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Abstract: The pegmatite deposits at the Umanotani-Shiroyama mine, the largest producer of K-feldspar
and quartz in Japan and characterized by a simple mineralogy, dominated by quartz and K-feldspar with
minor muscovite and plagioclase, are hosted in the ilmenite-series Masago Granite. The ore zones are
classified into the following three zones based on the distance from the host granite inwards: (1) marginal;
(2) transitional; and (3) central ore zones. Crystal grain size increases in this order with the resultant oc-
currence of gigantically grown crystals of quartz in the central ore zone. The evidences presented here
reveal that the pegmatite deposits were formed during the latest stage of crystallization and differentiation
of the granitic magma being responsible for the Masago Granite. They include:(1) close temporal and
spatial association of the granite and the pegmatite deposits (about 95 to 90 Ma), (2) common occurrence
of macroscopic “graphic intergrowth” displayed by quartz and K-feldspar in orebodies, (3) common oc-
currence of melt inclusions trapped in “ore quartz” and “ore K-feldspar”, (4) common occurrence of per-
thites observed in “ore K-feldspar” and (5) inheritance of oxygen isotopic signature, especially of quartz,
from the surrounding biotite granite. The 8'°O values of quartz, whether in the related igneous rocks or in
ores, are almost the same, around +12 %o, while those of K-feldspar in the igneous rocks is around +11%o
and those in ores are significantly depleted in '*O, about +7 to +8 %o. It might be due to the difference in
the exchange reaction rate of oxygen between quartz and K-feldspar. Abundant two-phase (liquid+gas)
fluid inclusions are trapped in “ore quartz” and “ore K-feldspar™, as well as in the related igneous rocks.
Their presence strongly indicates that hydrothermal fluids, possibly admixture of magmatic fluids released
from the Masago Granite and circulating meteoric water, entered to the magmatic-hydrothermal system
and circulated through the orebodies mainly during the later phase of the pegmatite formation. Measured
homogenization temperatures of two-phase inclusions trapped in “ore quartz” are in the following ranges:
250 to 400 °C in the marginal ore zone; 230 to 370 “C in the transitional ore zone; 240 to 340 C in the
central ore zone. Also suggested is that late circulation of hydrothermal fluids lasted for not so long time
as to affect the 5'°0 values of quartz within the magmatic-hydrothermal system, resulting in escape of the
fluids from the system through ubiquitously observed quartz+muscovite veins and fissures.
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1. Introduction

The pegmatite deposits at the Umanotani-Shiroyama
mine are located in Masuda City, Shimane Prefecture,
Southwest Japan. This mine is the largest producer of
quartz and K-feldspar in Japan with reserves of more
than 1 million tonnes of ore (unpublished mine’s data).
The pegmatites are hosted in ilmenite-series biotite
granite, called Masago Granite, occurring as a discor-
dant pluton. They are typically characterized by the
following features: (1) very simple mineral assemblage,
mainly K-feldspar + quartz; (2) absence of internal
mineral zonation; (3) absence of biotite, fluorite, gem
minerals, including beryl, garnet and tourmaline, and
strategic materials, including lithium, tantalum and
beryllium; and (4) very low contents of fluxing compo-
nents, such as boron, phosphorus, and fluorine, as well
as REE or other rare elements.

Although granitic pegmatites have widely been stud-
ied in the world (e.g., Cerny, 1982; Brown and Ewing,
1986; Jahns, 1982; London, 1992, 1996), there have
been very few studies in Japan. Recently, granitic
pegmatites at the Kanamaru mine, Niigata Prefecture,
Central Japan, were discussed based on mineralogy,
petrochemistry, oxygen isotope composition, and K-Ar
age determination (Nanbu et al., 1997; Ishihara et al.,
1998). More recently, the present authors have estab-
lished a temporal association of a series of felsic mag-
matic events with pegmatite formation at the Umano-
tani-Shiroyama mine by using K-Ar datings (Kihara
et al., 2005). No other important mineralogical and
geochemical data, however, have so far been published.

In order to reveal the genesis of he Umanotani-
Shiroyama pegmatite deposits, we here document their
geological, petrographical, and geochemical characteris-
tics, based on field observation, mineralogy, chemistry,
fluid inclusion microthermometry, and oxygen isotope
analysis.

2. Geological setting

2.1 Regional geology

The geology of the Masuda district (Fig. 1), which
includes the Umanotani-Shiroyama mine and its sur-
rounding area, is composed of the oldest rock units
of the Sangun metamorphic rocks, called the Misumi
Group, including Permian-Triassic phyllite, sandstone,
chert and green rock, which have underwent high pres-
sure/low temperature-type regional metamorphism,
resulting in the formation of crystalline schists. The
Early Mesozoic sedimentary rocks, called the Kano-
ashi Group, characterized by a mélange facies, includ-
ing Triassic to Jurassic chert and normal clastic rocks
with upper Paleozoic limestone, have fault contact
with the Sangun metamorphic rocks. These rocks are
unconformably overlain by Late Cretaceous subaerial
pyroclastic rocks of rhyolitic composition. The Late

Cretaceous granitic rocks intruded into these rocks and
produced thermal metamorphism. Small-scale vol-
canism and plutonism occurred also in Tertiary time.
The metamorphic and sedimentary rocks have been
deformed with east-west fold axes. The granitic intru-
sions may have been controlled by the fold structures.
Northeasterly faulting and fracturing became predomi-
nant from the Late Cretaceous onward.

