are concentrated with the il-
menite-series magmatism (Ishihara, 1981). In the veins
of the Tkuno mine, there occur many metals occurring
as sulfide and sulphosalts, indicating that the related
magma must be the magnetite-series. In those of the
Akenobe mine, the early stage vein contain abundant
magnetite and sulfide-sulphosalt commodities, which
seem to be formed by the ore fluids separated from the
magnetite-series subvolcanic intrusion of mafic to inter-
mediate compositions.

On the other hand, Sn-W veins of the later stage
are poor in magnetite and sulfide-sulphosalt miner-
als, which seem to be generated in the ilmenite-series
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granitic magma. In the case of the Japanese plutonic
rocks, trace amounts of tin tend to be high in those
of tin-bearing ilmenite-series granitic rocks (Ishihara
and Terashima, 1977a). Here in the studied area, the
Wadayama granite contains 1.0 to 6.4 ppm Sn with
an average of 3.8 ppm (n=6), while the Shiso tin-free
magnetite-series granitic rocks contain only 0.8 to 1.6
ppm Sn with the average of 1.3 ppm Sn (n=11) (Ter-
ashima and Ishihara, 1982).

As mentioned previously, the Ikuno and Akenobe
vein deposits are characterized by polymetallic nature,
containing base metal, tin, tungsten, silver and gold.
Lead and silver are predominant in the Ikuno deposits,
while tin and tungsten prevail in the Akenobe deposits.
A rare metal of indium is rich in base metal ores of
both the mines (Ishihara et al., 2006). The announced
metal grades of the produced ores of the recent years as
follows:

(1) Ikuno mine in 1956-73: 1.19 % Cu, 2.06 % Zn, 0.43
% Pb, 0.16 % Sn and recoverable amounts of Ag and
Au.

(2) Akenobe mine in 1921-1987: 1.03 % Cu, 1.69 %
Zn, 0.40 % Sn and recoverable amounts of W.

These ore metals show both horizontal and vertical
zoning in the Tkuno deposits. Maruyama (1957) recog-
nized horizontal zoning of Zn-Sn-Cu zone surrounded
by Zn zone, Pb-Ag zones and Au-Ag-quartz zone.
Vertically, Sn zone occurs at the bottom together with
Zn zone, and Ag-Au zone tends to occur in marginal
to the main tin-base metal ores. He seemed to believe
that a mono-ascendant ore solution formed such zoning
by decreasing of temperatures and pressures. However,
polyascendant model, like the case we see in the Ak-
enobe deposits, can also be possible for the varieties of
the ore metals and subvolcanic activities.

In the Tkuno ore deposits, the main mineralization is
strongly controlled by fractures related to basaltic sheet
and dike. The champion vein system of the Kanagase
group including the Senju-honpi, Senju-machi, Kaniya-
hi, Kinsei-hi, Keiju-hi, etc., tend to occur along cracks
formed by cooling of the hot basalt and faulting along
the wall rocks within or at margin of the basaltic dikes.
Dikes have a variety of composition from basalt and
andesite to dacite and rhyolite. E-W trending rhyolite
dikes tend to contain Sn-rich ores within these intru-
sions (Maruyama, 1959).

Magnetite and base metal mineralizations of the
Ikuno and Akenobe deposits may well be associated
with magnetite-series subvolcanic activities of mafic
to intermediate compositions, but tin and tungsten
concentration must have occurred with felsic ilmenite-
series intrusion. At the Akenobe deposits, relatively
low temperature Ag-Pb-Zn-Cu-magnetite veins are cut
by higher temperature Cu-Sn-W veins, which are best
seen in the Chiemon Vein -10L (Sato et al., 1977; Aki-
yama et al., 1980). Therefore, the polymetallic nature
of the Akenobe mine is resulted from poly-ascendant
introduction of the hydrothermal ore solution, which

had a different magmatic/meteoric water ratios (Murao
and Urabe, 1993), and the earlier base metal veins were
originated in subvolcanic activity, but later tin-base
metal mineralization was derived from hidden granite
(Imai et al., 1975), similar but more fractionated one
we see in the Wadayama granitic pluton.

7. Conclusions

Historical productions of the ores from the Ikuno and
Akenobe mines were reevaluated. They were polyme-
tallic in composition, being rich in chalcophile compo-
nents in the Ikuno ores and the first-stage ores of the
Akenobe ores, but tin and tungsten predominating in
the second stage of the Akenobe ores. The Ikuno ores
were formed by ore fluids liberated from magnetite-
series subvolcanic rocks of basaltic to rhyolitic compo-
sitions. The Akenobe ores of the first-stage base metal-
rich one were also formed by magnetite-series subvol-
canic rocks of basaltic to dacitic compositions, but the
second-stage of tin-tungsten-rich ores would have been
formed by the ore fluids liberated from an ilmenite-
series granite hidden below the ore veins.
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Appendix I Locality and sample nos. with the rock types and magnetic susceptibility (SI unit) of the analyzed volcanic and granitic
rocks from the Ikuno-Hikihara dam area.

Nos., Sample nos. ~ Rock types & magnetic susceptibility (SI unit x107) Locality

Ikuno Area

1, 80082636: Aphyric basalt, SI=48.0-84.0; Ikuno dam (F3 A% % A B J71E 1.5 km)
2, 80082635A: Porphyritic dacite, SI=2.2; Ikuno, Taisei quarry (527 i | L K EEA )
3, 80082635B: Fine diorite-looking dacite, SI=2.4; Taisei quarry ([7]_1)

4, 82031901: Rhyolitic welded tuff, SI=17.0; Ikuno Country Club (¥ &R T/ 750 I)
5, 80082634: Fine, rhyolitic tuff, SI=22.0; Ogouchi-cho, Fuchi ({# PNET IR B AL 500m)
6, 80082637: Rhyolitic tuff, SI=7.0; Ikuno dam east (53 i85 & L B J7[E.2.2km)

7, 80082639: Red porphyritic rhyolite, SI=2.0; Ikuno dam ENE ([d] =, HALHE3.5 km)
8, 80082638A: Banded rhyolite, SI=2.0; ditto ([7_F. HALRE?2.7 km)

Hikihara dam area

9, 8308071101: Aphyric andesite, SI=16.0-26.0; Haga-cho, Hori (5% Eﬁé?ﬁ{ BT Y

10, 82032102: Porphyritic andesite, SI=60.0; Wakasugi-pass west (555 i £ A2 IE7E)
11, 82032101: Purple andesite, SI=44.0; Wakasugi pass west (RZEHiF5AZIEPE)

12, 8308071002: Rhyolitic tuff, SI=1.5; Wakasugi pass west (SR AZIH:PG)

13, 8308071208: Aphyric andesite, SI=44.0-51.0; Shikafuse west (SRSETIREIR PG F7)

14, 8308071216: Aphyric andesite, SI=58.0-64.0; Shikafuse west (SSBETIREIR PG )7)

15, 82032105: Purple andesitic tuff, SI=33.6; Shikafuse west (SRZE T FEIR PG 55)

16, 82032104: Green andesitic tuff, SI=5.0; Shikafuse west (< 5E IR TG J5)

17, 82032110: Dacitic lava, SI=2.2; Nishikumon, Mizotani (SREEMT /AL, HA)

18, 82032109: Andesite sheet (1.5 m wide), SI=90.0; ditto (SREETIPH/ASL, THEA)

19, 82032108: Rhyolitic tuff, SI=5.8; ditto (RIEHTIE/ASL, TER)

20, 8308071535: Rhyolitic tuff, SI=3.0-4.0; Obara NNW (553 Hi/NEALAL 76 J7)

21, 8308071550: Rhyolitic lava, SI=5.0; Obara NNW  (5R5& /N AL AL 76 J5)

Dike rocks

22, 8308071135A: Andesite in granite, 2 m wide, SI=92.0; Shikafuse (S35ETiEIRAL)
23 8308071135B: Andesite in granite, 1 m wide; Shikafuse (FXZETIFEIRAL)

24, 8308071220: Dacitic dike in granite; ditto (< 5E 7 IR 78 5 MaE)

Hikihara Granites

25, 8308071147: Porphyritic granite; ditto (AREETHIEIRFE, AREAD )

26, 82749A: Biotite granite; Haga-cho, Ishigame south (5 5E T H] £ #)
Wadayama granitoids

27, 71T0227: Hb-bt granodiorite; Wadayama-cho, Makita (1 H [LIETH5 )

28, 71TO228: Hb-bt granodiorite; Santo-cho, Tozaka pass (| LI HUH]T P l)

29, 82632: Hb-bt granite; Asago, Santo-cho, Itsubou (FH>EFR (LI HAT— )

30,71TO226: Leucogranite; Yabu, Yashiro pass(Z& 52 H] /\ {LliF)

31, 82633: Leucogranite; Asago, Santo-cho, Hazama (Ff>KAR 111 BT [#)
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sample nos. with the rock types and magnetic susceptibility (SI unit) of the analyzed dikes from the

underground Akenobe mine.

Sample No.:

Rock type & magnetic susceptibility (SI unit x10™) Locality

Eastern part

32,020202:
33, 020203:
34, 020304:
35, 020405:
36, 020406:
37, 020407:
38, 020608:
39, 020609:
40, 020610:

Altered andesite, SI<0.2; -2L Nanei cross cut (FgS5IRS7A)
Dacite, SI>15.2; -2L Meikou vein (BI3EARK) TP474

Altered felsite, SI<0.2; -3L Sennari cross cut (FJARIZA)
Altered basalt, SI<0.2; -4L Shaft-related cross cut (NZHUHIFENLA)
Altered dacite, SI<0.2; -4L Meikou cross cut (BYEARIZA)
Altered andesite, SI<0.2; -4L Meikou vein (BHY:HK) TF142
Basalt, SI<0.2; -6L Kouzou Tunnel (f&i&511E) 45m

Altered basalt, SI=13.1; -6L Shiroiwa vein (FH’=k) S30

Basalt, SI=0.2; -6L, Shirogane cross cut (H 4k 37 A)

41, 020611 Altered felsite, SI<0.2; -6L Sennari vein (%K) S40

42, 020612:
43, 020613:
44, 020715:
45, 020816:
46, 020817:
47, 020818:
48, 020919:

Altered basalt, SI=28.2; -6L Nanei vein North (FF2fR4LEL) E2
Dacite, SI=0.2; -6L Meikou vein (FAY:HR) W13

Altered basalt, SI=0.2; -7L Ryusei vein (F&Z%K) S49

Altered basalt, SI=0.2; -8L Ryusei vein (F&/Z%fJk) TB3

Altered dacite, SI<0.2; -8L Ryusei vein (k) TB4

Altered andesite, SI<0.2; -8L Ryusei vein (#E#%/K) TF143
Basalt, SI<0.2; -9L Ginsei vein south ($REJRFEES) S46

Western part

49, 040801:
50, 040802:
51, 040803:
52,041004:
53, 041005:
54, 041006:
55, 041007:
56, 041208:
57, 041209:
58, 041210:
59, 041312:
60, 050801:
61, 051203:
62, 051204:
63, 051206:
64, 051207:
65, 051208:
66, 051409:

