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Well-exposed Miocene granite at the Usubae coast of the Cape Ashizuri plutonic complex

The Ashizuri Peninsula is composed of Miocene plutonic rocks intruding into the early Miocene
accretional complex of the Shimanto Surpergroup. The rocks are composed of gabbroids mingled with
granitoids (30 %), alkaline granitoids (35 %), and biotite granites (35 %). The alkaline granitoids,
occurring in the southern half associated with the gabbroids, are dominant in albite-bearing orthoclase,
hence syenitic, and rich in zirconium (600-1,200 ppm), containing visible zircon with naked eyes.
Titanite, allanite and REE accessory minerals are common, and therefore the REE contents are the
highest among the Japanese granitoids. The granitoids belong to shoshonite-high-K series originated
in small amount of melting of mafic igneous source rocks. Mixing of the magmas with sedimentary
wall rocks is important to form the biotite granite.

(Photograph and Caption by Shunso Ishihara)
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Article

Zircon and REE-rich alkaline plutonic rocks intruded
into the accretionary prism at the Cape Ashizuri, Shikoku Island, Japan

Shunso Ishihara" * and Mihoko Hoshino®

Shunso Ishihara and Mihoko Hoshino (2013) Zircon and REE-rich alkaline plutonic rocks intruded into
the accretionary prism at the Cape Ashizuri, Shikoku Island, Japan. Bull. Geol. Surv. Japan, vol. 64 (1/2),
p- 1-24, 14 figures, 7 tables, 3 plates.

Abstract: The Cape Ashizuri body is a small, 12 km®, Miocene plutonic complex having gabbroids, sy-
enite, quartz syenite to syenogranite in its southern half and biotite monzogranite in its northern half, right
next to the Shimanto accretionary sediments. Chemical analyses indicate that the granitoids have mostly
meta-aluminous value of A/CNK<1.0, except for three monzogranite. The granitoids are rich in K,O, plot-
ted in the shoshonite-high K fields. The granitoids are also rich in Na,O and Rb. Ga content is higher than
18 ppm, indicating characteristics of the A-type granitoids. A distinct characteristic of the Cape Ashizuri
granitoids is predominance of HFSE (high-field- strength-element), such as Zr (<1,220 ppm), Hf (25.6
ppm), Nb (<202 ppm), Ta (<14 ppm), LREE (<1002 ppm), HREE (<50.5 ppm), Y (<74 ppm), Th (74.2
ppm). Fluorine is also enriched up to 0.43 wt.%.

These HFSE are contained in such common accessory minerals as zircon, ilmenite, allanite and titanite,

and rare minerals of fergusonite, chevkinite and others. Zircon is the most common and visible rarely by
naked eyes. Zircon in the highest Zr rock, 58A142 sample, contains the maximum values of 2.4 wt.%
HfO, and 1.0 wt.% Y,O;. Ilmenite in the 58A142 sample shows 4.3-5.7 wt.% MnO, but that in other
quartz syenite shows lower values as 1.7-1.8 wt.% MnO, while its niobium content, up to 3.8 wt.% Nb,Os,
is seen along the rim, indicating the niobium concentrated at the latest magmatic stage. Allanite shows
Mn-poor character of the magnetite series (0.44 wt.% MnO), and contains 24.6-25.8 wt.% LREE.
The most mafic phase of the gabbroids is 47.0 wt.% SiO, and 12.5 wt.% MgO, indicating its origin of the
upper mantle. Quartz syenitic rocks have 55-60 wt.% SiO, and low Sr, ratio of 0.7035, implying a small
degree of the partial melting of mafic igneous source rocks in the lower crust for the alkaline rocks. The
high contents of HFSE and F were caused by this small degree of the partial melting. The biotite monzo-
granite in the northern part is considered as a mixed magma generated from the lower igneous crust and
overlying accreted sediments of the Shimanto Supergroup. It is interesting to explore hydrothermal REE
concentration related to these plutonic and subvolcanic activities.

Keywords: Cape Ashizuri, Miocene, alkaline granite, zircon, REE

1. Introduction

There are many small Miocene granitic stocks in-
truded into accreted clastic sediments of the late Paleo-
zoic to Tertiary age in the western Shikoku and eastern
Kyushu districts in Japan (Fig. 1). These stocks belong
generally to calc-alkaline I-type ilmenite-series and are
not particularly high in the rare earth elements (REE:
Cullers and Graf, 1984), except for one locality at the
Cape Ashizuri, southwestern edge of the Shikoku Is-
land. This body contains both alkaline and calc-alkaline
plutonic rocks, the alkaline rocks of which were con-
sidered to be formed by alkaline metasomatism of the

late magmatic stage (Murakami and Matsuo, 1963), but
later re-interpreted that they are intrinsically alkaline
magma (Murakami and Masuda, 1984; Murakami and
Imaoka, 1985) rich in fluorine with relatively low water
and low to moderate oxygen fugacities (Murakami et
al., 1983).

The Cape Ashizuri granitoids are considered to be-
long to A-type for the high Ga contents (Imaoka et al.,
1991). Besides the alkalinity, this pluton is different
from the others in the Outer Zone of Southwest Japan
(e.g., Okueyama pluton) having a moderate contents
of rock-forming magnetite (Ishihara, 1979) and a low
initial *’Sr/*Sr ratio (Sr,) of 0.7035 (Shibata and Ishi-
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Fig. 1 Accretionary terranes and major faults in the Outer Zone of Shikoku and Kyushu islands from Teraoka et al. (1999). Solid

mark implying Miocene granitic plutons.

hara, 1979). Zircon can be visible by naked eyes in this
pluton, and the zirconium content is the highest at 66
wt.% SiO,; thus belonging to the high temperature-type
granite of Chappell et al. (2004). The Cape Ashizuri
pluton is, therefore, unique anorogenic granite, occur-
ring in an orogenic environment.

Magnetite and ilmenite were collected from the
weathered soil of gabbroic rocks in flat area of the plu-
ton at the north of the community Isa (Fig. 2), and tried
to use for coin production in the 18" century by the old
Tosa local government. According to re-examination
of soil from the gabbroic area after the Second World
War, the oxide contents in the soil were measured to
vary from 1.33 to 4.12 wt.% (Shibano, 1958), and the
oxides sands were considered as Ti-resource. High ra-
dioactivity was discovered during uranium exploration
stage of 1960s from the abandoned oxides sand. This
radioactive sand was composed of ilmenite 67 wt.%,
magnetite 15 wt.%, quartz 14 wt.%, zircon 1.7 wt.%,
and uranothorite and other heavy minerals 2.3 wt.%
(Hayashi et al., 1969).

Ilmenite and magnetite should be contained abun-
dantly in mafic gabbroic rocks remaining as xenolithic
bodies, but uranothorite may well be derived from
granitic matrix. In order to identify the mode of oc-
currence of these U-bearing heavy minerals, a shal-

low drilling was performed in quartz syenite hosting
gabbroids near the site of the old mining site in the
early 1969 under the then-current uranium project. No
gabbroids but only quartz syenitic rocks, together with
several sheared zones, were discovered for the depth
of 250 meters of the drill hole. The syenitic rocks were
high in the radioactivity but no anomalous values were
observed on the sheared zone. No evidence of hydro-
thermal alteration was observed through the drill hole.
Potentiality of the rare earth elements was also tested in
the weathered crust of the Ashizuri plutonic body, and
the results were reported in a separate paper (Murakami
and Ishihara, 2000).

Including all the chemical data we have, this paper
describes chemical characteristics of the unique granit-
oids of the Cape Ashizuri pluton intruding into the Shi-
manto accretionary complex, which was formed under
a typical orogenic environment. The data are compared
with the I-type ilmenite-series chemistry of the Okue-
yama pluton (Ishihara and Chappell, 2010), which is
vertically zoned calc-alkaline pluton (Takahashi, 1986),
occurring in the same Outer Zone of Southwest Japan.

2. Geologic background

Several accreted sedimentary and metamorphic zones
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Fig. 2 Rock unit map (modified from T. Imaoka, 1993 unpublished) and location of the analyzed samples. Solid circle with the filing

numbers listed in Table 1.

from late Paleozoic to Miocene in age being generally
younger toward the southeastern coast with the Pacific
Ocean, have been recognized in the western Shikoku
Island (Fig. 1). These zones are, from north to south,
Sanbagawa metamorphic belt, Chichibu-Sanbosan sedi-
mentary belt and Shimanto sedimentary belt (Fig.1).
Accreted sediments of the Shimanto belt are subdivided
into the Cretaceous North Belt and Paleogene (-Miocene)
South Belt (Fig. 1). The southernmost unit where the
Cape Ashizuri intruded is mostly composed of shale
having around N75°E strike and steep dip (60-80°) to
north (Suzuki, 1938).

The Cape Ashizuri pluton, which is the best observ-
able along the southern coast of the peninsula region
(Plate IA), intrudes into the youngest Paleocene-Mio-
cene Shimizu Formation of the Shimanto Supergroup,
consisting of the clastics brought from the north (Teraoka,
1979). These clastic rocks were studied chemically, and
found that the shales are extremely higher in SiO, and
lower in Al,O, than older shales occurring to the north,
indicating a high maturity of the Paleocene-Miocene
shale relative to Cretaceous one (Ishihara ef al., 1985).
Some of these rocks occur as roof-pendant and xeno-
lithic fragments in the biotite monzogranite phase of
the Cape Ashizuri pluton (Fig. 2).

The pluton has an exposed area of 12 km’ on land,

and is composed of three intrusive units as, (1) syenite-
alkaline granites along the south coast, (2) gabbro and
syenite/granites mingled phase, occurring the middle
part (gabbro less than 25 vol.%) and (3) biotite monzo-
granite. The intrusive sequence appears to be the gab-
broids, syenites, and then monzogranite. The second
unit gabbroids are essentially pyroxene gabbro, but are
often converted to dioritic rocks by the mingling and
interaction with syenitic rocks. Thus, they are closely
associated genetically each other. The monzogranite
is a normal monzogranite occurring everywhere in the
Japanese orogenic belts. Several alkaline (4.53 wt.%
K,0) dolerite dikes and a few peralkaline rhyolite
dikes, very rich in rare earth elements (Ishihara et al.,
1990), cut in N-S direction of the western part of the
unit 2.

About the radiometric age of the Cape Ashizuri body,
Shibata and Nozawa (1982) summarized K-Ar ages on
one hornblende and two biotites to be 13 Ma. lizumi
and Murakami (1980) obtained Sr isochron age of
15.6£2.1 Ma for the stage II syenite and alkali granite,
and 11.5+0.5 Ma for the Stage IV granites. Murakami
et al. (1989) added K-Ar ages of two whole rocks
of 12.0+£0.6 and 14.0+0.7 Ma and one biotite age of
12.94£0.6 Ma, and five fission track ages varying widely
from 10.0+1.8 to 16.1+0.7 Ma.
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Fig. 3 Modal composition of various granitic rocks of the Cape Ashizuri pluton.

Recent U-Pb ages on zircons must be more reliable
than the K-Ar ages, They are 13.12+0.09 Ma for sy-
enite along south coast and 12.95+0.06 Ma for mon-
zogranite at north (Shinjoe ef al., 2010). Gabbroids
are mingled with these syenite and granite. Thus, all
the plutonic rocks intruded in a short period around 13
Ma, but alkali dolerite and alkali rhyolite dike may be
younger, because they intruded after solidification of
the plutonic body. This Miocene intrusion age is very
close to the youngest age of sedimentary rocks of the
southernmost Shimanto Supergroup.

Modally speaking, the granitoids are plotted from K-
feldspar corner to syenogranite and monzogranite areas
(Fig. 3; Murakami and Matsuo, 1963; Hayashi et al.,
1969). Mapping this pluton in 1993, Imaoka and his
student (personal communication, 2011) recognized
three plutonic units:(1) Gabbroids mingled with Rapak-
ivi granite and biotite-hornblende granite, which are
typically shown at the Cape Ashizuri (see Plate 1B), (2)
Alkaline granite unit occurring along the south coast,
which is composed of various grain size of syenite and
quartz syenite, and locally alkali feldspar granite, (3)
Coarse-grained monzogranite intruded into the above
two units (Fig. 2). As mentioned previously, the units 2
and 3 are intruded at 13.12 and 12.95 Ma, respectively,
on U-Pb zircon age.

Murakami et al. (1989) proposed a ring complex
model for the formation of these rocks, having different
source rocks with low initial *’Sr/*Sr ratio of 0.7038
for the inner gabbroic and syenitic rocks (Unit 1), and
higher 0.7059 value for the outer granite (Unit 3).

Therefore, the quartz-free plutonic rocks have a deeper,
more primitive source rocks than the quartz-bearing
rocks of continental crust, which is supposed to be the
youngest members of the Shimanto Supergroup.

3. Chemical characteristics

Chemical analyses of the gabbroic and granitic rocks
were newly performed on 17 samples by the Code 4E-
research set of the Actlabs, which is done by the total
digestion — ICP/MS and lithium metaborate fusion
— ICP/MS for 50 major and trace elements, but S by
infrared and F by ISE (see the Actlabs webpage for the
details: http://www.actlabs.com/). The detection limits
and analytical results are listed in Table 1.

In the syenitic rocks, well digested mafic enclaves
are sometimes observed. Two examples (Nos. 3 and 4,
Fig. 2) of the 58A124 site are high in mafic compo-
nents such as TiO, (1.4-1.6 wt.%), total Fe,O, (8.9-9.1
wt.%), MgO (2.5-2.8 wt.%) and Zn (235-258 ppm) for
the SiO, 55.2-55.5 wt.% rocks. These granitoids may
contain zincian ilmenites described by Nakashima and
Imaoka (1998) for the high bulk Zn contents (Table 1).
Another feature is general high contents of fluorine in
the Cape Ashizuri granitoids, especially in the 58A124
rocks of 0.43-0.26 wt.% F. Zirconium contents are also
high in the Cape Ashizuri granitoids, in which the high-
est of 1,220 ppm is seen in the 58A142 quartz syenite.

A drilling for uranium exploration was performed in
winter of 1969 at the northern-off part of the communi-
ty Isa (Fig. 2), southwest of the old placer mining site.
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Table 1 Chemical composition of the Cape Ashizuri plutonic rocks.