Throughout the Masuda district, the largest pluton
with east-west elongated ovoid shape, called Masago
Granite has E-W and N-S dimensions of 8 km and 4
km, occurring as a stock. The pluton is of ilmenite-
series biotite granite of various grain sizes with often
porphyritic texture. In the west-central part, it hosts the
large pegmatite deposits of the Umanotani-Shiroyama
mine. In the marginal facies of the pluton, there oc-
cur small wolframite-quartz veins of the Masago mine
(Tsuboya and Ishihara, 1961) and molybdenite- wol-
framite-scheelite-quartz vein deposits of the Kiyomizu
mine (Soeda et al., 1979; Watanabe and Soeda, 1981).
A number of skarn and vein-type base metal deposits
also occur around the Masago Granite (e.g., Hirowatari
et al., 1981).

2.2 Umanotani-Shiroyama Pegmatite Deposits

Geological plan and section of the Umanotani-
Shiroyama mine are shown in Figs. 2 and 3. Igneous
rocks exposed in the mine are the Late Cretaceous bio-
tite granite, granite porphyry (coarse- and fine-grained)
and aplite, as well as the small-scaled Tertiary breccia
dike. The biotite granite occurs surrounding the peg-
matite deposits as their host rock. Modal analyses of
these granitic rocks indicate that they are all plotted in
the region of granite in the IUGS classification. The
granite porphyry is characterized by the presence of
phenocrysts, up to 3 mm in size, of quartz, plagioclase
and K-feldspar with minor amounts of biotite and mus-
covite. This porphyry is sandwiched between the bio-
tite granite host and the orebodies and contains a xeno-
lith of the biotite granite, in places. It becomes smaller
in grain-size towards the orebodies (fine-grained granite
porphyry), and is gradually changed into aplite, which
is eventually graded into the orebodies. However, due
to their strong similarity, the fine-grained granite por-
phyry and aplite are put together and called aplite (1),
surrounding the orebodies. In the aplite (I), layered or
massive pegmatites composed of quartz and K-feldspar
are locally developed on a small scale, especially in the
vicinity of the orebodies. As will be mentioned later,
mineral compositions of ore change irregularly within
the pegmatite deposits, and thus a clear mineral zona-
tion is not observed. Aplite dikes or veins and quartz
or quartz-muscovite veins commonly occur cutting the
orebodies and related granitic rocks.

In the Umanotani-Shiroyama mine (Fig. 2), there
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Fig. 2 Geological plan of the Umanotani-Shiroyama deposits (slightly modified from Kihara et al., 2005).
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Fig. 3 Geological sections of the Umanotani-Shiroyama
deposits (slightely modified from Kihara et al., 2005).
The section lines and the rock symbols are given in
Fig. 2.
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occur mainly five thick lenticular orebodies within
the area of 400 m (N-S) X 300 m (E-W), with their
arched distribution on the northeastern hillside of the
Shiroyama Mountain (458 m above sea level). All the
ore lenses have a long axis of mainly N-S direction
with about 40° dip eastward (Fig. 3). Small-scaled len-
ticular orebodies, up to about 7 m in thickness and 20
m in length, are composed exclusively of K-feldspar,
while much larger lenticular orebodies, up to about 50
m in thickness and 150 m in length, are composed of
quartz, K-feldspar and biotite-free aplite. Such aplite,
occurring as a matrix, is only observed within the ore-
bodies, here called aplite (II), which is likely to have
originally been the aplite (I). Quartz occurring as ore
(here called “ore quartz”), semi-transparent or white
with pale grayish tint, ranges from about 5 cm to 6 m
in size with a hexagonal short prismatic form and also
occurs as massive ores. Sometimes in the orebodies
quartz shows a macroscopic “graphic intergrowth” with
K-feldspar (Fig. 4). K-feldspar occurring as ore (here
called “ore K-feldspar”), white to grayish white, some-
times pink in color, is euhedral to subhedral, with oc-
casional development of Carlsbad twin, and also occurs
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Fig. 4 Photographs showing a “graphic intergrowth® of quartz
(Qz) and K-feldspar (Kf) observed in the orebodies.
(A) Well-crystallized quartz (gray to black) and

K-feldspar (white and euhedral) with curving
bands of quartz and aplite (II) (white to gray with
Apl).

(B) Approximately equal amounts of quartz and
K-feldspar with relicts of aplite (II) (Apl), forming
“graphic intergrowth®.

as massive ore. Occurrence of muscovite includes: (1)
quartz-muscovite veins; (2) muscovite films formed on
the surface of euhedral quartz (rock crystal) and filling
interstices of K-feldspar; and (3) euhedral crystals up to
about 5 mm in size included in K-feldspar.

Using the in-situ modal analyses and classification
criteria, the following three ore-types were identified:
“feldspar ore” (>50%Kf, <30%Qtz); “quartz ore”
(>60%Qtz); and “feldspar-quartz ore” (30<Qtz%<60).
The “feldspar ore” is typically observed in the No. 2
orebody (Fig. 2). The “quartz ore” occurs usually in
the central part of the orebodies. Gigantic rock crystals,
up to 10 m in diameter and 17 m in length, are ob-
servable on the surface and underlying hidden “quartz
ore”(unpublished mines data). In drusy parts formed by
tectonic shearing, hexagonal short prismatic crystals of

Fig. 5 Gigantic crystal of euhedral quartz from the “quartz
zone”; its diameter is 35 cm. Collection of the
Geological Museum, Tsukuba.

quartz, 55 cm along the c-axis in size (Fig. 5), are seen
in the brecciated matrix of K-feldspar and the aplite
(II). Growth of muscovite films is commonly observed
on the surface of the large euhedral crystal of quartz.
Usually, the “feldspar-quartz ore” is well developed in
the Nos. 1, 2, 3 and 4 orebodies (Fig. 2). In places,
macroscopic “graphic structure” is recognized in the
“feldspar-quartz ore”. Also, locally, the aplite (II) is
abundant in this zone. Massive “quartz ore”, composed
predominantly of massive quartz with small amounts of
K-feldspar and aplite (II), occurs only in the southern
margin of the No. 1 orebody (Fig. 2).