Basalt, SI=38.0; -8L 7" vein (tfJk) N28

Basalt, SI=22.5; -8L Sinhokusei cross cut (4L 2 NK3ZN)

Basalt, SI=22.0; -8L ditto(Hr L2 ARSZN)

Basalt, SI=15.0; -10L Hotei cross cut (fi%&kR37 )

Garnet andesite, SI<0.2; -10L Hotei cross cut (fi42/Jk32\)

Hornblende basalt, SI=15.0; -10L ditto (fi4&k32A)

Dacitic felsite, SI=8.8; -10L Fujino cross cut (& 2 k37 A)
Hornblende andesite, SI=27.6; -12L Eisei cross cut (7K H:AR3ZA)
Altered basalt, SI=22.0; -12L Nansei Kirikae (Fd S HREIER)

Hornblende andesite, SI=27.5; -12L Chiemon cross cut (ZNEEFIRIZA)
Felsite, SI<0.2; -13L Eisei vein (K fK) SS

Hornblende andesite, SI=25.0; -8L Chiemon 5" vein (X155 k) WS
Altered andesite, SI=4.9; -12L Chiemon 7" vein (FIFEFI7ER) W6
Garnet andesite, SI<0.2; -12L Chiemon 7" vein (175 K) W6
Hornblende basalt, SI<0.2; -12L Chiemon 4" vein (Z17E[H45K) W7
Pre-ore basalt, SI=0.2; -12L Chiemon 3" vein (Z17EFA35-WK) W8
Hornblende andesite, SI<0.2; -12L Chiemon 4" vein (Z17E[H45-Jk) E2
Dacitic andesite, SI=3.2; -14 L Chiemon 7" vein (Z17FE[A75-JK) W9
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Yasuka Kakutani, Toshio Kohno, Satoshi Nakano, Akiko Nishimura and Mihoko Hoshino (2012) Case
study of zircon from a pegmatite in the Tanakami Granite pluton, central Japan: Occurrence, morphology,
texture and chemical composition. Bull. Geol. Surv. Japan, vol. 63 (7/8), p. 203-226, 14 figs, 5 tables.

Abstract: Zircon grains were collected from the graphic and large-crystal zones of a pegmatite dyke in
the medium-grained porphyritic biotite granite within the Tanakami Granite pluton. Type I (relatively
large tabular zircons of 0.05-1 mm in width and 3 mm-1 cm in length with considerable shape variation)
and Type II (finer string zircons of 0.01-0.05 mm in width and 1-3 mm in length) zircons coexist in the
graphic zone and large-crystal zone. BSE images and element maps show the morphological, textural
and chemical differences between the Type I and Type II zircons. Many Type I zircons consist of clear
interiors with zoning textures and spongy rims with mottled textures having many micropores, although
some Type I zircons are clear almost over a grain. Type Il zircon strings are generally spongy and show
mottled textures. These textures are mainly controlled by the distribution patterns of Zr, Hf, (U+Th),
REE and P. The totals of chemical compositions (wt.%) of Type I clear zircon are around 100 wt.% with
stoichiometry, but those of Type I and Type II spongy zircon, are often below 95 wt.% approximately with
stoichiometry. Especially, the totals of chemical compositions of Type Il zircons are often below 90 wt.%.
These textural and compositional data suggest that Type I clear zircons preserve primary compositions
in spite of metamictization, and that spongy zircons of Type I and Type II underwent secondary
hydrothermal reactions. It is compositionally noted that, differently from the Type II zircons, the Type I
zircons are richer in UO, among the Japanese pegmatite zircons.

Keywords: Tanakami Granite, pegmatite, zircon, occurrence, morphology, texture, chemistry, EMPA
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Fig. 1  Index map showing the location of the Tanakami Granitic
pluton (modified from the Collaborative research group
for the granites around Lake Biwa, 2008).

Y, Dy) KO POEFREDENIFIEL TS, w47
AR 7 %P0 spongy Tdh b Type 11 V)L &, Type I
spongy YL v LAl U < ALk iz & 2l 72
5 AR $. EMPAIC K 220 DAFR, Typel
D clear {8450 2 )L 3 v OSFHHEAFHE 100 wt.% Fit: T
HBH, Typel: Type I1 D spongy P IL I VIXHEIH 95
wt.% K DIRWIBAENE L, R Type Il VL ‘/(i 80
wt.% BOEHAEE L. 7L, FRIOESHEIS

% Mg AR IC VT ,DT%®&47®/»:/é
L2 2 1E W 72 LT 5. SOk & (L2 E R o
F— 27513, Typelclear YL 2 Vi3 E & DMK ZE R
LTk, Typel- Type Il spongy V)L 3 U IXBEAK G %
R RNEEDTHBVREMNLRH B, Typell YL
VEHNRTUDENS LW Type IV LT VX, HADN
A4 MROYILA Y OHRTE UDRBLOETHIC
5.

1. FUBHIC

V3 VI3 SN A I HE RS Cd O A 1
JUR (REE) O& i E U TBHERZEFH SN T 58T
» 3 (21, Hoshino e al., 2012). HAD D L2 Vi
P03, WS BEHHITROBEEIZ L B LE L2 5 h B sl
DO7E (Tomita, 1954 5 T, 1956) 128 D (KA - JF
KH, 2008), ZDO#HIFHEIZLEH L THELIED &
7= (JEARH, 1954 ; Karakida, 1967 ; #k, 1989, 1990 ;
MRiZ A, 1990). /2, HEAERHY —-FLIX LV Z
(Shinno, 1986 ; MEHF - bk, 1984) LD L irbI T X
TW3,

Va i, MRKITED A & v P ECEE <
(Cherniak et al., 1997a, b ; Cherniak and Watson, 2003), 5
WEW - LSRR A A L EOKE R B LR 2 £ 1
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H 5 C % 72 (Hanchar and Hoskin, 2003 ; A, 2005
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HE 2= PE 3 SUdZ e ATy A (Hanchar and Hoskin,
2003).
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HEHERh W (WA, HABRIES,, 1953 BE - &
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DFPR ISR ED7-012, L DFEKROY LT Y
IZDOWTDT — A DEMPMIEL XN T D (Hoskin and
Schaltegger, 2003), L RUHEICEMEIRO Y ILa V12D
WTOHIKT — 2 B X h>2H % (il Z21F, Johan
and Johan, 2005 ; Belousova et al., 2006 ; Forster, 2006 ;
Anderson et al., 2008 ; Abdalla et al., 2009 ; Lichtervelde et
al., 2009 ; Gagnevin et al., 2010 ; Soman et al., 2010 ; Scott
etal.,2011). HAMEDMEMER S ZDNXT <24 b
DINTAVIZDNTE, it Hoshino et al. (2010) (2 k&
D, ZOLFMBRAREEIZIE S hiz, ZOMR, W
DOIEMEH DY) 3 V12 HREE-Th-U-poor # { 7, /L
PHEA PTERERTER BB R 2 44 bhovLa it
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Fig. 2

Geological map of the Tanakami Granitic pluton, modified after Nakano (in press) and the sampling outcrop of the pegmatite zircon

in this study. Gt3: medium to coarse-grained biotite granite, Gt2: medium to coarse-grained porphyritic biotite granite, Gtl: fine-

grained to fine-grained porphyritic biotite granite.

HREE-Th-U-rich # 4 7T % Z L BN L MIZ & iz, B
12, ROZAA PO VIIFERT L ICET DR
DR AAT AL, FHIAKEDZ WG DHIRFEDN
74 MCER NS Z R hTns. 0%
Bk - AR (2011) 13 EMPA 12 X 0 28Il D A-type 16
thovrvaryoy —=v rfllike 2 Usdind 2 bE
REALEHRE LT 5. s
AFETHET I o i, wEE KT RS
W ORI BEIR RERHERE T O RS v & 4 N EIREED
ﬁﬂg@é.Eiwﬁu,ﬁ<#eﬁ%ﬁ6m%ﬁ-@
BRI SN A THAD =KX~ a2 4 pEEE L
TR T (b - ALK, 1979 5 Kbk, 2002 5 3fBHE
72, 2008 ; Rakovann ef al., 2009). JEh T 7= _EfERAS
WOWMZEE, FEZORERGENFHEN S £ TISHAT
&7z (JAFEEWHERAEIRITZE 2L — 77, 1982, 2000 ;
B - L, 2003; AIRIED, 2005) A%, XZ v XA b
IZDWT OB - HAFNRIIKAREZEAL &
, BARIEROBED» L DRI AL FANDF M (4
B, 1991, 2001) & 7L H V) RO &I IRE T
PIZ 722 X7~ 4 4 bEEO—HRI] & oz (T
[T/, 2008 ; Nakano and Makino, 2010) 2 % 5. X
244 FhovraviconTiaE, ThE TREL

Wit#IZ R Y72 5 0. ¥, bk L 72 Hoshino et al.
(2(?:1% DO I\ T, HEEREhoY LTy (H
PG ) IO T O EARE S Tw 52, HE
TERERT <24 PO YL a Iz O TN - B
NhINThEn., 22T, ShHHEERE XS~ 24
ROV LI VOREREFNRS LIS, Yra v
RE - MR AL AR DRI 247 > 7. Sl L 7291
a3, HEERERORNEENRTv2 4 DS
HBDVEDDRT VA A MIFELZRABITH 508, FE
R RE - L - AL2ERIC D W TR EREEL < T
L7=DT, SH%OHEXTv 24 MO YILa VD
KN T — 2525258 DEMNBESTONS. &k, Z
NETOWMRDIMEREEXT V24 FFEOY LT VIO
W T DOFFZE (Correia Neves ef al., 1974 ; Cerny and Siivola,
1980 ; Cassedanne et al., 1985 ; Cerny et al., 1985 ; Wang et
al., 1992 ; Uher and Cerny, 1998) 1%, % DILFAKTD S
Rz Zr L HEIZIEE LT, fERE~EREH X7~ 4 4
F D= 7 HEALREIR R AC RS RN D2 S ORUKDFF
B RO ZARR S DORALR PO TH - 72 (e.g.,
Wang et al., 2000 ; Kempe et al., 2004 ; Hoshino et al., 2010).
L2 L, RET3ATEUCE (BT, REE) ® U, Th%
B 1= LR ILRIZ DN TOHER L L W23 T b
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large-crystal zone [

lﬁﬁhﬁﬂﬂhﬁlﬁ

&4 fine-grained zone |

3cm

T3 (Belousova ef al., 2002). 7275 L, AR Tk
F2 L5 5V VIZONTOERSPFIEIZOVTOR
B RITIE L A L AL, MM ZE L 22X
7 A4 POV TV IZDONTOMRRIERIZ D A0
(Smith et al., 1991 ; Soman et al., 2010).

2. HEBIEE & ETER

2.1 HhEBEER
FEEEWRIE, AR OTER S A2 EEEW 4 H
DT & S ICHUE L T B (JREEENIER SRR 7E 2
L= 2008)(FE 1K) ZD5H, SOOMENRT
& % H EAERS AT R PR 20 km - FEAERY 8 km ORI T,
EEEEWIFG H OREE 500 — 600 m OH [Lh - {E551 L%
FZam L C0 3 (JEAEEW{ GRS MEIIR I L — 7,
2000 ; %7 - L, 2003).