Filing No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Anal. Sym. DetLmt. 58A102 58A101 58A124 58A124M 58A124F 58A126 58A142 DH38.0 DH66.9 DH96.3 DH145.2 DH180.1 DH210.6 58A118 69AZ01 58A152 58A130
Si02 0.01 51.39 63.62 55.23 55.51 70.59 55.6 66.26 67.1 65.69 64.99 66.09 67.85 66.49 70.08 7277 731 76.08
Tio2 0.001 1.374 0.912 1.382 1.613 0.22 1.915 0.317 0.32 0.357 0.31 0.394 0.351 0.367 0.383 0.371 0.165 0.204
Al203 0.01 14.51 14.6 15.25 15.95 13.95 15.39 15.43 15.62 15.95 15.6 16.06 15.31 16.04 13.97 13.46 13.13 12.18
Fe203(T) 0.01 8.79 5.6 9.06 8.9 2.16 9.79 3.74 3.93 4.15 3.12 3.77 3.22 3.33 2.55 26 2.26 1.7
MnO 0.001 0.146 0.102 0.186 0.184 0.062 0.2 0.103 0.095 0.129 0.073 0.076 0.065 0.074 0.042 0.044 0.024 0.025
MgO 0.01 6.91 242 2.45 2.84 0.07 3.25 0.12 0.14 0.18 0.2 0.32 0.29 0.34 0.56 0.44 0.08 0.21
CaO 0.01 1.4 4.69 3.88 4.65 0.83 6.48 0.93 1.04 1.39 11 1.16 0.91 1.14 1.16 1.21 0.32 0.65
Na20 0.01 2.46 3.87 573 5.89 4.74 4.22 5.1 5.1 5.26 4.97 5 4.55 4.78 3.25 3.53 3.58 3.28
K20 0.01 1.56 3.79 3.34 3.02 5.11 2.51 5.49 6.26 5.77 6.34 6.28 6.17 6.3 5.98 4.82 6.76 4.52
P205 0.01 0.28 0.21 0.47 0.56 0.03 0.52 0.03 0.04 0.05 0.04 0.07 0.06 0.07 0.09 0.09 0.04 0.04
LOI 1.15 0.57 1.17 0.78 0.6 0.65 0.48 0.3 0.46 0.38 0.34 0.41 0.39 0.55 0.46 0.2 0.36
F 0.01 0.07 0.14 0.34 0.43 0.26 0.17 0.1 0.11 0.17 0.12 0.13 0.13 0.12 0.1 0.13 0.02 0.1
S 0.001 0.107 0.044 0.01 0.02 0.003 0.017 0.02 0.006 0.006 0.004 0.004 0.003 0.002 0.005 0.011 0.002 0.008
Total 0.01 99.98 100.4 98.16 99.89 98.36 100.5 98 99.95 99.38 97.13 99.56 99.19 99.33 98.61 99.81 99.65 99.24
Rb 1 48 133 311 284 281 126 251 239 257 229 250 214 228 239 229 346 284
Cs 0.1 0.9 2.1 7.3 54 4.4 25 26 55 3.6 6.8 4.8 6 4.9 6.3 34.4 238 9.4
Sr 2 405 203 247 346 19 298 12 13 17 30 47 49 68 84 7 24 31
Ba 1 1189 586 1607 1755 199 623 101 126 158 223 354 393 575 679 411 169 171
Ga 1 15 20 20 21 26 22 26 24 24 23 25 22 24 19 20 24 19
Ge 0.5 1.8 22 1.8 2 2 21 23 25 2 21 26 22 1.7 1.9 2 21 2
Zr 1 131 186 216 241 487 203 1220 684 799 739 706 606 581 275 275 386 235
Hf 0.1 3.1 4.7 55 5.9 121 5.3 25.6 13.7 16.8 17.2 16.2 13.8 13.3 71 7.7 9.9 7.4
Nb 0.2 38.3 80.5 91.2 110 162 79.7 202 141 173 144 151 118 118 47.4 59.4 122 404
Ta 0.01 2.68 6.13 8.04 7.57 1.1 6.87 14 9.45 1.3 10.6 9.2 7.85 7.37 3.62 6.01 10.9 5.98
Be 1 1 3 5 5 4 4 5 4 6 4 4 3 3 3 4 6 5
Sn 1 1 13 15 12 5 7 5 6 5 4 6 5 4 4 5 4 4
w 1 20 50 21 15 31 24 49 13 20 21 15 19 21 87 84 54 78
Mo 2 <2 <2 <2 <2 <2 <2 <2 <2 2 11 <2 <2 <2 <2 5 <2 <2
Th 0.05 9.04 254 236 14.9 515 145 74.2 36.5 66.3 63.3 50.8 56.2 374 242 43.5 53.2 69.1
U 0.01 1.63 4.1 5.56 3.65 9.86 3.33 8.6 6.91 12 7.03 5.7 8.27 6.59 3.47 8.27 11.4 11.3
Cr 0.5 323 17 17.6 14.4 <05 <05 36 <05 <05 <05 <05 <05 <05 8.4 5 <05 3.8
\ 5 285 130 115 120 <5 249 <5 <5 <5 9 12 10 9 32 21 6 10
Co 0.1 39.9 26 15.5 17.4 5 29 9.7 24 4.4 4.9 4.2 5 5.3 16.4 15.7 10.9 13.9
Ni 1 52 23 16 17 2 12 2 2 1 2 2 1 2 4 5 2 3
Cu 1 116 36 3 4 3 19 4 3 4 1 5 <1 2 3 <1 1 2
Zn 1 55 60 235 258 68 126 75 78 78 59 64 55 56 40 42 28 30
Pb 5 <5 <5 5 15 12 8 <5 10 7 6 <5 9 6 10 7 <5 <5
As 1 2 1 5 2 3 2 2 3 3 4 <1 1 2 3 6 <1 2
La 0.05 31.8 49.3 65.8 77.2 130 59.8 263 147 118 232 304 98.7 93.4 69.6 75.7 89.8 72.6
Ce 0.05 56.8 103 128 143 224 117 442 257 212 384 498 175 170 125 140 160 132
Pr 0.01 6.33 1.2 13.3 15.4 214 12.8 42 24.3 21.7 35.5 44.7 17.2 17.4 125 14.2 15.6 12.9
Nd 0.05 241 40.3 48.6 56.6 67.5 46.5 132 79 74.7 109 136 571 60 42.6 48 49.9 40.7
Sm 0.01 4.8 7.72 9.39 10.7 115 8.84 18.6 125 137 14.8 18.7 10.1 1" 777 8.96 9.37 6.49
Eu 0.005 1.43 1.17 2.64 3.07 0.543 1.8 0.507 0.641 0.662 0.68 0.914 0.852 1.1 0.875 0.767 0.439 0.355
LREE 12526 212.69 262.73 305.97 454.943 246.74 898.107 520.441 440.762 775.98 1002.31 358.952 352.91 258.345 287.627 325.109 265.045
Gd 0.01 4.41 6.66 8.33 9.52 9.13 7.39 12.3 9.58 1.2 9.84 13.1 8.44 9.13 6.15 7.44 7.92 4.82
Tb 0.01 0.73 1.13 1.48 1.63 1.64 1.26 2.06 1.56 1.98 1.41 2.03 1.45 1.58 1.08 1.36 1.58 0.88
Dy 0.01 4.22 6.73 8.71 9.64 9.91 7.3 12.2 9.15 11.6 7.94 1.2 8.82 9.3 6.29 8.04 10.1 5.41
Ho 0.01 0.86 1.43 1.88 2.02 217 1.52 2.64 1.93 242 1.65 227 1.89 1.94 1.28 1.67 217 1.19
Er 0.01 2.35 4.13 5.38 574 6.23 4.29 8.17 5.69 6.99 5 6.46 5.55 5.57 3.53 4.81 6.44 3.64
Tm 0.005 0.361 0.698 0.91 0.935 1.09 0.707 1.47 0.99 1.25 0.894 1.07 0.947 0.954 0.564 0.831 1.16 0.668
Yb 0.01 2.28 4.45 5.53 5.79 6.41 4.34 10 6.41 7.87 5.89 6.66 5.92 5.87 3.45 5.01 6.92 4.32
Lu 0.002 0.318 0.624 0.777 0.818 0.91 0.636 1.65 0.989 1.18 0.934 1.01 0.875 0.858 0.477 0.728 0.95 0.646
HREE 15.529 25.852 32.997 36.093 37.49 27.443 50.49  36.299 44.49  33.558 43.8 33.892 35202 22821 29.889 37.24 21.574
Y 1 23 39 61 60 65 41 74 55 67 47 61 52 52 34 45 62 33
Sc 0.01 38.8 15.7 13.5 15.6 1.67 20.8 4 3.94 4.24 3.28 4.74 3.63 4.45 6.34 5.94 1.14 3.17
NK/A 0.40 0.72 0.86 0.81 0.96 0.63 0.93 0.97 0.93 0.96 0.94 0.93 0.92 0.85 0.82 1.01 0.84
Ga10000/Al 1.95 2.59 248 249 3.52 2.70 3.19 2.90 2.84 279 2.94 272 2.83 257 2.81 3.46 2.95
ASI 0.55 0.77 0.76 0.74 0.94 0.72 0.96 0.92 0.92 0.92 0.94 0.97 0.96 1.00 1.02 0.95 1.06
ZrT°C 636 748 746 748 877 730 975 900 914 906 905 898 888 830 835 859 829

It cuts through fine to medium grained quartz syenitic
rocks, which had been sheared in some places. The
fresh quartz syenites are relatively high in F, 1,100-1,700

ppm; Zr, 581-799 ppm, and LREE, 353-1,002 ppm,
and radioactive components of Th, 37-66 ppm and U,
6-12 ppm. The highest Zr (1,220 ppm) and thorium (74
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granitoids of Ishihara and Chappell (2010). Open circle, post-plutonic dikes of dolerite (AZ04) and rhyolite
(AZ02, 03) from Ishihara et al. (1990) for Figs. 4 through 12.

ppm) contents were found at the 5§A142 site (No. 6 in
Fig. 2).

Chemical data reported in the previous paper (Ishihara
and Murakami, 2006) and newly analyzed data in Table
1 are plotted by solid circle in the Harker diagrams
from Figures 3 to 7, together with post-plutonic dikes
(open circle) of dolerite and rhyolite of Ishihara et al.
(1990). The straight line in the figures is an average
trend of the vertically zoned, Okueyama pluton (Ishihara
and Chappell, 2010), which belongs to typical I-type
calc-alkaline ilmenite series.

3.1 Harker diagrams

Distribution of AL,O, contents is parallel to that of
the Okueyama pluton in the granitic composition (e.g.,
Si0, higher than 65 wt.%), but some gabbroids in-
cluding diorites, i.e., silica lower than 56 wt.% (e.g.,
58A102, 58A124 and 58A126 in Table 1 of this paper;

AZR1 and 58A153 in Table 1 of Ishihara and Muraka-
mi, 2006), are low in the content of Al,O; (Fig. 4A).
Thus, the Cape Ashizuri pluton is clearly separated into
gabbroids and granitoids in the alumina-silica diagram.
Both dolerite and rhyolite dikes are lower in the Al,O;
contents than the plutonic rocks.

In the A/CNK-SiO, diagram (Fig. 4B), however, the
Cape Ashizuri rocks, both plutonic and dike rocks,
are plotted in similar distribution trend decreasing the
Al,O, contents sharply to the low SiO, side. This would
indicate that feldspars of the Cape Ashizuri pluton be-
long to the same fractionation trend from the gabbroids
to the biotite monzogranite. Also peraluminousness
increases sharply toward the high silica rocks but never
exceeds 1.2. Compared with the Okueyama granitoids,
the Cape Ashizuri rocks are lower in the A/CNK ratio;
thus less aluminous.

K,O contents are plotted in the shoshonite and high
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Fig. 5 Harker diagrams for Ga, Rb, Ba and Pb.

K-series areas (Fig. 4C) and are higher than those of
the Okueyama granitoids. Three biotite monzogranites
and two gabbroids are as low as the Okueyama trend.
Dolerite dike is plotted in the shoshonite field, but
the two rhyolite dikes are less potassic, plotted in the
high-K field. Molecular ratio of sodium and potassium
against alumina (NK/A) is constantly much higher than
that of the Okueyama pluton (Fig. 4D).

Trace elements which replace AL O, in feldspars show
unusual trend. Gallium (Ga“, 0.62A, Mason, 1966), for
example, does not follow the amount of AL,O; (AI*",
0.50A) and is much higher in felsic rocks than mafic
rocks, which is completely different from common dis-
tribution trend of calc-alkaline rocks that follow Al,O,
contents as seen in the Okueyama pluton. Except for
two gabbroids, the Ga contents range from 18 to 26
ppm (Fig. 5A), which are much higher than those of
the Okueyama granitoids. This relative abundance was
used to define the granitoids as A type by Imaoka and
Nakashima (1994), although the geologic environment

is not anorogenic but orogenic.

Rubidium (Rb", 1.47A) which replaces K (1.33A)
in K-feldspar shows the same distribution trend as
that of the Okueyama granitoids, but the contents are
higher (Fig. 5B). Barium (Ba™", 1.34A) contents are
similar to those of the Okueyama granitoids, decreas-
ing in the content with increasing SiO, in general (Fig.
5C). However, the contents are much lower in the
rocks with 47-55 wt.% and 63-73 wt.% SiO, ranges,
but higher in the rocks with 55-63 wt.% SiO, range,
as compared with the average trend of the Okueyama
pluton. Trace amounts of lead (Pb>", 1.20A) that takes
K-position in K-feldspar, are much lower than those of
the Okueyama pluton (Fig. 5D), which ranges from 14
to 40 ppm Pb in the common granodioritic phase and
40 to 70 ppm Pb in the uppermost leucocratic phase (see
Ishihara and Chappell, 2010).

CaO contents are generally lower than the average of
the Okueyama pluton in the main syenitic rocks (Fig.
6A). On the contrary, Na,O contents are much higher
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Fig. 6 Harker diagrams for CaO, Na,O, P,O; and Sr.

than the average contents especially on the SiO, 55-
70 wt.% rocks (Fig. 6B). Two gabbroids high in CaO
content are very low in Na,O content. Thus, these two
rocks (58A102 and AZR1) must contain very calcic
plagioclase. P,Os contents are very high at around SiO,
55%, but most of syenitic rocks are lower than the av-
erage content of the Okueyama pluton (Fig. 6C). About
strontium (Sr’*, 1.12A), it follows CaO content imply-
ing its occurrence in plagioclase (Ca™, 0.99A); but the
contents are very low in the granodiorite-granite phase
(Si0, 63-76 wt.%). Distribution of Sr is always lower
than that of the average value of the Okueyama body (Fig.
6D).

Total Fe,O, contents are slightly lower than the av-
erage content of the Okueyama granitoids, but MnO
contents are very similar or slightly higher than the
average contents of the Okueyama pluton (Figs. 7A,
B). Two dikes have similar distribution. Both MgO and
TiO, contents are different having higher values at low
silica side than the Okueyama average, but depleted in

high silica range of 63 to 73 wt.% (Figs. 7C, D). One
gabbro, AZR1 (Ishihara and Murakami, 2006), is very
high in MgO (12.5 wt.%), implying high magnesian
source rock in the upper mantle for this rock. About
zinc (Zn”*, 0.75A) replacing ferrous iron (Fe™", 0.78A)
and Mg”* (0.72A), the contents are similar to the aver-
age content of the Okueyama pluton but variable at the
low silica range rocks (Fig. 7E). About copper (Cu”,
0.73A), the contents are generally higher in mafic rocks
but are lower in the high silica range rocks than the av-
erage of the Okueyama granitoids (Fig. 7F).

Among the other trace element, characteristics of the
Cape Ashizuri pluton are abundance of HFSE (high-
field-strength elements), notably Zr, Hf, Nb, Ta, Y,
REE, Th and U, and also F. The HFSE-bearing acces-
sory minerals occur generally as euhedral forms scat-
tered in the rock-forming minerals, but fluorite, the
source of fluorine, is typically seen as rounded forms
associated with mafic silicates, especially of biotite.

The Zr contents show unique distribution pattern.
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They are low at low-silica range and are highest around As a whole, Zr contents are the highest at 65-67
66 wt.% SiO,, then decrease to the higher silica con- wt.% Si0, rocks, similarly to the pattern observed
tents (Fig. 8A). The highest values were obtained on in the Boggy Plain pluton of the Lachlan Fold Belt,
58A142 and drill-core samples (solid triangle). Southeast Australia, which was considered as one of the



Bulletin of the Geological Survey of Japan, vol. 64 (1/2), 2013

1500 ©
A 0
58A142
°
1000
B
o
o v
= v
N Vv
v
Ve
500 ;
o &
° Y H [ ]
T H
B T
\ v
O ‘ \’~ : [ ]
° —
0 i
45 50 55 60 65 70 75 80
Si0, (%)
300 @
C 0
58A142
200 L
g v
Q Ed
2 v o
2 20V ¢
Sy L]
100 ® e
[ °
o) E ) ®
. ° °
®
° [ ] e :®
—
\\\
0

45 50 55 60 65 70 75 80
Si0, (%)

Y (ppm)

Ta (ppm)

80

sgAl42 A
B pg *
v
o
60 Y 7 L
v
[ ] vv 4
®
v °
4 2 L
° ® o °
°
O ° b
20
°
0
45 50 55 60 65 70 75 80
Si0, (%)
20 o
D 0
15
584142 @
o
vv L)
10 -
°
3 o %ve
e ® v
e) [ [ J [ Y
5 ® ]
® )
°
0

45 50 55 60 65 70 75 80
Si0, (%)

Fig. 8 Harker diagrams for Zr, Y, Nb, and Ta. Solid triangle for the six drill core samples for Figs. 8 and 9.

typical patterns for the high temperature I-type granites
(Chappell et al., 2004). The whole contents of Zr are
much higher than the average of the Okueyama gran-
itoids, which agree to the experimental data implying
that solubility of zircon is much higher in peralkaline
melt than metaluminous or peraluminous melt (Linnen
and Keppler, 2002). The highest content is 1,220 ppm,
which is the highest among the Japanese granitoids.
Contents of Y, Nb and Ta are high and are similar
to that of Zr (Figs. 8B, C, D). The contents are much
higher in the Cape Ashizuri granitoids than in the
Okueyama granitoids (Figs. 8B, C), which agrees to
alkalinity control of solubility of MnNb,Oy in granitic
melts (Linnen and Keppler, 1997). Again, the highest
peaks are around 66 wt.% SiO, (Fig. 8C). Distribu-
tion of Ta is very similar to that of Nb in the Harker
diagram (Fig. 8D) for similar ionic radius and charge
(Nb”, 0.69A, Ta"”, 0.68A). In all the Zr, Y, Nb, and Ta
diagrams, the post-plutonic rhyolite dikes are very high
in these elements plotted at the outside of the diagrams.

Both Th and U contents are much higher than the av-
erages of the Okueyama granitoids, and increase with
increasing silica contents (Figs. 9A, B). Both La and
Ce contents are lower than the averages of the Okueya-
ma pluton at gabbroic composition, but are higher than
the averages in the high-silica rocks, with the highest
peak at 66 wt.% SiO, (Figs. 8E, F), similarly to the
patterns of Zr and Nb.

3.2 Binary diagrams

Binary diagrams were made on Zr and other related
elements. Zirconium in igneous rocks is contained in
zircon (ZrSi0,); zircon forms a complete solid solution
with hafnon (Linnen and Keppler, 2002). Therefore,
Zr (Zr™, 0.72A) - Hf (Hf™, 0.71A) pair has the highest
correlation coefficient of R = 0.98 (Fig. 10A). Hoshino
et al. (2010) analyzed zircon from monzogranite phase
(No. 152) of the northern part of the plutonic body, and
found that the core has 0.93 wt.% HfO, but the rim
contains 1.94 wt.% HfO,, implying that hafhon com-
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Fig. 9 Harker diagrams for Th, U, La, and Ce. Six drilled samples are shown by solid triangle.

ponent tends to be concentrated in a later zircon phase.
Generally speaking, the core of given zircon is concen-
trated by 0.19 wt.% Y,0;, 0.21 wt.% Yb,0;, 0.12 wt.%
FeO, 0.31 wt.% ThO, and 0.43 wt.% UO, (Hoshino et
al., 2010).