The ore zones occurring in the mine are classified
into the following three zones based on the distance
from the biotite granite inwards: (1) marginal ore zone;
(2) transitional ore zone; and (3) central ore zone.

The marginal ore zone is defined as a zone being
adjacent to the biotite granite host, including the No. 2
orebody and the upper part of the No. 6 orebody. The
ore zone changes gradually from the biotite granite
through the aplite (I) to the No. 2 orebody. This zone
is characterized by the presence of bamboo sprout-
shaped rock crystals up to 30 cm wide with fine-grained
aggregates of muscovite flakes distributed on their sur-
faces. Anhedral K-feldspar interstitially fills such rock
crystals. Euhedral quartz crystals up to about 10 cm in
size are common in the matrix of the aplite (II), which
occurs as relics-like material. Euhedral muscovite up
to 5 mm in size occurs in K-feldspar in the marginal
ore zone.

In the transitional ore zone, being essentially the
same as the marginal ore zone, quartz increases in
size, up to about 50 cm, with increasing amounts of K-
feldspar, while the aplite (II) decreases significantly in
amount in the transitional ore zone. Quartz in the zone
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occurs as massive aggregates formed in the aplite (II)
and also as euhedral crystals. Massive aggregates of
K-feldspar also occur in the aplite (II). Muscovite oc-
curs as films on the surface of euhedral quartz crystals.

The central ore zone corresponds to the No. 8 ore-
body and its vicinity. Quartz in this zone occurs as a
massive ore, characterized by its gigantic size more
than 5 m with poorly developed euhedral habits. K-
feldspar with anhedral habits occurs as interstice-fill-
ings of the massive quartz. Neither the aplite (II) nor
muscovite is observed in the zone.

3. Chronology of magmatic and hydrothermal
events

Regarding the isotope age of the Masago Granite,
Kawano and Ueda (1966) first showed a biotite age
of 92 Ma, followed by Shibata and Ishihara (1974)
in which K-Ar age of 92.1+3.7 Ma was obtained for
muscovite separated from the greisen envelope of the
Masago wolframite-quartz veins occurring in the north-
ern margin of porphyritic phase of the Masago Granite.
Ohira et al. (2004) indicated Rb-Sr whole-rock iso-
chron age of 96.7+3.4 Ma and Srl of 0.706498+0.00276
for nine whole-rock samples, including 5 Masago Gran-
ites, 3 aplites (outside the mine), and 1 aplite (in the
mine). Concerning the Umanotani-Shiroyama pegma-
tite deposits, a K-Ar age of 88.9+2.7 Ma was reported
by Watanabe et al. (1998) for “ore K-feldspar”. Later,
Kihara et al. (2005) have established chronology of the
magmatic and hydrothermal events at the Umanotani-
Shiroyama mine and its surrounding area based on
K-Ar dating. According to them, the ilmenite-series
biotite granite and granite porphyry, hosting the ore
deposits, and biotites separated from these rocks have
yielded K-Ar ages ranging from 89.0+2.0 to 81.4+1.8
Ma and 95.2+2.1 to 93.7£2.1 Ma, respectively (Fig.
6). Thus, the whole-rock K-Ar ages obtained are much
younger than the biotite ages.

Since K-feldspar is the most abundant K-bearing
phase in these granitic rocks, the resultant whole-rock
ages obtained are assumed to be those of K-feldspar.
Such difference in the ages may be ascribed to the dif-
ference in closure temperatures between biotite (mica)
and K-feldspar, suggesting that both granitic rocks and
associated pegmatite orebodies cooled slowly. Mus-
covite and K-feldspar separated from the ore zone
have yielded K-Ar ages with the range of 96.242.3 to
93.1£2.0 Ma and 87.3+1.9 to 80.7+1.8 Ma, respec-
tively. Muscovite in quartz-muscovite veins in the ore
zone and in the granite porphyry have yielded K-Ar
ages of 90.4+2.0 Ma and 76.3+1.7 Ma. K-feldspar is
much younger in age than coexisting muscovite. It is
noted that the K-Ar ages of biotite separates and the
whole-rock ages are identical to those of muscovite and
K-feldspar in the ore zone, respectively. The analyti-

Granite

Orebody |

O Intrusion of granite magma

Biotite «Ke
Whole rock [ J—— *
K-feldspar 00 ----0
Muscovite o090 O - °
-H-yd-rome-r-m-éﬁcﬁvi-t-ie; ’
along cracks
100 00 80 70

Age (Ma)

O Rb-Sr whole-rock isochron age (Ohira et al., 2004)
@ K-Ar age (Kihara et al., 2005)

Fig. 6 K-Ar ages of magmatic and hydrothermal events in
the Umanotani-Shiroyama mine and its surrounding
area (slightly modified from Kihara ef al., 2005). Rb-
Sr whole-rock isochron age measured on the Masago
Granite by Ohira et al. (2004) is also shown.

cal results obtained are schematically drawn in Fig. 6,
along with the Rb-Sr whole-rock isochron age by Ohira
et al. (2004).

After these magmatic and hydrothermal events, there
occurred emplacement of andesitic breccia dike and
felsic dike, probably in Tertiary time.