H EfEREARIE, KIORT LS & = DOEMIZX 4 &
N3 (h#y, Hg ). Gt3 =rh~FREERERE [

FIX RT x4 MAROBHGHE (a), ZOBRETON
7w 24 MFIREERE (b) RO Z OFEAHEHCR S h
% air kRIS (c).

Fig.3 Photographs of the outcrop of a pegmatite dyke (a),
zoning structure of the pegmatite (b) and that seen in the
rock sample from the pegmatite (c).

HERESAROEEMTH D, & - L &amgsan. &
IZHRIRMR OB T H 223, BRELEICIEEE LT
ORI 233 LT . G2 = H~ HDR BER S22 R E
%:%wwkgﬁéigiwmm%)uitiofﬁﬁ
LCWash, MHE - Acd &2 e & z o5
MR S 7z (hB, FRH ). FEMEO R~
RRERERA & OB AR BT 5 N5 A%, il
BLTWw3LE2oN5686%. AE~FAEDOT
LAY BARS (23 Y26 nH L, GRS
R I BERHCE . Gtl =R~ DR BEIR B2 R
TERE « B O R K E X b 5 WIEAIEORFEOZE(L A
5%§,%ﬁﬁ#ﬁh$ﬁgﬁbé.ﬁ%$tﬁﬁu
HR RS L OB TE L £ > THMT 51E0,
BRI TRy 24 P EFRICEM LTy - MR
FIEAERRICEIEST 2 A TH 5. ke LT, HRMK
A (CRRCA) ICEOBINGEIMH TS 2 (T, FIRlH ).

2.2 AR M =

R AA O, H EAER A RO P I
hLCw3 (HE], 19325 BHED, 2006). Z O PE#EER
IZBWT, RT2 A4 MIP~ R RERER S &
o~ HDR SR R E RGOS b & 12T 5.
N7 a4 P ORELE, [ R ] LIRS0 1.6
m, B 1.4m, WITX 6.5 mBEEDOKZ LW (IR,
1985) 2 S em FRED I 70 ) F 4w & & il ()R
&@,m%)iféi?if@émm%
%Eﬁ%-%ﬁg@@ﬂu,kmiwgmﬁ%ﬁﬁﬁ
W THIL — P OB b ¥ 3L PEHE < O HRIBEIRE
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AKX Typel DL (a, b) & Typell VLY (¢, d) DIFEEH,
Fig.4  Close-up photographs showing the occurrences of the Type I (a, b) and Type 11 zircons (c, d).

ERHERAE TR O/NEIRF 2 S ERELL 72 (B2 X)), @k
DR AT 5 72 2008 AFWEI I3 H 40 e R 3 T
Mibh Tk, ZOLERIIRT Y L4 MERDEEIE
ELTHBLEETH S (F3X). HEXTv A4

&, RIS RS MR > R BT & 0 D
RS2 A9 % (MBHE A, 2008). KFHHO RS < &
A M EBES — MR — SO — B O R 23 BH I
(FB3X) THY, CRHFOAFEKOHERHIE S
WA THOTW S, CREDOFIESHII T LA ) K
AEaAY, ZHICHERTH S, EHibw b RO SR
BEDETHD, AXT~va4 b atke LIERE
YHER & HE5E X B (London, 2008). &luli, A~ 4
4 MEROXEHEESSEORG» 5o Na v T & &
T NER % S BERELL 7=

2.3 IR & PRERAYSFR

AXT2 24 PO LT VIR, IR OED
N5 20D AT (Type I, Type II) 1255133 2 ENTE
5. ZORFIEIKESEFEBIZHEDINTH SN, BER
YA ZZDNWTE 5 B DMEI BRI TH 5D THMENTE

EMAFUETH B, Type IOV L VIE, HNIRTHEIIT
& B HIXHIC K % el A @0 BARAS S (I8 0.05 — 1
mm, £X3mm—1cm) TH?s (F4Xa b). LK
TRAL ZNENHMTHAET 2 2 LHAZ 0. ZL0T
LA ) RAHICET 55, —iidasEhicmEs s, £z,
INSDOHWRRIZTE TWBEEE £, Type 1D
ULaviz, HIRTIEY LT Y EEDREASD D AEN
=422 L TCWBZENE VLT YDEENTDDH
THD, Typel YLy EIANRTIFITNSOELTH
% (F4Mc, d). RAIRTIEE A ORGSR T & 0,
L= RTP KT B EHRGERT LTI H ) BAEBHIZA
WOBROVL I VR ERD S ZENTE LA D
% (1E0.01 —0.05mm, £X1—3mm:§4[Xd). 1E
EAEDES, TN BARICHEEL, FhIThH%ES
IZEHET 5.

Type I & Type Il YL Vi, & 125w ~Edid
EMLTCHETS. B TiE Type IV La Yy RHTYD
DIZHR LT, XRHETIE Type I PILa Y DFEHN L.
Type I YL ViF, XHEHIZEHEOTZAKEDHO DA
ERARIEIS, T b B OIS OB IZH S 5 THD
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~ zircon

alkali feldspar

10.5m

BSIX Type I VLY OENHEMSIEE (H=_a)L). A& (LF) ET7A BV RADEREO LT Y ) ET7AH ) A

0.5mm

DOYILAY (b, ¢, d). a:EE cHIFHEOWI. b, ¢, d:cHNIEIFEI AN, ¢, d: AXT~v2 4 b YL VI

B 722 L o7

Fig. 5  Microphotographs of Type II zircons (one nicol). Zircon at the boundary between quartz (upper part) (a) and alkali feldspar (lower

part) and zircons in host alkali feldspars (b, c, d). a: Approximately along the zircon c-axis; b, ¢, d: Approximately perpendicular to

the c-axis; ¢, d: Characteristic L shape zircons.
TVWBGEAENELEALTH 5.
2.4 Yl

IO XD ERARBIERUL —XBEIZLZ0 0T 0D
PEIRICHEE D %, c il 2 hUCTEZE S 5 Hif & & Lk

WG e A EE L CYIL T VR OEK %A,

FRELL 22 B0 0> 50 6REN LY LT VER
RBE 18 A3 Y (3B No. ZIR-1 ~ ZIR-18), ZhEh
IZOWT IR AT - 720, FBROFNE» 5EXIL 2
UnavER ARG, S RGERD . BRI, B
WO Type | YLavizonTiE, YhomEs LIEL
Tk Z 572,

3. AFTE
FRETHARZSE TR I N2 OWT, Wt

MegEiTyaryDORE - FEIRABIEE L. Yrarofl
R FEOPERCITLRE M~ v TOMERIT, WEANFH
HEFEBEYE O JEOL JXA-8230 EMPA 12 & 17— 7= (i
2, 2011 B, @A, MRS 25 kY, Fa—
TER10nA, 7O —TEF2 um DL TIT- 72w
TR E N2 TCRE K OFAES 5 WTREMED & 5 LI
DN, B 25 kV, Fa— 78 10 nA, ¥—2
R T X FREHIRER 20 sec, /Sw 27T v FRIET
D X BT EOER 10 sec, 72— 72 um O TER
I E T 572, WEFICROE - NBRUIN Y 275
%V FALEOBPFIZ DWW TIE, WEHIEA (1999) I2R & h
TR O & T RUCR O ¥ — 7 (7 E D EER
BE2EZICL, FilEMESMOMRICHEDINT, Xk
JE, XBOEED, Ny 2559y FHERMBENOMMIT
FEOXBMOBELED EENBENI S ITERL 525 T
L7z, ZOHKRE, KRVORMEX LS, Al F, PO
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0.05mm | : 4 S
556 X TypeH DL a /@r%yﬁﬁﬂzﬁgﬁ(ﬁ-:») 7)»7':')§Eﬂlﬂ(a b, d) & ¥ (c)U)TypeII/}I/:! /@E)It a, b,

T ¢ ®}IZ AT FIT ¢ Bl AL

Fig. 6 Microphotographs of Type 1I zircons (one nicol). Occurrences of Type I zircons in host alkali feldspars (a, b, d) and in quartzs (c). a,

b, c: Approximately along the zircon c-axis; d: Approximately perpendicular to the c-axis.

HILFE, MRAIOFE X ##i1EPb, U, ThOKILHE, L
ZHNOEME X #1113 REE, Zr, Hf, Sr D& ILEDERIC

AU 7z, i L 7 fHEa0R 2 DU ICRCE§ 5. Si0, (Si,
Ka), ThO, (Th, Ma), UO, (U, MP), KTiOPO, (P, Ku),

ZrO, (Zr, Lo), Hf (Hf, La), DyPsO,, (Dy, L), EuP;O,
(Eu, La), ErP;O,, (Er, La), YbP;O,, (Yb, La), YP;O,,

(Y, La), LuP;O,, (Lu, La), Pb silicate glass (Pb, Ma),

SrTiO; (Sr, Ka), CaF, (F, Ka). EESTOMIEIZ,
FHF B4 L LT ZAF I DT o 72, (BB (S

THMG = SEAR, N F#R%= BSE(R) 3H 25 kV,

10 nA D&M TIT 5 7228, SEIRIZOWTIZEE 7 1 —
TEREZEZ CGHIEE B AE6N 5 X512 L72. EMPA
ICEkBIEY vV IIE, Tu—TRAERNIKS L &
{12, Ta—TBFE S0nA ICLTITHo72 (B2 v g
13400 x 400). TR~V v ¥V oiE, £xi220 0EL EE
RRIZU 72, WEIXEME SN CHERR X7z 10 TTHRFE

EEaXRIRIZLE &k, #Y—-FLIxyvtyZ (BT

CL) Z~X2 MIVHIE %, TXA-8230 IZf}F@ D s 4
WmER—ZALTETr b ATV T 4 v HADCL
LEE T - 72 (FRBPIE A, 2011).

4. TJACOIFETFTTOERERE

41 Type I 2L

Type IOV LI Vi, AF~FLHEO c BisEIZ#E L
ORISR TH S (F5Ka). o Bl EE S A
ISEWTIMEO DL 2 V2B W WlEOHIFED & D (5
5 b) DIEIZ, ZoDfEEmPMAEDE sk BL(x
L) FSEWBRERTEORL W (F5Kc, d) 2k
AHEHL 72, BIZ, HORTEIICLFETREEL TOF
RIOIBHE A T UL a VRT3 5 h -,
o L OBR T, M0k E ROz e RIcB] G
L 00 2 23NV 2 3 B ~ Ak @ o b — A7
T30 WETHS. H-ILDOELTIE, U, Thix
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EDBSVEICEDEZEIZL B 25 37 MLOT-DIFE A
EDOR T ERIICHEREGIZR Z 205, FlZEs i T
PO E R TR BT 5.