Correlation coefficient of the bulk Zr with Ce is the
next high as R = 0.83 (Fig. 10B), which can be expect-
ed from the patterns in the Harker diagrams of Figures
8A and 8B. The LREE components should be contained
not in zircon but other accessory minerals, such as alla-
nite, monazite and titanite. The correlation coefficients
of Zr with Nb, Th, Y and U are lower as 0.79, 0.76, 0.71
and 0.59, respectively. Niobium was detected in ilmen-
ite up to 4.4 wt.% Nb,O, by Nakashima and Imaoka
(1998). They also recognized in the studied pluton trace
amounts of Nb-oxide such as fergusonite, samarskite,
columbite and pyrochlore, which could contain some
other elements as Y, Ce, Ta, Fe and Ti. Both Th and U
are contained in zircon, but their correlation coefficient
against Th and U are as low as R = 0.76 (Fig. 10E) and

0.59 (Fig. 10F), respectively.

Among the other heavy elements, the highest correla-
tion coefficient of 0.99 is seen on the La-Ce pair (Fig.
11B), La-Nd (Fig. 12A) and HREE-Dy (Fig. 12C). The
high correlation coefficients are observed in Y-Dy (0.97,
Fig. 12D), Th-U (0.90, Fig. 11D), Nb-Ta (0.88, Fig.
11A), and Nb-Y (0.83, Fig. 11C). The correlation coef-
ficient of La-Dy pair is only 0.63 (Fig. 12B), implying
LREE and HREE occur rather independently depending
upon the host REE-bearing minerals.

3.3 REE contents and REE patterns

REE contents of the studied samples are listed in
Table 1. The total REE contents vary from 141 ppm of
gabbro to 1,046 ppm of the quartz syenite of the drill-
core sample at -145.2 meter (DH145.2). Y content is
the highest (74 ppm) in the highest Zr rock of 58A142.
LREE/HREE ratio is as low as 8.0 to 9.0 in the mafic
rocks, but increase in quartz syenite and monzogranite
up to 23.1 (DH96.3). Eu anomaly is generally absent



Bulletin of the Geological Survey of Japan, vol. 64 (1/2), 2013

1400 A I ! I 1400 ; ] I
— y=-50'+48x R=0.98 B ——y=51+1.9x R=0.83
1200 ‘® 1200 o.
1000 1000
£ 800 o € 800
A= /“ =3 (]
5 °® = ° ®
N
600 ° 600 & .
H
400 400 e
200 200
0 0
0 5 10 15 20 25 30 0 100 200 300 400 500
Hf (ppm) Ce (ppm)
1400 i ] 1400 T ¥ i !
C ——y-s8+45¢ R=070 D ———y=-2e+02+13x R=0.71
1200 ] 1200 [ .
1000 1000
£ 800 °® € 800 Py
o .. o o
— ° = P
N N
600 /.//r 600 . ‘
L4 °
[ e ©
400 g 400 ® .
LK J ® ®
) ®
200 “9g+® 200 ‘/.' *
’ [ / ™
°:
0 0 i
0 50 100 150 200 250 10 20 30 40 50 60 70 80
Nb (ppm) Y (ppm)
1400 T T I I T 1400 y y T y
E ——y=84+92x R=0.76 F { y-14194+4448x R=059
1200 Q.. 1200 L
1000 1000
§ 800 .c € 800 ®
= o
q . * e ° 3 7
N
e =
/... ./ ]
400 . 400 s o ®
L ®
200 e 200 - ) L
0 1 ] 1 0
0 10 20 30 40 50 60 70 80 0 2 4 6 8 10 12 14
Th (ppm) U (ppm)

Fig. 10 Binary diagrams for Zr vs. Hf, Ce, Nb, Y, Th and U. Straight line implying the best fit line. The correlation

coefficient is also shown.



Zircon and REE-rich alkaline plutonic rocks intruded into the accretionary prism (Ishihara and Hoshino)

250 z z z z
A ~ y="19+14x R=0.88

200

®
5
X
o

Nb (ppm)
[ ]
00q. 4
[ ]
(]
[ ]

100 :
@ ®
/
o §

50/'{./ '.
do

0 i
2 4 6 8 10 12 14 16
Ta (ppm)
250 z z ; z
C — y=-15+26x R=0.83
200 o
°
— o N )
€150 —
g ) ’0 o
o ?0
=z ° ®
100 :
° o g
50 I
/ (X ] :

0

10 20 30 40 50 60 70 80
Y (ppm)

500 z z z ! 4
B -y=16+1.5x R=0.99

[
400

Ce (ppm)

200

100

0 50 100 150 200 250 300 350
La (ppm)
14 T i i 7 T
D i H : : :
y=0.76 + 0.15x R=0.9

12 ®
® )

10 Y

U (ppm)
@

0 10 20 30 40 50 60 70 80
Th (ppm)

Fig. 11 Binary diagrams for Nb-Ta, Ce-La, Nb-Y and U-Th. Straight line implying the best fit line. The correlation

coefficient is also shown.

below 55 wt.% SiO, but is seen above this value.

REE pattern of the studied rocks are shown in Fig-
ures 13 A to D. The 58A102 gabbro shows the lowest
and flat pattern (Fig. 13A). In increasing with silica
and potassium contents, the REE contents increase and
the negative Eu anomalies also increase. The 58A142
sample with 66.3 wt.% SiO, has the largest negative
Eu anomaly (Fig. 13A). The same is also seen on the
58A124 point where two mafic monzonites with 55.2-
55.5 wt.% SiO, mingled with felsic quartz syenite with
70.6 wt.% SiO,. The monzonites have no but quartz
syenite has Eu-negative anomaly (Fig. 13B). It could
mean that Ca’” of an early crystallized plagioclase was
substituted by Eu’’, thus stayed in mafic counterpart
left behind at depth.

Quartz syenites from the drill core have the highest
REE contents and the largest negative Eu anomaly (Fig.
13C), including 58 A152 monzogranite which intrudes
into gabbroids near the Cape Ashizuri. They are con-

sidered to have generated from mafic igneous source
rocks by small degrees of partial melting. In the other
high silica rocks of monzogranite (58A118, 58A130
and 69AZ01), their REE patterns are similar to those
of the quartz syenite (Fig. 13D), but they occur in the
northernmost part of the Cape Ashizuri pluton and in-
teracted with the intruded Shimanto sedimentary rocks.
They have lower NK/A ratio and are lower in the REE
contents. These granites may have been formed by in-
teraction between the quartz syenitic magma and partial
melting of the sedimentary wall rocks.

Feldspars in igneous rocks have large positive Eu-
anomalies. The Eu-anomaly of plagioclase decreases
with increasing fO, and increasing temperature (Han-
son, 1980). This means that Eu is divalent in a reduced
magma and preferentially replaces Ca*" position in
plagioclase. In Figure 13A, the rock of 51.4 wt.%
Si0, has no and the rocks of 55.6 and 63.6 wt.% SiO,
have small Eu-anomalies, but the rocks of 66.3-76.1
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wt.% SiO, have a distinct Eu-negative anomaly. These
could be interpreted that Eu was enriched in calcic
plagioclase crystals of calcic and mafic magmas, which
crystallized at depth and left behind when the alkaline
granitoids intruded upward.

4. Chemical compositions
of selected rare minerals

The Cape Ashizuri granitoids are characterized by
many rare accessory minerals, and zircon and titanite
may be visible by naked eyes. Besides euhedral crys-
tals, zircon shows many strange textures, which may be
due to resorption and other reasons. Hayashi and Akai
(2011) studied zircon from two localities of quartz sy-
enite and granite, and classified its textures into three
types, as Resorption disturbance, Local disturbance,
and Hafnon-like disturbance. Ti-rich ferriallanite was
studied by Nagashima et al. (2011).

Thorite and uranothorite can be found radiometric
survey (Hayashi ef al., 1969), and Zn- and Nb-ilmenite,
and columbite, euxenite, fergusonite, samarskite, and
a pyrochlore-like mineral occur in syenite (Nakashima
and Imaoka, 1998). We also studied accessory minerals
of the quartz syenite with the highest Zr content (58A142)
and a moderate one (DH96.3) and one monzogranite
(58A124F), and analyzed Mn- and Nb-ilmenite, zircon,
allanite, titanite, fergusonite and chevkinite by an elec-
tron probe microanalyzer (EPMA) with the method de-
scribed in Hoshino et al. (2006, 2010). The results are
shown in Tables 2 to 7.

4.1 Ilmenite

Ilmenite is commonly contained in both ilmenite-
series and magnetite-series granitoids. The ilmenites in
ilmenite-series granitoids of the Outer Zone granites
(Osumi and Takakumayama plutons) have MnO con-
tents of 5 to 19 wt.%, which tends to increase toward
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Fig. 13 Selected REE patterns of the studied plutonic rocks.

the margin of crystals (Tsusue, 1973). Tsusue and
Ishihara (1974) found common occurrences of hemo-
ilmenite in the magnetite-series granitoids in the Sanin
Belt of the Inner Zone of SW Japan, but no such min-
erals are observed in the Ashizuri-misaki magnetite-se-
ries granitoids, implying relatively lower oxygen fugac-
ity of the Cape Ashizuri pluton than typical magnetite-
series granitoids.

In the Cape Ashizuri body, Nakashima and Imaoka
(1998) reported 1.8 to 4.6 wt.% MnO and up to 4.4
wt.% Nb,O; in the ilmenites of the quartz syenite,
where Nb is substituting octahedral site of Ti. Our re-
sults are shown in Table 2. MnO contents are as high
as 4.3-5.7 wt.% in the 58 A142 quartz syenite, but as
low as 1.7-1.8 wt.% in the DH96.3 quartz syenite. The
58A124 monzogranite has intermediate values of 2.2
and 2.4 wt.% MnO.

The Nb,Os contents are higher, 2.0 to 3.8 wt.% , in
the quartz syenites than 0.27 wt.% of the 58 A124 mon-

zogranite (Table 2). The high value is seen at rim of
ilmenite crystals, which implies that the niobium was
added during the latest magmatic stage of the magma
crystallization.

4.2 Zircon

Zircons of the granitic terrains in Japan were studied
by Hoshino et al. (2010), and classified into (HREE)-
U-Th-poor type 1, which is hosted in granitoids them-
selves, and HREE-U-Th-rich type 2, which occurs
generally in granitic pegmatites. Within the type 1,
zircons are composed of (A) low REE-Th-U subtype
and (B) high REE-Th-U-F subtype, the latter of which
tends to occur in the well fractionated granites of the
Sanyo Sn-W mineralized belt, such as Naegi Granite,
Tanakami Granite, and Kurashiki Granite of southern
Okayama Prefecture (Ishihara and Murakami, 2006).

Zircons from the Cape Ashizuri pluton are charac-



Bulletin of the Geological Survey of Japan, vol. 64 (1/2), 2013

Table. 2 Chemical composition of ilmenites of selected monzogranite and quartz syenites.

Sample no. 58A124F: monzogranite 58A142: quartz syenite

DH96.3: quartz syenite

Spot Loc. 1. core 1. core 2. rim 1. core 2. rim

n 7 100% 4 100% 2 100% 2 100% 4 100%
TiO, 45.30 49.18 4397 46.26 4145 43.62 4326 45.38 4280 4494
FeO 4418 47.96 4471  47.03 4396 46.26 47.72  50.06 4820 50.61
MnO 2.16 2.35 427 4.49 5.72 6.02 1.78 1.87 1.74 1.82
CaO 0.20 0.22 0.07 0.07 0.07 0.07 0.03 0.04 0.01 0.01
Nb,O5 0.27 0.29 2.04 2.15 384 404 252 2.65 2.50 2.62
Total 92.11 100.00 95.06 100.00 95.03 100.00 95.33 100.00 95.24 100.00

Table. 3 Chemical composition of zircons of selected monzogranite and quartz syenites.

Sample No. 58A124F: monzogranite 58A142: quartz syenite DH96.3: quartz syenite

Euhedral crystal  Corroded crystal Corroded Euhedral crystal  Euhedral Zoned X Y Z
Spot Loc. 1. core 2. rim 1. core 2. rim Bright Dark Dark  Bright Single phase crystals
n 2(1,2) 2(3,4) 2(56) 2(18) 3(9-11) 2(12,14) 2 (13,15) 2(16,17) 2(18-19)2(20-21) 3(22-24; 2(25-26) 2(27-28)
Sio, 3419 34.09 33.90 33.60 34.93 34.07 34.61 34.57 35.25 3575 34.69 35.15 35.40
Zr0, 62.95 61.06 62.88 61.26 64.69 62.75 64.19 64.33 65.09 62.00 63.53 65.40 65.03
HfO, 236 247 1.45 1.90 1.36 1.09 1.32 1.03 1.45 1.62 1.08 1.43 1.02
Y,04 0.17  0.67 0.53 0.90 0.12 1.00 0.37 0.26 0.06 0.08 0.56 0.07 0.11
Total 99.67 98.29 98.76 _ 97.65 101.10 98.91 100.49 100.19 101.84  99.46 99.86 102.05 101.56
Hf0,/Zr0,%100 375 4.06 2.30 3.10 2.10 2.61 2.06 1.61 2.23 2.61 1.70 2.19 1.57
Y,03/Zr0%1000 270 11.00 540 14.70 1.90 1.13 5.76 3.98 092 12.74 8.82 1.07 1.69

Table. 4 Chemical composition of allanites of selected quartz syenite.

Sample No. 58A142: quartz syenite DH96.3: quartz syenite
Spot Loc. G, 1-5 G, 6-7 G, 8-9 10-14 H, 15-18 1. 19-23 24-25
n 5 2 2 5 4 5 2
Sio, 31.50 30.86 30.99 31.36 31.19 31.33 30.25
TiO, 3.08 3.71 3.92 2.73 2.63 3.14 3.17
Al,O,4 8.97 7.43 7.29 9.44 9.24 9.93 9.38
FeO 19.56 20.30 20.50 19.42 19.81 18.49 18.32
MnO 0.37 0.36 0.41 0.42 0.44 0.32 0.29
Ca0 9.53 8.99 9.10 9.66 9.55 9.64 9.41
La,04 7.95 8.27 7.84 7.61 7.93 7.61 8.24
Ce,04 12.92 13.09 12.96 12.95 13.09 12.54 12.26
Pr,04 1.08 0.94 1.10 1.20 1.08 0.95 0.99
Nd,0, 2.92 2.75 3.00 3.18 3.18 2.83 2.60
Total REE 25.38 25.81 25.50 25.41 25.74 24.58 25.23
ThO, 0.16 0.38 0.54 0.17 0.05 0.57 0.54
Total 98.04 97.07 97.63 98.13 98.19 97.35 95.42

For G to |, see Plate II

Table. 5 Chemical composition of titanites of selected quartz

syenite.

Sample No. 58A124F: monzogranite

Spot Loc. 1 2 3 core 3 rim
n 3 5 3 2
Sio, 30.29 3052 29.99  30.02
TiO, 30.73 30.14 29.71 28.78
Al,O4 2.49 2.79 2.44 1.60
FeO 1.52 1.65 1.72 2.50
Ca0 3418 34.03 3320 32.72
La,04 0.03 0.03 0.09 0.05
Ce,04 0.20 0.18 0.45 0.41
Pr,04 0.02 0.04 0.04 0.07
Nd,0, 0.04 0.06 0.21 0.14
ThO, 0.02 0.04 0.04 0.01
Y,0,4 0.07 0.06 0.16 0.21
ZrO, 0.19 0.18 0.18 0.10
Nb,O5 0.29 0.31 0.71 2.70
Total 100.06  100.02 98.95 9931

terized by their abundance and ragged shapes, which
could be euhedral zircons broken, resorped and/or
corroded in later stages (A-F, Plate II). These zircons
belong to the subtype A of the type 1 by Hoshino et al.
(2010), because REE, U and Th are below the detec-
tion limits (Table 3), but yttrium is contained up to 1.0
wt. % Y,O;. The Y-bearing phase is seen brighter than
Y-free phases. Yttrium tends to be depleted in the core
and enriched in the rim (see Table 3); Y,0,/ZrO, x 1,000
of the core zircon ranges from 1.57 to 3.75, while the
rim zircon varies from 2.7 to 14.7. This mode of occur-
rence indicates that the yttrium was added into the zir-
con crystals from the remaining fluid phase in the latest
magmatic stage.

The most common impurity in the zircons is hafni-
um, which goes up to 2.42 wt.% HfO,. Hafnium tends
to be rich in the core of single crystal, indicating its
closest geochemical affinity with zirconium. The HfO,/
ZrO, x 100 ratio varies from 1.61 to 3.75 in the main
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Table. 6 Chemical composition of fergusonites of the 58A142

quartz syenite.