4. Experimental procedures

To determine major and trace element abundances
in the related igneous rocks and “ore K-feldspar”, a
fully automated wavelength-dispersive Rigaku zsx-
10le XRF system, equipped with a 3kw generator and
Rh/W dual anode X-ray tube, was used following the
method described in Shipboard Scientific Party (2001).
Microprobe analyses were made on K-feldspar, pla-
gioclase and muscovite, as well as on melt inclusions,
using a JEOL JCMA-733 II electron-microprobe ana-
lyzer installed at the Instrument Center for Chemical
Analysis, Hiroshima University. Microthermometries
of fluid inclusions trapped in quartz and melt inclu-
sions were done using a Linkam heating/freezing stage,
TH-600RH. Following the method described by Kita
and Matsubaya (1983), oxygen isotopic ratio measure-
ments of samples, including (1) various related granitic
rocks (whole rocks), (2) their constituent minerals
(K-feldspar and quartz concentrates), and (3) ore (K-
feldspar and quartz concentrates) were carried out us-
ing a mass spectrometer MAT 250. The reproducibility
of this measurement is better than +0.2%o, and through
this analysis we got results that the 5'°0 of NBS-28
is +9.8%o relative to SMOW (average of 6 measure-
ments).
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5. Presentation of data

5.1 Chemistry of related igneous rocks, “ore K-
feldspar” and muscovite

Analytical results of some major elements and some
minor elements of the related granitic rocks are plot-
ted against SiO, contents in Fig. 7. For comparison,
the chemical data for the Kanamaru deposit (Nanbu et
al., 1997) are also shown in the figure, together with
the average compositions of the Japanese granitoids
(S. Ishihara, unpublished data). Compared with the
Japanese granitoids, the studied granitic rocks are high
in both K,O and Rb for all the SiO, range, but slightly
low in the total Fe,0,, MgO, CaO, TiO, and P,O5 and
significantly low in Sr. Some of the aplite II are very
depleted in Fe,0,, MgO and Sr, because of later hydro-
thermal alteration.

Except for P,O; and Rb, both the Umanotani-
Shiroyama and Kanamaru deposits show very similar
chemical variations. The ratios of Rb/Sr of igneous
rocks, roughly indicating a degree of differentiation, are
in the range of 2 to 69 (mostly less than about 10) in
the biotite granite and of 16 to 84 (mostly larger than
about 30) in the aplite (II). Rubidium and Sr contents
of “ore K-feldspar” are in the ranges of 279 to 878 ppm
(mostly 330 to 530 ppm) and of 6 to 49 ppm (mostly
15 to 35 ppm) with their Rb/Sr ratios ranging from 7 to
89 (mainly 25 to 65).

Fe203 (4t %)

Muscovite with K-Ar age of 90.4 Ma (Kihara et al.,
2005) in the quartz-muscovite vein in the transitional
zone is rather coarse-grained and higher in contents of
Al,O; averaging 30.3 wt.% (26.7 wt.%) and Na,O aver-
aging 0.29 wt% (0.06 wt.%) and lower in MgO averag-
ing 0.15 wt.% (1.40 wt.%) than muscovite with K-Ar
age of 76.3 Ma (Kihara et al., 2005) in the quartz-
muscovite vein in the granite porphyry, which are
shown in parenthesis. The Na/Na+K values are higher
in the former averaging 0.039 than the latter averaging
0.016. Based on chemical compositions, Monier et al.
(1984) distinguished three generations of muscovite,
magmatic, late- to postmagmatic and hydrothermal,
from the Millevaches massif, France. It seems that the
former muscovite (90.4 Ma) is closer to late to post-
magmatic one, while the latter muscovite (76.3 Ma)
falls in the region of hydrothermal one. Plagioclase oc-
curs as euhedral crystals and also as perthites in the “ore
K-feldspar”.

5.2 Perthites observed in “ore K-feldspar” and its
triclinicity

Fine lamellar or stringlet intergrowths of plagioclase
are commonly observed in “ore K-feldspar”, as men-
tioned previously. It seems likely that they are exsolu-
tion products formed during cooling, of which implica-
tions will be discussed in a later section. The chemical
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Fig. 7 Chemical compositions of some major and trace elements of the related granitic rocks plotted against SiO, contents.
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compositions for coexisting K-feldspar and plagioclase
are in the following ranges: 14.49~16.71 wt.%K,0
(mainly 15.4~16.5 wt.%K,0), 0.32~1.64 wt.%Na,O
(mainly 0.4~0.6 wt.%Na,0), 0~0.1 wt.%CaO (mostly
Ca-free) for K-feldspar (49 point analyses); and 0.11~
0.48 wt.%K,0 (mainly 0.11~0.19 wt.%K,0), 10.23~
11.95 wt.%Na,O (mainly 10.7~11.6 wt.%Na,0), 0.06
~2.34 wt.%CaO (mainly 0.1~1.4 wt.%CaO) for pla-
gioclase (34 point analyses), respectively. Relatively
large euhedral plagioclase crystals up to about 150 um
in size in association with the fine lamellar ones are
rich in Ca, up to about 4.5 wt.% CaO and not of ex-
solution products. Though not shown here, chemical
compositions of perthites observed in the biotite granite
and aplite are very similar to those of “ore K-feldspar”.

Triclinicity (cf. Tilling, 1968) was measured on the
various K-feldspar crystals. Compared with the tri-
clinicity values of the Kanamaru K-feldspar, 0.71 to
0.80 (Nanbu et al., 1997), those of the Umanotani-
Shiroyama one are very small as low as zero, except
for those of the granite porphyry (4= 0.76) and the
feldspar-quartz zone (4= 0.30). Microscopic observa-
tion of the K-feldspar with the triclinicity value of 0.30
has revealed the presence of microcline texture shown
by albite twin perpendicular to pericline twin.