42 Type I2Jba>

Type 1 VL3 Y DJFRITTNTOEKRTH 528, 1FL
AEDLAEOBIRY L a Yy RRAHRCHREIRIZ, Fhiz
AT (RATIR) AU THET 2 (BB 6IX). R Am
i, cllifmEEzZohs. EALTHWBR0ERY LT
ZE, VDO SRR (T P T4 v 756X a)
RXIP (VT HKkE LTRERT S (6 X b). 4
DYV, —EBOEIRDIERE (6 Xl o) # k%,
FEALDEAEBEIHLTHELTWS. &k, ZhbD
OO YL a vy o, BHIERAEX IR
TZB I 2 ARDOME AL —HL T3,

o a LB TR, TXTOEAFEH~AEHIR
REICVR L CRRMICRGE R LT 5. HEOMEIE,
Type IOBALDIRNE I IR A B, H=T )L TORIE
I2&D, FEAETRTOMET A 2 I MEAEE T
WA, MICTHEERNTIARDTNIHAET 5.

5. EMPA &EIZ=IZL D
2L ORsEE E RERHE R

51 Type | ¥Jba>

EMPA 12X % BSE{$X SEIf£Ic kD, &£V Uk
DTGRP EIICEE S NS (BT L& 12, W
BT Th > =Y a v L R & O RmE oM
WA S 2T 572, ZOFE, R Fmkcidz <,
FEAEDLAREIMLZD (B7Xa, o BEERRIZKS
DL TWA (FETRg ZENHHLZ, Yrav ekt
SR (FLLTTAh)ER) EORMEICIE, %I
HROBNHNTTAETS (BT g h). £/, 20
HAH A RHESE O H I 1A A > THREHRIZHE T 2 56
NELDD. HEOLE (BTXe, ) & LEEOLE
(FTH g & E72aD0FBEOEHA (B 7Xh) &, BIKA
FOARHHI L DIZ, P—haR¥ s 24 Lk EDMMD
TICRID R BT E AL THB 2B (8
7 X a, c).

Type I VL2 I2id, &AM~ 4 7 aR7RHh
H DA 2 WNFIEWE (clear) Zffidh L, PRI (HOLER) 12
(& clear H 323 0, Sl (JERAER ) 123~ A4 2 a0 X7 D
NG L 72 (turbid) $8 20 5 5 2855 3% 5. clear
EBAYDHRD Type 1 P a v (MAIFNZIZEEREY L V)
* turbid ¥4y & HAFF B clear 547 (& LTAM) (2
i, b3V = ISR I TS, £ O
BUEMNT R T DRI RIHIC W 528, 22 TIEIN
= TOBSHREREPRIZERS. ZhETciz, Yira
VOV ==V ZIZDN T, Ml IRE R - Sy F

W s 2 —FOMMER 21 5 DAL DS L I
B ==y IRWE SN TETHS (HlAR, Corfuer
al., 2003 ; Gagnevin et al., 2010 ; Fk - FrH:, 2011). AP
LA VITEWTE, SO Z AMEHOHMIE (HIR)
HEDEEARNTH 508, Ny FRY == 7 %5720
B PSR SN0 T2568 5 5. HMRT
==y 7oE, KDAMTEEEFES 2N E <
(BSE {2350 ), & 0 Sl TP+ 355 A K & W (BSE
BB ) 32 =R TH S (T g, h).

—7J5, turbid Z~v A4 70 RT7EESI VLA IZONT
BZhFETIZZ L OHED I TS (HlA1F, Corfu et
al., 2003). 7 DIFUJ5 1S porous & KBl X5 (Hoshino et
al., 2010) £ Efi— I N TWB DT TiE AW, AT
24 2 uETOLNT LT Y (H5) % Corfu et al. (2003)
HHZIZ LT spongy D)L v (spongy b4y ) EIERT &
129 5. 205, 72 5 IROBME R ML &R
LTWb, ZOMRE/ Sy FIRY —= v 7L SUER B 3,
ZZ T R clear #4530 — = v ik & X9 5 7=
DI T E 7SR EMERZ L1235, 2D spongy
EBAIZBNT R, clear N> TWBIGA, £
W2V == v SRR 6N e B, A TO
spongy B THOVA 70 RKT7 DY A TII RN EFXET
HBHH, REVLDRLMIPT, KF30 pm FREIET
5. ¥, BSEARIZHWTIL, clear #471d spongy #8757
IZHRTHB K B A B2, spongy #D % 72 6 FikkiZ T
B IR E FHEIZa Y b7 2 P EBL DT a0
HATZxmn, SEIffEdIb S CfERT 5 &, v 42
TR T ORITMEFBHR TS Z EPHBHL 2. T
7y TENS, ZONMEROKREBFE N L AEELD
ns.

52 Type ll >

TS TS X 7z Type 11 D)L 2 ¥ OZIRIEIE
2R R7=225, EMPARIZHEWT, K DFELWERAEH
AN (HIX). Tabb, RV LaIvyOKX
BIBATIC Xk > T2k L (F8Kle—h), REHEM (FAK
HHZT ) &) & ORI T AWMLY A %Ry 12
TS (FE8Klg, h). F/, V3O TOERE,
DT 2548 (B 8K e), MEAMIRIZT 5 s
HBHGE (8K, HRMMIE - & DT AHATEIRD
LA (B8 HEXFXETHAZ LML Hifl
T, Typel YLy DEEERU &5 KR (7 H )
MTETVWBLGENL W (B8 . Type Il YL /ig,
FHRMZ~ A 2 aR7 %ES spongy VLAV TH 5.
Type [ VLT A S 2 HUDES - BB OE N Y —
=V RGO & 5 s NEHRIZBISR S kb o 72, Type
1YL iid, BSEARIZH T Bl 0 £ 72 5 IR
FTd 5 (55 8 Xl g h).

— 210 —



R PGSR 2 4 bho v ay (ARIER)

WX 7oA BAR Type IV YD BSE (a, c—e, g h) & SEf§ (b, ). cHlillifici I 34~ L ~aDEROE
R AP, a — d : (KF5EE, e — h: Hff

Fig. 7 Back-scattered electron (BSE) images (c-e, g, h) and secondary electron (SE) images (a, b, f) of Type I zircons in host alkali
feldspars. Morphological variation from rectangular to U-shape through L-shape secondary electron (SE) images (a, b, f) in the
section perpendicular to the c-axis is clearly seen in these images. a-d: Low magnification; e-h: intermediate magnification.
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alkali felds
(host)

25, 0kV BEI

B8 TAHVEATO Type I V)L DBSE4 (a—e, g h) & SEME (). ABATZOBIRD L3 v R, a — d: (K55,

e, f:mffE g h: &g

Fig. 8 BSE and SE images of Type Il zircons. Irregular interfaces between string zircons and alkali feldspar are clearly seen (e-h). a-d:

Low magnification; e, f: intermediate magnification; g, h: high magnification.
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B1E B HARISRIN TS Typel YL v OfLERDK. E 51358 1A Kb OF 51206

Table 1 ~ Chemical compositions of Type I zircon shown in Fig.11A. Analysis numbers correspond to those in Fig. 11A.

Sample ZIR-2-1

Type Type I - clear (core) Type I -clear (rim)

Analysis No 1 2 3 4 6 7 8 9 10
(Wt.%)

SiO, 31.10 31.86 31.74 31.48 31.60 30.65 30.71 29.62 30.30 30.50
ZrO, 49.82 52.45 53.16 53.04 53.55 48.27 48.87 49.71 47.94 49.99
HfO, 4.83 5.08 5.08 5.20 5.19 4.56 4.30 4.64 4.63 4.97
Y,0; 1.14 0.70 0.79 0.66 0.70 1.27 1.20 1.09 1.01 0.80
Eu,0; n.d. n.d. n.d. n.d. .d. n.d. 0.06 n.d. n.d. n.d.
Dy,04 0.35 0.20 0.27 0.21 0.21 0.41 0.38 0.37 0.30 0.41
Ho,0; 0.08 n.d. 0.05 n.d. .d. 0.06 0.15 0.04 0.05 0.08
Er,O3 0.77 0.45 0.60 0.66 0.50 0.77 0.98 0.85 0.84 0.88
Tm,04 0.13 0.16 0.24 0.18 0.15 0.24 0.27 0.22 0.24 0.16
Yb,0, 291 2.34 2.40 2.08 2.13 3.41 3.35 3.06 3.15 2.78
Lu,04 0.53 0.57 0.71 0.48 0.54 0.76 0.67 0.60 0.78 0.65
ThO, 1.68 1.22 0.88 1.00 0.87 2.09 2.14 2.34 2.37 1.97
uo, 5.55 5.27 4.08 4.85 4.61 6.03 591 6.31 6.67 6.12
P,05 0.83 0.60 0.54 0.55 0.58 1.12 1.01 1.13 0.99 0.94
Total 99.72 100.90 100.54 100.36 100.62 99.63 100.00 99.96 99.25 100.25
Atomic proportion based on 4 oxygen atoms

Si 1.022 1.026 1.022 1.018 1.017 1.017 1.016 0.988 1.015 1.007
Zr 0.799 0.823 0.835 0.837 0.841 0.781 0.788 0.809 0.783 0.805
Hf 0.045 0.047 0.047 0.048 0.048 0.043 0.041 0.044 0.044 0.047
Y 0.020 0.012 0.014 0.011 0.012 0.022 0.021 0.019 0.018 0.014
Eu - - - - - - 0.001 - - -
Dy 0.004 0.002 0.003 0.002 0.002 0.004 0.004 0.004 0.003 0.004
Ho 0.001 - 0.001 - - 0.001 0.002 0.001 0.001 0.001
Er 0.008 0.005 0.006 0.007 0.005 0.008 0.010 0.009 0.009 0.009
Tm 0.001 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.003 0.002
Yb 0.029 0.023 0.024 0.021 0.021 0.035 0.034 0.031 0.032 0.028
Lu 0.005 0.006 0.007 0.005 0.005 0.008 0.007 0.006 0.008 0.007
Th 0.013 0.009 0.007 0.007 0.006 0.016 0.016 0.018 0.018 0.015
U 0.041 0.038 0.029 0.035 0.033 0.045 0.044 0.047 0.050 0.045
P 0.023 0.016 0.015 0.015 0.016 0.031 0.028 0.032 0.028 0.026
Total 2.011 2.008 2.010 2.007 2.008 2.012 2.013 2.010 2.010 2.010

6. YarHhOTER?

6.1 Type |l ZJLa >

BSE§I2¥%1F % Type I YL 2 V@ clear 85 & spongy
o TOW S oW, FHRTESOEVE S-S
TEHEAILHEDENLBZEDTHS. SRIDITCHE~ v E
VDR, Zr & B3 % HE O REE (Yb, Y, Dy %)
RBEFHEILE (U, Th) FO5A 84—V BMHERIZD L
AV == Sl EXRIL T DB Z e o7z,

Type [ D P03 VIZFFHRYICEER S N5 LB & R
B8 clear 843 & spongy HAMIZAr LT B EGR O %
DICEI AN E — v & BERITRT (—F1% 5 9 KR
T, Zr &L HEZ, AN —= vl LT, &
LA OB 32 % < & 0 SRR 53 TR 124
mVHHA AN % 0. REE RBESHEICE (U, Th) i,
Zr & HE L3O 5484 — v &R $ D, LRI DS
A—VOENEHD XISy FIRY =V IBAELT

WBIEARD S DM TIE LY. T, spongy i#i4rTD
LR SE — IO ThOIERIZOWT & IEFIZAY
BTHOILRTEDENEHDEMTH S, &k, L
A& clear Er DA S5 Type I VLIV IZHEWTE,
Hiflizy —= v 7l o051, AN LT
clear {73 DAL MK DOZEA L/ S8 — v LRI TH B, 7277
L, BRSGERZZE 5128y FRY —= v o RiRE) Y — =
VIRIAET 2B IR0 N8 — Il .
JEA D spongy VL VIZE T B ICE AL, BSE
gomismahz (BTR) & ICE 20 RMEE R LT
W3 (B, R, BEHEICR TH % U R Th D4l
72 6 Al BHE 1B B B8 2048, REE OB8
LEDTEMT LDt EH 5. Thix, UR REEDZ
oML 3BT L6853 8B L A0EE
by, BiHTH 5.