Sample No. 58A142: quartz syenite

Spot Loc. core: 1-3  rim; 4-5 core,6—7 rim, 8-9 10,11 12,13
n 3 2 2 2 2 2
Sio, 4.40 8.04 5.21 2.60 423 048
TiO, 0.76 0.14 0.94 0.35 0.91 0.94
FeO 2.11 5.09 2.29 0.66 155 031
CaO 1.43 2.52 1.46 1.72 153 222
La,04 0.41 0.13 0.39 0.19 033 054
Ce,04 218 0.86 2.46 218 219 317
Pr,0,4 0.47 0.19 0.47 0.63 042 0.76
Nd,0, 277 2.40 2.92 447 315  3.61
Sm,04 1.25 1.80 1.35 2.33 144 135
Gd,0, 2.75 3.91 3.00 4.21 297 290
Tb,0,4 0.36 0.54 0.46 0.53 0.41 0.36
Dy,0,4 2.85 3.49 3.05 3.30 2.61 2.86
Er,04 1.74 1.85 1.73 1.66 150 1.80
Yb,0,4 1.40 2.48 0.98 1.96 133 151
Lu,0,4 0.34 0.60 0.28 0.53 034 041
Ta,05 1.17 1.18 0.77 1.21 083 0.84
Y,04 13.52 18.20 13.40 16.70 13.13  16.99
Nb,O5 42.77 38.40 39.30 44.36 4170 46.38
ThO, 484 1.85 7.22 443 764  6.98
uo, 4.31 1.45 3.13 1.61 293 324
Total 91.84 95.11 90.81 95.60 91.14 97.66

phase of the zircon crystals.

4.3 Allanite

Allanites occur in anhedral forms in the studied gran-
itoids (G-I, Plate II). This mineral in granitic rocks are
known to have MnO-poor chemistry, less than 2 wt.%
MnO, in the magnetite-series granitoids, while MnO-
rich ones, more than 2 wt.% MnO, are common in the
ilmenite-series granitoids (Hoshino et al., 2006). The
MnO-poor allanites are relatively rich in LREE, while
the MnO-rich ones tend to have enrichment in middle
rare earth elements (MREE). This relationship is ex-
pressed by the coupled substitution [Mn>" + (MREE,
HREE™) = Ca™ + LREE’"] (Hoshino et al., 2006).

Allanites were found in two quartz syenites, zircon-
rich one (58A142) and drill core sample (DH96.3);
the both belong to MnO-poor type due to low MnO
content (<0.44 wt.% MnO). This is consistent with the
host granitoid belonging to a magnetite series. Allanites
in these quartz syenites are very rich in LREE; the total
rare earth contents of LREE range from 25.4 to 25.8
wt.% on the 58A142 quartz syenite, and 24.6 to 25.2
wt.% on the DH96.3 quartz syenite (Table 4). On the
other hand, thorium content varies greatly from 0.05 to
3.7 wt.% ThO, for the 58A142 quartz syenite, depend-
ing upon grains.

4.4 Titanite

Coarse-grained euhedral titanites are commonly
seen in felsic phase of the magma mingled part at the
58A124 locality. Their analyzed crystals are shown in
Plate III and chemical compositions are indicated in
Table 5. The chemical compositions are rather homoge-

Table. 7 Chemical composition of chevkinite
of the S8A 142 quartz syenite.

Sample No. 58A142

Spot Loc. 1-2 3-4 5-6
n 3 3 2
Sio, 20.63 20.59 20.56
TiO, 14.70 15.05 14.35
Al,O,4 0.46 0.45 0.46
FeO 11.87 11.66 11.75
CaO 4.18 434 3.89
La,0,4 12.47 12.77 12.48
Ce,04 20.96 21.05 21.19
Pr,04 1.66 1.51 1.63
Nd,04 5.56 5.37 5.57
Y,0, 0.45 0.39 0.37
Zr0, 0.62 0.78 0.46
Nb,O5 2.82 2.58 3.29
ThO, 1.40 1.19 1.24
Total 97.80 97.72 97.24

neous, but one euhedral crystal has a bright rim rich in
FeO, LREE, Y,0, and Nb,Os (C in Plate III), which is
the latest crystallized phase of the magmatic fraction-
ation. Thus, these components are considered to have
added during the latest stage of the solidification.

4.5 Fergusonite and chevkinite

Fergusonite is seen in the 58 A142 quartz syenite.
This mineral occurs as anhedral crystals (D-F in Plate
III), having brighter rims (e.g., E in Plate III). The
compositions are heterogeneous, depending upon crys-
tals as seen in Table 6. In the core vs. rim variations,
Th, U and LREE are depleted in the rim of fergusonite,
while HREE and Y are enriched in the rim.

Chevkinite was first found in Japan by Imaoka and
Nakashima (1994) in quartz syenite of this pluton. We
also identified this mineral in the zircon-rich rock of the
58A142 quartz syenite, and its chemical compositions
are shown in Table 7. A distinct difference between the
two results is seen on the thorium contents; Imaoka and
Nakashima (1994) reporting 4.84 wt.% ThO,.

5. Genetic consideration
on the Cape Ashizuri pluton

Miocene alkaline body of the Cape Ashizuri is com-
posed of both quartz undersaturated and oversaturated
igneous rocks, similarly to other alkaline rock province
(e.g., Oslo region, Neumann ,1980). They are com-
posed of gabbroic and granitic rocks in both the main
plutonic stage and post-plutonic subvolcanic stages, as
mentioned previously. The lowest silica rock is 47.0
wt.% Si0,, which contains 12.5 wt.% MgO (AZRI,
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Fig. 14 Nb/Y vs. Y plot of the Cape Ashizuri and Okueyama
plutonic rocks.

Ishihara and Murakami, 2006). This rock must have
originated from a deep and mafic source rock in the
upper mantle, and therefore moved upward invading
through the subducting Philippine Plate, mafic lower
crust and overlying accretionary complex of the Shi-
manto Supergroup during a certain period of the Mio-
cene time, having severe interaction locally with the
magmas from crustal sources.

All the other Miocene granitic rocks in the Outer
Zone belong to the ilmenite-series composed of both I-
and S-types. Some amounts of the sedimentary rocks
of the accreted prism were considered mixed with the
magmas from the depth; thus formed I- or S-type mag-
ma depending upon their mixing ratio. The Okueyama
granodiorite-granite pluton is one typical example of
I-type ilmenite-series having the exposure of 96 km”’.
If these granitoids are plotted on the Nb/Y vs. Y dia-
gram to discriminate their tectonic settings (Fig. 14),
the Cape Ashizuri granitoids stay in the within-plate-
granite (WPQG) area, but the Okueyama granitoids are
located mostly in the volcanic arc granite (VAG) area,
although the two plutons occur in typical volcanic arc
setting.

The Okueyama granitic body is vertically zoned
being granodiorite at the lowest part and changing
its composition upward to monzogranite, then aplitic
granite containing pegmatite at the top 200 m, and thus
differentiated vertically (Takahashi, 1986). They are
composed of quartz-oversaturated rocks, except for a
small part at 680 m above sea level, which is composed
of monzonite (MT680, see Appendix I of Ishihara and
Chappell, 2010). The Cape Ashizuri pluton, on the
other hand, is horizontally zoned being alkaline monzo-
syenitic rocks in the southern part and quartz over-
saturated monzogranite in the northern part, and the

gabbroids occurring between them (Fig. 2). They are
considered products of different intrusive bodies but
genetically related.

The gabbroic rock with the lowest silica of 47.0 wt.%
Si0O, and highest magnesium as 12.5 wt.% MgO, has
the alkali contents of 2.25 wt.% Na,O and 1.23 wt.%
K,0, thus belonging to an alkaline gabbroid. Alkaline
granitoids can be differentiates of the alkaline gab-
broid, if much larger host gabbroid hidden underneath
the present body. Another possibility, which seems
more probable, is small degree of partial melting of
igneous lower continental crust below the Shimanto
accretionary complex by the heat brought up by the
alkaline gabbroic magma. Because degree of the melt-
ing was small, alkaline feldspar components of alkalis
and gallium, also fluorine moved selectively to the melt
phase, and thus Ga-F-rich alkaline granitic magma was
formed. Experimentally, zircon solubility is strongly
enhanced by addition of NaSi;O, to water. The same
may be expected on K-silicate. Thus, the alkaline-rich
magmas tend to contain abundant zirconium.

High-field strength elements (HFSE) such as Zr, Hf,
Nb, Ta, Y, REE and W, are generally concentrated in
residual melts during solidification of granitic magmas,
as the best observed in the aplitic dike of the Naegi
Granite (Ishihara and Murakami, 2006). It means that
when the syenitic magma was generated in the lower
continental curst below the Cape Ashizuri, the HFSE-
rich melt, together with much fluorine, must be the first
one to move to the melt phase together with some feld-
spar components. Thus, the HFSE-rich alkaline granit-
oids were formed.

The northern half of the Cape Ashizuri pluton is a
quartz-oversaturated monzogranite having abundant
modal quartz but low Ga contents less than 19 ppm.
Thus, it is normal ilmenite-series granite having low
magnetic susceptibility, similarly to the other ilmenite-
series granitoids of the Outer Zone whose interaction
with the accreted sediments are best shown by elevated
80 values (Ishihara and Matsuhisa, 1999). Sedimenta-
ry blocks and enclaves from the Shimanto accretionary
complex are commonly observed in this granite area.
This could be intermingled part at depth of the alkaline
granitic magma with the shale and sandstones of the
accretionary complex, which may have been stacked
more than 10 km along the Outer Zone. Presence of
sedimentary enclaves and higher initial Sr isotopic ratio
support that interpretation.

6. Economic evaluation of the REE-rich granites

Similar REE and Zr-rich alkaline granites occur spo-
radically in many places in the world. Since these gran-
ites have A-type characteristics, they occur generally in
an-orogenic environment like in Nigeria (Kinnaird et
al., 1985), Namibia (Schmitt ef al., 2002), Thor Lake
in Canada (Ishihara and Watanabe, 2007) and Baerzhe
of the Inner Mongolia (Ishihara and Murakami, 2007),
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yet they are seen also in orogenic environment like the
studied Cape Ashizuri complex and Bokan Mountain
complex in Alaska (Philpotts ef al., 1994).

The Bokan Mountain complex of Jurassic age (151-
171 Ma) occurs as intrusive rocks in the early Paleo-
zoic accretionary complex of eugeosynclinal sediments
in the southeastern Alaska. It has a circular form with
6 km diameter, composed of aegirine granite porphyry
at margin and riebeckite granite porphyry in the center
(Thompson et al., 1982). The U-Th-REE mineralization
is associated with the first collapse of the ring dike for-
mation. The ore deposits occur in pipe-like bodies, as
lenses in sheared zones and in vein quartz.

Economically more important REE-rich alkaline
granites occur in anorogenic environments in Saudi
Arabia, Mongolia and Canada. These granites are rich
in Zr, Y, and REE. Microgranite-hosted Ghurayyah type
may be the highest in HREE contents (Drysdall et al.,
1984). Many of these REE-rich granites have received
REE enrichment by both magmatic and hydrothermal
processes (Kovalenko et al., 1995; Salvi and Williams-
Jones, 2005). It is interesting to find hydrothermal al-
teration zones in and around the Cape Ashizuri plutonic
and subvolcanic bodies.

7. Conclusions

The Cape Ashizuri plutonic complex having an ex-
posed area of 12 km” is a unique alkaline plutonic
complex, composed of magnetite-series and ilmenite-
series granitoids occurring in the Shimanto accretion-
ary sedimentary terrain where all the other Miocene
granitic rocks belong to calc-alkaline ilmenite-series
granitoids. The Cape Ashizuri plutonic complex has a
variety of rock facies, but is grouped into three as (1)
gabbroids, (2) alkaline granites with low quartz con-
tents, which are distributed in the southern half of the
body, and (3) quartz-oversaturated calc-alkaline mon-
zogranite, exposed in the northern half in contact with
the sedimentary wall rocks. These rocks, particularly of
alkaline granitoids, are rich in Zr, REE, Nb-Ta, and Th-
U, which are contained in the rock-forming minerals of
ilmenite, titanite, allanite, fergusonite, chevkinite, ura-
nothorite and others

The alkaline granitoids would have been generated
at the lower crust of mafic igneous source rocks by
heat brought up by the gabbroic magmas from the up-
per mantle. A small degree of the partial melting was a
main cause to produce HFSE and F dominant magmas.
The quartz-oversaturated monzogranite in the northern
half would be a mixed magma of the alkaline granitic
magma from the depth and local magma generated with
interaction of the sedimentary wall rocks of the Shi-
manto Supergroup.
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Plate IA  Southern coastal view toward the Cape Ashizuri where alkaline granitoids are well exposed along the coastal cliff.
Plate IB Gabbroic blocks mingled with alkaline granitoids at the Cape Ashizuri, the same photo as one of the postcard set “Granites
in Japan” by the Geological Museum, GSJ.
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Plate Il Analyzed zircon (A-F) and allanite (G-I) crystals by EPMA. The white bar indicates 0.1 mm.
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Plate I Analyzed titanite (A-C), fergusonite
(D-F) and chevkinite (G-H) crystals by
EPMA. The white bar indicates 0.1 mm.
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Satoshi Nakano, Yoshinari Ohashi, Shunso Ishihara and Toshio Kohno (2013) Microgranular dark-colored
enclaves in the Tanakami Granite pluton, south to Lake Biwa, central Japan. Bull. Geol. Surv. Japan, vol.
64 (1/2), p. 25-49, 14 figs, 5 tables.

Abstract: Microgranular dark-colored enclaves from medium-grained porphyritic biotite granites in the
Tanakami Granite pluton were studied petrographically, geochemically and mineralogically. Many of
them are ball-like in form with a diameter of ~1~20~ cm. They consist mainly of fine-grained plagioclase,
quartz, biotite and several accessory minerals together with porphyritic plagioclase (mainly) and quartz
(subordinately). The maximum biotite content is ca. 27 % in mode analysis. The occurrence of alkali
feldspar is limited to be as small patches seemingly replacing plagioclase interiors. Their occurrence,
textures, bulk rock chemistry, REE patterns, mineral textures and its chemistry seem to be totally
consistent with the idea that they are not a product of magma mixing but is a product of early-stage
crystallization from the magma forming the medium-grained porphyritic biotite granites as the host rock.
The MME often occurs with aplite-pegmatite facies (dykes), which suggests some common circumstances
such as relatively rapid cooling conditions catalyzed by some volatile components.

Keywords: Tanakami Granite, MME, occurrence, geochemistry, mineralogy, volatile, rapid cooling, early

crystallization
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Fig. 2 Geological map of the Tanakami Granite pluton showing the sampling points of MME. The abbreviations, Gt3 (medium- to coarse-
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biotite granite), are according to Nakano (2012)(these abbreviations are the same in the later corresponding figures).
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— A W T RCHEIIE Ch 5 CGE3IX). ik
INZIEFICERRRIIAR e Z 2 6h b, LaL, Fhic
MRV XKD E D (5 em) RAMHTZIRD & Do b %
(10 cmNob). B 10 cmfifh D% 4 XD & DR HIL DA,
ke UTERAEN em— K20 e3R8 4 4 XZ{LA
HB. 1 emfEEd 0T Zh LD/ g Did, HER
sy b (EEEEETERE S RIRE 2L — 77, 1982, 2000;

hEFIE A, 2003) X6 DL BB, BEATH S0
R BER R ERHER S & OBIRIZHRTH 2 725, BEAM,
MMEflI}iciz & A E DA A Y — v IdR 6k
W, 72720, FNICMMED RIMET A HE I & D B
WA H B, F72, MMEDE D O BES 2 E845y 91
KW(RTIT 4T 492 IChDBEANRbILEBIZ, B
EZRDOL 4 7 ) V2 (layering) AMME & %4 3 3554 H
H 5. weEEe U TUERN LA TH 2 KPR T
&, PR BERBRZERER SIS, KE A1 cmA
5815 cmOMMER HAEL TV 5 (B3 X). ZOFRUHEIC
BT, BRISecmO7 754 MkA2S530emiEEDE Z
AUIZMMERAEL T3, Zh s 0HFRRIEMmOY
Ficd LI LIFBiE S h, FhClEI/HEL T 258
tdhb.