5.3 Melt inclusions observed in “ore quartz” and “ore
K-feldspar”

Melt inclusions, usually less than about 15 um in
diameter with the maximum diameter up to about 30
um, are observed not only in the biotite granite, gran-
ite porphyry and aplite (both I and II), but also in “ore
quartz” and “ore K-feldspar”. Representative photomi-
crographs of the melt inclusions are shown in Fig. 8A.
In most cases, original glass has been changed into
crystalline phases as clearly shown with crossed polars
(Fig. 8B). Microscopic observations show three types
of melt inclusions at room temperatures. They include:
(1) subrounded to polygonal inclusions with abundant
daughter minerals, occupying more than about 80%
of the total inclusion volume, largely composed of
silicate daughter minerals with or without gas bubble
sometimes being a little distorted; (2) most frequently-
occurring spherical to ellipsoidal inclusions with a large
gas bubble in the center and radial growth of fibrous
crystalline materials, occupying about 30 to 50% of
the total inclusion volume, from the center towards the
margin; and (3) rarely-occurring small, up to 5 pm in
size, subrounded or quadrilateral inclusions composed
of homogeneous “glass” and tiny gas bubble.

Microscopic observations and EPMA analyses of
the melt inclusions trapped in “ore quartz” reveal that
they are composed mostly of silicate phases, includ-
ing K-feldspar, quartz, chlorite and muscovite, with or
without somewhat distorted vapor phase. Preliminary

cooling experiments and Raman spectroscopy on those
melt inclusions have not revealed the presence of ap-
preciable amounts of CO,.

5.4 Two-phase fluid inclusions trapped in “ore
quartz”

Microthermometries of fluid inclusions trapped in
quartz in the biotite granite, granite porphyry and aplite
and also of those in “ore quartz”, showing occurrence
in random, three-dimensional distribution, with dif-
ferent concentrations in adjacent zones (e.g., Roedder,
1979), were done. Fluid inclusions showing occurrence
as planar groups outlining healed fractures have been
measured separately. As seen in Fig. 8 (C, D), they are
rounded, ovoid or quadrilateral in shape and mostly as
small as 10 um in size with the maximum size up to
about 30 um and composed of liquid+gas (two-phase
type). Although CO,-rich fluid inclusions (two- or
three-phase) were reported from pegmatitic minerals
(e.g., Takenouchi, 1971; London, 1986a; Trumbull,
1995; Nabelek and Tarnes, 1997; Nanbu et al., 1997)
and from the Kiyomizu Mo-W-quartz veins hosted by
the Masago Granite (Watanabe et al., 1981), neither
CO, nor chloride(s) have been recognized in those
Umanotani-Shiroyama quartz samples. Homogeniza-
tion temperatures are in the following ranges: 250~
400 C (highest mode of about 320 C ) for the margin-
al ore zone; 230~370 “C (highest mode of about 300
C ) for the transitional ore zone; 240~340 C (highest
mode of about 290 ‘C ) for the central ore zone. Sa-
linities in wt.%NaCl equivalent obtained are in the
following ranges: 0.4~6.9 wt.%NaCl eq. (mainly 2~
5 wt.%NaCl eq.) for the marginal and transitional ore
zones. However, those for the central ore zone show
a wide variation ranging from 0.9 to 12.0 wt.%NaCl
eq., with bimodal distribution mainly 2~5% and 7~
10 wt.%NaCl eq. In Fig. 9, the measured salinities are
plotted against homogenization temperatures.

5.5 Oxygen isotope compositions

The §"°0O values measured relative to SMOW are giv-
en in Table 1 and depicted in Fig. 10. For comparison,
those for the Kanamaru pegmatite deposits (Ishihara et
al., 1998) are also shown in the figure. Our results are
in the following ranges: (1) +10.7%o for the whole rock
(biotite granite); (2) +12.1%o for the igneous quartz;
(3) +10.5 and +10.6%o for the igneous K-feldspar; (4)
+8.5%0 for the whole rock (aplite (I)); (5) +11.7%0 for
the aplite (I) quartz; (6) +7.6%o for the aplite (I) K-
feldspar; (7) +8.2%o for the whole rock (aplite (I)); (8)
+11.9%o for the aplite (II) quartz; (9) +7.3%o for the
aplite (II) K-feldspar; (10) for “ore quartz”, +12.2%o
(marginal ore zone), +11.6%o (transitional ore zone),
+12.3%o (central ore zone); (11) for “ore K-feldspar”
with K-Ar age of 88.9+2.7 Ma, +6.9%0 (marginal ore
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Fig. 8 Photomicrographs showing “melt inclusions” and fluid inclusions observed in “ore quartz”. Bar scales indicate 50 um long.
(A)“Melt inclusions” with solid phases (devitrified) and gas in plane polarized light.

(B) Ditto with crossed polars.
(C) Relatively large-sized fluid inclusions (liquid+gas).
(D) Relatively large-sized fluid inclusions (liquid+gas).
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Fig. 9 Salinities (in wt.%NaCl eq.) plotted against homogenization temperatures

zone), +6.8%o (transitional ore zone), +8.3%o (central
ore zone).

6. Discussions

6.1 Implication of the aplite (II) existing in the ore-
bodies
Except for the central ore zone, the aplite (II) is

commonly observed throughout the mine. The limited
distribution of the aplite (II) with pegmatitic ore quartz
and K-feldspar should be noticed (Fig. 4A, B). Euhe-
dral crystals of quartz up to about 10 cm in length and
sometimes K-feldspar are well developed in the aplite
(I1). On the other hand, such well-developed crystals
are not usually observed in the aplite (I), suggesting
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Table 1 Oxygen isotopic data. Two figures underlined are duplicate results.

sample Lithology 50 (W.R.)) 30 (Qtz) 50 (Kf)
(1) USGR-2WR Medium-grained Bi granite +10.7
collected at the No.2 working face
(2) USGR-2Qtz Qtz separated from USGR-2WR +12.1
(3) USGR-2Kf Kf separated from USGR-2WR +10.5, +10.6