Spongy YL vHhOv 4 7 aR 7O TIE, A
PNZ KB BDOTTEIMIE L 725548 % — &Ry, Ly
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alkali feldspar
(h

st)

59Xl Clear #55 & spongy 8537 5755 Type I VL3 VIZDOWTH BSE B & 7THEOIEE~ v 7. FULED clear #57 Tld 4
HOV — =V Fflliih, JHIBEO spongy H5r TIIKND A o v R 7 LR ZITCR A BRI TH 5.

Fig. 9  BSE image and distribution maps of seven elements in a Type I zircon consisting of inner clear part and outer spongy part. Four zones
are seen in the inner clear part, and irregular element distributions with micropores of variable size are seen in the outer spongy part.

— 214 —



N}

WHEIRH LA akxs~v 24 bhovray (ARiE»)

alkali feldspar
(host)

b0k 1} Y

B0 Type O BRI T /IZDNTOBSEG & THHDOTTHE ~ » 7. ARl DL 3 V7 (a), ¥4 2 0K T D534 (a, b),
BERTIROICHE M (e, e, f, h) BREENTH 5.

Fig. 10 BSE image and distribution maps of seven elements for a Type II zircon having string to stringer morphology. Irregular interface
between zircon and alkali feldspar, distribution pattern of micropores and mottled pattern of element distributions are characteristic.
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. 10pm JEOL  2011/12/28

0 Ok B NOR WD Omm 4-0

F 1A X TJ:’EJM)FU#/J\ L Tdh BIEIF clear ForD AN 5
75 Type I VL3 VD BSEAf%. K& 72k %k
D3—4HEOY—-VRROEND.

Fig. 11A  BSE image of a Type I zircon consisting almost of
clear part on which quantitatively-analyzed points
are plotted. It consists of three or four zones with

intercalated crevices.

L, B2 R7Z=X 5124 208 87 ONERIZ 8 —ILAD
O AN T REARE L, Zhickh ThE
DILRDIFGITN I RE S 2 — U R 5N 5.

6.2 Type Il ¥JLa>

Type II VL2 YV IZIEOKOVEINE VLT Y DT, %
ZIZRO NN ERILEDAMINE — VIZDN T,
Type I DJEIED spongy &y D& LRI C < {53 % [
Ty V& iT-> COIHATTR S 4 — v 245 2 &
NTELVWEANZ W, 22 TIRIREN L OB I Type
NoLavkEvsy ¥y LEMREFRT 2 (F10X).
KaATOUNaiE, EANIZE Typel oLraryo
A spongy S ICHIS§ AR AR L THD (55 10
X)), 72 5KMMERIICRMMABMHERTE S, W
NOITLFIZDNWT Y, IFEFEISAE 5 725 K508
42—V ThDb. BEBNEMOGE (FIAE T —Lh)
LRAMRL T B~ A4 7 aR 7R TOILRIA D HHEIZ R
AB.

7. JIvar O{bFHERK

T AR ANEIE clear 75 Type I DL T VIZDWT O
ZW L FAERE 2O EEZ, ThENE 1 RKEE
IHAREITRT. 72, FOED clear #43 & I8
spongy SR MIHLFL TV B Type [ VLT VIZDNTD
ISRl Z Do EE, ThEhE 2 £EH
11 BREIZRT. B2, Type I oLavmd bRER

BB EEOMEPRLTH S, NHIOD clear 355 & 4t
> spongy B4y H 6 7 5 Type 1 ¥ )L D BSE
1.

Fig. 11B  BSE image of a Type | zircon consisting of inner clear

part and outer spongy part on which quantitatively-

analyzed points are plotted.

B DORTIZDWTORHTERE i EE, 2hE
3, 4K LS 12A, BRIEITRS. Type YLy
O clear 2OV, L AHEORERESIE L
T 100 wt.% Hii % O A 5 Bh Ihor»oithahi
A F V8 (0=4) b min 2 (ZIX w72 3 iR & &5 -
7. Type I ¥ )L ¥ @ spongy nBﬁ&U‘ Type Il YL Vi3,
EHITHRERAFA 95 wt.% FE H 5 i3z h LTI
VAW R o N ARY/ NN (=3 & R A iThébﬁa
Mg, SRS, B1IE-HIRKOT-2D5b0DE
FRALIHK (Wt.%) 12D\ T ORI K O %
FeW 2FL, £DH HD Typelspongy PIL VIC
DWW, ZZTRLUZGIED 5 L) THAEVBDT
HEMICHEE 5. DT, $5K£%8 12, Typel & Type
H DYy Dbk & 2 OMBZELOEEIZ DWW T
ek g 5.

7.1 Type | 2>

Type I @ clear 43 - spongy &84y & €12, Hoshino et al.
(2010) WL LZHARXRZ w44 ROV LT Y HURT
L= DA HIPHIZ N E > T3 (55 14 X b). BEIC
WA= ESIZ, Type I VLT DS HOD spongy iB47 14,
A& nﬁv\ﬁﬁaﬁ FIX 100 wt.% TH 5 clear 47 & %t
HAmgs, MEPAEHRE RS 100 wt.% K 0 27 DK<
%35 (90 — 96 wt.%). L» L, Type I spongy YLD
FRIZOWTIE, BRICEkLZLS12, Y4 7aRT7H
22 & libuif%ﬂﬂf)’k\if: 5 KM AL AFAET B 1
EBDHLS T, (L¥EMMIEZTRD L > T D, HSET
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Table 2 Chemical compositions of Type I zircon shown in Fig. 11A. Analysis numbers correspond to those in Fig. 11A.

Sample ZIR-3-10

Type Type I - clear Type I - spongy

Analysis No 1 2 3 4 6 7 8 9 10
(Wt.%)

Si0, 29.70 29.41 29.25 29.53 29.66 27.41 29.17 26.84 26.57 26.57
Al 04 0.02 0.02 0.00 0.00 0.00 0.11 0.04 0.30 0.19 0.23
ZrO, 50.79 50.15 52.17 51.13 51.50 48.22 48.47 45.40 45.16 44.60
HfO, 4.81 4.72 4.88 4.97 4.90 4.72 4.97 4.61 4.72 4.56
Y,0; 0.91 0.84 0.88 0.83 0.81 0.78 0.68 1.66 1.36 1.35
Eu,04 n.d. n.d. n.d. n.d. .d. 0.07 n.d. n.d. n.d. n.d.
Dy,05 0.28 0.18 0.23 0.22 0.33 0.22 0.23 0.38 0.33 0.28
Ho,04 n.d. 0.09 n.d. 0.04 0.09 0.06 0.07 0.09 0.04 n.d.
Er,04 0.69 0.63 0.71 0.60 0.54 0.57 0.57 0.62 0.51 0.57
Tm,04 0.12 0.12 0.16 0.18 0.10 0.14 0.18 0.11 0.06 0.09
Yb,04 2.19 233 2.49 2.62 2.72 2.15 232 2.15 2.28 221
Lu,04 0.56 0.58 0.53 0.74 0.61 0.51 0.55 0.45 0.59 0.48
ThO, 3.01 3.15 241 2.35 2.07 2.08 1.94 2.18 2.00 2.97
uo, 7.23 7.17 6.53 6.91 6.77 6.03 6.20 5.30 5.65 5.13
P,05 0.73 0.82 0.86 0.84 0.81 0.83 0.77 0.74 0.91 1.07
SrO 0.13 0.18 0.19 0.08 0.10 0.14 0.11 0.18 0.06 0.12
F n.d. 0.31 0.23 0.03 .d. 0.42 n.d. 0.10 0.23 0.24
Total 101.15 100.68 101.52 101.07 101.01 94.46 96.27 91.11 90.64 90.44
Atomic proportion based on 4 oxygen atoms

Si 0.986 0.977 0.963 0.979 0.982 0.962 1.004 0.979 0.973 0.974
Al 0.001 0.001 - - - 0.005 0.002 0.013 0.008 0.010
Zr 0.823 0.812 0.838 0.827 0.832 0.825 0.813 0.807 0.807 0.797
Hf 0.046 0.045 0.046 0.047 0.046 0.047 0.049 0.048 0.049 0.048
Y 0.016 0.015 0.015 0.015 0.014 0.015 0.013 0.032 0.026 0.026
Eu - - - - - 0.001 - - - -
Dy 0.003 0.002 0.003 0.002 0.004 0.003 0.003 0.005 0.004 0.003
Ho - 0.001 - 0.000 0.001 0.001 0.001 0.001 0.001 -
Er 0.007 0.007 0.007 0.006 0.006 0.006 0.006 0.007 0.006 0.007
Tm 0.001 0.001 0.002 0.002 0.001 0.002 0.002 0.001 0.001 0.001
Yb 0.022 0.024 0.025 0.027 0.028 0.023 0.024 0.024 0.025 0.025
Lu 0.006 0.006 0.005 0.007 0.006 0.005 0.006 0.005 0.007 0.005
Th 0.023 0.024 0.018 0.018 0.016 0.017 0.015 0.018 0.017 0.025
6] 0.053 0.053 0.048 0.051 0.050 0.047 0.047 0.043 0.046 0.042
P 0.021 0.023 0.024 0.024 0.023 0.025 0.023 0.023 0.028 0.033
Sr 0.003 0.003 0.004 0.002 0.002 0.003 0.002 0.004 0.001 0.003
F - 0.033 0.024 0.003 - 0.046 - 0.012 0.026 0.028
Total 2.010 2.026 2.021 2.010 2.010 2.031 2.009 2.022 2.025 2.025

1%, ZOspongy VLV ORERRD A TEE L TE
KT Si0, & ZrO, DEK I Th b L HIZB A 20, B
HFEDOEZAMETE SRR TIEAW. TypelVLa v %
WU THEHSNSDE, BMITTEO U0, GHE (4
—7wt%) & ThO, ZFH&E (K1 —3wt%) Ths. B
Hoshino er al. (2010) &, f&fS VL3 VIZARTIERS
BRIy A4 PYLT Y ORGHIEEEEREAE O E W
IR AT > T B0, KXZ~v & A | Type Il D)L
VORI U0, GRRIFZENEDOHTEFEH DL —
TIZAD. ZTHIZHANT, HREE O &H & (&8 13, 3.0
wt.% — 7.1 wt.% OB TEL L 2 U EE < L,