AMMEDRNIR 2540 & LT, fk (1 mmPLF) £
ST A REROMSP RN TH B, TS, 4
FOMBREPINEL TWRIEERH 5. £/, WD
AR5 50WEAS b 5. FEEOE— PR
HTRMERDAGLRZVICE 22D 5T, kA
ICHERR T ABAEL TWE 704k LTREICR A
T3, HERIELOBRITAE-FARICRZ 2T
&b 5N, fFke OmBITHMI IR TIE AL, AR
NAEFOEDEH L7202 DM A2 H L ThREE
ADFHATOBIEA NN,

AREFDOR G Tl3 AR R GRS HIZ 8, fiE
M o =5 2 36 W CMMER HUE L T % (Ff
¥, 2013). AHuEIE, ECHR-RDR SR RERHE RS 5
e &3, XISV HA LTS 5. h-HkK
BOREERHER AR OBE LRI 754 b - Xo=
HAPRHEERY 1) —L v ERFELTWBIES, Fh
ZINA TZh 6 oIz ERIR GRS B ED R TV S
(47, 2013). HP-HDRIRERAERM A EMMEE ORI
WTFR I TH 5. KX XRBIX, MR BN
RHERAETOMMEE IZITHETH 5. REEE & 3 ITA
LA TED, ThETOEZAWMEERIZHE T
W3,

5285 F COHH

MEBRR SR D KI%130.1-0.5 mmFLE Tdh 5. MME% K
Y B ARkOFER NI AYE, FEA, BERTH .
AREDKE X130.1-05 mmfEETH D, W TH5. H
P EEOLEREREOOERIZ02-1.0 mmfEETH D,
a7 LADOREMESTEELTED, 20553 7H
Y=y a4 MELTW3, fFIREDY—-v 254 b
LU 72883123 7 v ) BN ABHIEL T3, HEE
RO E£IZ0.1-03 mmiEETH 3.
MMEHIZ & N5 A 50 (REE2-7 mmfEE) TH 0,
XA EBORIETH 5. FHEGBMIE —RIZK
X X2-10 mmfEE TH 5. MMENS03 121324 < DA



M _EAER AR rh DMK G A s (REHED)

53X MMEDFZIHE . a, b: MMENSOI and MMENS 02, ¢ : MMENS03, d : MMENS04, e : MMENSO5 (DAL, rh—HlRIBER
HERHERE (G) ), £ h—HRERERERS (G3) HOMME.

Fig.3 Photographs of MME in outcrops, a, b: MMENSOI and MMENS 02, ¢: MMENSO03, d: MMENSO04, ¢: MMENSO5 (a-¢ in
medium- to coarse-grained porphyritic biotite granite (Gt2)), f: MME in medium- to coarse-grained biotite granite (Gt3).

GAHEL, 10 mm EOKRZ LB E H D B4, F11 (V=274 Mb) 2 ZITABEOWMR 7 L4 ) BA Kk
K. #HEARE, 27— 2OBRICE T OIRE S &4 — OB A DO R R ER S RFEL TS, DT
VHEMb o RS AR T A, ITEIEEELTED 12, A EFENT L Z2MMEGUBHZ D W TEBNZ BT OFF %
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HaX H EMMERBIOFEFEE, a: MMENSOLb : MMENS02, ¢ : MMENSO03, d : MMENS04, e : MMENSOS.
Fig.4 Close up photographs of the Tanakami MME samples investigated in this study. a: MMENSOI, b: MMENSO02, c: MMENSO03, d:
MMENSO04, e: MMENSO05.
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# 5K H_EMMERREIO M MG E,. a: MMENSOLb : MMENS02, c¢:MMENSO03, d:MMENS04. &5 1 DOEHEIFH =L,

FHH2OBHEIFERZ =)L,
Fig. 5 Microphotographs of thin sections of the Tanakami MME samples. a: MMENSO01, b: MMENS02, c: MMENSO03, d: MMENSO04.

Photos numbered as 1 are under one nicol and those numbered as 2 are under crossed nicols.
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W1 HEMMEDSEME T — KA.

Table 1 Modal analyses of the Tanakami MME under a petrographic microscope.

MME Medium—grained Aplite (Gt1)
Porphyritic bt gr (Gt2) pite
(%) MMENSO 1{MMENSO2|MMENSO 3|MMENSO4| KTMO1 KTM06 [MMENSO5| Hirano
Quartz 40.2 37.9 39.2 37.9 36.0 37.5 54.2 471
Alkali feldspar 0.0 0.0 0.0 0.0 30.7 281 32.2 374
Plagioclase 413 35.2 38.7 45.6 27.0 284 12.0 14.5
Biotite 18.5 26.6 220 15.3 6.3 6.0 1.6 1.0
X MME
H Gt2
¢ Gtl
o
e o o o o o
® ) > ©
Af Pl
F6X Q (Fd)—AF (771 V) Redn)—Pl (FHEA) =o€ — FRUKIX.
Fig. 6 Modal compositions on the Q (quartz)-Af (alkali feldspar)-P1 (Plagioclase) ternary diagram.
WEEAAL WA B, D, 49 bU7AZ40-114 ppmiZ3ET S| Z OFEUL,

6.2 REESHE

AFEIE A (2005) &, H _EAE R R K OXIE 3% o H
FAERE R HCE TR S M OREEG AR & 2 D34S
A= IZDOVWTKRDLIIZHERTNWD  [ZDOEHFEIL
@<, 179290 ppmTdh O, FRICHAG LHICHEATE

B3R & AT B K XN P Bl 0D 53¢ 41 3 5 [ ik
A 2 EAERS R RS & O SO
WTDSIHEIZ B IZIFEWMTH 5. 72721, i (2013)
DR —HR BEIR SR ZE BEfE R (Gtl) DOKTF01-04 (Hif;
BERBEREHEIR2A L 7 7 5 4 M EIR2A) DRSS
+ M3 41-84 ppm & £ FIE A (2005) DA Bk
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Fig. 8 Spider diagram showing the contents of REE in bulk rock compositions. Plotted data are normalized using the chondrite values.

D91-104 ppm & 1R B & A 25 DK,

MME# & TOHEIRITIR SN TW S 5HHEIZ D0
T, Tho0ay P74 MWL L 22f LR OTTAE
JS#— ¥ (REE/SZ — V) 283I/RT. IV FF4 b
JAE16IZ12, Sun and McDonough (1989)D 2 Y K5 4 |
FEAE & AV 72, SRl OMME®REEWR, MR 12 87
THIcEAERLHIZZLVWOT, 2OV EIA4 MR
AL S — VIERRLA TR D ISR > T 5. RSO -
LR BER R RIER S (Gt2) OREE/S 2 — ¥ §IFIEHE L
ISE =V ERLTED, WiHEO/ 8 F — IR U HPHE
THHLTWS. 727 L, MMEDO 2, @izl oh
BZEuDEIRIEDVEDIAADBRR/NE W, ZTh 6 DOREE/S
82—, WAUERE D S8 — VIZHIRIDE VS O &
o TW5, EEHO PN EERERA (G3) OREE
i, W EfEREROR TR, B HEIcsw T ERA L
FUTBWTEHERMIZEAREND B B> TV B A, /3
A=V ELTREULIIZRRATAD TH 5. fki-
MR BEIRERZE BB S (Gtl) OREER, & HHIC kW
TP R EREIDHLOVEE L GO TN %<
KoTWwb—J, ERTHIZBPVWTRREZVWEAET
HBHDT, hkoiz—vE L TR EDS2—-vE
WG LB R ->TnWS, ki, ShlxieL
7-MME®DREE/S & — v L8k, [l - kL (2006) D

MNKS50&, [ RIEICRBRIZIERI2E < (1,804 ppm),
FRIZY (792 ppm)IZH A&, Dyld 142 ppm]| TH 0, HIsEY
BEARTRRA LAY DOREE S 4 — VY A/RL T 5,

6.3/ JL LR

AELFR K DK 72 7 L 2Ab—An—Orlb & /L 4
Q-Ab-OrlbiZMIT/R L 2252 RIZHFL L TH 5723, 559
K& LTRd. MMEW, /)L 4Ab—An—Or =X I3
AERE R AR T 2 AP R S AnlTE DMK AR L
J L AQ-Ab-Or =X Tidix $ AbIZHE . MMEIE, /
L AAb—An—Or — X, /L 4Q—Ab—Or =X TiZOrk
SN ENS. AL, BREAEHEP TR S KOO0
BERL TS, MMEDBEE T & 2 H—HRBOR R E R
A, /L AAb—An-Or=FMXIZH T, THEHD
PR L E R E RS IC N D & & Ani o 125 ek
IZ7ay b &b, MIRBEREERHERSE L 7 754 b
R SR REE R & D OIS E L ERIZ 71 v b
ENB. /I AQ-Ab-Or=AXTIX, M EfEMAEKRD
HEMEE GITIRITEC &S ki 7 ey b Xh b —7,
MMED AN E NS5 & RRPEN 78I 7T ey & 3.
Thbb, QRFIEEAEEDL L VAADL : Orlbn3 %
HE 5T,
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MMERES O Hh—RURBER R Z R ER S b O R RA DL
ML I Z A A N O1 — AbgAn, Oy s, HI—HDK B2 REFE
HTI, AbgAn,Or, «—AbyAn, ,01,, &\ D FERBEH S
7z, h-RDRBEIR R E R CR A R A & R R

Or

Normative compositions of the rock samples. a: An-Ab-Or ternary compositions and b: Q-Ab-Or ternary compositions.

RHER A P RHRA R U 22 bR 2R 28, #%ED
Ji iR RAbEITIZE . HAISE 5 N ZMMER O RHR
FADALEHKIZ, Aby,An,,Or,,—~AbgAn, Or,;, (MMENSO1),
Ab,An,,Or,s—Aby,An,Or,, (MMENSO1), Ab,,An,Or,,—
AbgAn,Or,, (7 44 #f L 547 & 45 fst.362 : KTMO3 (h
¥, 2013) HimiPg), Ab,;AngOr, ;—AbyAn,Or,, (MMENS03),
Abs;An,Or, \—AbgAn,;Or, s CBT & L EEA7 1E s t.368 :
KTMO02 (FhEf, 2013) Hiiph), AbssAn,Orys—AbgAn,Or,,
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Fig. 10  Plagioclase compositions of MME and each constituent rock facies of the Tanakami Granite pluton.

(MMENS04), Ab,An,Or,,~Ab,An,Or,, (MMENSO04t),
Ab, AngOr,,—Abg,An,Or,, (MMENSO04tl), Ab,,An,,Or,,—
Aby,An,Or,, (MMENS05) T& 5. MMEHhDOEHEA I35
fiRE LTk, a7 L0RHEMEERT GB11X).
PO RSO I TIZANKIZE AR, U AIEEAVKSICE
. a7 OMBITEIKERERL, ) LOMBEI Y
YINIZEKSTHE2R DD, IKEERAHOHMKEZRTE D
(MMENSO! - st.362 - st.368 - MMENS04 - MMENS04tl)
L, WROOMKETRT S D (MMENSO2 - MMENSO3 -
MMENS04t - MMENS05) &23% %. MME#% K9 5 7t
E, RS T 2 b MR BDIREB SR A R0 h—HUk:
HEREM S LT 2 &, AnRAICE AADK Y IZZ
L (B 10 [XD).

MMEH ORHERBESIZDWT S (MMENS0O3 # » 7L
P OEFE 14 mmiE & OREAIEE & st.368 T ORNEA M
i), T O A FANRz FI0RKOBSHD 3 7 EO
{b2EFHE X Ab,,An,, Or, «— AbyAn,Or,, TH 1), fiOMME
FOREAMEXD S, KDAVKFICEAEEALL
T3, ZOREOEEEIZFEIRRD (0.5 mmEl#k) #HRA
W AES LA R L TV B 00 H XD A, H
IZARE & DRI TZE D & S REAINERHETDH B
EENR). B L2880 Zh 6 OFHEAE I &4
P ESBR I NS, F OHKFIHIZAb,AN,Or, —
Ab,,An, Or,, & AniOMITE A, BEIZH X 72MMEA % 1
Y ARG EFPORMAERL T 5.

727IvHURA

9, HEfEREkEmRT 288l o7 ILhY
EOIEOWTELTS. ZhooT7n ) BRO/N L
7Rk CRYEME) &, DR BOR B ZRHER S Tl

OrgAbAny,, H—HIRIERZERER S TlEOrg,AbAn,; T
H 5. PR BEIRRZERHER S, rhoRR 2R BEAE
BOEBLDOT LAY RAE/S—H 4 MR TREL T
B, Ny FIN—=H A4 PROBRS=H A b, TAT
PRoS=H 4 bPEBALTWS, S—H 4 MRk L2EM
B, FhRDRBEIR R SRR TIE, Org GRA M) —
Abg, g (772 1), KRR ERER S TlEOry,, (A
b)) =Aby g (7 A b)) END RN, F/2,
MR SR IR REAGR A,  H DR SR 22 REFE i A5 O Tl 2
M7 L5 ) BGICIEBaY — =V 74 RT8DhdH 5
(Aoki, 1995). &k, 774 b7 A ) BAHDILE
HUR L Org,Ab, , An, ,—OryAb,An, , (MMENSO5 it 15=K TF04
(ff ¥, 2013)), Org,Ab,An,,—Or,Ab,An,, (KTF03 (H1
¥, 2013)) TH 5.

WIZ, MMEHO 7 LAY RRIZDWTIRRS. 7L
A1) BAiE, MMEO FEERE S - Btah & 81, #lR
BOaTEAEME L & B ICEWRT SR T, TN
T-FHIETIHIEEAE Y Y b TEARWVIRETHUE
LTW3 CGE1R2KD). &% Y F7ILOMMEHR 7L A Y B
DAL MK 1Z, OrgAb, An,,—Or,Ab,An,, (MMENSO1),
OrgAb, An, ,—Or,Ab,An,, (MMENS02), OrgAb,,An,—
OryAb,Ang, (st.362), Or,sAbsAn,,—Or,Ab,Ang,
(MMENSO03), OrgAb,,An,,—Orysy,AbgAn,, (st.368)
OrgAb,;Ang,—Or, Ab,An,, (MMENS04), Org,Ab,,An,,—
Or,,Ab,An,, (MMENSO04t), Or;,Ab,,An,,—Or,,Ab;An,
(MMENSO04tl), Org,Ab,,An, ;—Or,,Ab;An,, (MMENS05) T
H5. MMEFDO 7L A Y BA (GAiiics T )&
FRHHINTWED, ZhoDIEEAEDGET LA
VRALEITRETHDS ) BAHEMERSZDIEHEKZTIE
Orys mol %A EIAFE T E0ry %A LETH A D) I2id/ =4
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EMPA collage map of a large plagioclase phenocryst showing Na-distribution. The phenocryst appears to consist of lath-like small
subgrains that are elongated along the nearly the same orientation. Matrix part outside the phenocrysts penetrate into the interior
showing a worm-eaten texture, which consists of small grains of biotite (Bt), quartz (Q), alkali feldspar and so on. In this figure,

black grains are almost quartz so that larger quartz grains or aggregates are scattered in the interior of the plagioclase phenocryst.

Fig. 11
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Fig. 12 Element distribution maps in the part of a large plagioclase phenocryst shown in Fig. 11.
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43 MMEHHEREDLEAE.
Table 4 Chemical compositions of biotite in the Tanakami MME.

Rock facies MME
Samples MMENSO1 MMENS02 MMENS03 MMENS04
SiO2 (wt. %) 35.60 35.60 35.60 36.20 35.90 36.10 35.70 35.40 35.20 36.20 36.00 36.00
TiO: 2.85 3.31 3.75 2.22 2.62 2.22 3.45 3.31 3.42 3.63 3.64 3.74
Al20; 14.10 14.30 13.90 15.10 15.20 14.70 13.50 13.40 13.40 13.30 13.50 13.20
FeO 29.80 29.30 28.80 29.50 29.90 29.30 28.90 28.90 29.20 28.20 27.90 27.80
MgO 3.79 4.06 4.09 4.14 3.98 4.38 5.30 5.33 5.23 5.99 6.00 5.97
MnO 0.85 1.01 0.91 1.06 1.06 1.01 0.87 0.82 0.83 0.60 0.70 0.58
Ca0 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.04 n.d.
Na:0 nd. 0.04 0.01 0.12 0.10 0.11 0.07 0.10 0.12 0.05 0.05 0.06
K20 nd. 9.65 9.67 10.02 9.60 9.70 9.48 9.74 9.81 9.84 9.63 10.03
Total nd. 97.30 96.70 98.40 98.30 97.50 97.30 97.00 97.30 97.80 97.40 97.40
Atomic proportion (0=8)
Si 5.677 5.630 5.652 5.663 5.621 5.681 5.635 5.620 5.583 5.659 5.642 5.650
Ti 0.341 0.394 0.448 0.260 0.308 0.264 0.409 0.395 0.408 0.427 0.429 0.443
Al 2.649 2.670 2.604 2.785 2.796 2.728 2512 2.507 2515 2.455 2.492 2.445
Fe 3.974 3.876 3.820 3.853 3.908 3.866 3.814 3.837 3.882 3.983 3.651 3.655
Mg 0.902 0.957 0.968 0.964 0.927 1.029 1.247 1.261 1.239 1.395 1.402 1.399
Mn 0.115 0.135 0.123 0.141 0.140 0.134 0.117 0.110 0.112 0.079 0.093 0.078
Ca nd. nd. nd. nd. nd. nd. nd. nd. nd. nd. 0.006 nd.
Na 0.016 0.013 0.004 0.038 0.031 0.033 0.021 0.031 0.037 0.014 0.014 0.019
K 1.979 1.947 1.961 1.998 1.915 1.949 1.908 1.972 1.987 1.962 1.924 2012
Total 15.655 15.621  15.580 15702 15.646  15.683 15.654 15.733  15.763 15.974 15.652  15.700
Mg/Fe 0.23 0.25 0.25 0.25 0.24 0.27 0.33 0.33 0.32 0.35 0.38 0.38
Mg/Mg+Fe+Mn 0.18 0.19 0.20 0.19 0.19 0.21 0.24 0.24 0.24 0.26 0.27 0.27
log((Mn/Mg)*100) 1.11 1.15 1.10 1.16 1.18 1.12 0.97 0.94 0.96 0.75 0.82 0.74

4 MREEEE T, WThOFHI VT3 Ory, Rl 2
DOTRFFIZRRZ LW T IL ) £A & Ory, i # DOk
TSRO T LA ) BAEDO OO M arhTng. =
DESHTH)EAERZ ORGSR HRZE I,
FRMZREE T H 2 b MR BUR B ERE RS O 7L A
VRARZIDZRG ERUTH Y, FEEMRLOEA
BAEREAT L A ) BAD/S—5 4 FlfEEZ b Y B
TR e KA 2 - L8[ TH D (G
AIEA, 20053, b).