(4) USAPI-2WR Bi-bearing aplite (1) collected at the +8.5
No.2 working face

(5) USAPI-2Qtz Qtz separated from USAPI-2WR +11.7
(6) USAPI-2Kf Kf separated from USAPI-2WR +7.6
(7) USAPI-2WR Bi-free aplite (H) collected +8.2, +8.2
at the No2 working face
(8) USAPII-2Qtz Qtz separated from USAP11-2WR +11.9
(9) USAPII-2Kf Kf separated from USAPII-2WR +7.3
(10) US1F-1 Qtz Qtz separated from the ore +12.2
collected at the No.1 working face
(11) US1F-1Kf Kf separated from US 1 F-1 Qtz +6.8
(12) US2F-2Qtz Qtz separated from the ore +12.2,+12.2
collected at the No.2 working face
(13) US2F-2Kf Kf separated from USZF-2Qtz +6.9
(14) USSF-3Qtz Qtz separated from the ore +12.2
collected at the No.5 working face
(15) USSF-3Kf Kf separated from USS5F-3Qtz +8.2, +8.3
(16) US6F-1Qtz Qtz separated from the ore collected at
the No.6 working face +11.6
(17) US6F-1Kf Kf separated from US6F-1Qtz +7.3

W.R. = whole rock; Qtz = quartz; Kf = K-Feldspar; Bi = biotite

+12 —
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Umanotani-Shiroyama Kanamaru
Related igeneous rocks Ore zone
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®: Whole rock; 0: Quartz (Qz); 0O0: K-feldspar (Kf); Bi: Biotite

*1 Assumed bulk ore (6Kf + 4Qz)

*2 Oxygen isotope data for granitoids from the Kanamaru mine area (!shihara et al., 1998)
*3 Oxygen isotope data for bulk ore (pegmatite) from the Kanamaru mine (ditto)

*4 Oxygen isotope data for coexisting quartz and microcline from the Kanamaru mine (ditto)

Fig. 10 Oxygen isotopic variations of related granitic rocks and ores
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that the pegmatite deposits might have been formed
by replacing the earlier aplite (I) during the late stage
differentiation of a series of granitic magmas. In ad-
dition, it is also noted that throughout the orebodies,
macroscopic “graphic intergrowth” shown by well-
crystallized quartz and K-feldspar (Fig. 4A, B) is often
recognized in the “feldspar-quartz ore”, suggesting its
magmatic origin of K-rich granitic magma.

6.2 Implication of perthites observed in “ore K-
feldspar”

Perthites show a regular arrangement of plagioclase
(close to albite in chemical composition), which is as-
sumed to be internally controlled by the crystal struc-
ture of alkali feldspar (K-feldspar), suggesting that they
are of exsolution products formed on cooling of the al-
kali feldspar. If this is the case, possible temperatures
of exsolution can be evaluated by using the results by
Smith and Parsons (1974) who completed an experi-
mental study on the alkali feldspar solvus at 1 kbar.
The resultant temperatures range from about 500 to
300 °C , corresponding to temperatures at which diffu-
sion of K and Na has stopped. Therefore, beginning of
exsolution would have occurred at higher temperatures
than those temperatures observed. However, there is
a possibility that the alkali feldspar reacted with later
Na-rich fluids to form an intergrowth of K-feldspar
and plagioclase, as will be mentioned later. It is em-
phasized that plagioclase thus formed does not have a
transition twin and that K-feldspar is not changed into
microcline. Further detailed discussion based on crys-
tal growth theory and electron diffraction is beyond the
scope of this study.

6.3 Implication of melt inclusions observed in “ore
quartz” and “ore K-feldspar”

As described before, melt inclusions are common in
ores and related igneous rocks. Both types of inclu-
sions, melt inclusions and two-phase fluid inclusions
stated later, occur separately, suggesting that they are
not related to each other and different in origin. There-
fore, it is reasonable to state that only melts trapped as
melt inclusions in “ore quartz” and “ore K-feldspar”
were directly related to the formation of the pegmatite
deposits. This statement is strongly supported by the
results of oxygen isotopic ratio measurements. This is
because “ore quartz” has inherited its oxygen isotopic
signature from that of the related igneous rocks, though
that of “ore K-feldspar” alone is not preserved.

Studying the melt inclusions trapped in quartz in
F-, B- and P-rich pegmatites of the Variscan Ehlen-
friedersdorf complex, Germany, Thomas et al. (2000)
found a complete miscibility between silicate melts and
hydrous fluids at low pressure. Based on microscopic
and microanalytical studies, they recognized two main

types of melt inclusions at room temperature. The first
type (A-type) consists of crystals of different daughter
minerals such as K-feldspar, quartz, white mica, topaz,
and sometimes berlinite, borates, and others with a lig-
uid plus vapor phases of 5 to 20 vol.% of the inclusion.
The second type (B-type) contains the same phases;
however, liquid plus vapor occupy between 30 and 50
vol.% of the inclusion. Both types of melt inclusions
were subjected to heating experiments. The partially
crystallized melt inclusions were rehomogenized at 1
kbar between 500 and 712 ‘C by conventional rapid-
quench hydrothermal experiments. The two melt in-
clusion types were interpreted as two coexisting melts
which had been trapped simultaneously on both sides
of a two-melt solvus, indicating that the former type
represents a water-poor silicate melt and the latter type
a water-rich melt (Thomas ef al., 2000).

In the Umanotani-Shiroyama pegmatite deposits,
three types of melt inclusions are distinguished. The
first type is corresponding to the A-type of Thomas et
al. (2000) and the second one possibly to the B-type.
However, the second type is different from the B-type
in that in the former, the bubble occurs in the center of
the inclusion and fibrous crystalline material is growing
radially from the bubble towards the margin without
euhedral to subhedral crystals. Although we have not
carried out heating experiments on these melt inclu-
sions, there is a possibility that they might represent a
miscibility between silicate melts and hydrous fluids at
low pressure. Heating experiments and Raman spec-
troscopy for H,O and CO, analysis of the melt inclu-
sions are required for further discussion.