7.2 Type Il ¥var

Type 1l spongy YL 3 Y D EBLYIK ST DO AEH R EH =
1%, Type I spongy YL ¥ L[k 100 wt.% KD 27D
KL AEBHEANL N (BAIE->TE80 wt% &), 45
£ TiE, Type I D spongy ¥ )L & Type 11 @ spongy ¥
Ly OALFRBIEN D S B KD IZBA S8, WED
DR NOTFHIEIAHTH 5. 2 Z Tl Type
I clear V)L & Type 1l spongy YL VY DA L T,
i s 4 T O AR DEN %R R 5. Type I clear V)L
oV L LT, Type Il spongy DL VD DENL
WK, Y,0,, ThO, P,OsD3K4ThD, Witk
WAAZVERSHE, HEO,, Er,0, Yb,0, Lu,0, UO, D
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Table 3Chemical compositions of Type II zircon shown in Fig. 12A. Analysis numbers correspond to those in Fig. 12A.

sample ZIR-12-1

Type Type II

Analysis No 1 2 3 4 5 6 7 8 9
(Wt.%)

SiO, 28.81 28.53 29.01 29.93 37.38 36.36 35.52 34.00 33.76
Zr0O, 51.55 49.84 50.49 51.32 47.91 45.45 47.96 56.50 56.45
HfO, 4.08 4.10 3.98 4.02 3.61 3.56 3.80 4.44 4.30
Y,0, 1.06 0.50 0.67 1.23 0.66 1.11 0.88 0.39 0.59
Eu,04 n.d. 0.10 n.d. n.d. n.d. n.d. 0.04 n.d. n.d.
Dy,04 0.21 0.12 0.22 0.42 0.15 0.31 0.22 0.08 0.05
Ho,0, 0.08 0.05 n.d. 0.05 n.d. 0.11 n.d. 0.08 n.d.
Er,0; 0.43 0.33 0.31 0.34 0.28 0.30 0.33 0.21 0.25
Tm,04 0.07 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Yb,0; 1.52 1.57 1.54 1.49 1.03 0.91 1.05 0.85 1.10
Lu,04 0.49 0.38 0.45 0.26 0.42 0.24 0.29 0.25 0.34
ThO, 3.35 3.30 3.91 3.82 4.20 6.38 4.96 1.76 1.81
uo, 1.98 2.22 1.73 2.35 1.53 1.12 1.39 1.33 2.08
P,05 1.54 1.33 1.73 0.89 1.22 1.24 1.16 0.74 0.73
Total 95.17 92.38 94.04 96.10 98.38 97.08 97.61 100.64 101.46
Atomic proportion based on 4 oxygen atoms

Si 0.976 0.993 0.988 1.006 1.149 1.146 1.119 1.050 1.042
Zr 0.852 0.846 0.838 0.841 0.718 0.699 0.737 0.851 0.849
Hf 0.039 0.041 0.039 0.039 0.032 0.032 0.034 0.039 0.038
Y 0.019 0.009 0.012 0.022 0.011 0.019 0.015 0.006 0.010
Eu - 0.001 - - - - 0.001 - -
Dy 0.002 0.001 0.002 0.005 0.002 0.003 0.002 0.001 0.001
Ho 0.001 0.001 - 0.001 - 0.001 - 0.001 -
Er 0.005 0.004 0.003 0.004 0.003 0.003 0.003 0.002 0.002
Tm 0.001 - - - - - - - -
Yb 0.016 0.017 0.016 0.015 0.010 0.009 0.010 0.008 0.010
Lu 0.005 0.004 0.005 0.003 0.004 0.002 0.003 0.002 0.003
Th 0.026 0.026 0.030 0.029 0.029 0.046 0.036 0.012 0.013
U 0.015 0.017 0.013 0.018 0.011 0.008 0.010 0.009 0.014
P 0.044 0.039 0.050 0.025 0.032 0.033 0.031 0.019 0.019
Total 2.001 1.998 1.997 2.006 1.999 2.001 2.000 2.000 2.001

5K CHB. D Dy,0, & Ho,O, I3l & 4 7T &
DENZENVE WD, FHTD Si0, IZDW T
ETIEM & 4 TORNIZFEAEERENLSIZAZ S
A, Type Il spongy YL Vi3 Type I clear VL v IZtL
NTHRZENLDOIEAS K E V. ZrO, I2DWTTE, Type 11
spongy PIL VD FiH Type I clear V)L I VIZIENRT%
OFEMENFT TR, DIED S 5, B Sh b0,
U0, HOFEFEREWTH 5. ZHUIMA T, DEKST
13& %5 P,0, mDEWA, HREE™ + P7'=Zr" + Si*" L1y
HIBEWMDBE A SHEH SN S, s, ThO, HODEWIC
DN, Wil b = L OFAER MBI R L T

LH[REME S H B, A Type 11 spongy P VIZEBWT B,
Type I spongy VL2 YV LRIMKEEO~ A 70X T &S
Z &N A TARAN 2 R ZE L 03 & O Ml < FEAET 2 D
T, 44 T ZEDHROESH S OMKEL DRI DR
FHISHOBETH 5.

8. CLAXZ bV
Avravig, SAUCE 2R L s, Lo,
#ﬁf%ﬁﬁlﬂl: CL }é%ﬁ)éﬁy) 5 hé REE @*ﬁiﬁﬁ'\’ﬁl’é
SRS 2 VL3 v 0 CL R 7 O ARSI I 0 2t
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Table 4 Chemical compositions of Type II zircon shown in Fig.12B. Analysis numbers correspond to those in Fig.12B.

Sample ZIR-12-3

Type Type II

Analysis No 1 2 3 4 6 7 8 9 10
(Wt.%)

SiO, 29.53 26.10 29.84 29.60 27.15 28.48 26.66 25.96 25.02 26.16
ZrO, 51.20 48.68 51.20 48.96 46.94 45.82 48.23 46.42 43.44 42.29
HfO, 3.60 3.70 3.63 3.69 3.70 3.62 3.50 3.32 3.15 3.04
Y,04 1.22 1.74 0.93 1.19 1.72 1.98 1.90 1.75 3.05 2.88
Eu,04 0.10 n.d. 0.05 n.d. .d. n.d. n.d. n.d. n.d. n.d.
Dy,04 0.19 0.33 n.d. 0.26 0.33 0.42 0.27 0.31 0.55 0.63
Ho,0, 0.06 0.09 0.08 0.09 0.14 n.d. 0.07 0.10 0.16 0.21
Er,O3 0.45 0.33 0.36 0.36 0.47 0.44 0.47 0.41 0.60 0.69
Tm,04 n.d. 0.05 0.08 n.d. .d. n.d. 0.12 n.d. n.d. 0.06
Yb,0; 1.50 1.20 1.69 1.35 1.49 1.31 1.41 1.44 1.30 1.70
Lu,O5 0.43 0.30 0.47 0.36 0.29 0.32 0.34 0.30 0.39 0.36
ThO, 2.00 2.93 1.79 1.68 2.00 2.50 2.82 3.52 5.41 5.24
U0, 2.84 1.48 3.20 2.09 1.96 1.59 2.02 241 1.39 1.44
P,0; 0.91 2.39 1.09 1.84 1.80 1.81 1.48 1.43 1.97 2.01
Total 94.02 89.32 94.43 91.47 87.97 88.29 89.27 87.37 86.41 86.70
Atomic proportion based on 4 oxygen atoms

Si 1.006 0.938 1.009 1.014 0.984 1.016 0.966 0.967 0.950 0.982
Zr 0.851 0.853 0.845 0.818 0.829 0.797 0.852 0.843 0.805 0.774
Hf 0.035 0.038 0.035 0.036 0.038 0.037 0.036 0.035 0.034 0.033
Y 0.022 0.033 0.017 0.022 0.033 0.038 0.037 0.035 0.062 0.057
Eu 0.001 - 0.001 - - - - - - -
Dy 0.002 0.004 - 0.003 0.004 0.005 0.003 0.004 0.007 0.008
Ho 0.001 0.001 0.001 0.001 0.002 - 0.001 0.001 0.002 0.003
Er 0.005 0.004 0.004 0.004 0.005 0.005 0.005 0.005 0.007 0.008
Tm - 0.001 0.001 - - 0.001 - - 0.001
Yb 0.016 0.013 0.017 0.014 0.016 0.014 0.016 0.016 0.015 0.020
Lu 0.004 0.003 0.005 0.004 0.003 0.003 0.004 0.003 0.005 0.004
Th 0.016 0.024 0.014 0.013 0.016 0.020 0.023 0.030 0.047 0.045
U 0.022 0.012 0.024 0.016 0.016 0.013 0.016 0.020 0.012 0.012
P 0.026 0.073 0.031 0.053 0.055 0.055 0.045 0.045 0.064 0.064
Total 2.006 1.996 2.003 1.999 2.002 2.002 2.005 2.005 2.008 2.009

FEOMZEICIERICEETH 5 (HlAIE, KL, 2006) (2
b oT, MUIMMEBIE LT TH S (Corfu et al.,
2003). HAREDOY LI Y CL AXZ FLF —ZIZDNWT
g, PP (1989) BV T Y DWMNRENHZOMBOH
TERLTOWAHERWTZINETIEFEAE NI EH
5, ZZTTPHMZEAIST S, Type I YL vizonWT
CL ZXZ P VHIE#IT>72& T A, clear {57 - spongy
By & BIZIZIFR R T =2 8RNz (5 13 X).
575 nm D ¥ — 7 i K5iE % € 5 475 nm, 550 nm,
520 nm T ¥ — 27 Lfi< . FEEHRE X clear 47 & 0
¢ spongy DIFE D B NTOMEETHEVY. 72, spongy
T B TXRIANC ORI 2 R T d 5 Z &4
Iz Hohz¥—2r0ERIEZVTNE IR
Vr =T DEIZEZ BN, FEE-sHhThEEEL
TW5 7D IEER E— 7 FHRIZDOW TS %Y — 7 ik
EEITORVENRD S,

9. iR

9.1 HENTTEZA DT IV DR
FLEALTRTOY LT VIE, —HEE9IZ {100} & {110}
OfREE {101} & {211} OWigEL» 545 555, k&l
HEDOR X DWHRITIIKRE BENAALN, £ DL
WEREEIE A GRS 2R F 3% & T 5 (Pupin,
1980 5 ¥k, 1990 ; #KiEA>, 1990). AW T L 7-H I
fEraRsy<24 oY La g, clirhiaicEF L <
HEL 2B (Type D) - O&IK (Type 1) TH Y, EFid
XHRITRENTWB 58 = VIZINE & R A R L
TW5, [HSHcBT 2 ZhE CoRERo b TRl E He
WX 2L, Rubin er al. (1989) NEETRL TS
£ 2D “hydrothermal zircon” 7> & {iTF % “stringer” ¥ )L
I v &, Smith er al. (1991) 3% F & Thor Lake 5 DY
NIAIZDONT, EDBBFTROMELS L g 4 TD

— 219 —



WEFAATR 20124 ZH63&E WT7/8 %

|00 m 0 8
o OV o R W ! = 10pm  JEOL  2011/12/28
0351
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Fig. 12A  BSE image of a Type Il spongy string-shape zircon on Fig. 12B  BSE image of a Type II spongy string-shape zircon on

which quantitatively-analyzed points are plotted.
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Fig. 13  Cathodoluminescence spectra of clear part (A) and spongy part (B) in a Type I zircon.
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Table 5 Variation ranges and averages of chemical compositions of Type I clear, Type I spongy and Type II spongy zircons.