73EER

MMEH O HER O FMK 2 4 RISTRT. i,
P (2013) ODF — 4 ERINERTDE 6% 5T — 4 %
AT, HEfEREHRPORENEEROMRZEN R L
72ONHEBXTH 5. ShlsHr L 7=l EEfES RO Hh
—MRRERHER AR ORERE, ZhE TGN T
W= BRSO HEEEREIK (Hiraoka, 1997, 1998) K
D EMelEiZEEr. ZoEWE, H (2013) 2fERL T
W5 K9, RO OISR T S ATREPEA K
1, MMEHOHEZERNE, & EMgOIZE A (3.08-6.00
wt%), FeOlZZ L\ (27.3-31.2 wt%). MMER Z [} T
1%, MMENSO03 7% it $ Mg ( wt%) 125 &Mk 42 78 L
MMENSO1 # » F L OMgOE K. —FF, 7T F4 b
D HRERED, IR EMgOIZZ L < (0.52-1.17 wt%), FeO (
wt%) 1B (30.5-33.7 wt%). 5 13 Xk DR &

LC, MME, w—HIRHEERER S, Th-HRBOIREE
REfERaS, 7774 FONEIZ, MgOAIAD LFeOA Bl
L. R R E RS P ARZERNT, MMERE
R & B A T 22 2857 & &0 ¢, BN Fh—fEURL BEAR
BERTEN S K OMMERZR & OB OMK%ER LT
W3,

TALIVAFA b

F oA U 7253kt (MME - rh—FURBEIR R 22 RE B
(G2) - th—RDK B BHER S (G3)) 1, B §iv &
LTANLXFA MEGED, AL AT 4 b OLFEHMER %
FHSRISRT. W EAERE A OMMEZ & ¢ &G IS
BT, WIhE 4L X F 4 FEMnOIZEE (8.3-13.2
wt%)(H FAER & % & i~ rhE 5 O AER &k
DAL A F A4 b OALEHKIZ DWW T, Tsusue, 1973 ;
Tsusue and Ishihara, 1974 ; Czamanske ef al., 1981 ;
Takagi, 1992 ; HEHE A, 2003 ; 4 5.

8. &
MMEDOEHGETFE (KK 1220WTiE, ZhFEFThkE<
WODKAAEZ 6N TETHS:(1) L AZA L, ()
A, 3) v ~iRGH, 1) THlhLAER (Fershtater
1977 ; Best and Christiansen, 2001 ; Esna—
LZaA4 FEN, TG~ o~ &R

and Borodina,
Ashari et al., 2011).
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Table 5 Chemical compositions of ilmenite of MME and each constituent rock facies of the Tanakami Granite pluton.

In matrix of In plagioclase phenocryst of
Sample G2 Gt MMENS03 P MENS0S
SiO2 (wt%) n.d. 0.06 n.d. 0.07 0.02 0.02 0.28 0.24 0.08 0.04
TiO: 53.70  53.90 5400 54.60 52.30 50.20 53.10 5450 5340 54.00
Al2Os 0.01 0.02 0.02 n.d. n.d. n.d. 0.04 nd. 0.02 0.01
FeO 36.20 35.20 35.80 35.70 4160 4240 36.90 3840 4020 38.30
MgO n.d. 0.02 0.01 n.d. 0.03 0.04 n.d. 0.02 n.d. 0.01
MnO 1250 12.80 1320 13.20 8.30 8.70 11.30 1040 9.00 10.60
Ca0 nd. n.d. n.d. nd. nd. 0.03 0.20 0.20 0.01 nd.
Na:0 n.d. n.d. 0.01 0.01 n.d. n.d. n.d. 0.01 n.d. 0.01
K20 0.01 0.02 0.02 n.d. 0.01 n.d. n.d. 0.01 0.01 0.01
Total 102.40 101.90 103.00 103.50 102.10 101.30 101.30 103.30 102.60 102.90
Atomic proportion (0=8)
Si n.d. 0.00 n.d. 0.00 0.00 0.00 0.01 0.01 0.00 0.00
Ti 1.00 1.00 1.00 1.00 0.98 0.96 0.99 1.00 0.98 0.96
Al 0.00 0.00 0.00 n.d. n.d. n.d. 0.00 nd. 0.00 0.00
Fe 0.75 0.73 0.73 0.73 0.87 0.90 0.79 0.82 0.85 0.83
Mg nd. 0.00 0.00 nd. 0.00 0.00 n.d. 0.00 n.d. 0.00
Mn 0.26 0.27 0.27 0.27 0.17 0.19 0.24 0.22 0.20 0.22
Ca n.d. n.d. n.d. n.d. n.d. 0.00 0.00 0.00 0.00 n.d.
Na n.d. n.d. 0.00 0.00 n.d. n.d. n.d. 0.00 n.d. 0.00
K 0.00 0.00 0.00 n.d. 0.00 n.d. n.d. 0.00 0.00 0.00
Total 2.00 2.00 2.00 2.00 2.02 2.04 2.02 2.04 2.02 2.01
7
& Gtl
6 I~ x X x
x n Gt2
) X% TR 2 Gt3
5 I~ x XX)S( x §><
X
. - fg X%S‘g*é":* x MME
\O % 2"( KX
s 4 r ¥ TR A &
; A X% XN @x& g a -
= X A x¥ 5:?*( a
o X 4 x. *2(- iy '
e 3 ] .. e ... "
E . e e,
n
2 L
1t . ’
* % 4PS “ .
0 I I I I I
24 26 28 30 32 34 36

FeO(wt%)
%13 H EfERERE (Gtl, Gt2, G333 (2013) 12 &k 5 AMHIX ) M UMMEFRERELE/EIZ DWW TO
FeO-MgOZ{LIX].
Fig. 13 FeO-MgO variation diagram for biotites in the Tanakami Granites (Gtl, Gt2 and Gt3 show their facies variation
according Nakano (2013)) and the MME.



WEGHENR 20134 H64E H1/2 5

A L 72 IEE DT RO AMMET & % &9 % (White
and Chappell, 1977 ; Chappell, 1978, 1996 ; Chappell et
al., 1987). L7 L, Barbarin and Didier (1992)%°Vernon
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EETIIF/ENTWDE T — 40~V 7 viRGH & T
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MME®D K K % FER R RS & ORI R A 6 FERE ~
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Wiebe et al., 1997 ; Perugini et al., 2003 ; Barbarin, 2005 ;
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féi~ 7w b (cumulate clot (Dodge and Kistler, 1990 ;
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margin (Donaire et al., 2005)), HFREAH D BES(disrupted
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ns.
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Y OEFOMBEIZ LS. BELKRSMITONE L, 5
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THDHEEZOLNTWS (¥ VIR =magma mingling).
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R EGOIAFROMGEE LTk~ < RA 260
T5.
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ORENEELMETH 5 (Wada et al., 2004 ; EHIFIF
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H EfERAE R IC B W TiE, PR BRER B R G S
rhL DR RS P OMME, & IIRIF
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HTHBZEeNbrs. v/ IRETIE, ERE~Y S~
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Ndhb.
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Fig. 14  FeO-MgO variation diagram for biotites in the

granites around the southern half of Lake Biwa. The plotted data

consist of the data shown in Fig. 13 and the data of the other nearby granite plutons of Hira, Hiei, Yasu and

Shigaraki. An arrow shows a variation trend that is considered to be plausible due to magma differentiation.

72 %) BOKBBS OIRIREAFTOEME T2 2 8N
T&%. MMET LA ) ELIE, BSFHEG % ok

S & B ITRHICa 7R EIR Y A PEIRTHBIL T 5.

MMEHD 7 L7 ) £hid, FRAOIT7TEZEZMAT (v
7 %) BOKBERE THER L 728 O TH D, MMEJEIK
IR THAS. Lk, BIELTWARIERET
N ) BAOHERT Z[MAL, kR RAREE
(Fuhrman and Lindsley, 1988 ; Wen and Nekvasil, 1994)
IZEEDW T2 RADIARE 2 e 2 & (h—HRBEIR
BERHER S & TR RERAEM GO T L) RAD
ek v 7 f & ), MME,  rh—fR SR R
FERHERE, MR R R RER G O 2 RA AR
(isotherm) IV &K 600C TH 5.
wERE S GRIERE) ORMKZAL

FEIOMME O EEGPEI & LT, ARA»E

FNTEANICEHREFOATH 2HPEHETHAS.

3 L, MMERES S A15 5 17=Si0, & (65 %2 Zh
DIF) ThiuE, FEEBRHEO b —F L E—feEplies iz
RohzZ <, Alas MM EEEgm L %5 513
FTEeHFELIOLNS. ANAIERTH % HFIE, AMME
DEPE L~ 722 o OFEFEHDOEN TIE 5L, R
Bu~rvnro0RMEREDEZ LS

WNZAZB.

ik, fERARhOREROIEMR ORI E LT,
K0T vy o KREIEE BERT OMg/Felbid ik
3 (REEEWHERE SRR 2L — 7, 2008). 5
DHEERH T — & (G513 X)) (2 FEEWEL OB A
HOBREROLFEMR M A 22 b L Y F 255141
DERADESITRT I ENTE S, BERHKA 5 HEE
EhaZo—#oz bt Ly FiE, s bR REE
8=y, BHEALERR Y 5 O E X h 3 Z{L b L v
FEEEAEHITH D, AMMEDRKKE & U T ORH &3
EXELEWEEZEZONS.

9. E#M

M EAER SR 2R3 5 rh—HUR SER L2 R E R 5
OMME®D BUE & TORIRRE O EN - SiFm T — 4
i3, FEAMEO DR R ERER S O KIS T ORIk 2
FEIRZHZE L 2358, TORRKE LT, h-RRERE
ERHERAE~ 7~ 6 OFRHSTHE TS 5 & DOfFRE B
TR > L BGNDISIZAZS.

BB RO, EIREE (BEF) A5 0O 1R N
AR AR ARSI o W CH RSB DR 2 3 L 7z



H_EAER AR rh Rk G afas (hEiE)

FCHED N D TH D, F FHH (K 1E, WEK
FHOE RN L WHFMRERE i LT, E
& UTEMPAIZ X B ITEE A 4T > 72, PEERANRA T
RATOTNERKIZIE, 7 F & Act Labtl TOEE K
A IO, XIRBHIER L U T4 O 2
NEnizizniz, B7- 28 BEEI, EERTR S
WEFEr - MR REASH - HEROREREL 2 L — 7 D KHIH
B - e R - BHEAEORKIZE 2k > T2 un T,
Z O, REEEMIERE IR L — T D) 4 KON
7w 24 MIFFRED G 4121, H EIERS K & MMEIZ
DWTHi4 ZRfi A W2 R E RIS T 2 EE L THR
BVz2nz, BETRIK E KRG FRH) 12
1, KO R EREGETIEE IS 1% L Tnz22n
7o, sk, PESEFEANGRRGTITZEAT O VE R AT IRIC & B K28
TEAEREGROMEREL < OFEL ZIHRME V727 RS
KELEEINE. 2O, 7 LEFEOFHIZY -
DEERERD T 07 T LEFHIE T 20 F2,
[l U < PEHELATR A ohE (£ T HRETK
121E, FEROARMO i % 13 C o mEFEEEERICED
KET A BIEHEEW=720 7 DR 4128 < R
Wz LE9.

X B

Alves, A., Janasi, V.A., Simonetti, A. and Heaman, L. (2009)
Microgranular enclaves as products of self-mixing
events : a study of open—system processes in the Maua
Granite, Sao Paulo, Brasil, based on in situ isotopic
and trace elements in plagioclase. Jour. Petrol., 50,
2221-2247.

HAMLEZ (1998) Cooling histories of feldspars in the
Tanakami and Shigaraki granites from the southeast to
Lake Biwa, southwest Japan. W& K2 KFEHEBIE
WFektam S, 1, 62-63.

Barbarin, B. (2005) Mafic magmatic enclaves and mafic
rocks associated with some granitoids of the central
Sierra Nevada batholith, California : nature, origin, and
relations with the hosts. Lithos, 80, 155—177.

Barbarin, B. and Didier, J. (1992) Genesis and evolution of
mafic microgranular enclaves through various types of
interaction between coexisting felsic and mafic magmas.
Trans. Royal Soc. Edinburgh: Earth Sci., 83, 145—153.

FEEWIHE T2 (2001)  EEEWIO AL T TR
WO, FEEWIEYEETFE AR, no.15, 120 p.

Baxter, S. and Feely, M. (2002) Magma mixing and mingling
textures in granitoids: examples from the Galway
Granite, Connemara, Ireland. Mineral. Petrol., 76, 63—74.

Best, M.G. and Christiansen, E.H. (2001) Igneous petrology.
Blackwell Sci., 458 p.

Chappell, B.W. (1978) Granitoids from the Moonbi district,
New England Batholith, eastern Australia. Jour. Geol.
Soc. Australia, 25, 267—-283.

Chappell, B.W. (1996) Magma mixing and the production of
compositional variations within granite suites : Evidence
from the granite of southeastern Australia. Jour. Petrol.,
37, 449-470.

Chappell, B.W., White, A.J.R. and Wyborn, D. (1987) The
importance of residual source material (restite) in granite
petrogenesis. Jour. Petrol., 28, 1111—1138.

Czamanske, G.K., Ishihara, S. and Atkin, S.A. (1981)
Chemistry of Rock—Forming Minerals of the
Cretaceous—Paleocene Batholith in Southwestern Japan
and Implications for Magma Genesis. Jour. Geophys.
Res., 86, 10431—10469.

Dahlquist, J.A. (2002) Mafic microgranular enclaves : early
crystallization frommetaaluminous magma (Sierra de
Chepes), Pampean Ranges, NW Argentina. Jour. South
Amer. Earth Sci., 15, 643—655.

Dodge, F.C.W and Kistler, R.W. (1990) Some additional
observations on inclusions in the granitic rocks of the
Sierra Nevada. Jour. Geophys. Res., 17, 841—848.

Donaire, T., Pascual, E., Pin, C. and Duthou, j.-L. (2005)
Microgranular enclaves as evidence of rapid cooling
in granitoid rocks : the case of the Los Pedroches
granodiorite, Iberian Massif, Spain. Contrib. Mineral.
Petrol., 149, 247-265.

Esna—Ashari, A., Hassanzadhe, J. and Valizadeh, M.-V. (2011)
Geochemistry of microgranular enclaves in Aligoodarz
Jurassic arc pluton, western Iran : implications for
enclave generatio by rapd crystallization of cogenetic
granitoid magma. Mineral. Petrol., 101, 195-216.

Fershtater, G.B. and Borodina, N.S. (1977) Petrology of
autoliths in granitic rocks. Inter. Geol. Review, 19,
458—468.

Fuhrman, M.L. and Lindsley, D.H. (1988) Ternary feldspar
modeling and thermometry. American Mineralogist, 73,
201-215.

FEA W) - FEEEWICE A MR 2 0 — 77 (2000) U
ZoR— ) v a T iEaa oiivahy. HANES
REN07 AN RTHEEHE, 163 p.

A ) - RIFRE - P EPIRGE (20052) HEAEZ 5%
o 7L 1) RO & Z OB, A Ak
R, 34, 1-14.

WA - ARIFFMEG - b B RS (2005b)  BLE S A
il PO s o> 7 v 1 ) R O Bl LA, St ER R
59 117-124.

Hiraoka, Y. (1997) Presumption method for the provenance

of weathered products from granites around southern



WEGHENR 20134 H64E H1/2 5

Lake Biwa, central Japan, based on chemical analysis of
biotite. H'E4E, 103, 1-8.

Hiraoka, Y. (1998) Estimation of the sedimentary source of
biotite in the Plio-Pleistocene Osaka Group,Southern
Kyoto Prefecture,Japan. Journal of Geosciences,Osaka
City University, 41,1-17.

HHEP S - ACEPINIH (2002)  FEERMIREER, R AT
WHER B RO A AL, HEHE, 108, 1-15.