6.4 Implication of oxygen isotope data

It is interesting to notice the fact that the 3O values
of quartz from the Umanotani-Shiroyama mine, wheth-
er in the granitic host or in ores, are almost the same,
about +12%o. Such 5'"°0 values of “ore quartz” might
represent a very closer approximation to the original
isotopic composition of the granitic melts, probably be-
ing responsible for the pegmatite deposits. As to 3'°O
values of quartz in granitic rocks in Southwest Japan,
it has been stated that those in the magnetite-series
granitoids in the Sanin district, the Japan Sea side, are
about +10%o, while those in the ilmenite-series granit-
oids in the Sanyo district, the Pacific Ocean side, are
about +12%o (Matsuhisa et al., 1972). It is noted that
the 8'°0 values of quartz in the medium-grained biotite
granite host in the Umanotani-Shiroyama mine area ac-
cord with those of the ilmenite-series granitoids in the
Sanyo district.

On the other hand, the 8O values of K-feldspar re-
veal a different behavior from those of quartz. Namely,
from the granitic host towards aplites (I and II), they
show a striking decrease, as much as +4%o, and from
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the aplites towards the ores, they are almost the same.
Such decreasing tendency, but somewhat smaller
spread, was also recognized at the Kanamaru pegmatite
deposits (Ishihara et al., 1998).

The fractionation between coexisting quartz and K-
feldspar in the medium-grained biotite granite host is
+1.6%o0. If fractionation factors determined by Mat-
suhisa et al. (1979) are applied, this fractionation cor-
responds to an equilibrium fractionation at 356 C, be-
ing much lower than the formation temperature of the
granite, suggesting that reliable geothermometric data
can not be obtained mainly due to isotopic exchange
after their crystallization.

On the contrary, the large fractionation in the coex-
isting quartz and K-feldspar pair in the ore (+3.9~
+5.4%0) shows equilibrium temperatures of 120 to 170
C, which is unreasonable for its formation temperature
and strongly suggests disequilibrium between the pair.
Because there is no significant difference in 5'°0 val-
ues of quartz among the host granite, aplites and “ore
quartz”, this disequilibrium suggests some changes in
3"%0 values of K-feldspar through later processes. This
is possibly due to selective depletion of 3'*Ovalues of
K-feldspar. Such depletion could be brought about
by oxygen isotopic exchange with "*O-depleted later
hydrothermal fluids as evidenced from abundant two-
phase fluid inclusions trapped in “ore quartz” and “ore
K-feldspar”. If the 8O values of quartz (+12.2%o)
are least exchanged or left almost unchanged after its
formation, it is estimated that “ore K-feldspar” should
have "0 values of about +10 to +11%o for the forma-
tion temperature range of about 300 to 500 C, as in-
ferred from the perthite compositions.

6.5 Implication of abundant two-phase fluid inclu-
sions in “ore quartz” and “ore K- feldspar”

It is characteristic that two-phase fluid inclusions
are abundant in the “ore quartz” and “ore K-feldspar”,
as well as in related igneous rocks and they are not
related to melt inclusions. Possibly in the latest stage
of the pegmatite formation, magmatic fluids would be
liberated from the felsic melts and mixed with local
meteoric water to form hydrothermal fluids, part of
which were trapped as two-phase inclusions in both “ore
quartz” and “ore K-feldspar”, as well as in the igneous
minerals. The trapped two-phase fluid inclusions show
a wide range variation of homogenization temperatures
and salinities, that is, 230~370 C and 0.4 to 12.0
wt.%NaCl eq., respectively. The remaining fluids were
eventually lost from the magmatic-hydrothermal system
through quartz+muscovite veins and fissures cutting
the orebodies and related igneous rocks throughout the
mine. It is possible that such fluids might have stimu-
lated the formation of microcline and/or “perthite-like”
materials developed in “ore K-feldspar”. Also, it can

be said that if both “ore quartz” and “ore K-feldspar”
would have reacted with such hydrothermal fluids for
a long time, both quartz and K-feldspar would have
exchanged with the fluids, with the resultant "*O deple-
tion. This means that life time of the magmatic-hydro-
thermal system would not be long enough to affect the
oxygen isotopic compositions of “ore quartz”.

Using fluid inclusion data and phase-equilibrium ex-
periments, London (1986a, b) found support for a con-
tinuous transition from magma to aqueous vapor in the
Tanco rare-element pegmatite, Manitoba, Canada and
in the miarolitic pegmatites of Afghanistan. However,
such continuous transition has never been recognized in
the Umanotani-Shiroyama pegmatite deposits.

6.6 Formation history and genetic model

A series of ilmenite-series felsic magmas intruded
into older rocks, including the Misumi Group, the
Kanoashi Group and the Late Cretaceous subaerial
pyroclastic rocks. Their magmatic differentiation and
crystallization started at about 97 Ma from the periph-
eral part towards inside, forming a pluton, the Masago
Granite. At the latest stage of differentiation of the
felsic magmas, the pegmatite deposits were formed
closely related to aplite at about the same time (95 to
90 Ma) in the uppermost part of the Masago Granite.
Parts of the differentiated granitic melts were trapped
as melt inclusions in “ore quartz” and “ore K-feldspar”.
Such magmatic origin of the pegmatite deposits is in-
dependently supported by Rb-Sr isotope study by Ohira
et al. (2004). The resultant *’Sr/*°Sr and “'Rb/*’Sr ratios
measured on “ore K-feldspar”, though very few in sam-
ple number, are plotted on the same isochron obtained
for whole-rock samples (5 granites and 4 aplites), sug-
gesting that aplites and related pegmatite deposits are
differentiation products of a series of ilmenite-series
magmatism responsible for the Masago Granite.