Type I Type II

clear spongy spongy
(wt.%) range average range average range average
SiO, |29.25 - 31.86 30.47 (26.57 - 29.17 27.31|25.02 - 37.38 29.88
ZrO, |[47.94 - 53.55 50.83 |44.60 - 4847 46.37 [42.29 - 56.50 4898
HfO, 430 - 520 485 | 456 - 497 472 3.04 - 444 3.73
Y,05 0.66 - 1.27 091 ] 0.68 - 1.66 1.17] 0.39 - 3.05 1.34
Dy,O; | 0.18 - 041 0291 022 - 0.38 0291 0.05 - 0.63 0.28
Ho,O; | 0.04 - 0.15 0.07 ] 0.04 - 0.09 0.06 | 0.05 - 0.21 0.10
Er,04 045 - 098 0.70 | 0.51 - 0.62 0.56 | 0.21 - 0.69 0.39
Yb,0; | 2.08 - 3.41 2.66 | 2.15 - 232 2221 085 - 1.70 1.34
Lu,O; | 048 - 0.78 0.62 ] 045 - 0.59 0.52]1 024 - 049 0.35
ThO, 0.87 - 3.15 1971 194 - 297 223 1.68 - 6.38 3.34
uo, 4.08 - 723 6.00 | 5.13 - 6.20 566 | 1.12 - 3.20 1.90
P,05 0.54 - 1.13 0.821 0.74 - 1.07 0.86 | 0.73 - 239 1.44
Total [99.25 -101.52 100.44 190.44 - 96.27 92.58 [86.41 -101.46 93.06
n=15 n=5 n=19

PIL 3 2 DWW “Such crystals locally occur in stringers
that may form the skeletal outline of a pre-existing phase, now
otherwise completely replaced by quartz.” & D—Cfilih
TWAHIE 2. MHUTTHHHTIE, SEA
D “needle-shaped acicular zircon” O 2 H K D REL
L L THIT EN T B “skeletal zircon” D (Corfu et al.,
2003 @ Fig.3.8) & b 528, HEHAR SR Bk 2R T
Hb. Tz, Type lOEMHIROVIL T v FESEOWIHIZE
W, BHEOHEDOAL ST LFE~aDERDO LS &

EOWTHTZIRZL B BE S b, TD &S 5RHe
FHE BB TIIEN - EfteEbTIEEAL
o, KR e B 30, WEklEhoviraro
JEHEL U T skeletal & ENTWBHaDFMO )L T v hg
VIR X T B (Schmitt ef al., 2011) O ME—DHITH
A9,

ENTIE2 DT D2DE—DO XS~ 44 PP La
VMU &5 B RAERD DRGHRIZPET 2 Z & ABRICH
HENT0E (KB, 19595 BE - BE, 1960). A1,
W (1959) I3tERE AN LT V2O T, [ #E (X
I AAL MUY BIKBEREH TR E & 5,
Flim, pDIEPIT/NRIEMNES Zenb D, BEHRIZE
BTHTENEL, $hE I 24 LEHMETEI L LD
B, | ERELTWS. F/, RE - RS (1960) 13
IR ARDZER YL 3 Y I2D0 T, [ RIS, 5
PEY 5. BIIMmE~IR, FREG, fmskE < FEE
UAEINIR IS DI E 5726 O, BIIZhn' ¥k
B U, PRI AL S AABIRIC Z 5 72 5K e £ 28
H5H. BETREEISmm, ££1 mm 50, EAEKR
DAL RIED SmmIFETHS. | LT3, B
ARz X D12, SHERE L7 Type LV IRDO Y ILa

ViE, TR —XRTHERTE 2550 H 55, —i%WN

RELhOKREGE T — & UTha B RS T 4 DO
iﬁkhaﬁ%f%# SHIEE & 5\ 13 EMPA {48152
IZE->TE LD TEDFEL WRLEATTEEIC A 5. LA L,
ERNORTw 24 F YT IZDNTIL, § N TORIL
EEDIFELOBISERA MG S tnkn, S RIELHET
L7208V ro kS RBENRHIIE, ZOEKT
EAN TR CHEEEZ 5.

Gk, HEXZ< 24 FEOYILT Y DIFREIZIRS T
i, ThETICKROEI Bil#lird 5. Tabb, [ M
Fes 2 85503 2 BORSRIC B & R AE T 5 HIE ~ T O
D=7 N M8 =NZE S IABMU T A H 5
FISEAR | (JIIG, 1939), [2 mm x I mm O HHFIRES
-1 mm x | mm DO RELE | (8, 1933), [ 4k
BHW (PREXFE) - LERREAK - P i—X D%k
M EEE S W22 Bk~ | (B, RS - RS
1960) & DK THB. ZDH 5, JIF (1939) 19 FED
2y FERL, KBS RS (1960) 35 HAZRLTWS,
Zho DEARIZSERE L Type - 11 &34 < ik
B0, HEAKREMKT 24D YL a v OBEIEERIR
THHDOTEORTOENARD LI LN TES.

925147794F9w:>®ﬁ$ﬁ&®ﬁﬁ

BEIZR R 7= & 512, spongy i3 2 OBRILYE R
HEND 100 wt.% 12k 563 95 wt.% L FOSGE N L .
Hoshino et al. (2010) 732 ¥53#7 L 72 HREE-U-Th-rich ®
Type ULV THIHEADRS 44 bEY LT Y
T, [FU XD ICHREREAL 100 wt.% KD 27 DK
RO OPOERDRTALGNS. LAL, 5 0=4
& UTER LR A & v iTTF e s 27z LT
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%14 HEXZ2 24 Yz MR ERS 8 FEOMBAKX (Hilh & felilid 9 h s 0=4 DBFAED A+ V).
(a) (Zr+Si) — & EIRICEOMBIX, (b) (Zr+Si) — (HREE+P) OAHBHX (Hoshino er al. (2010) D 4[X]), (c) Zr-Hf DFHRIA,
(d) U-Th ORI, (e) Ze-REE OABEIX, (f) (Zr+Hf) — REE OMBX, (g) U-REE OFIBI], (h) Th-REE DOFIBX.

Fig. 14 Eight diagrams showing correlations between zircon major elements (Zr and Si) and selected minor elements substituting them (Hf, U,
Th, REE and P), which correspond to the compositional variation of the Tanakami pegmatite zircons. (a) Correlation diagram of
(Zr+Si) - (all substituting elements), (b) that of (Zr+Hf) - (HREE+P) (including the data shown in Fig. 4 of Hoshino ef al., 2010),
(c) that of Zr-Hf, (d) that of U-Th, (e) that of Zr-REE, (f) that of (Zr+Hf)-REE, (g) that U-REE, (h) that of Th-REE.
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W3, ZOERKIZOWTRESHD X 5 & et A RET
HD. AROLLTO#ERTIE, Y k% clear ¥
LY g spongy I v IS 202, HE %
TEASTHEAX vV RE LICLTITS.

GG o N7 L2 (55 1 — 4 %) &, JE7iEik
DBt% (5] Z1F, Hoskin and Schaltegger, 2003 ; Hoshino et
al., 2010) 575 7L L7=ONFE 14X TH 5. Eib
NBEHE LTiE, HREE' + P* = zr* + Si*', HfY'= zr",
UY=zi", Th"=zZt"" 2% 5. H 14K ald, (Zr+ Si) &
K% HFREE+ BUHEICER (U, Th) +P (P i3 Si & Eik ) 28
B L LRGSR L TWE ZEERL TS, K
~R72 a4 PO YLa vy o{bERK L, Hoshino ef al.
(2010) 2 LT3 H FfEmAEHh O ILa v LIdH S
MIZH T, MUK RSN LIEHRDRS < 4
A rHOYLT Y OMRZENEBENTH S (141X
b). Zr & HfOBRIZOWTIE, YLray—n7 7 V[
BAL LTHIS T3 & 912, Mg i 2 B (A
OB I2H BT THD. L2rL, KXTvHA
ULAVDOILEY Y FITENT, g Zr % T4t H
£ %<, Zr DTS HE D200 v S JlkZE (b $
B—=VMALEND (FIKX) 512, SHOTFT -4 Tl
EOHBENED 5D (F 14K ). ZOBIRIE, (Zr+
Hf) &2fk% REE & MR B Zh ThiEfi L T 5 #H
AEWROMEE M AN — & —TORRELORMED —
DORERIPEL > TOBHERTHA 5. WRIZ, Zr (+HF)
EERT BB EITTE L REEIZDWTAS. 7, K
BHICED U & Thiz DWW T, Type I clear YL /12
BWTIEOMENH 5 (45 14 X d). Type II spongy V)L
I ZTEBEOTEME DA R % <, JTTHRHMMD &
T ATHRNRI=EICEDDIAGINE — v s 2 & % B
T3 (14X d). REEZ Zr (+H) Z &L T3
DT, HRMHIITEOMHBEBAGRAALNSIETTH
5. 20—l LT, 14X e lZHBWT REE &fkE Zr
IZDWTOREDHBEBGRAREh TS, 2720, 20
X2 ¥ 2T & Type Il spongy YL 2 v T EDOMHE R A
59, spongy T TOEITCRD I/ Z — ¥ DM X
N LT3, Zr & REE L OBEBRBIGRA Yb Al
LCRLEDORE 4K THS. ZORIZHWT Type
Iclear YL Y TIRIEFICHIOVEOHBEAH B L5128
HABH, WEDOELIZARKE L THKRABEKRS RN
B, SHMEICE & REE & OBRIZOVWTRLED
A, F14Xlg hThHhb. Typel-Typell VILa v & iz,
MFIZIEDHBIER® 51§, HMLITCREROF
MRl d 2R E B> T 5.,

v A o a7 DAL & AR £ 72 5 R R T
H B A spongy VI T VIZEWNTHIMEDRER % 2 H
DKL B 2 HANZDOWTE SR DR A BE T D 5 23,
WIZHEAR D & D B $ 5788 A T3, Spongy
WA TiE 2 2 37 MLOBITRMAE B Z > T 5 1]

e A3 & 5 (Aines and Rossman, 1986). Smith ez al. (1991)
1%, 517 & Thor Lake YL v DALEAMIR & W12, K

DHEIESFT O DI T VI EKER L (14 wt.% PIL),
Si-Zr-Hf B42fhkE LT26 wt.% FEEEMRI N TS

Z & %&m L7z Corfuetal (2003) i, spongy ¥ILaV

% hydrothermal zircon DFFEAHIELE U THRIGL T\ 5.,
RV TIE, spongy (& %\ ME microporous) V)LV A3Ek
KR BER L7280 ) RENTEIZ—RIZE &> T

%D (e.g., Hoskin, 2005 ; Pelleter et al., 2007 ; Hoshino et
al., 2010), Zr & Hf % &% 7= 4 FhE 5 T35 0 Bk SIS I
128 5 ZE) & L CD “hydrothermal zircon” X “hydrated
zircon” 23 H XT3 (Hoskin, 2005 ; Johan and Johan,
2005 ; Lichtervelde et al., 2009 ; Hay et al., 2010 {5 ). A&
spongy VLIV HR—RIZ N — LA DOWKITEES T3

Z & &, hydrothermal zircon IZk< REhsbZ & ThH S

(Anderson et al., 2008 ; Soman et al., 2010). Rubin et al. (1989)
12, BRISHEIT L7220 a v stringer DK & LT vapor-
phase 2OV L 728 DTH A S EHEim L T 5. F 7z,
Soman et al. (2010) 1&, Malawi D T7IL A1) X7~ 2 4 b

FOYLT Y EFLLSIHTEL, A spongy flfk & 6 U &

I IRk A R L T B Zirccon I 23 E ALYy Th b

Zircon I ZEOKKIBETEMRL 22 L AW ST L 7.
IhoDZ e, KXV A4 PHOYILT VIZDN

T, clear {73 WAEM 2889 Tdh % —J5, spongy VL
I NFBORIRB & 52 72 RN 2585 T db B mTREME A B

5. L»2L, HEXZ~ %4 bpEspongy DL U HIC

BOWTRERE % 225 DK< o T B HRIZOWT

13, MERZEKINTED ZOMHIZSHORETH

5.