TdE AL (1966)  H 2 bl pE e i as B ER A 125V ¢

Hirpige, wEl&s, 212p.
FIE 5= - A EVERE 2006) PiRE HAERSHO L 7
7 — ZEE 2 BRI HriE = ACRRCE & LR

B IRACAE R A R SRR 2 S, 57, 89-103.

Az = - UGS - SRISBEE (2005) AT EAER
ORI S TR & R TR O %
Hl- W E AT, 56, 93-98.

A LHE - P RR - ThEPIRUE - VIR T - R ER T
(2012) B LAER S A<~ 2 4 PO YL a
v o REIR - JERE - AR - (LR, B AT
%63, 203-226.

Kocak, K., Zedef, V. and Kansun, G. (2011) Magma mixing/
mingling in the Eocene Horoz (Nigde) granitoids, Central
southern Turkey : evidence from mafic microgranular
enclaves. Mineral. Petrol., 103, 149—167.

MR - PGS - PATILE (2008) WEEIL - H 1AE
Fa NS 24 FEOY Y PLRADEE#
T H0BHE, 114, 435-446.

Kubo, K. (1976) Layered structure in the basic intrusive
mass in the aji islet, Miyagi prefecture, northeast Japan.
Journal of the geological society of Japan, 82, 423—440.

APRAML (2000)  FAHRICA (RO ELA RS, H T 3t
kB4, 1no.30, 153-160.

Le Maitre, R. W. (ed.)(2002) Igneous rocks : A classification
and glossary of terms, 2nd edition. Recommendations
of the International Union of Geological Sciences,
Subcommission of the Systematics of Igneous Rocks,
Cambridge University Press, 236 p.

London, D. (2005) Granitic pegmatites : an assessment of
current concepts and directions for the future. Lithos, 80,
281-303.

AR — - hFH235 - IR - B - ShE 0 -
iy R IR (2012) HABIRIZ kO 54
R O OK-ArEAGHE - X R Bt D
Kiligs - RS CPBC3FRE ) —. B AT
4, 63, 291-300.

TEFIRGE (2013) AR AR MR O ME, H4m PR
FCARCE S, Ot B RS e (5 153 O 1B X
). PEARHHE AR S £ 4 —.

Nakano, S. and Makino, K. (2010) Amazonitic alkali feldspar

from the Tanakami Granitic pegmatites, southwest Japan.
Jour. Mineral. Petrol. Sci., 105, 45-56.

Nakano, S., Makino, K. and Eriguchi, T. (2001) Microtexture
and water content of alkali feldspar by Fourier—transform
infrared microspectrometry. Mineral. Mag., 65, 675—683.

rhEPIRGE - T RS - E TR 2006)  H_EAER S AT
DOFORZE. WHERBEAE (AR, 56, 35-49.

rREPIE - N3RS - LA - KBRS S - mAT— - )
PR - ARTC (2003) K b3 oD 3B 3t
TEREv 42—, 83p.

VaYE - A - NFYI B - (HESRER - MR E
(1991)  WHHACERH,  Bat I B PRREM T & B 2,
VEE L EPRGE, REIL AR ORGEIA T, 387-422.

VI —KE - 9y B /NS B - (HEER ik —f5 -
VEIREFRA (1979)  WIHGURCE S, WEH F ARBRIE T 7E
2, WHROBR REi AN, WE
WL PR TRAERT S, 387-422.

VG —5f - Va8 W NI B - (B - RISIEN -
AL - FIIEN (1983)  WIERHGRCE B KU O
WEZOWT, AL, 77, 51-64.

KEE (2002) W EMSGOXT <24 L EEY-HA
DT 24 MEM 2O 1= IR Y
fii, 20p.

Perugini, D., Poli, G., Christofides, G. and Eleftheriadis, G.
(2003) Magma mixing in the Sithonia Plutonic Complex,

(it

Greece : evidence from mafic microgranular enclaves.
Mineral. Petrol., 78, 173—200.

Platevoet, B. and Bonin, B. (1991) Enclaves and mafic—
felsic associations in the Permian alkaline province of
Corsica, France : physical and chemical interactions
between coeval magmas. In Didier, J., Barbarin, B.
(eds.) Enclaves and granite petrology, developments in
petrology 13. Elsevier, Amsterdam, 191—204.

Pupier, E., Barney, P., Toplis, M.J. and Bussy, F. (2008)
Igneous layering, fractional crystallization and growth
of granitic plutons : the Dolbel Batholith in SW Niger.
Jour: Petrol., 49, 1043—1068.

Rakovan, J., Ono, M. and Francis, C.A. (2009) Tanakamiyama.
Rocks & minerals, 84, 520—527.

IREHMASL - B AIAL(1993)  FEEE 1% 0 B 0] 9 i AC BRAR
fEE B A R OK-ArE-ERa - L e vtk
Al - HEME, 99, 975-990.

IREAMESL - B4 ETEHE - FAA—EB - B2HF58i - IS -
JRFEEWITER S FIRIIR L — 7 (1994)  EEEWIR
E BRI B S B A R SR — v Fa v
B M, 100, 217-233.

Sergi, A. (1997) Mafic microgranular enclaves from the Xanthi
plton(Northern Greece) : an example of mafic—felsic

magma interaction. Mineral. Petrol., 61,97—117.



H_EAER & R rh oMK G (REHE )

Shin, Ki—C., Kurosawa, M., Anma, R. and Nakano, T. (2009)
genesis and mixing/mingling of mafic and felsic magmas
of bacK-Arc granite : Miocene Tsushima Pluton,
southwest Japan. Resour. Geol., 59, 25-50.

Slaby, E. and Gotze, J. (2004) Feldspar crystallization
under magma—mixing conditions shown by cathode
luminescence and geochemical modeling—a case study
from the Karkonosze pluton (SW Poland). Mineral.
Mag., 68, 561-577.

Slaby, E., Gotze, J., Gerhard Worner, Klaus Simon, Roman
Wrzalik, Michal Smigielski (2008) K—feldspar
phenocrysts in microgranular magmatic enclaves : A
cathode luminescence and geochemical study of crystal
growth as a marker of magma mingling dynamics.
Lithos, 105, 85—97.

}%?%iﬁﬂ%rﬁ%‘lﬁiﬁﬁ% Zv— 7 (1982) FEEWIE

fEhd & B G R B 7 o e s - WH
%E, 88, 289-298.

JREEE WA AR ZE 2L — 7 (1997)  EEEWHIRI O
8 92 BEAR-Z D4, HRIIBLOIEZ 5 A I
EkBl, 51, 188-198.

JRIFEEIE R S AR 2L — 77 (2000)  FEEHIEL O
6T 5 BEAE -2 s, M EHIROIET 5 B
kB, 59, 380-392.

JE FEEEWIAE R AR ZE 27 0 — 77 (2005) 81532
DAL 5 HHEER-Z D6, THIEZ 5 4. HERF
%, 59, 89-102.

JREEEE I S AR 2L — 77 (2008)  LalfER Atk
DR & F A LA B I B 5 2 A0E D .
B, 114, 53-69.

Sun, S.—s. and McDonough, W.F. (1989) Chemical and
isotopic systematics of oceanic basalts: implications for
mantle composition and processes. /n Saunders, A.D. and
Norry, M.J., eds., Magmatism in the ocean basins (Spec.
Publ. Vol. Geol. Soc. Lond., no.42), 313-345.

It 5eiE - IRIIESA (1999)  FEEWMIACAHES, #BImHR
FCH A ILAE R G k. B AR OK o Ml Bk B I B 55 27 b
W, 18, 69-84.

Takagi, T. (1992) Mineral equilibria and crystallization
conditions of Ukan Granodiorite (ilmenite—series) and
Kayo Granite (magnetite—series), San’yo Belt, Southwest
Japan. Jour. Geol. Soc. Japan, 98, 101—124.

PrAE— - S - ThEFRUE (1977) SRR
N d i 2 ERBEAE RS O M ERTHD FE L. HERFY
%, 31, 130-131.

Tsusue, A. (1973) The distribution of manganese and iron
between ilmenite and granitic magma in the Osumi
Peninsula, Japan. Contrib. Mineral. Petrol., 40, 305-314.

Tsusue, A. and Ishihara, S. (1974) The iron—titanium oxides in
the granitic rocks of Southwest Japan. Mining Geol., 24,
13-30. (in Japanese with English abstract)

Vernon, R.H. (1984) Microgranitoid enclaves : Globules of
hybrid magma quenched in a plutonic environment.
Nature, 304, 438—439.

Vernon, R.H. (1990) Crystallization and hybridism in
microgranitoid enclave magmas : microstructural
evidence. Jour. Geophsy. Res., 95, 849—859.

Wada, H., Harayama, S. and Yamaguchi, Y. (2004) Mafuc
enclaves densely concentrated in the upper part of
a vertically zoned felsic magma chamber : The
Kurobegawa granitic pluton, Hida Mountain Range,
central Japan. Geol. Soc. Amer. Bull., 116, 788—801.

Wen, S. and Nekvasil, H. (1994) Solvcalc : an interactive
graphics program package for calculating the ternary
feldspar solvus and for two—feldspar geothermometry.
Computer & Geosciences, 20, 1025—1040.

White, A.J.R. and Chappell, B.W. (1977) Ultrametamorphism
and granitoid genesis. Tectnophys., 43, 7-22.

Wiebe, R.A., Smith, D., Strum, M., King, E.M. and Seckler,
M.S. (1997) Enclaves in the Cadillac Mountain Granite
(Coastal Maine) : samples of hybrid magma from the
Base of the Chamber. Jour: Petrol., 38, 393—423.

GEANSFHRAC - IR - SRIHANZ (2012)  (LiFET SRR
RIS o3 A3 2 IR fo & OB VBB R 5 0 KR
WHE). HEUME, 118, 20-38.

(% fF:20124E7H1LH s 2 PE:20134E322H)



Bulletin of the Geological Survey of Japan, vol. 64 (1/2), p. 51 - 57, 2013

Article

Distribution of some ore metals around
the Mau Due stibnite deposits, northernmost Vietnam
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Abstract: Soil and stream sediments were studied geochemically around the Mau Due ore deposits of the
northernmost Vietnam. The ore deposits are fracture-filling type occurring in Devonian sediments com-
posed mainly of impure calcareous sediments. The chemical elements brought up by the mineralizations
are mainly S and Sb, and small amount of As and base metal. The analyzed surface samples were col-
lected in the wet season (May to September) and the dry season (October to April).

Sb contents of surface materials are sporadically high in the soil samples, and have smaller variation in
the stream sediments than in the soil samples. Sb contents of the soil of the wet season, 932 ppm Sb in the
average, are higher than the average of 342 ppm Sb of the dry season. The Sb contents are much higher in
the stream sediments, averaged as 2,536 ppm in the wet season and 2,504 ppm in the dry season.

Generally speaking, As contents of the soil are positively correlated with Sb contents, but the amounts
are much lower than the Sb contents, averaged as 29 and 26 ppm in soil of the wet and dry seasons, re-
spectively, but higher as 68 and 67 ppm in the stream sediments. These abundance data of Sb and As are
best explained by both elements are present finest grained sulfides in the soil and river sediments. The
Devonian host rocks may be originally high in the Sb contents, as compared with the Japanese eugeosyn-

clinal sediments.

Keywords: Mau Due mine, stibnite, heavy metals, pollution, Vietnam

1. Introduction

Antimony is concentrated in many hydrothermal ore
deposits of simple stibnite type and complex sulfide-
sulphosalts type, and its production is heavily depen-
dent upon the stibnite type in sedimentary terrain in the
Xikuangshan area, Hunan province of China, which
produces 83-90 % of the world production in the past
five years (Ishihara and Ohno, 2011). The element is
considered as a good geochemical marker for antimony
ore deposits, particularly of the sulfide-sulphosalt type
(Boyle and Jonasson, 1984).

Soils and stream sediments around given antimony
ore deposit have been polluted by the ore metals, es-
pecially of antimony and arsenic (Flynn et al., 2003;
Murciego et al., 2007).

In one case of mesothermal antimony deposits, the
stibnite can contain up to 5,000 ppm As. Together with
common occurrence of arsenopyrite and arsenian pyrite,
dissolution of these minerals causes strong contamina-
tion of antimony and arsenic into the soil, stream sedi-

ments and plants of the antimony mining area (Ashley
et al., 2003; Murciego et al., 2007).

In the largest mineralized area of the Hunan province,
Wang et al. (2010) examined 10 heavy metals (Sb, As,
Cd, Cr, Cu, Hg, Mn, Ni, Pb and Zn) of the surround-
ing agriculture soils in the mining region, and found
that the strongest contamination on Sb (236 times), Cd
(52 times), Hg (14 times), and As (3.1 times), Zn (2.9
times) and Pb (2.5 times), in which cadmium concen-
tration is rather unusual.

In this paper, reconnaissance geochemical work has
been done around the Mau Due stibnite mine area. This
mine is located at a part of mountainous region, 300 to
1,000 m above sea level, in the northernmost part of
Vietnam (N23°04'24"”, E105°15'10"”, Fig. 1), and are
very close to the In-bearing Sn-Pb-Zn deposits of Du
Long mine, China (Ishihara et al., 2011). The Mae Due
mine area is composed of two distinct seasons; wet and
hot summer, and dry and cool winter. Average rainfall
is 1200 to 1800 mm in a year, in which majority (73-81%)
falls in the rainy season of May to September.
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Fig. 1 Index map for the Mau Due mine occurring in the sedimentary terrain of the South China plate.

2. Geological background

Northeastern side of the Red River Fault in the north-
ern Vietnam is essentially Paleozoic-Mesozoic sedi-
mentary terrain intruded by Mesozoic granitoids. Small
fracture filling-type antimony deposits are known at
Lang Vai mine of the central part (500 tons Sb metal,
1986-1992), and Khe Chim, Duong Huy, and Dong Mo
localities. In the northernmost part of Ha Giang prov-
ince, an open pit mining was initiated in 1993 and is
called Mau Due mine. A refinery was set up in 2002,
and the mine produces annually 100 tons Sb metal
since then.

This mine area is underlain by the Devonian Na
Quan Formation (D1-2nq) of about 500 m thick, con-
sisting of limestone alternated with carbonaceous shale
and black shales (Tran Xuyen, 2001). The limestone is
usually dolomitized. Other Devonian strata of the Toc
Tat Formation (D3tt) comprise fine-layered silicic lime-
stone alternated with silicic shale, shale, and carbona-
ceous shale. The thickness is about 300 m.

The Song Hien Formation (T1sh) is most widely dis-
tributed in the mine area. It is composed of sandstone,
black shale and sericitic shale. The thickness is about
300 m. Quaternary sediments (Q) are distributed along
the Nam Tam river, and are composed of pebbles, sand
and clay.

3. Mineralization at Mae Due mine

Devonian sediments of the Na Quan Formation (D1-
2nq) which have been folded with NNE-SSW axes
and cut by the same NNE-SSW faults, host the stibnite
deposits. The stibnite mineralizations are seen along
the NNE-SSW structures, and are divided into three
orebodies as I, II and III from the west to east.

The orebody I is 350 m long with the width of 3.7 m
and dip of 70°W, and average grade of 10.3 % Sb. The
orebody II is 410 m long, 10.1 m wide dipping 40-70°
west. The average grade is 11.2 % Sb. The orebody III
is 200 m long, 4.1 m wide, dipping 70° east. The aver-
age grade is 13.6 % Sb. These orebodies are mostly
composed of quartz (20-70 %) and small amounts of
calcite. The ore minerals are stibnite, and very small
amounts of pyrite, arsenopyrite, sphalerite and berthier-
ite. At the top of the orebodies, such secondary miner-
als as valetinite and lewisite may occur together with
limonite.

Some ore components are analyzed for total carbon
and sulfur by infrared method, and Fe, Sb, As, Se,
Mo, Cu, Pb, Zn, Cd, Bi, Mn, Co, and Ni by ICP-MS
methods on the ores and wastes of the Mau Due mine,
and the results are listed in Table 1. The antimony ores
only dominant in Sb, S, and Se, while other ore ele-
ments such As, Cu, Pb, Zn, Ni, Co, and Mo are rich in
the wastes, implying that these elements are marginal
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Table 1  Selected ore components of the ores and wastes of the Mau Due mine.