Magmatic fluids derived from the crystallizing pluton
were mixed with meteoric water to form hydrothermal
fluids. The resultant fluids penetrated the peripheral
part of the deposits and circulated through them. Part
of the fluids was trapped as two-phase inclusions in
“ore quartz” and “ore K-feldspar”, as well as in the
rock-forming minerals of the related igneous rocks.
Such fluids were eventually lost through the ubiqui-
tous quartz+muscovite veins and fissures, cutting the
orebodies and related igneous rocks. A genetic model
illustrating the formation process of the pegmatite de-
posits is schematically depicted in Fig. 11.

One of the characteristic features of pegmatite depos-
its is a gigantic size of constituent minerals, including
euhedral forms of quartz (rock crystal). The quartz is
latest crystallized mineral, so that at the final stage of
the pegmatite formation, there must have been open-
space at the top of the granitic stock. Therefore, the
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Fig. 11 Genetic model schematically illustrating the formation of pegmatite deposits on the uppermost part of the Masago Granite at

the Umanotani-Shiroyama mine. (Not to scale)

emplacement level of the Masago Granite might have
been shallow. We have not discussed the mechanism
for such gigantic growth of constituent minerals, but
only described here. This problem, though essentially
important, is left for future investigation, as well as the
absence or paucity of gem and strategic minerals, flux-
ing components and REE.

7. Conclusions

The evidences presented here reveal that the pegma-
tite deposits at the Umanotani-Shiroyama mine are of
typical granitic pegmatite in origin. They include:(1)
close temporal and spatial association of the ilmenite-
series Masago Granite and the pegmatite deposits, (2)
common occurrence of macroscopic “graphic inter-
growth” displayed by quartz and K-feldspar in the ore,
(3) common occurrence of melt inclusions trapped in
“ore quartz” and “ore K-feldspar”, (4) common occur-
rence of perthites observed in “ore K-feldspar” and (5)
inheritance of oxygen isotopic signature, especially of
quartz, from the surrounding biotite granite. This con-
clusion is independently supported by Rb-Sr isotope
study by Obhira ef al. (2004). The presence of abundant
two-phase (liquid+gas) fluid inclusions trapped in “ore
quartz” and “ore K-feldspar”, as well as in those in the
related igneous rocks, strongly indicates that hydro-
thermal fluids, possibly admixture of magmatic fluids
released from the Masago Granite and circulating mete-
oric water, entered the magmatic-hydrothermal system

and circulated through the orebodies during the later
phase of the pegmatite formation. It seems very likely
that such hydrothermal fluids were responsible for the
formation of microcline in some of “ore K-feldspar”
and for its striking '*O depletion.
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BREZFATORFOA —WILIHLDIEFENT Y Z 1 FIOWVT
D R - BEE— - WOME - KEEZ - ES B - BFAmM - AER=E

E B

BHO/—WILGLLDRZ < 2 4 MR (BABX0GETE) 13, KIRAKOEFEREZEL, 97 MaDF & v #H20
HMERA ISR 5. iR, BEA Td 2 BERMERS 2 5 NENCZIA 2 > TE OFRFEHZIS T T, RO K S I2574 &
N3 (1) [, (2) Wifshr, (3) thudy, IR TOMMSREIL, ZOMEETHAKL, ZOME, BEXICKELZH%ED
WA Ic AR S NS, BOS—LgHLOAIZ, Bl GHabe TRED TN, A%KE S ) BAMNE
WL, MEOAZNEFREAZMES. USRS —HOGEMA &, KERSMING LIEME T~ 24 P ThD, H
WEiS % & 72 6 L7z thilda ~ 7'~ OKRB OGS - S UEHOEMTh 5 L itam S b (1) BEbfBn & JiK & O
I - ZERIBERERIGR (F9 95 ~ 90 Ma), (2) $MANT, VUV ELHEAELD RIS O, (3) “fifafas”
BXO “UAaAVEL RIZALE - A Yo=Y 3 YVOIRE, @) “GaH ) BLT RiooS—=94 + (ZOHK» 58
500-300 C COHEA%#RE) OLF(E, (6) “gififis” OEERFEN RS, D ORERSERE D ZhEZ Tk Tn
2L, “FEEDOANLL AV IN—V gy (—DFAVINL—T 3 VORFEEDR 80 %LLEE WL D DIRGMAN
HHBEE0D (X)) &, §9—DRBZTOEKERD30-50 % 255 KEALKMWEEDED) HGFT LT3, K
JELMET, YU HICED AL b AL OBORMZRTE D1 E Lk, GREOBRENAIR (8°0) &, B
T5AEERTHN, “GAAE Thh, IZFEAEFRL B+12 %) TH2. —J, KEEHDH Y EADOBERFEN A
HBIZH +11 %o TH B OIS LT, “Pidah VB 1ER +7—+8 %o & 2 ) “TNARINCEEL” 5T 5., ZOFEFEI,
AL H ) BEAOROBEDAHARISEE DOFE NI LD LEEL NS, ZROK—TE 2 AW, “GhafadE”, “Oh
FAVEA BXOBEASRAETICBS NS, Z0HEFE, Bukifk—25 < BEBERE v r ot dhiz<
72 RKREIEERRAKDREME AN S =5, IR~V 2 4 MEROERIZ, A~ o~ —#oKRIZHEREZEL TRAL,
PMARDHMATEBR L= Z L 2 RET 5. “PhEAYE iz b5y FE3 Nk 2 HaawoE—aE (EhiEizEhT
W) i, BFO@) THh 3 (1) 250—400 C (B, (2) 230—370 C (WifgH), (3) 240—340 C (hiett). F 7z,
KIADOEAKFHARDIEERIE, A~ o~ —HAKRNE T, F%ED 0 IS EE 5 2 2I0E, REIRMGE XL 22572 &,
Ziohb.
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