B AMEEIT) DO B >72DIF, FEHOD
— N () BEERMRAENIZET WEFAERA ¥V
A —1ZB 5 [ st AR | ERcb o, [5654
BEEHACREH | 2HEST P TXT Y24 FIFRO
HEV AW TR L2 TH D, ZORMED K
T, HEEMTR AU BRI Hudts it
RN —TONNERKIZEE A KE BIUEEEZ VW=7 0
7o F7- B EAEERE, TR AT
FAAE HUE AR L — T ORI B - ek, -
BHASEDO S RIT > T2 Wiz, £, REKED
KIE = FHIZI2IE, Y3 VIgeE F T RO SN
DWTHY A T A W A0, B GRS Dk
RN — T DI 41213, A RETIICH-DELD
TEti e T WA T R L I, WEAEERE
SR 4 AR - WP TR IR R IS I LT e 72
Wie, ERERRERIE, A ReE OB RIC T s IC A
L T2 E RO & w2 < & & g Ic|
FaadET 2 2 < OEBRN L CfafiEe Wiz 72 0wz £/,
WHERB 2R EROEHESRIC S TEIZFEMICH %
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Short Article

st hERIC B (T BB & ZBEMEHICEAT 5T 1 FilEAEE

AEBR="T - FHER - B B’
Shunso Ishihara, Hideo Hirano and Kenichiro Tani (2012) Jurassic granitoids intruding into the Hida and
Sangun metamorphic rocks in the central Sanin District, Japan. Bull. Geol. Surv. Japan, vol. 63 (7/8), p.

227-231, 3 figs, 1 table, 1 plate.

Abstract: So-called “Older Granites” are distributed in Paleogene granitic terrain of the eastern Shimane
and westernmost Tottori Prefecture region, and some petrographical studies including U-Pb dating on the
contained zircon were performed and reported here. These granitoids are weakly foliated quartz diorite
to granodiorite in composition, and fine-grained secondary biotite was formed close to the contact with
Paleogene biotite granites, thus indicating older than Cretaceous in age. The contained zircon showed
198.6+2.7 Ma, thus the earliest Jurassic. The Jurassic granitoids could well be correlated to those of the
northern Hida Belt, but here they occur with both the Hida high-T/low-P type and Sangun low-T/high-P
type metamorphic rocks. The Jurassic granitoids are considered as an independent plutonic product
formed much later than the regional metamorphic rocks.

Keywords: Jurassic, granodiorites, magnetite-series, zircon U-Pb age, petrochemistry
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%%@ﬁﬁﬁ IR FHICHY T 2 3 A A DIFAE R E F/;7%0M®$R%F0tiTéht
éht ,1%0$RW¥T@6 JRER - FrH (1964) ;@E &Fmﬁﬁﬂﬁﬂﬁw GENBZVLTVE
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Fig. 1  Locality map of the studied granitoids (Tottori Prefecture, 1966; Teraoka et al., 1996) and sampling points. The numbers 1

to 5 correspond to those of sampling points in the text.
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bN5. WEESME L T3ARAAERERX DS,
2L EER, ORISR ST 5. ARAA
JE - R, meE~gmaoLatt2m L (K 1B, ©),
HERIHEARASHOEAME LTRON S, FIRA
FEE~FEE, —MICHBRZ BRI K 5755 % %
. %) RAEFHRAOOKSERB 2 &1 2 < AR
ERCE

WS RORIES O —ACRRAER S DL < T, A
X T DRSSPSR T L, REEOTERE SIS
Ebb. ZOHEAFE NSV TAHRA & kL% R
&, WMRREEREROLE ZTERMRETH D (X
i 1D), AEIHRRERHERA 2 SR TN ) v
LOMRGEZ T TEC BERE L B b 5.

3. IRTtRMEDER EARALENMEE
Vv EHOAERENE R, KIBHERGSE DR &
HE 2 AP PAk S (No. 2305) % Fw 7=, 4t frvk - HlE
HiEm EITODOWTIRHMTHE T2 TETH 5. FRM
EAERIL 198.6£2.7Ma TH D, ¥ 2 T (146 — 200 Ma)
O THICHY T 5.
REW B AEQONF AL S 1 RIS T2 7,
B OE E S OMEREAE 1T KB X O FLo (1) ~
G)VITRT. (F1HOFES 1 — 5128I6)
(1) 2205 = KlGMERAY;, AR, FFEE > 200
x 107 SI unit

(2)2303A : [HE 181 F#E, HHEFD, fAwiiiks,
TG =17.0 x 107 SI unit

(3)2303B : [dl I, BEZED, NEMERNGES, Wik
#=13.7x 10" Sg}lnji:t

#2301 ¢ [l E, FIK, PIZAER MR, %

=15.0 x 10” ST unit

(5) 2302A:[A] I, A, BERHEMPIES (FLy 7 =

L 24k, HFREEE =0.15 x 10” SI unit

FHECRHIIC W) EE & (59.1 — 63.0 %) % #F
%, K,0-Si0, ¥ |- ¢, Medium K Oz 7o v b &
N5, Na,0 1 HADIEMEDFEYEIZYE <, Ishihara
and Tani (2004) @ Low Na,0 OfilETH 3. kLY o
7 FCAE i DTk B3 R 7 D FRIEHZE B (2 T < BUE T
20, ZZTRTEHA MEED, FRCILVEER T K
35 (A, 2005). JLREAEREET SriciZReReEme (511
— 132 ppm) DD, YIZE®EA (12 —22ppm Y, &1
K), TEHWA VEATHDIEREAB W (FB22X). £
RO Y 2 7 fA Bk FH (Jin et al., 2001; Ishihara ef al.,
2005) £ & 2 < DMWETHRZL > TV 5,

FHEAD Ca™ (0.99A) ZEd % S* (1.124) I3ILETE
MEZZL BENTVEA, H)EADK (1.33A) 2 #
9% Rb™ (1.47A) 1F, JIRBfERA CIERIZZ LS (3
A), IEHEHE (70.5 % Si0,, 3.63 % K,0) KA T

M (hEED)

& AEREEO T B X O 5 3SR (Actlabs
12 & % ICP-MS 43 #fr ). ZrT ('C) & Watson and
Harrison (1983) 12k % YL 2 ¥ O FdMIRE .

Table I Major and trace elements analyses of the studied
granitoids. ICP-MS by the Actlabs. ZrT (C) is zircon
saturation temperature by Watson and Harrison (1983).

Locality Quarry Route 181
Element 1)2205 2)2303A 3)2303B  4)2301 5)2302A
Si02(%) 59.82 59.10 62.11 62.96 70.46
TiO2 0.61 0.62 0.59 0.56 0.32
AI203 17.09 18.35 16.89 16.61 15.76
Fe203 1.81 1.87 212 1.51 0.60
FeO 3.75 3.81 3.22 3.41 1.87
MnO 0.11 0.12 0.18 0.09 0.07
MgO 2.72 2.98 2.51 2.04 1.08
CaO 5.68 5.73 5.61 5.52 0.90
Na20 3.57 4.16 3.76 3.73 3.53
K20 1.55 1.52 1.1 1.58 3.62
P205 0.15 0.14 0.13 0.16 0.09
LOI 1.29 1.68 0.97 0.80 1.27
Total 98.2 100.1 99.2 99.0 99.6
Rb(ppm) 45 46 35 a4 83
Sr 434 564 366 392 132
Ba 349 413 233 511 547
Cs 5 7 35 6.4 7.7
Sc 16 15 15 14 6
Vv 128 132 114 104 42
Cr 20 40 <20 20 <20
Co 22 21 20 23 14
Cu 20 20 10 10 <10
Zn 70 80 130 70 30
Pb 12 19 21 23 38
Ga 17 19 18 19 18
Zr 107 82 123 97 119
Hf 2.9 24 34 29 34
Nb 6.3 6.4 5.1 7.6 7.9
Ta 0.47 0.44 0.37 0.68 0.59
Th 4.09 4.75 1.95 5.65 8.05
U 1.75 1.34 0.98 3.01 6.33
Y 16.0 15.8 22.3 17.4 11.9
La 13.5 10.5 8.15 16.9 17.7
Ce 27.6 23 20.2 34.7 35.3
Pr 3.05 2.7 2.67 3.74 3.65
Nd 11.9 10.9 11.8 14.1 12.7
Sm 2.63 2.49 3.15 3.06 2.49
Eu 0.8 0.76 0.872 0.835 0.54
Gd 2.67 2.58 3.46 2.85 217
Tb 0.46 0.45 0.61 0.49 0.36
Dy 2.74 2.66 3.7 297 21
Ho 0.55 0.53 0.75 0.59 0.41
Er 1.66 1.58 2.25 1.77 1.24
Tm 0.257 0.247 0.357 0.274 0.199
Yb 1.74 1.69 2.53 1.85 1.44
Lu 0.288 0.279 0.417 0.307 0.249
REE 69.85 60.37 60.92 84.44 80.55
A/CNK 0.96 0.97 0.96 0.93 1.39
Fe203/Fe0  0.48 0.49 0.66 0.44 0.32
Ga10000/Al 1.88 1.96 2.01 2.16 2.16
SrlY 271 35.7 16.4 225 1.1
ZrT (°C) 727 705 741 719 786
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55O RS & R I Z 4 5P ~ ek T b
5.
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Rb-Sr plot (A) and Rb-K plot (B) of the Jurassic granitoids of the Ebi Granite and in the Hida region.
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Plate 1 Photographs of the studied granitoids.

A: Outlook of the studied quartz diorite at the Daikyo-gumi quarry (No.2205).
B: Photomicrograph of hornblende (hb) and quartz (qz) in the quartz diorite (No.2303A, single nicol).

C: The same as B. (crossed nicols).

D: Thermally metamorphosed granodiorite at Shiromizu (single nicol). The original hornblende has been converted to fine aggregates

of reddish brown biotite (N0.2302A).
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