No. Sample no. & samples Al Fe Total S Total C Sb As Se Mo Cu Pb Zn Cd Bi Co Ni Mn

Detection limit 0.01% 0.01% 0.01% 0.01% 0.1 01 01 0.1 02 05 02 01 0.02 0.1 0.5
102 MD2-Qf, Sb ore, dry 0.44 0.02 28.00 0.65 176,000 17.5 153 1.5 39 <05 42 07 009 <01 0.8 3
103 MD2-Q2. Sb ore, dry 1.1 0.06 23,70 0.25 154,000 16.8 115 <0.1 28 <05 41 08 0.1 <0.1 0.5 5
Average(n=2) 0.78 0.04 25.85 0.45 165,000 17.2 134 0.8 34 <05 42 08 0.1 <0.1 0.7 4
104 MD2-BT1, waste, dry >10 5.45 2.03 2.44 232 733 92 97 961 404 321 22 075 211 994 873

105 MD2-BT2, waste, dry 6.03 2.86 0.04 0.08 472 201 19 17 549 353 775 05 041 249 419 992
106 MD2-BT3, waste, dry 8.16 9.17 1.32 19.6 1200 18.8 4.7 24.4 118.0 7.3 334 <0.1 0.07 45 123 421
107 MD2-BT4, waste, dry 6.09 10.6 1.37 129 13500 4.7 48 24 1230 11.2 547 0.2 02 594 185 317

99 MD-BT6, waste, wet 7.44 3.68 0.04 2.58 437 221 25 40 601 286 125 0.2 0.52 94 354 299
101 MD-BT7, waste, wet 6.69 4.21 0.03 1.09 71 329 39 54 620 260 73.1 <01 0.6 36 268 167
100 MD-BT8, waste, wet 6.19 3.19 0.37 1.39 148 465 63 6.2 456 215 805 03 041 43 377 303

Average(n=7) 7.23 5.6 0.74 573 2,168 312 48 7.7 800 243 109 05 042 24 785 482

* Analytical unit is ppm, unless otherwise noted.
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Table 2 Selected ore components of the soil samples of the wet and dry seasons.

Sample no Ai Fe Sb As Se Mo Cu Pb Zn Cd Bi Co Ni Mn
1 MD-D1 wet >10 3.69 2700 317 23 3.8 429 346 635 02 06 32 249 96
2 MD-D4 >10 6.44 49 617 29 41 718 949 224 05 1.0 308 775 3160
3 MD-D5 6.66  3.37 28 32.1 1.3 41 606 432 225 05 06 157 4941 2000
4 MD-D6 829 373 19 243 26 34 534 254 136 01 05 33 275 266
5 MD-D7 2.91 2.60 393 215 21 36 342 275 67 02 04 40 218 188
6 MD-D8 459 355 10 172 19 35 489 271 848 01 04 120 307 488
7 MD-D9 940 471 13 178 29 52 752 350 123 02 06 209 381 936
8 MD-D10 >10 4.92 100 241 36 6.3 104 346 201 02 07 267 555 2560
9 MD-D11 823 422 7300 138 34 12 721 372 148 05 06 209 441 1590
10 MD-D12 750 379 1100 220 35 36 588 373 113 04 05 283 446 1340
11 MD-D13 718 347 5500 23.0 4.1 1.8 89.5 349 159 12 05 269 705 1350
12 MD-D14 0.07 457 90 21.0 29 6.0 101 331 147 02 06 233 486 2060
13 MD-D15 838 410 7600 117 22 1.0 71 332 105 03 05 242 447 1130
14 MD-D16 3.15 252 50 111 36 55 873 319 115 04 04 264 540 1360
15 MD-D17 6.90 448 261 305 90 91 103 312 114 03 05 332 443 1130
16 MD-D18 7.51 3.51 41 473 23 210 747 312 132 03 05 138 797 331
17 MD-D19 >10 3.74 3 93 28 32 747 286 647 02 06 229 551 457
18 MD-D20 8.12  3.97 80 298 28 22 549 546 335 3.0 06 452 106.0 2240
19 MD-D21 >10  4.26 45 347 20 25 509 445 123 03 06 200 379 921
20 MD-D22 6.54  3.03 1 68 15 <0.1 46 288 121 04 04 157 438 677
21 MD-D23 >10  6.67 33 495 16 21 765 695 211 04 09 235 656 1240
22 MD-D24 >10 7.28 9 801 24 66 739 687 231 09 1.0 308 103.0 3670
23 MD-D25 7.70  4.06 6 246 21 32 58 352 148 03 05 228 56.2 908
24 MD-D26 287 276 19 102 16 23 413 230 105 04 03 141 443 790
25 MD-D27 6.67 3.52 26 235 20 1.7 436 473 183 13 06 229 677 1200
26 MD-D28 8.18 4.20 239 286 19 12 501 738 175 05 0.7 19.9 470 1550
27 MD-D29 >10 5.55 81 453 1.8 44 624 876 192 03 09 271 60.3 2350
28 MD-D30 >10 5.26 46 599 15 6.7 585 521 216 02 08 212 460 2060

Average >7.53 4.1 923 29.0 27 43 657 431 152 05 25 214 533 1359
29 MD2-D1, dry 415 435 24 327 38 70 682 262 866 <01 07 40 291 187
39 MD2-D2 8.01 3.59 113 471 34 741 52 302 605 01 08 22 218 127
30 MD2-D3 >10  6.02 22 319 16 18 739 820 201 02 09 273 610 2300
40 MD2-D4 735 317 44 218 26 4.7 56.1 321 999 03 05 39 273 128
41 MD2-D5 >10  4.07 12 251 39 7.6 537 383 861 <01 06 16.0 343 439
42 MD2-D6 >10 5.24 10 233 30 6.3 762 340 109 03 06 391 49.4 1080
31 MD2-D7 >10  3.27 15 162 23 6.7 46.7 499 113 02 06 262 381 780
43 MD2-D8 246  3.58 147 155 20 4.2 899 344 166 04 05 291 44.9 2370
44 MD2-D9 6.84 449 469 153 35 35 82 376 125 02 06 387 377 2340
32 MD2-D10 818 504 3300 243 33 43 842 372 133 03 0.6 208 441 989
45 MD2-D11 779 368 4700 175 28 28 66.6 321 118 05 05 18.1 51.5 692
46 MD2-D12 >10 4.34 200 358 16 4.0 363 56.0 139 05 0.7 184 469 1720
33 MD2-D13 746  4.59 61 239 29 12 676 362 190 05 06 249 583 1610
47 MD2-D14 826 3.70 23 185 35 66 70 338 884 03 06 151 43.2 1050
48 MD2-D15 >10 4.94 187 184 44 91 136 502 269 1.7 0.7 67.9 169.0 4010
34 MD2-D16 8.09 329 85 164 58 51 844 326 140 06 08 262 60.6 1650
49 MD2-D17 9.78  5.61 19 187 22 39 626 256 86.7 <01 06 49 36.0 185
50 MD2-D18 596 4.12 15 136 20 43 579 30.7 586 <01 05 59 378 161
51 MD2-D19 4.11 2.78 33 478 21 7.2 7841 323 145 05 05 213 68.0 1680
52 MD2-D20 6.89 3.19 89 428 21 151 695 312 141 03 05 193 682 867
35 MD2-D21 6.58 3.58 13 487 22 16.3 935 324 162 05 06 182 4138 871
53 MD2-D22 8.19  3.77 96 323 38 1.7 872 414 213 22 08 247 767 1470
54 MD2-D23 6.36  3.06 29 199 12 47 386 334 828 04 03 184 480 1820
55 MD2-D24 >10 3.84 65 184 39 82 66.7 425 109 02 08 246 457 1580
56 MD2-D25 8.27 453 42 229 22 42 54 334 123 03 05 27.0 439 1020
57 MD2-D26 7.78 359 132 257 22 13 509 416 139 07 05 178 481 1130
58 MD2-D27 772 377 27 172 20 56 421 385 115 02 05 114 304 452
36 MD2-D28 6.00 294 17 133 1.7 1.1 4041 346 106 05 04 155 417 1290
37 MD2-D29 278 321 27 136 13 28 511 257 105 04 04 182 458 1560
38 MD2-D30 6.78 3.5 35 233 21 32 548 376 158 05 05 196 456 1340
61 MD3-D8 6.03 20.20 1200 55.0 17.2 10.7 110 254 1360 3.0 0.2 301 121.0 873
59 MD3-D11 710 294 22 147 16 1.7 458 694 177 08 06 229 583 1080
62 MD3-D14 6.60 3.36 4 126 1.7 1.7 475 757 133 05 05 16.1 423 711

Average >7.44 440 342 250 31 53 665 392 168 05 06 21.0 520 1199
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Table 3  Selected ore components of the stream sediment samples of the wet and dry seasons.
Sample Nos. Al Fe Sb As Se Mo Cu Pb Zn Cd Bi Co Ni  Mn
63 MD-TT1, wet 9.27 4.52 13 339 24 441 81 288 146 02 05 209 553 690
64 MD-TT4 >10.0 4.37 344 69.2 7.0 49 133 613 466 3.2 0.6 33.7 154.0 1740
65 MD-TT5 8.29 4.22 336 771 63 55 102 546 340 23 0.5 22.0 117.0 1330
66 MD-TT6 9.03 4.53 4000 86.2 7.6 10.7 927 442 264 22 05 313 129.0 1860
67 MD-TT7 920 442 4200 88.0 9.9 16.6 101 458 252 2.1 0.5 19.8 108.0 1100
68 MD-TT8 6.24 3.87 3400 736 64 7.2 105 479 322 23 0.5 282 123.0 1500
69 MD-TT9 7.68 422 3700 763 7.7 117 100 384 331 23 04 27.4 126.0 1420
70 MD-TT10 9.86 425 3700 76.0 6.5 128 98 53.0 274 22 05 27.6 120.0 1810
71 MD-TT11 852 422 4100 70.2 6.8 95 101 431 282 23 05 27.7 121.0 1520
72 MD-TT12 920 422 380 688 64 7.0 105 50.1 343 22 05 27.7 126.0 1640
73 MD-TT13 9.40 439 3300 763 6.2 124 114 517 411 20 06 309 129.0 1370
74 MD-TT14 921 439 3200 70.3 7.3 117 119 56.0 460 2.7 06 350 157.0 1640
75 MD-TT15 >10.0 4.53 3400 73.8 6.1 11.8 983 47.7 261 1.6 06 256 107.0 1520
76 MD-TT16 937 434 215 216 54 03 686 784 214 16 0.7 276 78.6 2360
77 MD-TT17 6.29 3.92 337 60.7 6.3 53 914 352 324 29 0.5 359 138.0 1300
Average >8.58 4.29 2536 68.1 6.6 8.8 1007 49.1 313 2.1 0.5 281 119.0 1520
78 MD2-TT1, dry 1.90 4.62 456 916 73 86 664 334 921 04 06 4.0 443 250
85 MD2-TT2 7.53 571 1800 74.3 4.2 224 155 63.2 537 22 0.6 38.3 153.0 1960
86 MD2-TT3 7.34 425 11900 90.6 10.6 7.6 951 484 221 24 07 188 97.7 1060
87 MD2-TT4 8.76 6.83 2000 70.0 69 199 865 484 232 1.0 05 183 93.6 1070
88 MD2-TT5 7.86 513 2500 71.8 55 19.6 911 547 219 14 05 222 919 1350
89 MD2-TT6 803 6.30 2600 76.8 6.3 16.8 654 464 200 1.0 0.6 14.8 74.1 854
90 MD2-TT7 7.78 459 3500 784 6.7 17.3 86 112.0 208 1.4 0.5 26.1 102.0 1500
91 MD2-TT8 841 644 2600 72.4 6.8 16.6 783 447 240 1.3 05 198 925 1180
92 MD2-TT9 6.89 415 3300 711 6.0 127 954 50.3 205 1.4 05 217 101.0 1220
79 MD2-TT10 9.95 493 2600 84.0 59 223 127 76.0 287 14 0.7 253 128.0 1890
93 MD2-TT11 261 341 3300 756 4.9 195 854 558 217 1.3 04 222 884 792
94 MD2-TT12 415 3.92 3500 761 58 130 81 392 234 19 0.5 280 1040 1320
95 MD2-TT13 9.80 499 2800 819 57 256 112 701 271 11 0.7 22.0 112.0 1800
90 MD2-TT14 894 956 2300 728 7.2 175 103 488 536 1.5 0.6 41.7 138.0 1050
96 MD2-TT15 752 426 2600 747 57 19.8 109 532 308 1.8 0.5 332 1250 1700
81 MD2-TT16 7.28 6.23 2300 644 53 10.7 932 476 738 3.2 0.5 52.7 142.0 1440
97 MD2-TT17 825 740 2200 653 6.6 127 952 487 979 44 05 956 214.0 2020
82 MD2-TT18 416 2.08 164 135 09 07 221 235 641 02 03 96 239 682
83 MD2-TT19 6.01 275 135 213 1.7 27 355 311 145 0.7 04 168 417 774
84 MD2-TT20 468 244 789 163 17 21 339 240 159 07 0.3 19.0 476 622
98 MD3-B6 (MD3-TTE€ 2.23 3.60 949 594 64 123 885 282 552 43 05 244 161.0 921
Average 6.67 4.93 2504 66.8 56 143 859 49.9 316 1.7 0.5 27.4 103.6 1212

* Analytical unit and detection limits are the same as those in Table 1.

to the main antimony mineralization. Another charac-
teristic is very low Al contents and high stibnite com-
ponents, implying all the feldspars of the original rocks
were replaced by stibnite. The mineralized fluids must
have been strongly enriched in sulfur and antimony.

4. Ore components in soil and stream sediments

Localities of the studied samples are shown in Figs.
2 (wet season) and 3 (dry season). Chemical analyses
of the soil and stream sediments were listed in Tables 2
and 3. Stream sediments of Table 3 are listed from the
upper stream side to the down stream side. Therefore,
the contents increase to the orebody site, then decrease
downward.

The stream sediments have smaller variation than the
soils in the contents, which is largely due to homogeni-
zation in the water relative to the soil samples, as best
shown by Sb contents. The samples were also grouped
into those taken in the wet season of May to September

and the dry season of October to April. Compared with
the average values of the two seasons, antimony seems
to be predominant in the wet-season soil samples (932
ppm vs. 342 ppm). On the other hand, molybdenum is
definitely higher in the stream sediments of the dry sea-
son (14.3 ppm vs. 8.8 ppm Mo).

Antimony of the soil is sporadically high due to mix-
ing of high-grade ores, but the high values are lowered
in the stream sediments (Fig. 4A), which is considered
resulted from mechanical mixing of other rocks dur-
ing sedimentation. Arsenic has a positive correlation
with antimony in general, implying both the elements
were essentially derived from the mineralized rocks as
sulfides. However, the amounts are higher as 67 ppm
As (average) in the stream sediments, than the soil of
27 ppm As (average), thus arsenic is considered con-
centrated as finest grained arsenopyrite in the stream
sediments.

Sporadic high values are found in the soils of the wet
season and also the stream sediments of the wet season.
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Fig. 4 Variation diagrams of the selected ore components.

A positive correlation of antimony and arsenic of the
sediments is unclear on the soil samples (Fig. 4A). Ar-
senic and copper have broadly positive correlation (Fig.
4B), and stream sediments show higher values in both
the elements relative to the soil samples. Lead of the
soil samples have a narrow range between 20 and 100
ppm, but zinc contents are scattered especially on those
of dry season (Fig. 4C). Thorium and uranium show
unique variations. Thorium of wet and dry seasons soils
have a good positive variations with uranium. Uranium
of sediments is, however, enriched, especially on those
of dry season (Fig. 4D), indicating secondary concen-
tration in the element.

5. Geochemical setting
of Sb-mineralized terrain in Japan

Antimony deposits in Japan are best concentrated in
sedimentary terrains of the Outer Zone of Southwest
Japan. They are quartz vein or fracture-filling types
with simple ore mineralogy of stibnite with quartz. This
kind of ore deposits are best concentrated in western
Shikoku, where the famous Ichinokawa deposits are lo-
cated (Ishihara, 2012). The antimony deposits occur in
the Sanbagawa metamorphic belt and southward of the
Shimanto sedimentary terrains. Antimony contents of
these metamorphic and sedimentary rocks were exam-
ined by the same analytical method as of the Mae Due
samples, and found to have the following range and
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average values of antimony:
Sanbagawa metamorphic rocks (n=3): 0.2~0.9 ppm.
Average 0.5 ppm Sb.
Chichibu-Sanbosan, Sandstone (n=4): <0.1~2.9 ppm.
Average 0.9 ppm Sb,
Shale (n=6): <0.1~5.4 ppm. Average 1.0
ppm Sb.
Shimanto Belt, North, Sandstone (n=2): <0.1~2.2
ppm. Average 1.1 ppm Sb,
Shale (n=7):<0.1~5.2 ppm. Average 1.2 ppm Sb.
Shimanto Belts, South, Sandstone (n=6): <0.1~1.6
ppm. Average 0.6 ppm Sb,
Shale (n=6): <0.1~2.6. Average 0.9 ppm Sb.
The same set of sedimentary rocks is not available
in the Mau Due mine area. But the soils of nos. 4, 6, 7
and 8 are located in un-mineralized area at northeastern
side of vein III, and they have the range of 10 to 100
ppm Sb and average of 36 ppm Sb (n=4). Thus, Devo-
nian sediments of north Vietnam, which are supposed
to be continental in origin, appear to be one or two or-
der of magnitude higher in trace amounts of antimony
than eugeosynclinal sediments of western Shikoku of
the Japanese Islands.

6. Conclusions

Soils and stream sediments around the Mau Due stib-
nite deposits were geochemically studied together with
some ores and mineralized wastes. The mineralization
brought up largely stibnite components. The host sedi-
ments seem to have enriched Sb contents, as compared
with eugeosynclinal sediments. Pollution due to As
and base metals around the ore deposits is found to be
weak.
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